








Complex traits

Figure 1 X chromosome-wide
association results and regional plot
of association results at Xq21.1.

(A) X chromosome-wide association
results calculated by using two
methods. Values of logqq p are
plotted against chromosome positions.
Purple and green dots represent p
values calculated using Clayton’s
method by snpMatrix and logistic
regression analysis by PLINK,
respectively. (B) Association results of
single nucleotide polymorphisms
(SNPs) in genome-wide association
study samples at Xq21.1. p Values
were calculated using Clayton’s
methods. The colour of each
genotyped SNP spot reflects its r* to
rs3827440 (large red diamond),
changing from red to white. Genetic
recombination rates, estimated by
using the HapMap CHB (Han Chinese
in Beijing, China) and JPT (Japanese in
Tokyo, Japan) samples, are shown in
cyan. Physical positions are based on
NCBI (National Center for
Biotechnology Information) build 37 of
the human genome.

X chromosome SNPs in sex mixed case—control studies was
often missed in the literature.’ ° It is worth noting that in case—
control studies, the OR is a commonly used statistic for measure
of association and risk assessment. In the current study, we used
the logistic regression method entering sex as a covariate and
the additive method developed by Clayton® to reanalyse the X
chromosome data from our GWAS for Graves’ disease; the two
methods gave consistent results, both showing that GPR174 was
associated with disease susceptibility.

GPR174 consists of one exon encoding a protein of 333
amino acids, which belongs to the GPCR superfamily and is
grouped into GPCR 1 (or rhodopsin-like) family. These integral
membrane proteins are characterised by the presence of seven

-helical transmembrane domains and play important roles in

cell signal transduction. To date, more than 50% of the effective
drug targets are GPCRs.>® 27 Very recently, lysophosphatidylser-
ine (LysoPS) was found as a ligand for GPR174.2% 2 LysoPS is
secreted by the immune system in vivo, and acts a lipid mediator
that regulates immune system processes.”’ LysoPS interacting
with GPR174 stimulates an increase of intracellular cyclic
adenosine monophosphate (cAMP) in a dose dependent
manner.”’ cAMP-elevating or cAMP-mimicking agents could
inhibit production of the T-helper 1 (Th1) cytokines, whereas
production of the Th2 cytokines remains unchanged or even
enhanced.?® It is often considered that Graves disease is a Th2
disorder. Therefore, the elevated level of cAMP might drive the
Th2 polarisation and be involved in the pathogenesis of Graves’
disease. This assumption corresponded with our result that the

Table 1 Association results for rs3827440 using two methods
Stage No. of cases (%) No. of controls (%) p Value
Sex T cc/ic TC T ccic TC Logistic regression  snpMatrix  OR (95% CI)*
GWAS Female 444 (39.8) 163 (14.6) 508 (45.6) 367 (32.6) 219 (19.4) 541 (48.0) 1.63 (1.27 to 2.08)
Male 232 (68.0) 109 (32.0) 186 (52.0) 172 (48.0) 1.97 (1.45 to 2.68)
Combined 676 (46.4) 272 (18.7) 508 (34.9) 553 (37.2) 391 (26.3) 541 (36.4)  9.52x10 ® 4.60x10 °  1.76 (1.45 to0 2.13)
Replication ~ Female 1298 (38.5) 471 (14.0) 1606 (47.6) 957 (33.2) 584 (20.2) 1344 (46.6) 1.68 (1.45 to 1.95)
Male 606 (68.1) 284 (31.9) 526 (57.0) 396 (43.0) 1.60 (1.33 to 1.95)
Combined 1904 (44.6) 755 (17.7) 1606 (37.7) 1483 (39.0) 980 (25.7) 1344 (35.3) 7.76x10 "° 1.71x10 " 1.67 (1.48 to 1.87)
Meta-analysis 5.53x10 2! 426x10 2 1.69 (1.53 to 1.86)

*In females, the ORs were estimated as the ORs of TT genotypes. In males, the ORs were estimated as the per allele ORs. In the mixed sex samples, the ORs were estimated as the ORs

of the combined TT and T genotypes.
GWAS, genome-wide association studies.
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Figure 2 Expression analysis of GPR174 and distribution of the coding variants in GPR174. (A) Expression profiles of GPR174 in various human
tissues by real-time reverse transcriptase PCR (RT-PCR). We performed real-time quantitative RT-PCR reactions in duplicate and plotted the means.
Normalisation for cDNA quantity was performed by comparison with GAPDH controls and plotted as arbitrary relative expression units, where the
leucocytes’ RNA expression level is equal to 1. (B) Relative expression levels of GPR174 against the distinct genotypes of rs3827440 were measured
in peripheral blood cells (PBCs) from 39 males (C, n=20; T, n=19) and 107 females (CC, n=64; TT, n=43). Error bars,£SD. (C) Domain structure of
GPR174 protein and the distribution of the coding variants. The structures are based on UniProtkB entry Q9BXC1 and the figure was prepared using
RbDe. Amino acid residues are coloured according to residue types (red: acidic; blue: basic; purple: neutral hydrophilic; green: aliphatic; cyan:
aromatic; orange: imino; yellow: thiol containing). The white circles represent contiguous stretches of amino acid residues which are omitted from

this diagram.

susceptible T allele of rs3827440 was associated with a higher
level of GPR174 expression, since the higher level of GPR174
expression might elevate the intracellular cAMP concentration.
Our RT-PCR analysis showed GPR174 was widely expressed in
immune related tissues and moderately expressed in thyroid.
This expression pattern suggested a possible involvement of
GPR174 in immune processes and a potential link of this gene
to the thyroid structure/function, which could be crucial in the
aetiology of Graves’ disease. Graves’ disease shares genetic sus-
ceptibility factors with other autoimmune diseases such as type
1 diabetes, multiple sclerosis, and rheumatoid arthritis.* It is
therefore reasonable to address the possibility of an association
of GPR174 with these autoimmune diseases in the future.

XCI skewing or other X chromosome associated abnormal-
ities might contribute to disturbances in self reaction and ultim-
ately to autoimmunity, which might enhance the susceptibility
of the female sex to autoimmune disease including Graves’
disease. Several hypotheses have been proposed to explain the
mechanisms.* The loss of mosaicism hypothesis postulated that
autoreactive T cells may fail to be tolerated by self-antigens
encoded by one of the two X chromosomes, and these autoreac-
tive T cells may stimulate B cells and induce autoimmunity in
the periphery.®? A high prevalence of skewed XCI in females
with Graves® disease supports this hypothesis.>*=* The haploin-
sufficiency hypothesis states that haploinsufficiency for X-linked

genes results in some autoimmune disorders.>! 3¢ The observa-
tion that women with Turner’s syndrome (loss of one
X chromosome; X0) have an increased risk of developing auto-
immune thyroid disease including Graves’ disease corroborated
this hypothesis.>” Other evidence supporting this hypothesis is
the higher rate of circulating cells with X chromosome mono-
somy that were found in females with Graves’ disease and other
autoimmune disorders.>® Further study is required to clarify
whether GPR174 is involved in the X chromosome-specific
abnormalities or whether GPR174 plays a role in the pathogen-
esis of Graves’ disease via the above mechanisms.

Although skewing of XCI or X chromosome associated
abnormalities might play a role in female preponderance, it is
unlikely that variation in a single gene would be responsible for
the higher susceptibility of females to Graves’ disease. If this
was the case, we would expect a higher frequency of auto-
immune diseases in males. The risks in males and females
derived from genotype distribution of rs3827440 (table 1)
support minimal female:male difference in risk. Specifically,
using the larger replication cohort, we obtained relative risks
(RRs) of 1.60 for the T allele in males, and RRs of 1.68 and
1.48 for the TT and TC genotypes in females, respectively.
These RRs gave an attributable risk of 26% in males and 31%
in females, attributable to this polymorphism—that is, nearly no
difference. In fact, using both the original and replication data
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Table 2 Rare variants in GPR174 indentified in 2608 cases and
2328 controls from resequencing

Number of variant carriers

Amino Female Male Female Male
Location Nucleotide acid cases cases controls controls
5'UTR C-20T / 7t 1 1 0
5'UTR T-17C / 1 0 0 0
Exon («:]) Ala3val 1 0 0 0
Exon G26A Arg9Lys 1 0 0 0
Exon C57T Tyr19Tyr 1 0 0 0
Exon anT Leud1Leu 1 0 0 0
Exon G160A Ala54Thr 1 0 0 0
Exon G374A Arg125His 0 1 0 0
Exon Ca441 Ala148Ala 5t 2 1 0
Exon T474A Ser158Arg 0 0 1 0
Exon A574T lle192Phe 1 0 0 0
Exon G591A Pro197Pro 1 1 0 0
Exon G778A Glu260Lys 0 0 1 0
Exon C797T Ala266Val 0 0 1 0
Exon G924T Leu308Phe 0 1 0 0
Exon A929G Asp310Gly 1 0 0 0
Exon A975G Ala325Ala 1 0 2 0
Exon A1001G *333* 11 0 0 0
3'UTR C1082A / 1 0 0 0
3'UTR G1132A / 1 0 0 0
3'UTR T1184C / 0 0 1 0
3'UTR C1194T1 / 0 1 1 0

Female cases, n=1830; male cases, n=778; female controls, n=1272; male controls,
n=1056.

*Represents a stop codon.

tThe number includes one female carrying a homozygous rare variant.

UTR, untranslated region.

together provides even less difference. Therefore, the genotype
distributions of rs3827440 explain little of the difference in
Graves’ disease prevalence between males and females in the
Chinese population.

In conclusion, the identification of GPR174 as a risk factor
for Graves’ disease resulted from an extended analysis of the
X chromosome data. Exploring the X chromosome data in
GWAS studies more carefully and making full use of the sample
would help to reveal the X-linked loci with susceptibility to
complex disease. This study has not only identified a new X
chromosome risk locus for Graves® disease but also suggests the
X chromosome targets for study in other autoimmune diseases.

Useful websites

>
>
>
>

snpMatrix, http:/bioc.ism.ac.jp/2.8/bioc/html/snpMatrix.html
R statistical environment V.2.13.2, http:/www.r-project.org/
PLINK v1.07, http:/pngu.mgh.harvard.edu/~purcell/plink/
IMPUTE2, http:/mathgen.stats.ox.ac.uk/impute/impute_v2.
html

SNPTEST v2, https:/mathgen.stats.ox.ac.uk/genetics_software/
snptest/snptest.html.
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Table S1 Genotypes and association results for SNPs at Xg21.1 in the initial genome-wide scan

Male Male
Female cases cases Female controls controls P value
SNP Position  Rererence — OR(95%Cl)
arele AA/Aalaa AAlaa AA/Aalaa AAlaa logistic snpMatrix
regression
rs1000530 78,010,734 T 765/310/41 290/58 729/340/58 297/64  2.71E-02 4.84E-02 1.27(0.96- 1.67)
rs5912686 78,078,046 G 790/292/34 300/49 756 /32446 302/60 2.57E-02 3.17E-02 1.32(0.98-1.78)
rs2858575 78,089,897 C 962 /152 /2 326/24 974/149/4 334/29  8.47E-01 7.25E-01 1.25(0.74- 2.10)
rs5959212 78,106,116 G 933/173/10 323/23 886/227/14 328/34  1.23E-03 2.06E-03 1.50( 0.96- 2.36)
rs11799022 78,133,128 A 406 /508 /202 223/118 321/550/256  177/183 6.69E-08 3.42E-09 1.73( 1.44-2.09)
rs5912206 78,165,867 C 922/1871/7 321/28 900/211/16 325/37  2.68E-02 3.04E-02 1.54(1.00-2.37)
rs5959225 78,186,487 C 441/505/169  233/109 363/543/221  189/171 2.00E-07 1.17E-08 1.72( 1.42-2.08)
rss912749 78,239,990 A 580 /441 /95 261/82 513/489/125 226/135 9.61E-06 7.38E-07 1.67(1.35-2.07)
rs2411976 78,270,514 A 449/506/161 233/109 370/539/217 191/169 1.21E-07 9.36E-09 1.74( 1.44-2.10)
rs2411975 78,281,726 T 448 /507 /161  232/109 368/542 /217 189/171  7.84E-08 4.99E-09 1.75(1.45-2.12)
rs17317518 78,289,574 T 1057/58/1 338/12 1068/57/2 356/7 6.75E-01 4.61E-01 0.68( 0.29- 1.59)
rs5912785 78,306,987 T 4441508 /164  232/109 366/541/220  187/172 9.20E-08 4.77E-09 1.76( 1.45-2.12)
rs3827440 78,313,644 G 4441508 /163 232/109 367/541/219 186/172 9.52E-08 4.60E-09 1.76( 1.45-2.13)
rss959276 78,382,774 T 921/187/8 324/24 904 /208/15 325/37  3.69E-02 2.72E-02 1.65(1.05- 2.57)
rs5912838 78,383,774 C 4471512 /157 235/106 369/546/212 186/173 4.60E-08 1.36E-09 1.80( 1.48-2.18)
rs2411961 78,395,137 A 1050/64/2 339/11 1068/57/2 356/7 3.25E-01 2.57E-01 0.68( 0.29- 1.58)
rs17324573 78,407,358 A 534/ 460/ 122 250/94 449/516/162 215/144 6.54E-07 1.05E-07 1.67(1.37-2.05)
rs10521391 78,409,291 T 495/466 /154  235/108 413/522/192 206/153 6.08E-06 1.77E-06 1.55( 1.28-1.88)
rs12012447 78,430,997 A 950/157/9 322/27 908/207/12 327/35  3.48E-03 6.03E-03 1.34(0.87-2.09)
rs1736673 78,446,191 C 888/208 /20 305/40 840/264/23 318/44  1.11E-02 2.68E-02 1.15(0.80- 1.65)
rs5912878 78,452,318 G 546 / 467 / 103 256/84 500/485/142  218/142 3.81E-05 1.78E-06 1.70( 1.37-2.09)
rs1736661 78,463,483 G 1041/72/3 334/14 1046/77/4 351/12  7.91E-01 9.46E-01 0.93(0.47-1.84)
rs5959303 78,473,400 G 525/477/114  252/88 488/498/141  216/144 6.21E-04 3.78E-05 1.56( 1.27-1.92)

1
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0.86( 0.72- 1.03)
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1.26( 1.04- 1.53)
1.26( 1.04- 1.52)
1.26( 1.04- 1.53)
1.25( 0.98- 1.59)
1.18( 0.97- 1.43)
1.10( 0.79- 1.53)
1.16( 0.96- 1.41)
1.28( 1.00- 1.62)
0.89( 0.61- 1.28)
0.89( 0.61- 1.28)
1.11( 0.91- 1.35)
0.86( 0.60- 1.24)
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Table S2. Association results of the imputed and typed SNPs in the region from 78Mb to

79Mb on X chromosome in initial genome-wide scan

SNP Position allele_A allele_B pvalue Certainty SNP Type
rs6615046 78000649 T C 5.64E-01 Typed
rs4573413 78002855 A C 1.61E-04 Typed
rs5912638 78007456 C T 1.53E-01 Typed
rs5959189 78012894 T C 8.28E-02 Typed
rs5959190 78014946 T G 1.53E-01 Typed
rs3123295 78017518 A G 4.14E-04 Typed
rs188727915 78018101 G A 1.20E-01 0.999 Imputed
rs3132267 78024086 G A 2.57E-01 Typed
rs181648847 78026553 A G 1.70E-01 0.999 Imputed
rs144459946 78027795 A G 5.90E-01 0.998 Imputed
rs183207722 78027869 T A 5.80E-01 0.999 Imputed
rs144703370 78031292 C T 6.38E-01 0.999 Imputed
rs150983838 78034163 C T 5.00E-01 0.993 Imputed
rs5912644 78035351 C T 8.46E-02 Typed
rs149129349 78041466 G A 5.97E-01 0.996 Imputed
rs149855931 78050311 G A 5.58E-01 0.998 Imputed
rs144488820 78054496 G T 5.00E-01 0.998 Imputed
rs138005259 78056540 G A 6.48E-01 0.998 Imputed
rs147620443 78057557 T G 7.50E-01 0.998 Imputed
rs4263894 78063755 C T 2.64E-04 Typed
rs5912181 78067644 A G 3.60E-04 Typed
rs5959200 78068751 T C 7.11E-01 0.996 Imputed
rs143866491 78075623 T C 4.00E-01 0.998 Imputed
rs17324447 78078155 G A 2.59E-03 Typed
rs189224654 78078836 G C 6.41E-01 0.999 Imputed
rs72629930 78079960 T C 5.00E-01 0.998 Imputed
rs192271545 78081799 G A 3.20E-01 0.997 Imputed
rs181057598 78085205 C A 4.03E-01 0.998 Imputed
rs189830243 78091038 G A 3.93E-01 0.998 Imputed
rs185538709 78104417 T C 9.95E-01 0.998 Imputed
rs146418470 78108351 T A 5.83E-01 0.998 Imputed
rs12687690 78111578 G T 3.05E-02 Typed
rs142317058 78114560 A G 4.86E-01 0.996 Imputed
rs188799060 78116172 G A 5.00E-01 0.997 Imputed
rs148960869 78119036 A G 4.93E-01 0.996 Imputed
rs193041002 78120258 T A 1.34E-01 0.999 Imputed
rs150002139 78138612 A G 7.32E-01 0.999 Imputed
chrX:78142028:D 78142028 TAA T 7.31E-01 0.999 Imputed
rs188797500 78150777 C T 3.90E-01 0.998 Imputed
rs149520185 78152160 T G 7.00E-01 0.998 Imputed
rs184828121 78164363 A G 1.95E-01 0.998 Imputed
rs138365450 78164621 G A 3.92E-01 0.993 Imputed
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rs1736675 78554835 A T 1.50E-01 0.997 Imputed
rs6522917 78557384 G A 1.52E-01 0.997 Imputed
rs1751115 78560986 A C 1.65E-01 0.997 Imputed
rs112394313 78561560 A G 3.90E-01 0.998 Imputed
chrX:78563688:1 78563688 C CA 1.94E-01 0.999 Imputed
rs148183187 78565266 G A 1.55E-01 0.999 Imputed
rs146806132 78567066 C T 2.00E-01 0.995 Imputed
rs2205808 78567988 A G 3.80E-01 0.997 Imputed
rs190017058 78568337 A C 1.52E-01 0.999 Imputed
rs182993003 78568372 T C 1.47E-01 1 Imputed
rs1736665 78569128 G A 1.00E-01 0.997 Imputed
rs112425994 78571489 G A 4.51E-02 0.999 Imputed
rs12008051 78575514 G A 4.17E-01 0.999 Imputed
rs1622968 78575791 T A 1.47E-01 0.997 Imputed
rs1008567 78576095 A G 1.00E-01 0.997 Imputed
rs184964496 78580884 G A 4.40E-01 0.999 Imputed
rs6652327 78588457 C T 2.06E-01 0.998 Imputed
rs57119575 78589112 A G 2.20E-01 0.998 Imputed
rs140034494 78590075 C T 3.06E-01 0.999 Imputed
rs181268854 78590373 G T 3.07E-01 0.999 Imputed
rs141000792 78590374 G T 2.26E-01 0.998 Imputed
rs182816814 78595626 T C 9.14E-02 0.998 Imputed
rs138773248 78595830 G C 2.25E-01 0.998 Imputed
rs146063681 78600763 C T 2.79E-01 0.999 Imputed
rs193235884 78604057 C T 1.08E-01 0.998 Imputed
rs150405188 78607259 C A 6.79E-02 0.998 Imputed
rs142652405 78607839 A T 6.49E-02 0.998 Imputed
rs181375019 78617580 G A 1.20E-01 0.996 Imputed
rs145573290 78619199 A G 5.50E-02 0.998 Imputed
rs147509745 78621192 A G 4.79E-02 0.998 Imputed
rs182270935 78629183 G T 2.87E-01 1 Imputed
rs142644914 78630328 T A 6.00E-01 0.999 Imputed
rs186828020 78630957 G A 5.00E-01 0.998 Imputed
rs12008882 78636781 T A 1.09E-01 0.997 Imputed
rs55634143 78638058 C A 1.09E-01 0.997 Imputed
rs7065711 78641381 G A 8.96E-02 0.998 Imputed
rs16979234 78643846 A G 1.21E-01 0.997 Imputed
rs73630304 78644967 C T 1.23E-01 0.997 Imputed
rs144797567 78646124 C G 9.12E-02 0.998 Imputed
rs141016332 78646514 A G 9.11E-02 0.998 Imputed
rs143120918 78648073 C T 8.92E-02 0.998 Imputed
rs185784362 78649875 C A 1.30E-01 0.999 Imputed
rs7049731 78649882 T C 1.20E-01 0.997 Imputed
rs12011129 78651604 A G 1.18E-01 0.997 Imputed
rs12015087 78651925 G C 1.17E-01 0.997 Imputed
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Table S3. Primers used for quantitative real-time PCR assays of GPR174 and GAPDH

Genes Primers Sequences

GPR174 Forward 5-TTGCATGACAGCATCCAACT-3
Reverse 5-AAGTTCTTCCCTGTGGCTTG-3'
Forward 5-AAGGTCGGAGTCAACGGATT-3'
Reverse 5-CTCCTGGAAGATGGTGATGG-3'

GAPDH

Table S4. Primers used for resequencing of GPR174

Fragment  Primers Sequences
GPR174 1 Forward 5’- gtcccagagggccttaaaat -3’

- Reverse 5’- TACACAGGCAAGGCAGATGA -3’
GPR174 2 Forward 5°- GCCCTGTGGGTATTCTATGG -3’

- Reverse 5’- CTAGCAAGACACAATGCCACA -3’
GPR174_3 Forward 5°- CCTGTGCAGGGGTATTCCTA -3°

Reverse 5’- catttcctctgaacataaagactca -3’

Figure S1 Tissue expression patterns of GPR174 and GAPDH. cDNA samples of 15 tissues
were from the Human Immune System MTC Panel (spleen, lymph node, thymus, leukocyte,
bone marrow and fetal liver) and Human MTC Panel | (heart, brain, placenta, lung, liver,
skeletal muscle kidney and pancreas). The cDNA of thyroid was reverse-transcribed from

Human Thyroid Total RNA (Clontech). The PCR products were loaded in 3% agarose gel.

GAPDH

GPR174




