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Genome-wide association analyses in east Asians identify
new susceptibility loci for colorectal cancer

Wei-Hua Jial16, Ben Zhang?!%, Keitaro Matsuo?, Aesun Shin?, Yong-Bing Xiang®, Sun Ha JeeS,

Dong-Hyun Kim?, Zefang Ren!, Qiuyin Cai?, Jirong Long?, Jiajun Shi?, Wanqing Wen?, Gong Yang?,

Ryan ] Delahanty?, Genetics and Epidemiology of Colorectal Cancer Consortium (GECCO)?,

Colon Cancer Family Registry (CCFR)8, Bu-Tian Ji%, Zhi-Zhong Pan!, Fumihiko Matsudal?, Yu-Tang Gao®,
Jae Hwan Oh!l, Yoon-Ok Ahn'?, Eun Jung Park®, Hong-Lan Li®, Ji Won Park!!, Jaeseong JoS, Jin-Young Jeong?,
Satoyo Hosono?, Graham Casey!?, Ulrike Peters!415, Xiao-Ou Shu?, Yi-Xin Zeng"!” & Wei Zheng?!”

To identify new genetic factors for colorectal cancer (CRC),
we conducted a genome-wide association study in east Asians.
By analyzing genome-wide data in 2,098 cases and 5,749
conirols, we selected 64 promising SNPs for replication in an
independent set of samples, including up to 5,358 cases and
5,922 controls. We identified four SNPs with association

P values of 8.58 x 1077 to 3.77 x 10-"0 in the combined
analysis of all east Asian samples. Three of the four were
replicated in a study conducted in 26,060 individuals of
European descent, with combined P values of 1.22 x 109 for
rs647161 (5q31.1), 6.64 x 10~° for rs2423279 (20p12.3) and
3.06 x 1078 for rs10774214 (12p13.32 near the CCND2 gene),
derived from meta-analysis of data from both east Asian and
European-ancestry populations. This study identified three new
CRC susceptibility loci and provides additional insight into the
genetics and biology of CRC.

CRC is one of the most commonly diagnosed malignancies in east
Asia and many other parts of the world!. Genetic factors have an
important role in the etiology of both sporadic and familial CRC?.
However, less than 6% of CRC cases can be explained by rare, high-
penetrance variants in the CRC susceptibility genes identified to date,
such as the APC, SMAD4, AXIN2, BMPRIA, POLDI, STK11, MUTYH
and DNA mismatch repair genes?. Over the past two decades, many
candidate gene studies have evaluated common genetic risk factors for
CRC; only a few of these have been replicated in subsequent studies®.
Recent genome-wide association studies (GWAS) have identified

approximately 15 common genetic susceptibility loci for CRC*-12.
However, these newly identified genetic factors, along with known
high-penetrance variations in CRC susceptibility genes, explain
less than 15% of the heritability for this common malignancy!0-11,
Furthermore, with the exception of a small study conducted in
Japan!?, all other GWAS have been conducted in populations of
European ancestry, which differ from other populations in certain
features of genetic architecture. Many of the variants discovered in
populations of European ancestry show only weak or no association
with CRC in other ancestry groups!®. Therefore, additional GWAS
are needed, particularly in populations not of European ancestry,
to fully uncover the genetic basis for CRC susceptibility.

In 2009, we initiated the Asia Colorectal Cancer Consortium
(ACCC), a GWAS in east Asians, to search for previously unknown
genetic risk factors for CRC. The discovery stage (stage 1) consisted
of five GWAS conducted in China, Korea and Japan, including 2,293
CRC cases and 5,780 controls (Supplementary Table 1). Cases and
controls were genotyped using several SNP arrays, including the
Affymetrix Genome-Wide Human SNP Array 6.0 (906,602 SNPs),
the Affymetrix Genome-Wide Human SNP Array 5.0 (443,104
SNPs), the lumina Infinium HumanHap610 BeadChip (592,044
SNPs), the Hllumina Human610-Quad BeadChip (620,901 SNPs)
and the Illumina HumanOmniExpress BeadChip (729,462 SNPs)
(Supplementary Table 1). After quality control exclusions as described
previously'4-17, 2,098 cases and 5,749 controls remained for this study
(Supplementary Tables 1 and 2). Also excluded from the analyses
were SNPs with call rate of <95%, genotype concordance rate of <95%
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Table 1 Association of CRC risk with the top four risk variants identified in east Asian samples

Cases Controls Per-allele association Heterogeneity
Sample Sample

SNP Alleles? Chr. Geneb  Location (bp)c  Stage size MAF size MAF OR (95% Cl)d Pirend pe 12
rs10774214  T/C 12pl3.32 CCND2 - 4238613 GWAS 2,098 0.373 5,749 0.348 1.20(1.09-1.32) 2.03x 104

Replication 5,197 0.381 5,797 0.355 1.16(1.09-1.23) 5.80 x 10-7

Overall 7,295 0.379 11,546 0352 1.17(1.11-1.23) 5.48x10-10 0615 0%
rs647161 AC  5g31.1 PITX1 134526991 GWAS 2,098 0.353 5,749 0.308 1.22(1.12-1.33) 3.29x10-¢

Replication 5,217 0.344 5,815 0.319 1.14(1.07-1.21) 1.15x10-5

Overall 7,315 0.347 11,564 0313 1.17(1.11-1.22) 3.77x10-10 0.444 0%
1s2423279 C/T  20pl2.3  HAOL 7760350 GWAS 2,098 0.339 5,749 0.307 1.16(1.07-1.26) 4.96 x 10-*

Replication 5,227 0.315 5,811 0.297 1.13(1.06-1.19) 1.22x 104

Overall 7,325 0322 11,560 0.302 1.14(1.08-1.19) 2.29x10-7 0.331 12%
rs1665650 T/C  10q26.12 HSPAIZA 118477090 GWAS 2,098 0.346 5,749 0310 1.20(1.10-1.31) 3.88x10-5

Replication 5,192 0.328 5,808 0.320 1.10(1.04-1.17) 0.0018

Overall 7,290 0.333 11,557 0.315 1.13(1.08-1.19) 8.58x 10-7 0.404 4%

Chr., chromosome; OR, odds ratio; Cl, confidence interval.

aMinor/major allele for east Asians. OR was estimated for the minor allele. PClosest gene, SLocation based on NCBI Human Genome Build 36.3. 9Adjusted for age, sex, the first ten principal
components (stage 1) and study site. ¢P for heterogeneity across studies in GWAS and replication was calculated using Cochran's @ test.

between positive control samples, minor allele frequency (MAF) of
<5% or P value for Hardy-Weinberg equilibrium of <1.0 x 10~ in con-
trols for each study. Imputation was conducted for each study follow-
ing the MaCH algorithm!® using phased HapMap 2 Han Chinese in
Beijing, China (CHB) and Japanese in Tokyo, Japan (JPT) samples as
the reference. No apparent genetic admixture was detected, except
for one sample from KCPS-II (Supplementary Fig. 1). Associations
between CRC risk and each of the genotyped and imputed SNPs were
evaluated using logistic regression within each study after adjusting
for age, sex and the first ten principal components using mach2dat!®.
Meta-analyses were conducted under a fixed-effects model using the
METAL program®®. There was little evidence for inflation in the asso-
ciation test statistics for any of the five studies (genomic inflation
factor (A) range of 1.02 to 1.04) or for all studies combined (1 =1.01)
(Supplementary Fig. 2 and Supplementary Table 1). The observed
number of SNPs with small P values was slightly larger than that
expected by chance (Supplementary Fig. 2).

Multiple genomic locations were found that were potentially related
to CRC risk (Supplementary Fig. 3). Nine SNPs identified from
published GWAS conducted in populations of European ancestry
showed associations with CRC risk at P < 0.05 in stage 1 (data not
shown). To improve the statistical power for evaluating these SNPs,
we genotyped 6,476 additional samples to bring the total sample
size to 5,252 cases and 9,071 controls. Except for the 2 SNPs that
are monomorphic in east Asians (16691170 and rs16892766), all 16
of the other SNPs identified from published GWAS conducted in
European-ancestry populations showed association with CRC risk in
the same direction as reported previously (Supplementary Table 3).
A significant association with CRC risk at P < 0.05 was found for
13 SNPs, including rs6687758, rs10936599, rs10505477, rs6983267,
rs7014346, rs10795668, rs3802842, rs4444235, rs4779584, rs9929218,
r$4939827, rs10411210 and rs961523. Except for two SNPs (rs6983267
and rs4779584), no statistically significant heterogeneity at P < 0.05
was observed between east Asian and European-ancestry populations
(Supplementary Table 3).

To identify new genetic factors for CRC, we selected 64 SNPs
for replication in an independent set of 5,358 cases and 5,922 con-
trols recruited in 5 studies conducted in China, Korea and Japan
(Supplementary Table 2). SNPs were selected from among those

that (i) had MAF of >5%; (ii) showed no heterogeneity across studies
(Phet > 0.05 and I? < 25%); (iii) were not in linkage disequilibrium
(LD; 72 < 0.2) with any known CRC risk variant reported from
previous GWAS; (iv) had high imputation quality in each of the five
studies (RSQ > 0.5); and (v) were associated at P < 0.01 in the com-
bined analysis of all five studies included in stage 1. These criteria
were used to prioritize SNPs for replication.

Of the 64 SNPs evaluated in stage 2, 7 showed association with
CRC risk at P < 0.05 with a direction of association consistent with
that observed in stage 1 (Table 1 and Supplementary Table 4). In
the combined analysis of data from stages 1 and 2, P values for asso-
ciations with two SNPs (rs647161 at 5q31.1, odds ratio (OR) = 1.17,
P=377x%10"19, and rs10774214 at 12p13.32, OR = 1.17, P=5.48 x
10719) were lower than the conventional genome-wide significance
level of 5.0 x 1078, providing convincing evidence for an association
of these SNPs with CRC risk (Table 1). An additional SNP, rs2423279,
showed a significant association in stage 2 after Bonferroni correction
(corrected P < 7.8 x 10~%) but did not reach the conventional GWAS
significance level for association with CRC risk in the combined
analysis of all samples (OR = 1.14, P = 2.29 x 10~7). The associa-
tion between CRC risk and each of these three SNPs was consistent
across most studies (Fig. 1). Results for the other four SNPs that
replicated in stage 2 at P < 0.05 (1s1665650, 152850966, rs1580743 and
rs4503064) are also presented (Supplementary Table 4), including
one SNP (rs1665650) with an association P value of 8.58 x 1077 in the
combined analysis of all data from both stages (Table 1).

We next evaluated these top four SNPs (Table 1) using data from
GWAS in the Genetics and Epidemiology of Colorectal Cancer
Consortium (GECCO) and the Colon Cancer Family Registry (CCFR),
which together include 11,870 cases and 14,190 controls of European
ancestry®2%2L. Three of the four SNPs were replicated in the GECCO
and CCFR sample, although the strength of the associations was weaker
than in east Asians (Table 2). These results provide independent support
of our findings in the east Asian population. Meta-analyses of data from
both east Asian and European-ancestry populations provided strong
evidence for associations of CRC risk with three SNPs, with P values all
below the genome-wide significance threshold of 5 x 10-8 (Table 2). The
weaker associations observed in European-ancestry populations could
be explained, in part, by differences in LD patterns at these loci for east
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(ref. 22). CCND2 is closely related to CCND1,

GWAST = = = a well-established human oncogene??:23,
Shanghai-1 - B e —— Although CCND2 has been less well studied
Shanghai-2 - ;' than CCNDI, several studies, including The

Guangzhou-1 - — e —— Cancer Genome Atlas (TCGA), have shown
Aichi-1 7 e — that CCND2 is overexpressed in a substantial
KCPS-I 4 R proportion of human colorectal tumors?2-25,
Replication - - - Overexpression of this cyclin may be an
independent predictor of survival in indi-
Guangzhou-2 - —8— 8- —a— viduals with CRC?%. Several other genes,
Korea-NCC + & T R including PARPI11, FGF23, FGF6, Cl2orf5
Korea-Seoul 1 _ [ [ and RAD5]API, are also in close proximity
Guang:;j;'j: o o L to the SNP identified in our study, of which
! , both C120rf5 (also known as TIGAR, encod-
Asian combined - ORI 129 > QRELITOIGED S QR- 1140108119 ing TP53-induced glycolysis and apoptosis
European - OR =1.04 (1.00-1.08) - OR =1.07 (1.02-1.11) " OR =1.07 (1.03-1.12) reglﬂator) and RAD51AP1 Wer.e fOuIld FO
P=004 P=0.002 P =000t be overexpressed in CRC tissue included in
overal 4 OR =100 (1.06-1.13) OR = 111 (1.03-1.15) OR =110 (106-1.14) TCGA?5. 1510774214 is in strong LD with
) ’ : several SNPs that are located in potential
. . . o . . L . i , transcription factor-binding sites, as deter-
0.50 1.00 1.50 2.00 0.50 1.00 1.50 2.00 0.50 1.00 1.50 2.00 mined using the TRANSFAC database?6.
Odds ratios Quds ratios Odds ratios Additional research may be warranted

110774214 1s647161 152423279

Figure 1 Forest plots for the three SNPs showing evidence of an association with CRC risk.
Per-allele ORs are presented, with the area of each box proportional to the inverse variance weight of

the estimate. Horizontal lines represent 95% confidence intervals.

regarding possible mechanisms by which
this SNP is related to CRC risk.
The rs647161 SNP is located on chro-

Asians and Europeans (Supplementary Fig. 4). It is possible that causal
variants in these regions are tagged by different SNPs in these two popu-
lations or that there is allelic heterogeneity, in which different underlying
causal variants exist in populations of Asian and European ancestry. The
difference in LD structure between Asian and European descendants and
possible allelic heterogeneity in these two populations might explain, in
part, why these loci were not discovered in previous studies conducted
in individuals of European ancestry. The fourth SNP evaluated in the
GECCO and CCFR sample, rs1665650, however, was not replicated in
individuals with European ancestry (OR = 0.96, P = 0.05).

Stratification analyses showed that the association of CRC risk with
each of the three replicated SNPs was generally consistent in Chinese,
Korean and Japanese individuals (Pye > 0.05), although the asso-
ciation with rs2423279 was not statistically significant in Japanese,
perhaps owing to a small sample size (Supplementary Table 5).
Associations of these three SNPs with CRC risk were similar for men
and women (P > 0.05) (Supplementary Table 6).

The rs10774214 SNP is located just 15 kb upstream of CCND2, the
gene encoding cyclin D2 (Fig. 2a), a member of the D-type cyclin
family, which also includes cyclins D1 and D3. These cyclins have a
critical role in cell cycle control (from G1 to S phase) through activa-
tion of cyclin-dependent kinases (CDKs), primarily CDK4 and CDK6

mosome 5q31.1, where a cluster of SNPs
were associated with CRC risk (Fig. 2b). Of
the genes in this region (including PITXI,
CATSPER3, PCBD2, MIR4461 and H2AFY), PITX1 is the closest to
1rs647161 (approximately 129 kb upstream). The PITX1 gene (encoding
paired-like homeodomain 1) has been described as a tumor suppres-
sor gene and may be involved in the tumorigenesis of multiple human
cancers?’-31, including CRC?7-32, PITX1 has been reported to suppress
tumorigenicity by downregulating the RAS pathway, which is frequently
altered in colorectal tumors?”. Inhibition of PITX1 induces the RAS
pathway and tumorigenicity, and restoring PITX1 in colon cancer cells
inhibits tumorigenicity?. It also has been reported that PITXI may
activate TP53 (ref. 33) and regulate telomerase activity>!. Consistent
with its possible function as a tumor suppressor gene, PITX1I has been
found to be downregulated in human cancer tissue samples and cell
lines?7-30:32, CRC tissue expressing wild-type KRAS showed signifi-
cantly lower expression of PITX1 than tissue with mutant KRAS32,
Most recently, low PITX1 expression was found to be associated with
poor survival in individuals with CRC?3. In addition, rs6596201, which
is in moderate LD with rs647161 (+2 = 0.25), is an expression quantita-
tive trait locus (eQTL) (P = 2.42 x 10728) for the PITX I gene®. Several
other genes at this locus, including C50rf24, H2AFY and NEUROG]I,
were also found to be highly expressed in colorectal tumors included
in TCGA (P < 0.001)%%. Additional studies are warranted to explore a
possible role for these genes in the etiology of CRC.

Table 2 Association of CRC risk with the top three risk variants in European descendanis and east Asian and European descendanis

combined
East Asian and European-ancestry

MAFD European-ancestry populations® populations combined®
SNP Alleles? Cases  Controls Cases Controls OR (95% CI) Preta Cases Controls OR (95% CI) Preta
1s10774214 T/IC 0.385 0.379 11,870 14,190 1.04 (1.00-1.09) 0.040 19,165 25,736 1.09 (1.06-1.13) 3.06 x 10-8
1s647161 A/C 0.680 0.667 11,870 14,190 1.07 (1.02-1.11) 0.002 19,185 25,754 1.11(1.08-1.15) 1.22 x 10-10
1s2423279 (o) 0.263 0.252 11,870 14,190 1.07 (1.03-1.12) 0.001 19,195 25,750 1.10(1.06-1.14) 6.64 x 10-9
aAlelles (minor/major) for east Asians. PMAF in European-ancestry populations. cSummary statistics were generated using inverse variance-weighted fixed-effects meta-analysis.
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Figure 2 Regional plots of association results and recombination rates for the three SNPs showing evidence of association with CRC risk. Genotyped and
imputed data from GWAS samples are plotted on the basis of their chromosomal position in NCBI Human Genome Build 36.3. For each region, the SNP
selected for stage 2 replication is denoted with a diamond, and the P value from the combined analysis of stage 1 and 2 data is provided. (a—c) Data are

shown for rs10774214 (a), rs647161 (b) and rs2423279 (c).

The rs2423279 SNP is located on chromosome 20p12.3, close
to the HAOI and PLCBI genes (Fig. 2¢). HAOI encodes hydroxy-
acid oxidase, which oxidizes 2-hydroxyacid. PLCBI encodes phos-
pholipase C-B1, which has an important role in the intracellular
transduction of many extracellular signals. Overexpression of the
PLCBI gene has been observed in CRC tissue?>. Possible mecha-
nisms by which these genes are involved in CRC carcinogenesis
are unknown. The rs2423279 SNP is 1,408,069 bp downstream
of rs961253, a SNP previously identified in a European GWAS as
being associated with CRC risk!0. However, these two SNPs are
not correlated in east Asians (r2 = 0) or in Europeans (r? = 0).
Adjustment for rs961253 did not change the results for rs2423279
(data not shown).

To our knowledge, this is the largest GWAS performed for CRC in
east Asians, a population that differs from populations of European
ancestry in CRC risk and certain aspects of genetic architecture.
Results from our study, along with data from a large study conducted
in a population of European ancestry, provide convincing evidence of
associations with CRC risk for three new independent susceptibility
lociat 5q31.1, 12p13.32 and 20p12.3. Results from this study provide
new insights into the genetics and biology of CRC.

URLs. Cancer Genetic Markers of Susceptibility (CGEMS), http://
cgems.cancer.gov/; Database of Genotypes and Phenotypes (dbGaP),
http://www.ncbi.nlm.nih.gov/gap; EIGENSTRAT, http://genepath.
med.harvard.edu/~reich/EIGENSTRAT htm; eqtl.uchicago.edu, http://
eqtl.uchicago.edu/Home html; GTEx eQTL Browser, http://www.ncbi.
nlm.nih.gov/gtex/GTEX2/gtex.cgi; Haploview, http://www.broad.mit.
edu/mpg/haploview/; HapMap Project, http://hapmap.ncbinlm.nih.
gov/; IntOGen, http://www.intogen.org/home; LocusZoom, hitp://
csg.sph.umich.edu/locuszoom/; MaCH 1.0, http://www.sph.umich.
edu/csg/abecasis/ MACH/; mach2dat, http://genome.sph.umich.
edu/wiki/Mach2dat:_Association_with_ MACH_output; METAL,
http:/fwww.sph.umich.edu/csg/abecasis/Metal/; PLINK version 1.07,
http://pngu.mgh.harvard.edu/~purcell/plink/; R version 2.13.0, http://
www.r-project.org/; SAS version 9.2, http://www.sas.com/; SNAP,
http://www.broadinstitute.org/mpg/snap/; TRANSFAC, http://www.
gene-regulation.com/pub/databases.html; UCSC Genome Browser,
http://genome.ucsc.edu/; WHI investigators, https://clec.whi.org/
researchers/SitePages/Write%20a%20Paper.aspx.

METHODS
Methods and any associated references are available in the online
version of the paper.

Note: Supplementary information is available in the online version of the paper.
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ONLINE METHODS

Study populations. After quality control filtering, 7,456 cases and 11,671
controls from 10 studies were included in the consortium (Supplementary
Table 2). Detailed descriptions of participating studies and demographic char-
acteristics of study participants are provided in the Supplementary Note.
Briefly, the consortium included 10,730 Chinese participants, 5,544 Korean
participants and 2,853 Japanese participants. Chinese participants were from
five studies: the Shanghai Study 1 (Shanghai-1, n = 3,102), the Shanghai Study 2
(Shanghai-2, n = 485), the Guangzhou Study 1 (Guangzhou-1, #n = 1,613), the
Guangzhou Study 2 (Guangzhou-2, n = 2,892) and the Guangzhou Study 3
(Guangzhou-3, # = 2,638). Korean participants were from three studies:
the Korean Cancer Prevention Study-II (KCPS-IL # = 1,301), the Seoul Study
(n = 1,522) and the Korea-National Cancer Center (Korea-NCC) Study
(n = 2,721). Japanese participants were from two studies: the Aichi Study 1
(Aichi-1, n = 1,346) and the Aichi Study 2 (Aichi-2, n = 1,507). We also evalu-
ated associations for the top 4 SNPs using data from 11,870 CRC cases and
14,190 controls of European ancestry included in GECCO and CCFR, which
included 14 studies from the United States, Europe, Canada and Australia20:21,
Approval was granted from the relevant institutional review boards at all study
sites, and all included participants gave informed consent.

Genotyping and quality control procedures. Detailed descriptions of geno-
typing and quality control procedures as well as design of plates and control
samples are given in the Supplementary Note. Briefly, in stage 1, 481 cases and
2,632 controls from Shanghai-1 were genotyped using the Affymetrix Genome-
Wide Human SNP Array 6.0 as described previously!. The average concordance
percentage of quality control samples was 99.7%, with a median value of 100% in
Shanghai-1 (refs. 14,37,38). Stage 1 genotyping for 296 cases and 257 controls in
Shanghai-2 was performed using Illumina HumanOmniExpress BeadChips. The
same method was used to genotype cases from the Guangzhou-1 (n= 694) and
Aichi-1 (n = 497) studies in stage 1. The positive quality control samples in these
studies had an average concordance percentage of 99.41% and a median value
0£99.97%. Cases and controls in KCPS-II were genotyped using the Affymetrix
Genome-Wide Human SNP Array 5.0 (ref. 16). Controls for the Guangzhou-1
and Aichi-1 studies were genotyped previously using the Illumina Human610-
Quad BeadChip'® and Illumina Infinium HumanHap610 BeadChip!” platforms,
respectively. Details of quality control procedures for these samples have been
described previously!>-17. We excluded from the analysis samples that were
genetically identical or duplicated, had a genotype-determined sex that was
inconsistent with self-reported data, had unclear population structure, had
close relatives with a PI-HAT estimate greater than 0.25 or had a call rate of
<95%. Within each study, SNPs were excluded if (i) MAF was <5%, (ii) the
call rate was <95%; (iii) the genotyping concordance percentage was <95% in
quality control samples; (iv) the P value for Hardy-Weinberg equilibrium was
<1.0 x 1075 in controls; or (v) SNPs were not on the 22 autosomes. The final
numbers of cases, controls and SNPs remaining for analysis in each participating
study are presented in Supplementary Table 1.

Genotyping for stage 2 was completed using the iPLEX Sequenom
MassARRAY platform as described previously!#3®. With the exception
of samples from the Guangzhou-3 study, which were genotyped at Fudan
University (Shanghai), all other samples were genotyped at the Vanderbilt
Molecular Epidemiology Laboratory. The average concordance percentage
of the genotyping data for positive control samples was >99% with a median
value of 100% for each of the five studies. SNPs were excluded from the analysis
if (i) the call rate was <95%, (ii) the genotyping concordance percentage was
<95% in control samples, (iii) there was an unclear genotype call or (iv) the
P value for Hardy-Weinberg equilibrium was <7.8 x 107%. The numbers of
SNPs remaining for analysis in each participating study in stage 2 are presented
in the Supplementary Note.

Genotyping for samples included in the GECCO and CCFR GWAS was
conducted using Illumina BeadChip arrays, with the exception of the Ontario
Familial Colorectal Cancer Registry study, for which Affymetrix arrays were
used®20:21, Details of the quality control procedures for these samples are
presented in the Supplementary Note.

SNP selection for replication. SNPs were selected for stage 2 replication if
(i) data were available in each of the five stage 1 studies; (if) MAF was >5% in

each stage 1 study; (iii) no heterogeneity was detected across the five studies
included in stage 1 (Pye > 0.05 and I? < 25%); (iv) there was no LD (r? < 0.2)
with any known risk variant reported from previous GWAS; (v) there was no
LD (7% < 0.2) with the other SNPs identified in this study; (vi) there was high
imputation quality in each of the five studies (RSQ > 0.5); and (vii) P < 0.01
in combined analysis of all stage 1 studies.

Evaluation of population structure. We evaluated population structure in
each of the five participating studies included in stage 1 by using principal-
components analysis (PCA). Genotyping data for uncorrelated genome-wide
SNPs were pooled with data from HapMap to generate the first ten princi-
pal components using EIGENSTRAT software?? (see URLs). The first two
principal components for each sample were plotted using R (see URLs).
We identified and excluded one participant of KCPS-1I who was more than
6s.d. away from the means of principal components 1 and 2 (Supplementary
Fig. 1). The remaining 7,847 samples showed clear east Asian origin, and these
samples were included in the final genome-wide association analysis. Cases
and controls in each of the five studies were in the same cluster as HapMap
Asian samples. The estimated inflation factor A ranged from 1.02 to 1.04 in
these studies after adjusting for age, sex and the first ten principal compo-
nents, with a A of 1.01 for combined stage 1 data (Supplementary Fig. 2 and
Supplementary Table 1).

Imputation. We used the MaCH 1.0 program!® (see URLs) to impute geno-
types for autosomal SNPs that were present in HapMap Phase 2 release 22
separately for each of the five studies included in stage 1. Genotype data
from the 90 Asian subjects from HapMap were used as the reference. For
Guangzhou-1 and Aichi-1, cases and controls were genotyped using different
platforms. To improve imputation quality*!, we identified SNPs for which data
were available in both cases and controls (250,612 SNPs in Guangzhou-1 and
232,426 SNPs in Aichi-1) and used them to impute genotyping data. A total
of 1,636,380 genotyped SNPs or imputed SNPs with high imputation quality
(RSQ > 0.50) in all five studies were tested for association with CRC.
To directly evaluate the imputation quality for the top four SNPs identified
in our study, we genotyped them in approximately 2,500 samples included in
stage 1. The agreement of genotype calls derived from direct genotyping and
imputation was very high, with mean concordance rates of 98.05%, 95.61%,
99.84% and 97.90% for rs647161, rs10774214, rs2423279 and rs1665650,
respectively (Supplementary Table 7).

Statistical analyses. Dosage data for genotyped and imputed SNPs for par-
ticipants in each stage 1 study were analyzed using the program mach2dat!®
(see URLs). We coded 0, 1 or 2 copies of the effect allele as the dosage for
genotyped SNPs, and, for imputed SNPs, we used the expected number of
copies of the effect allele as the dosage score. This approach has been shown
to give unbiased estimates in meta-analyses?2. Associations between SNPs
and CRC risk were assessed using ORs and 95% Cls derived from logistic
regression models. ORs were estimated on the basis of the log-additive model
and adjusted for age, sex and the first ten principal components. PLINK
version 1.07 (see URLs) also was used to analyze genotype data®® and yielded
results virtually identical to those derived from dosage data using mach2dat!8.
Meta-analyses were performed using the inverse-variance method, assum-
ing a fixed-effects model, and calculations were implemented in the METAL
package!® (see URLs).

Similar to stage 1, we used logistic regression models to derive ORs and 95%
ClIs for the 64 selected SNPs in stage 2, assuming a log-additive model with
adjustment for age and sex. We performed joint analyses to generate summary
results for combined samples from all studies, with additional adjustment
for study site. We also conducted stratification analysis for the top four SNPs
by population ancestry (Chinese, Korean or Japanese) and by sex. We used
Cochran’s Q statistic to test for heterogeneity** and the I? statistic to quantify
heterogeneity*® across studies as described elsewhere in detail®®. Analyses for
stage 2, as well as combined stage 1 and 2 data, were conducted using SAS,
version 9.2 (see URLs), with the use of two-tailed tests. P values of <5x10-8 in
the combined analysis was considered statistically significant.

We used Haploview version 4.2 (see URLs; ref. 47) to generate a genome-
wide Manhattan plot for results from the stage 1 meta-analysis. Forest plots
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and quantile-quantile plots were drawn using R. We drew regional associa-
tion plots using the website-based tool LocusZoom, version 1.1 (see URLs;
ref. 48). LD plots were generated using Haploview?” and the UCSC Genome
Browser (see URLSs).
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PLD4 as a Novel Susceptibility Gene for
Systemic Sclerosis in a Japanese Population
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Objective. Systemic sclerosis (SSc) is an auto-
immune disease for which multiple susceptibility genes
have been reported. Genome-wide association studies
have shown that large numbers of susceptibility genes
are shared among autoimmune diseases. Recently, our
group identified 9 novel susceptibility genes associated
with rheumatoid arthritis (RA) in a Japanese popula-
tion. The aim of this study was to elucidate whether the
18 genes that displayed associations or suggestive asso-
ciations for RA in our previocus study are associated with
SSc in Japanese.

Methods. We performed an association study that
included 415 patients with SSc¢ and 16,891 control
subjects, followed by a replication study that included
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315 patients and 21,054 control subjects. The 18 mark-
ers reported to display association with RA were ana-
lyzed for their associations with SSc in the first study,
and 5 markers were further analyzed in the replication
study. The inverse variance method was used to evaluate
the associations of these markers with SSc in a com-
bined study.

Results. In the phospholipase D4 gene (PLD4),
rs2841277 displayed a significant association with SSc
in Japanese patients (P = 0.00017). We observed that
rs2841280 in exon 2 of PLD4 was in strong linkage
disequilibrium with rs2841277 and introduced an amino
acid alteration. We also observed associations between
S8¢ and rs6932056 in TNFAIP3 and rs2280381 in IRFS
(P = 0.0000095 and P = 0.0030, respectively), both of
which displayed associations with SSc in a European
population.

Conclusion. We determined that PLD4 is a novel
susceptibility gene for SSc in Japanese, thus confirming
the involvement of PLD4 in autoimmunity. Associations
between SSc and TNFAIP3 or IRF§ were also detected in
our Japanese population. SSc and RA appear to share
relatively large proportions of their gemetic back-
grounds.

Systemic sclerosis (8Sc) is a connective tissue
disease that affects 7-489 individuals per million world-
wide and is characterized by the excess production of
extracellular matrix molecules and fibrosis (1). Patients
with SSc display skin sclerosis, obliterative microvascu-
lopathy such as Raynaud’s phenomenon, and multiorgan
involvement. Severe complications of SSc sometimes
develop, including interstitial lung disease, pulmonary
hypertension, and renal crisis. These severe symptoms
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and complications of SSc result in a poor prognosis and
a shortened lifespan (2,3). No effective method for
preventing or curing SSc has been established (4).

It is well known that SSc has genetic components
(5); for example, a US study revealed that the incidence
of SSc was much higher among the families of patients
with SSc compared with the general population (6).
Recent technologic developments enabled the use of
genome-wide association studies (GWAS) to identify
novel susceptibility loci for autoimmune diseases (7).
GWAS of European patients with SSc revealed that
CD247 (8), HLA (8), TNIP1, PSORS1CI, and RHOB (9)
are susceptibility loci for SSc. In addition, another
GWAS identified associations between IRFS8, GRBI0,
and SOX5 and limited cutaneous SSc (lcSSc) in a
European population (10). Furthermore, studies adopt-
ing a candidate gene approach based on subjecting genes
to functional inference analysis led to the identification
of STAT4 (11), IRF5 (12), TBX21 (13), NLRPI (14),
TNFSF4 (15), CD226 (16), BLK (17), and TNFEAIP3 (18)
as novel susceptibility genes for SSc in Europeans. SSc
association studies in Japanese populations confirmed
that STAT4 (19), IRF5 (20), and BLK (21) are associated
with SSc and identified UBE2L3 as a susceptibility gene
for diffuse cutaneous SSc (dcSSc) (22). An association
between HLA and SSc was also detected in Asians (23).
These findings suggest a clear overlap in the genetic
background of SSc between different populations.

It is well known that susceptibility genes are
shared by various autoimmune diseases (24). In fact,
HLA (25), STAT4 (26), and TNFAIP3 (27,28), which are
susceptibility genes for SSc, have also been reported to
be associated with rheumatoid arthritis (RA). In addi-
tion, PTPN22, which was shown to be strongly associated
with RA in a European population (29), showed a
suggestive association with SSc in Europeans (30). The
sharing of these susceptibility genes between RA and
SSc raises the possibility that newly identified suscepti-
bility genes for RA could also be susceptibility genes for
SSc. Recently, a large Japanese consortium, the Genetic
and Allied research in Rheumatic diseases Networking
consortium, identified 9 novel susceptibility genes and 6
candidate susceptibility genes for RA using a meta-ana-
lysis of GWAS and replication studies (31). Four other
genes, namely, HLA, PADI4, CCR6, and TNFAIP3, were
also confirmed to display associations with RA. Here, we
performed a 2-stage association study of Japanese pa-
tients with SSc, in which we genotyped these genes as
candidate susceptibility loci.
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PATIENTS AND METHODS

Study subjects. DNA samples were obtained from 415
patients with SSc at Kyoto University Hospital and Tokyo
Women’s Medical University; these samples comprised the
first set. Independent DNA samples were obtained from 315
patients with SSc at Keio University Hospital, Sagamihara
National Hospital, and Kanazawa University Hospital; these
samples were used as the replication set. All patients were
Japanese, all had a diagnosis of SSc as determined by a
rheumatologist, and all fulfilled the 1980 American College of
Rheumatology classification criteria for SSc (32). The patients
with SSc for whom clinical information was available were
classified as having 1cSSc or dcSSc, according to the definitions
developed by LeRoy et al (33). The control samples were
described in detail in our previous study (31). The current
study was approved by the local ethics committees at each
institution, and written informed consent was obtained from all
subjects. The basic characteristics of the study subjects are
shown in Table 1.

Genotyping. The 9 novel susceptibility markers, 6
potentially associated markers, and 4 confirmed markers of
RA that were identified in our previous study in a Japanese
population (31) were chosen as candidate susceptibility mark-
ers for SSc in Japanese. Eighteen of the 19 markers (HLA was
excluded; see Results), none of which had previously been
reported to be associated with SSc in Japanese individuals,
were genotyped in the current study. The 5 candidate markers
in the first set that showed associations with P values less than
0.1 were further genotyped in the replication study. Single-
nucleotide polymorphisms (SNPs) rs2841280 and rs894037
were chosen as candidate causative variants in the phospho-
lipase D4 gene (PLD4) region. Because rs894037 was shown to
be monomorphic in Japanese, 1s2841280 was genotyped in 334
control subjects, in addition to all patients, for imputation
reference. The patients in the first and replication studies were
genotyped at Kyoto University or Tokyo Women’s Medical
University and at Keio University or University of Tsukuba,
respectively, using TagMan assays (Applied Biosystems). The
genotyping methods in control subjects were described in
detail in our previous study (31).

Briefly, control genotypes in the first set were imputed
based on the genome-scanning data, using mach2dat software
with HapMap Phase II East Asian Populations as reference.
The control genotypes for the replication study were extracted
from genome-scanning data for the markers included on
Nlumina HumanHap610 Quad BeadChips. The genotypes for
r$6932056 (which is not included in the array) were imputed
based on the genome-scanning data, using mach2dat software
with HapMap Phase IT East Asian Populations as reference,
and were used as control data for the replication set. The
genotypes for rs2841280 (which is not included in the HapMap
data or the array) were also imputed in control subjects, based
on the genome-scanning data, using mach2dat software. Geno-
typing data for the 334 control subjects as determined by
TagMan assay in combination with genome-scanning data
were used as reference.

Statistical analysis. The associations between the
genotyped markers and SSc were analyzed using a Cochran-
Armitage trend test in both the first and replication studies.
Subanalyses were performed by comparing the genotypes of
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Table 1. Characteristics of the study population*
Patients Controls
First set
Institutions Kyoto University, Kyoto University,
Tokyo Women’s Medical University Tokyo Women’s Medical University,
BioBank Japan
Typing TagMan assay Illumina HumanHap610 Quad BeadChip,
Illumina HumanHap550 BeadChip,
Affymetrix Genome-Wide Human SNP Array 6.0
Limited SSc/diffuse SSc, % 49.6/50.4 Not applicable
Anti-topo I/ACA, % 30.6/31.1 Not applicable
Interstitial lung disease, % 48.9 Not applicable
Age, mean * SD years 50.9 = 14.7 60.9 = 12.5
Female, % 913 449
Replication set
Institutions Keio University, Kyoto University,
Sagamihara National Hospital, BioBank Japan
Kanazawa University
Typing TagMan assay IHumina HumanHap550 BeadChip,
Tllumina HumanHap610 Quad BeadChip
Limited SSc/diffuse SSc, % 63.8/34.6 Not applicable
Anti-topo I/ACA, % 29.5/35.2 Not applicable
Interstitial lung disease, % 43.2 Not applicable
Age, mean * SD years 514 x 141 59.3 £ 14.2
Female, % 873 484

* The first set included 415 patients with systemic sclerosis (SSc) and 16,891 control subjects. The replication set included 315 patients
with SSc and 21,054 control subjects. Anti~topo I = anti-topoisomerase I; ACA = anticentromere antibody.

the control subjects with those of patients in the SSc subgroups
based on the disease phenotypes. The subanalyses used the
same control subjects as were used in the association studies.
Intracase analyses based on phenotypes were also performed.

Odds ratios (ORs) and 95% confidence intervals were
also calculated. The associations detected in the first and
replication studies were then meta-analyzed using the inverse
variance method. The resultant P values were corrected using
the Benjamini-Hochberg false discovery rate (FDR) criterion,
and corrected P values less than 0.05 were regarded as
significant in both the combined study and the subanalyses.
The efficiency of the current study was estimated by calculating
the likelihood of detecting 3 significant markers (after correct-
ing the P values using the FDR method) among 18 randomly
selected markers. After the statistically significant markers
were identified, the best-fit model for each association was
analyzed using dominant, recessive, trend, and allelic chi-
square tests or models. Statistical analyses were performed
using R or SPSS (version 18) software.

RESULTS

Analyses of candidate genes for SSc in a Japa-
nese population. The 415 patients with SSc and 16,891
control subjects in the first set were genotyped for the 18
markers that were shown to have associations or sus-
pected associations with RA in our previous study. The
HILA region was excluded from the genotyped markers,
because this region has already been shown to be
associated with SSc in Asians. The allele frequencies of
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the patients were compared with those of the control
subjects, using a Cochran-Armitage trend test.

As a result, 3 markers that demonstrated associ-
ations with P values less than 0.01 in the first set (Table
2) were identified, namely, 1s6932056 in the TNFAIP3
region (£ = 0.0000038, OR 1.69), 1510821944 in the
ARIDSB region (P = 0.0025, OR 1.25), and 152841277 in
the PLD4 region (P = 0.0054, OR 1.25). Two loci that
showed suggestive associations with P values less than
0.1 (Table 2) were also identified, namely, rs12529514 in
the CD&3 region (P = 0.083, OR 1.18) and rs2280381 in
the IRFS region (P = 0.095, OR 1.19). The TNFAIP3
and /RF§ regions were previously reported to display
associations with SSc and 1c¢SSc, respectively, in Euro-
pean populations (10,18). These 5 markers were selected
as candidate susceptibility markers for SSc in Japanese
and were subjected to validation.

Next, a replication study consisting of 315 pa-
tients with SSc and 21,054 control subjects was per-
formed to validate the associations of the 5 markers with
SSc. The patients were genotyped for the 5 markers. The
genotypes of the control subjects for the 5 markers,
except 1s6932056, were extracted from the Ilumina
Infinium HumanHap610 Quad array, as reported previ-
ously (31). The genotypes for rs6932056 were imputed
based on genome-scanning data using mach2dat soft-
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Table 2. Association studies of Japanese patients with SSc*
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Allele 1 frequency

First set

Replication set Combined study

P, patients without

Allele P, patients OR overlapping RA

SNP Chr Gene 1/2  Controls Patients P Controlst Patients P vs. controls (95% CI) vs. controls
18766449 1 PADI4 T/C 0.40 0.37 0.12 - - - - -
1s11900673 2 B3GNT2 T/C 0.29 0.28 0.65 - - - - - -
152867461 4 ANXA3 A/G 044 043 0.57 - - - -
18657075 5 1L.3-CSF2 A/G 036 034 0.25 - - - - - -
1812529514 6 CD83 cr 0.14 016  0.083 0.15 016 031 0.046 1.15 (1.00—1.33) 0.040
1s1571878 6 CCR6 c/T 0.49 047 0.28 - - - - = -
156932056 6 TNFAIP3 C/T  0.069 011 38x107% 0.067 0.079 023 9.5 X 1075 1.50(1.25—1.80) 54 %x10°¢
152233434 6 NFKBIE G/A 021 021 0.93 - - - - - -
1510821944 10 ARID5B G/T 036 0.41 0.0025 0.36 037 064 0.0073  1.16 (1.04—1.29) 0.010
1s3781913 11 PDE2A-CENTD2 T/G  0.69 0.69 091 - - - - - -
14937362 11 ETSI-FLI1 T/C 0.68 0.68 0.88 - - - - - -
1s2841277 14 PLD4 T/C 0.69 0.74 0.0054 0.69 073 0012 0.00017 125(1.11-141) 0.00052
153783637 14 GCHI C/T 0.74 0.73 0.54 - - - - - -
151957895 14 PRKCH G/T 039 0.41 0.26 - - - - - -
156496667 15 ZNF774 A/IC 035 037 0.33 - - - - - -
157404928 16 PRKCBI1 T/C 0.62 0.63 0.51 -~ - - - - -
152280381 16 IRF8 T/C 0.84 0.86 0.095 0.83 0.87 0.0099 0.0030 126(1.08—1.47) 0.0021
152847297 18 PTPN2 G/A 034 0.34 0.85 - - - - - -

* 8S8c = systemic sclerosis; SNP = single-nucleotide polymorphism; Chr = chromosome; OR = odds ratio; 95% CI = 95% confidence interval;

RA = rheumatoid arthritis.

T The control 156932056 genotypes used in the replication study were imputed using genome-scanning data obtained for 3,765 subjects.

ware, because rs6932056 was not included in the array.
As aresult, 152841277 in the PLD4 region and rs2280381
in the IRF8 region showed relatively strong associations
with SSc (P = 0.012, OR 1.25 and P = 0.0099, OR 1.37,
respectively) (Table 2). Interestingly, we observed that
all 5 of the markers that displayed associations in the
first study also demonstrated the same association direc-
tions in the replication study.

The inverse variance method was used to com-
bine the data for the first and replication studies. SNPs
rs2841277 in the PLD4 region, 1$6932056 in the
TNFAIP3 region, and rs2280381 in the IRF8 region
showed significant associations with SSc even after cor-
recting the associated P values using the FDR method
for multiple testing (Table 2). Importantly, all 3 of these
loci shared risk alleles with RA. Although rs6932056 in
the TNFAIP3 region did not show a strong association
with SSc in the replication study, its association was
significant in the combined study. The PLD4 region was
shown to be a novel susceptibility gene for SSc, and, for
the first time, the TNFAIP3 and IRFS§ regions were
confirmed to be associated with SSc in Japanese.

The association between 152841277 and SSc was
then investigated in detail. When the 200-kbp region
around 152841277 was evaluated, 2 hypothetical genes
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and cell division cycle associated 4 gene (CDCA4) were
located at the region, in addition to PL.D4. PL.D4 was the
only gene whose region showed moderate to strong
linkage disequilibrium (LD) with 1s2841277, indicating
PLD4 as a susceptibility gene (Figure 1A). We vigor-
ously searched candidate markers in exons of PLD4 that
showed strong LD with 152841277 and selected 2 mark-
ers registered in the 1000 Genomes Project (34) that
displayed >5% frequency in genotyped subjects,
namely, rs2841280 (Figure 1B) and rs894037 in exon 2.
Genotyping of these polymorphisms revealed strong LD
between rs2841280 (E27Q) and 132841277 (D' = 0.98,
1? = 0.75) and monomorphism of rs894037 in Japanese.
An association study of rs2841280 using control geno-
types obtained by imputation supported association of
PLD4 with SSc (P = 6.3 X 107°) (see Supplementary
Tables 1 and 2, available on the Arthritis & Rheumatism
web site at http://onlinelibrary.wiley.com/doi/10.002/
art.37777/abstract).

Because the 3 loci were associated with RA in a
Japanese population, we analyzed whether the associa-
tions with SSc in the current study were contributed by
patients with both RA and SSc. When 22 patients who
had RA as well as SSc were excluded, significant asso-
ciations for the 3 loci were still observed (Table 2). A
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Figure 1. Linkage disequilibrium (LD) block around the PLD4 region
and the PLD4 structure. A, LD block and genes around PLD4. The LD
block is based on HapMap phase 3 data. Asterisk indicates 1s2841277.
B, Schematic view of PLD4 structure. Rectangles represent exons of
PLDA4.

further stringent analysis excluding patients with other
autoimmune diseases demonstrated significant associa-
tions of the 3 genes (see Supplementary Table 2). When
we compared SSc patients with and those without other
autoimmune diseases for the associated alleles, no dif-
ferences were observed (data not shown).

Table 3. Associations of the 2 SSc subtypes™

TERAO ET AL

Subanalysis of types of SSc. Previous studies
have revealed that the genetic background of SSc varies
between different types of SSc (11,18). Thus, subanaly-
ses of the 5 regions examined in the combined study
were performed, in which the allele frequencies of the
control subjects were compared with those of the pa-
tients with 1cSSc or dcSSc. The control subjects were the
same as those used in the first study or the combined
study. Although PLD4 and TNFAIP3 did not display a
preference for either SSc phenotype, IRF8 and ARIDS
showed suggestive preferences for 1cSSc, and CD83
showed a suggestive preference for deSSc (Table 3).

We also investigated whether the susceptibility
loci affect autoantibody status and severe complications.
The association studies revealed an association of
TNFAIP3 with SSc patients who possess anticentromere
antibodies (ACAs) (see Supplementary Table 3, avail-
able on the Arthritis & Rheumatism web site at http:/
onlinelibrary.wiley.com/doi/10.1002/art.37777/abstract),
but intracase analyses did not demonstrate clear signif-
icance (P = 0.043). We did not observe other associa-
tions between the susceptibility loci and clinical pheno-
types of SSc, in either case—control analyses or intracase
analyses.

Efficacy of the current study. In the current
study, a candidate gene analysis was performed based on
a meta-analysis of RA GWAS, because many suscepti-
bility genes for autoimmune disease have been reported

Limited cutaneous SSc (n = 408)

Diffuse cutaneous SSc (n = 318)

Controls,
Allele allele 1 Allele 1 Allele 1
SNP Chr Gene 1/2 frequency  frequency P OR (95% CI) frequency P OR (95% CI)
15766449 1 PADI4 T/C 0.40 0.39 052 094 (0.77—1.14) 0.36 011  0.85(0.69—-1.04)
1511900673 2 B3GNT2 T/C 0.29 0.25 0.096 0.82(0.66—1.03) 0.31 032  1.11(0.9-1.38)
12867461 4 ANXA3 AIG 0.44 042 040 0.92(0.75-1.12) 0.44 0.97  1.00(0.82—1.22)
rs657075 5 IL3-CSF2 A/G 0.36 0.34 0.54  0.94(0.76—1.15) 0.33 023 0.88(0.72-1.08)
1s12529514 6 CDS3 /T 0.14 0.15 0.79  1.03 (0.85—-1.25) 0.18 0.0075 1.32(1.08-1.62)
151571878 6 CCR6 C/T 0.49 0.48 0.81  0.98(0.80-1.19) 0.46 020 0.88(0.72—1.07)
1s6932056 6 TNFAIP3 C/T 0.069 0.093 0.0062 1.40(1.1-1.78) 0.10 0.00063 1.57 (1.21-2.04)
152233434 6 NFKBIE G/A 0.21 0.20 0.60  0.94 (0.73-1.20) 022 0.70  1.05(0.83—-1.33)
1s10821944 10 ARID5B G/T 0.36 0.40 0.0085 1.22 (1.05-1.41) 0.38 030 1.09(0.93-1.29)
rs3781913 11 PDE24-CENTD2 T/G 0.69 0.69 0.98  1.00(0.81—1.24) 0.69 0.90 1.01(0.82—1.25)
152841277 14 PLD4 T/C 0.69 0.73 0.0067 1.24 (1.06—1.45) 0.74 0.0049  1.29 (1.08-1.55)
52841280 14 PLD4 C/G 0.64 0.69 0.0011 1.30(1.11-1.52) 0.69 0.0086 1.27 (1.06—1.51)
12847297 18 PTPN2 G/A 0.34 0.33 0.67 0.96 (0.78—1.18) 0.34 0.87 1.02(0.83-1.25)
rs4937362 11 ETSI-FLI1 T/C 0.68 0.68 0.75  0.97(0.78-1.19) 0.69 092 1.01(0.82—1.25)
153783637 14 GCHI C/T 0.74 0.73 0.69  0.96 (0.77—1.19) 0.73 0.65 0.95(0.76—1.18)
1s1957895 14 PRKCH G/T 0.39 0.40 0.84 1.02(0.84—1.25) 0.42 016  1.15(0.95-1.41)
156496667 15 ZNF774 AlC 0.35 0.39 0.088 1.19 (0.97—1.45) 0.34 0.75 097 (0.79-1.19)
157404928 16 PRKCBI1 T/C 0.62 0.61 0.60  0.95(0.78—1.16) 0.66 015 1.17(0.95-1.44)
152280381 16 IRF8 T/C 0.84 0.88 0.0038 1.36 (1.11-1.68) 0.86 021 1.16 (0.92—-1.45)

* 8Sc = systemic sclerosis; SNP = single-nucleotide polymorphism; Chr = chromosome; OR = odds ratio; 95% CI = 95% confidence interval.
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Figure 2. Comparison of associations for systemic sclerosis (SSc) and
rheumatoid arthritis (RA). The odds ratios obtained for 18 genes in
association studies of SSc and RA are plotted.

to be shared by a wide range of diseases. As a result, 3
susceptibility genes for SSc in Japanese were identified.
Thus, we analyzed whether the candidate gene approach
taken in the current study for detecting novel suscepti-
bility genes for SSc was effective. When the likelihood of
finding 3 susceptibility genes among 18 genes by chance
was calculated, the likelihood was determined to be
2.5 X 1078, These results indicated that our approach to
identifying novel susceptibility genes for systemic dis-
eases is effective. It would be interesting to compare the
risk direction of the genotyped markers between RA
and SSc. Although the 3 susceptibility loci for SSc shared
risk direction with RA, no correspondence of the risk
directions of the markers between the 2 diseases was
detected (Figure 2). This indicated that a large propor-
tion of the 18 RA markers are not shared by SSc, and
that the lack of association between the 13 markers and
SSc was not attributable to the low power produced by
the relatively small number of SSc patients included in
this study.

DISCUSSION

Because SSc can lead to severe complications,
poor quality of life, and shortened survival, clarifying the
characteristics of SSc is important. Clarification of the
disease would aid the search for novel therapeutic
targets and the development of new therapeutic strate-
gies. Detecting susceptibility genes using GWAS or a
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candidate gene approach would also help to uncover the
pathophysiology underlying SSc.

Previous studies have revealed that more than 15
markers and loci are associated with SSc. However, the
markers detected so far cannot fully explain the genetics
of SSc, indicating that many susceptibility genes are yet
to be identified. Because a relatively large proportion of
RA susceptibility genes are shared by other autoimmune
diseases (24), a candidate gene approach using novel
markers observed in GWAS of RA is a fascinating way
of identifying new SSc markers. In fact, some of the
novel susceptibility markers for RA identified in the
meta-analysis were shown to be susceptibility markers
for systemic lupus erythematosus (SLE) and Graves’
disease (31).

In the current study, we successfully identified 3
susceptibility genes for SSc in Japanese. No studies have
identified PLD4 as an SSc-associated locus. The current
study is also the first to detect TNFAIP3 and IRFS as
susceptibility genes for SSc in a Japanese population.
The best-fit models for each association are shown in
Supplementary Table 4, available on the Arthritis &
Rheumatism web site at http://onlinelibrary.wiley.com/
doi/10.002/art.37777/abstract.

It is conceivable that these 3 associations might
have been obtained due to the overlap of RA and SSc.
Even after excluding the patients with both RA and SSc
based on physicians’ reports, the significant associations
for the 3 loci were still observed (Table 3). Information
regarding rheumatoid factor (RF) and anti-citrullinated
protein antibody (ACPA) was available for 371 SSc
patients without RA and 65 SSc patients without RA,
respectively, of whom 21.6% and 10.8% were positive
for RF and ACPA, respectively. These prevalences are
compatible with those previously observed in SSc pa-
tients without RA (35,36). Moreover, we showed that
the effect sizes and risk direction of the markers tested
in this study were dissociated between SSc and RA. In
addition, further stringent analysis comprising SSc pa-
tients without any autoimmune disease also showed the
associations of the 3 loci. These results indicate that the
associations of the 3 loci are not attributable to overlap-
ping of RA or other diseases.

Although the associations of the ARID5B and
CD&3 loci with SSc did not reach a stringently significant
level in the combined study, the tendencies toward an
association with SSc displayed by rs10821944 in the
ARIDS5B locus and 1512529514 in the CD&3 region in the
first study were maintained in the replication study. This
indicates that these loci are potential susceptibility re-
gions for SSc. Further replication studies are needed to
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address the associations of these 2 loci with SSc in a
Japanese population.

Because TNFAIP3 was reported to be strongly
associated with SSc in a European population (18), the
significant associations detected in the combined study
indicate that TNFAIP3 displays general associations with
SSc that go beyond ethnic boundaries. In addition,
186932056, which displayed a strong association with SSc
in a European population (18), is in strong LD with
1s5029939 (r* = 0.85) in the Japanese population. SNP
186932056 also displays strong LD with rs2230926, a
missense mutation of TNFAIP3 (r* = 0.85), in Japanese.
The rs2230926 missense mutation leads to an amino acid
alteration in the OTU (ovarian tumor) domain of the
A20 protein, which is considered to result in decreased
NF-«B signaling. Because we did not observe strong
associations between rs6932056 and SSc in the replica-
tion study, it will be necessary to reexamine the associ-
ation between TNFAIP3 and SSc using independent
sample sets of Japanese patients with SSc, in spite of the
significant associations detected in this study.

PLD4 is a recently reported member of the
phospholipase family without phospholipase D activity,
PLD4 is expressed in the spleen and early postnatal
microglia in the white matter of mice (37). The pheno-
types of Pld4-deficient mice have not been reported. In
addition, little is known about the expression or distri-
bution of PLD4 in humans. Although the functions of
PLD4 are also poorly understood, it is known to be
involved in the phagocytosis of microglia (38). The
expression of PLD4 around the marginal zone in the
spleen might support the functional involvement of
PLD4 in immunologic systems. It is interesting that
12841280, which alters an amino acid of PLD-4, is
associated with SSc. Minor allele G of 152841280 is
associated in a protective manner. The impact of an
amino acid alteration brought by rs2841280 on the effect
of PLD-4 protein is not known.

When we analyzed the impact of the amino acid
alteration using in silico analysis (SIFT software; http://
sift.jevi.org/), it was shown to result in a small effect.
However, the association raises the possibility that this
polymorphism leads functional modulation of PLD-4,
and it is feasible to analyze the functional change of
PLD-4 protein with rs2841280, using animal models of
SSc. When we performed an in silico analysis of the
effect of rs2841277 and rs2841280 on PLD4 expression,
we did not detect any clear associations between the 2
genotypes and PLD4 transcription (P > 0.05) (39).
Therefore, in spite of the association of these 2 muta-
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tions, it has not been confirmed whether one of these 2
polymorphisms is the causative mutation.

Although the detection of a P value less than 5 X
107® in a GWAS is stringent evidence of an association
between a marker and a particular disease, the detection
of suggestive associations between the PLD4 region and
SSc in European GWAS would indicate that associa-
tions exist between PLD4 and SSc in other populations.
However, when we examined the associations between
the PLD4 locus or nearby loci and SSc in GWAS
involving a European population, we did not detect any
strong associations (P < 10~%) (8,9). According to the
HapMap database, the European population displays a
higher risk allele frequency for rs2841277 than the
Japanese population. In addition, the HapMap database
also indicates that the LD block spanning PLD4, which
includes rs2841277, is similar in Europeans and Japa-
nese. Nevertheless, a European population did not show
a strong association between PLD4 and SSc, suggesting
that PL.D4 has a stronger effect on autoimmune diseases
in Japanese than in Europeans. There is also a possibil-
ity that these 2 polymorphisms are only markers, and
that a rare variant in LD with the 2 markers affects
disease onset. A rare causative variant might explain a
different association of PLD4 with SSc between popula-
tions.

IRF§8 was shown to be associated with SLE in a
European population (40). Interferon regulatory factor
8 (IRF-8) protein is a transcription factor involved in the
interferon pathway. The interferon pathway has been
shown to be involved with a broad range of autoimmune
diseases, including SSc (41). Thus, it is interesting that
IRF5 and IRF8, both of which belong to the IRF family,
displayed associations with SSc. Although a European
GWAS of SSc patients revealed suggestive associations
between the IRF4 locus and SSc, the results were not
successfully replicated (8), indicating that the different
functional roles of each IRF family molecule might
influence the development of SSc. IRF8 promotes B cell
differentiation; however, the roles and importance of B
cells in skin fibrosis in SSc patients have not been
established (42-44). IRF8 and its mutant variants are
also known to be involved in the development of den-
dritic cells (45). Thus, the association between IRFS8 and
SSc might indicate the involvement of B cells and
dendritic cells in the development of SSc.

When the patients with SSc were classified as
having either 1cSSc or dcSSc and subanalyses were
performed, ARID5B, IRF8, and CD&3 displayed stronger
associations with one of the 2 phenotypes. However, the
associations of these 3 markers with the phenotypes
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were not strong enough to provide convincing evidence
of a clear distinction between the genetic backgrounds of
the 2 SSc phenotypes. When the associations of the SSc
subtypes with the other 13 markers in the first set were
analyzed, no strong association was detected (P > 0.05).
Other subanalyses of the susceptibility loci in the com-
bined set did not show significant results between dis-
ease phenotypes, due to lack of power. Because classi-
fication according to disease phenotypes resulted in
limited numbers of subjects in each subset, we con-
ducted this subanalysis only in the combined set. The
association between TNFAIP3 and ACAs should be
confirmed in a large-scale association study.

Although GWAS are an extremely powerful way
to detect novel susceptibility genes for diseases, GWAS
of patients with SSc have been performed only in
European populations. Our study detected strong evi-
dence for the sharing of susceptibility genes between RA
and SSc in a Japanese population. In addition, the
current study indicated that a candidate gene approach
based on the results of GWAS of other diseases that
display pathologic signaling pathways or mechanisms
similar to those associated with the disease being exam-
ined is an effective approach to identifying novel suscep-
tibility genes.

It will be interesting to perform GWAS of Japa-
nese patients with SSc and analyze the similarities and
differences in the detected associations not only between
Japanese and Europeans but also between Japanese
patients with SSc and Japanese patients with RA.
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Abstract

HLA-DRB1, especially the shared epitope. (SE), is strongly assocxated W|th rheumatord arthntxs (RA). However, recent studies
have shown that SE is at most weakly associated with RA without anti-citrullinated peptide/protein antibody (ACPA). We
have recently reported that ACPA-negative RA is associated with specific HLA-DRB1 alleles and diplotypes. Here, we
~ attempted to detect genetically different subsets of ACPA-negative RA by classifying ACPA-negative RA patients into two
groups based on their positivity for rheumatoid factor (RF). HLA-DRB1 genotyping data for totally 954 ACPA-negative RA
patients and 2,008 healthy individuals in two independent sets were used. HLA-DRB1 allele and diplotype frequencies were
compared among the ACPA-negative RF-positive RA patients, ACPA—negatlve RF—negatlve RA patients, and controls in each
set. Combined results were also analyzed. A similar analysis was performed in 685 ACPA-positive RA patients classified
- according to their RF posmwty As aresult, HLA~DRB1*O4 05 and *09:01 showed strong associations with ACPA-negative RF-
_ positive RA in the combined analysis (p=8.8x10"° and 0.0011, OR: 1.57 (1.28-1.91) and 1.37 (1.13-1.65), respectively). We
also found that HLA-DR14 and the HLA-DR8 homozygote were associated with ACPA- negative RF-negative RA (p=0.00022
- and 0.00013, OR: 1.52 (1.21-1.89) ‘and 3.08 (1.68-5.64); respectlvely) These association tendencies were found in each set.
On the contrary, we could not detect any significant differences between ACPA-posﬁwe RA subsets. As a conclusion, ACPA-
~ negative RA includes two genetically distinct subsets according to RF positivity in Japan, which display different associations
~ with HLA-DRB1. ACPA-negative RF-positive RA is strongly associated with LA—DRB1*04 05 and *09: 01 ACPA—negative RF-
negatlve RAis assoc;ated wnth DR14 and the HLA DR8 homozygote - ,
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Introduction “shared epitope (SE)”, is considered to be the reason for the
. association between HLA-DRB1 and RA, and the association

Rheumatoid arthritis (RA) is the most common cause of chronic between the SE and RA has been reported to be ethnicity-
arthritis worldwide and results in severe joint destruction [1]. independent [6-8]. However, recent studies have shown that the
Genetic and environmental factors have been shown to be SE is strongly associated with RA patients who have anti-
associated with its onset [2-3]. Among the susceptibility genes ©  citryllinated peptide/protein antibodies (ACPA), which is a highly
RA, HLA-DRBI has been shown to be the strongest genetic  gyecific marker of RA [9], but that it is not or only weakly
determinant of RA susceptibility, and its association with RA associated with RA without ACPA [7,10-11]. Among the various
susceptibility has been repeatedly shown to be independent of HLA-DRBI alleles, HLA-DR3 [12] and HLA-DR13 [13] were

ethnicittg/ [4"5]&14 COMIMON amino acid. seque.nce'extending from  reported to be associated with ACPA-negative RA in populations
the 70™ to 74 in the HLA-DRP chain, which is known as the ¢ European descent, but these results were not confirmed in a
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meta-analysis of a large Caucasian cohort [8]. In Asian
populations, we recently reported that DRB1¥12:01 is a HLA-
DRBI1 susceptibility allele for ACPA-negative RA in Japanese
populations and that DRB1%04:05, the most common SE allele in
Japanese, and *14:03 showed moderate associations with ACPA-
negative RA susceptibility [14]. We also reported that
DRB1*15:02 and *13:02 displayed protective associations with
ACPA-negative RA and that being homozygous for HLA-DRS8
was associated with ACPA-negative RA susceptibility. While a
very small Japanese study suggested that HLA-DRB1*09:01 is
associated with ACPA-negative RA [15], our study did not detect
a significant association between them. These findings suggest that
ACPA-negative RA is genetically different from ACPA-positive
RA in terms of its associations with HLA-DRBI1 alleles. While
some specific alleles and diplotypes seem to be associated with
ACPA-negative RA, the genetic characteristics of ACPA-negative
RA have not been fully elucidated. Recently, UK group reported
that SE is associated with ACPA-negative RF-positive RA in UK
population [16]. However, whether this is true to other population
is uncertain. Moreover, the associations of other alleles than SE
with subgroups of ACPA-negative RA have never been reported.
Here, we show that when we classified ACPA-negative RA into
two subsets based on rheumatoid factor (RF) positivity, we were
able to clearly distinguish them from each other according to their
associations with HLA-DRB]1 alleles, not only with SE, but with
other alleles. We also compared ACPA-positive RA patients based
on their RF positivity to examine whether we can apply this
classification to ACPA-positive RA.

Results

HLA-DRB1 Alleles Associated with ACPA-negative RF-
positive RA

We compared 179 ACPA-negative RF-positive RA with 1508
controls in collection 1 for their frequency of HLA-DRBI alleles,
followed by comparison of 267 ACPA-negative RF-positive RA
with 500 controls in collection 2. Significant association was
evaluated in the combined analysis. Regarding HLA-DRBI alleles
that were previously shown to be associated with ACPA-negative
RA, we found that all of the alleles, namely, HLA-DRB1*12:01,
*04:05, *13:02, *14:03, and *15:02 showed association tendency
with ACPA-negative RF-positive RA in the combined study
(Table 1). Interestingly, HLA-DRB1*04:05 (p=8.8><10_6, odds
ratio (OR): 1.57) showed the strongest association, while its
association with entire ACPA-negative RA was moderate in the
previous study. When we analyzed the associations of the SE, we
found that it displayed a significant association (p =0.00013, OR:
1.37). HLA-DRB1*04:05 was responsible for most of the
association of SE because none of the other SE alleles showed
significant associations with ACPA-negative RF-positive RA. We
also found that HLA-DRB1#09:01, which was not associated with
ACPA-negative RA as a single allele, was found to be significantly
associated with ACPA-negative RF-positive RA (p=0.0011, OR:
1.37). Importantly, these association tendencies written above
were observed in both collections (Table 1). Logistic regression
analysis was carried out to examine whether the susceptibility
associations were dependent on a lack of protective alleles or vice
versa. As a result, it was demonstrated that HLA-DRB1*04:05,
*09:01, and *12:01 showed significant associations (p<<0.0005),
while the associations of HLA-DRB1*#14:03, #13:02, and *15:02
were moderate to suggestive (Table S1). Next, we analyzed the
dosage effects of the alleles and found that the association between
HLA-DRB1*09:01 and ACPA-negative RF-positive RA showed a
clear dosage effect (Figure S1). HLA-DRB1*12:01 also showed a
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dosage effect (data not shown due to small number). HLA-
DRB1*04:05 did not show a dosage effect, suggesting that the
effect of HLA-DRB1#04:05 on the predisposition to ACPA-
negative RF-positive RA is a dominant effect.

HLA-DRB1 Alleles Associated with ACPA-negative RF-
negative RA

Next we compared 274 ACPA-negative RF-negative RA with
1,508 controls, followed by comparison between 234 AGPA-
negative RF-negative RA and 500 controls. Interestingly, we did
not observe association of HLA-DRB1*04:05 and *09:01 with
ACPA-negative RF-negative RA, while HLA-DRBI1*12:01,
*13:02, *14:03, and *15:02 were moderately associated with
ACPA-negative RF-negative RA (Table 2). The SE was not
associated with ACPA-negative RF-negative RA. DR14 was found
to be significantly associated with ACPA-negative RF-negative RA
and HLA-DRB1*14:03 and *14:06 comprised the association of
HLA-DR14 (Table S2). These association tendencies in ACPA-
negative RI-negative RA were observed in both sets (Table 2).
Logistic regression analysis confirmed that none of the associations
were mutually dependent and that the association of DRI14
remained significant (p = 0.00069, Table S3). DR14 could not be
evaluated the dosage effect because neither the cases nor controls
included DRB1%*14:03 or *14:06 homozygotes or the DRB1%14:03
and *14:06 diplotype.

HLA Diplotype Analysis: DR8 Homozygote and *12:01/
*09:01 Diplotype

As we previously showed that the DR8 homozygote was
significantly associated with susceptibility to ACPA-negative RA,
we analyzed its associations with ACPA-negative RF-positive RA
and RF-negative RA. As a result, we found that the HLA-DR8
homozygote is exclusively associated with ACPA-negative RF-
negative RA in the combined study (p=0.00013, OR: 3.08 for
ACPA-negative RF-negative RA, Table 2; p=0.86, OR: 1.08 for
ACPA-negative RF-positive RA, Table 1). The effect of DR8 on
the susceptibility to ACPA-negative RF-negative RA was not dose-
dependent (OR: 1.04 for HLA-DRS heterozygote).

We also found that the combination of HLA-DRB1%¥12:01 and
*09:01, the diplotype that was most strongly associated with
susceptibility to ACPA-negative RA in the previous study, was
especially strongly associated with ACPA-negative RF-positive RA
(p=5.0x10"% OR: 4.97 for ACPA-negative RF-positive RA,
p=0.040, OR: 2.46 for ACPA-negative RF-negative RA).

We found that the similar associations were seen between the
alleles/ diplotypes and ACPA-negative RF-positive erosive RA and
ACPA-negative RF-negative erosive RA (except for that between
HLA-DRB1%¥12:01 and the ACPA-negative RF-negative subset),
even though the number of patients was limited (Table S4).

Comparison between ACPA-negative RF-positive RA and
ACPA-negative RF-negative RA

To compare the usage of HLA-DRBI allele between ACPA-
negative RF-positive RA and ACPA-negative RF-negative RA, we
directly compared the allele and diplotype frequencies between the
two groups (Table 3). As expected, HLA-DRB1#09:01 and *04:05
showed significant differences in their frequencies between the two
subsets (p=0.0018 and 0.0034, respectively). The SE was more
common in the ACPA-negative RF-positive RA patients
(p=0.0047), whereas DR14 was more prevalent in the ACPA-
negative RF-negative RA patients (p = 0.028). The DR8 homozy-
gote was more frequently seen in the ACPA-negative RF-negative
RA patients than in the ACPA-negative RF-positive RA patients
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(p=0.021). When we applied logistic regression analysis to the
HLA-DRB1*09:01, *04:05, and HLA-DR14, their associations
were revealed to be significant and do not depend on each other
(p=0.00067 and 0.00072, respectively, Table S5), except for that
of DR14 (p =0.30).

Comparison between ACPA-positive RF-positive RA and
ACPA-positive RF-negative RA

Next, we analyzed whether these allele usage differences are also
seen in ACPA-positive RA. We collected data about the HLA-
DRBI genotypes of 154 ACPA-positive RF-negative RA patients
and 531 ACPA-positive RF-positive RA patients. As the SE and
HLA-DRB1*¥09:01 were found to be associated with ACPA-
positive RA, we analyzed the differences in the frequencies of these
alleles [17]. In comparison with the healthy controls, SE and
HLA-DRB1¥09:01 were associated with a predisposition to
ACPA-positive RF-positive RA as well as ACPA-positive RF-
negative RA and displayed comparable odds ratios in logistic
regression analysis (Table 4). No HLA-DRBI1 alleles showed a
strong specific association with a particular subset. When we
directly compared the two subsets of ACPA-positive RA, no alleles
displayed significant associations (Figure 1, Table S6). However,
whether the two subsets of ACPA-positive RA share most of HLA-
DRBI susceptibility associations is inconclusive due to the small
number of RF-negative subset.

Discussion

In this study, we demonstrated that classifying Japanese ACPA-
negative RA patients based on their RF positivity successfully
divided them into two genetically different subsets, which
displayed different associations with HLA-DRB1. We showed
that HLA-DRB1*09:01 and *04:05, strong susceptibility alleles to
ACPA-positive RA, were also associated with ACPA-negative RF-
positive subset, and that DR14 and the DR8 homozygote were
associated only with the ACPA-negative RF-negative subset
(Figure 1). Since the titer of RF fluctuates along with disease
activity much more than that of ACPA, we were very careful to
take the maximum RF titer when multiple titers were available for
a particular patient, in order to prevent the RF positive subset
from being contaminated with RF negative RA patients. The
Recent UK population study reported the association of SE with
ACPA-negative RF-positive RA [16]. Our study not only
confirmed this association in Japanese RA, but also showed that
the association of SE with ACPA-negative RF-positive RA is
mainly due to the effect of HLA-DRB1*04:05 and that HLA-
DRBI1*¥09:01, HLA-DR14, and homozygote of HLA-DR8 are
specifically associated with subsets of ACPA-negative RA.

These above-mentioned association tendencies were observed in
the first set and successfully replicated in the second set, indicating
that we can avoid population stratification or sampling bias. The
effect sizes (odds ratio) of the alleles were comparable in each
cohort (Tables 1 and 2) and the associations in the combined
analysis reached significant level, although the p-values in each set
did not reach the significance level due to the limited number of
samples they contained. These data indicate that our results are
reliable, at least in Japanese populations, although further
replication studies including other populations are favorable. In
the current study, we used logistic regression analysis to confirm
independency of associated alleles in each comparison. When we
used relative predispositional effects (RPE) method [18] to stratify
associated alleles, we obtained the similar results to those we
obtained by logistic regression analysis (data not shown).
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