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Fine mapping of the GWAS loci identifies SLC35D1 and IL23R as
potential risk genes for leprosy
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A B S T R A C T

Background: Previous genome-wide association study (GWAS) identified two new leprosy associated loci
(1p31.3 [rs3762318] and 6q24.3 [rs2275606]). However, there were insufficient validations in
independent populations.
Objective: To validate the association and to map the potentially causal variants/genes underlying the
association between the confirmed GWAS hit and leprosy.
Methods: We genotyped 10 variants in the regions encompassing the two loci in 1110 Han Chinese
subjects with and without leprosy, followed by expression quantitative trait loci (eQTL), mRNA
expression profiling, and network analysis. We further sequenced the exon region of four genes that were
located in the confirmed GWAS hit region in 80 leprosy patients and 99 individuals without leprosy.
Results: We validated the positive association of rs3762318 with multibacillary leprosy (P = 7.5 �10�4),
whereas the association of rs2275606 could not be validated. eQTL analysis showed that both the GWAS
locus rs3762318 and one surrounding positively associated SNP rs2144658 (P = 1.8 � 10�3) significantly
affected the mRNA expression of a nearby gene SLC35D1, which might be involved in metabolism.
Moreover, SLC35D1 was differentially expressed in skin tissues of leprosy patients, and the differential
expression pattern was consistent among leprosy subtypes. Rare damaging missense variants in IL23R
were significantly enriched in leprosy patients.
Conclusion: Our results supported the positive association between the GWAS reported rs3762318 and
leprosy, and SLC35D1 and IL23R might be the causal genes.

ã 2016 Japanese Society for Investigative Dermatology. Published by Elsevier Ireland Ltd. All rights
reserved.
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1. Introduction

Leprosy (also called Hansen’s disease) is a chronic infectious
disease caused by Mycobacterium leprae (M. leprae). This patho-
genic bacterium mainly affects the skin, peripheral nerves and
other areas including eyes, nose and testicles [1]. Although the
epidemic of leprosy is now under effective control, new cases of
leprosy are detected every year, with more than 20,000 cases
worldwide in the past 8 years [2]. Evidently, leprosy remains an
important public health problem.
* Corresponding author at: Kunming Institute of Zoology, Chinese Academy of
Sciences, Kunming, Yunnan, 650223, China.
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Population-based studies had suggested a positive association
between leprosy and host genetic background [3–5]. Many
susceptible genes of leprosy have been identified in the past
years, such as TLR1, TLR2 [6], IFNG [7], CFH [8], and NOD2 [9]. In a
recent genome-wide association study (GWAS), Zhang et al. [10]
reported two genome-wide significant leprosy susceptible loci,
with index single nucleotide polymorphisms (SNPs) of rs3762318
(chromosome 1p31.3) and rs2275606 (chromosome 6q24.3).
However, there was no validation of this result in other Han
Chinese populations.

In this study, we aimed to validate the association and to fine-
map the potential causal variants/genes. We genotyped 10 SNPs
covering the two GWAS loci in 1110 subjects, followed by
expression quantitative trait loci (eQTL) and differential expression
analyses [11–13]. We validated the association of rs3762318 with
ier Ireland Ltd. All rights reserved.
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leprosy, and identified SLC35D1 as the potentially causal gene.
Exome sequencing of four genes that were located in the validated
GWAS hit region showed that IL23R had an enrichment of missense
variants with potential pathogenicity in leprosy patients.

2. Materials and methods

2.1. Subjects

A total of 527 leprosy patients (279 multibacillary leprosy [MB]
and 248 paucibacillary leprosy [PB]) and 583 healthy controls were
collected from the Yuxi Prefecture, Yunnan Province, Southwest
China. These subjects had been described in our previous studies
[8,14–18]. Leprosy was diagnosed on the basis of clinical and
histopathological features and/or bacteriological index (if avail-
able). The healthy controls had no history of leprosy, HIV and
tuberculosis. Eighty leprosy patients were collected from the
Wenshan Prefecture, Yunnan Province, and were sequenced for the
exons of four genes that were located in the GWAS hit region,
together with 99 individuals without leprosy. Informed consents
conforming to the tenets of the Declaration of Helsinki were
obtained from all participants. This study was approved by the
institutional review board of the Kunming Institute of Zoology.
Table 1
The allele and genotype frequencies of 10 SNPs in 527 leprosy patients and 583 health

SNP Allele/Genotype No. of controls Leprosy vs. CN 

No. P

rs2144658 Allelic A/G 253/913 194/852 0
Genotype AA/AG/GG 23/207/353 21/152/350 0
Dominant AA + AG/GG 230/353 173/350 0
Recessive AA/AG + GG 23/560 21/502 0

rs17129664 Allelic T/C 136/1030 117/937 0
Genotype TT/TC/CC 3/130/450 8/101/418 0
Dominant TT + TC/CC 133/450 109/418 0
Recessive TT/TC + CC 3/580 8/519 0

rs6670134 Allelic T/C 376/790 316/738 0
Genotype TT/TC/CC 53/270/260 57/202/268 0
Dominant TT + TC/CC 323/260 259/268 0
Recessive TT/TC + CC 53/530 57/470 0

rs3762318 Allelic C/T 104/1062 65/983 0
Genotype CC/CT/TT 4/96/483 4/57/463 0
Dominant CC + CT/TT 100/483 61/463 0
Recessive CC/CT + TT 4/579 4/520 0

rs10789224 Allelic C/T 385/781 319/735 0
Genotype CC/CT/TT 59/267/257 48/223/256 0
Dominant CC + CT/TT 326/257 271/256 0
Recessive CC/CT + TT 59/524 48/479 0

rs1321157 Allelic A/G 438/728 383/671 0
Genotype AA/AG/GG 84/270/229 69/245/213 0
Dominant AA + AG/GG 354/229 314/213 0
Recessive AA/AG + GG 84/499 69/458 0

rs7539625 Allelic G/A 534/632 487/567 0
Genotype GG/GA/AA 120/294/169 115/257/155 0
Dominant GG + GA/AA 414/169 372/155 0
Recessive GG/GA + AA 120/463 115/412 0

rs11465817 Allelic C/A 492/674 472/582 0
Genotype CC/CA/AA 103/286/194 105/262/160 0
Dominant CC + CA/AA 389/194 367/160 0
Recessive CC/CA + AA 103/480 105/422 0

rs10889677 Allelic C/A 321/845 315/739 0
Genotype CC/CA/AA 45/231/307 46/223/258 0
Dominant CC + CA/AA 276/307 269/258 0
Recessive CC/CA + AA 45/538 46/481 0

rs2275606 Allelic A/G 289/877 283/771 0
Genotype AA/AG/GG 35/219/329 37/209/281 0
Dominant AA + AG/GG 254/329 246/281 0
Recessive AA/AG + GG 35/548 37/490 0

MB, multibacillary leprosy; PB, paucibacillary leprosy; OR, odds ratios; CI, confidence i
* P < 0.005 (0.05/10) was set as statistically significant after Bonferroni correction; P
2.2. SNP selection, genotyping and sequencing

Genomic DNA samples from the patients and controls were
extracted from whole blood by using the AxyPrepTM Blood
Genomic DNA Miniprep Kit (Axygen, USA). The two SNPs
(rs3762318 and rs2275606) identified by the previous GWAS
[10] were selected. To fine-map the potential causal variants/genes,
another eight SNPs (rs2144658, rs17129664, rs6670134,
rs10789224, rs1321157, rs7539625, rs11465817, rs10889677) were
selected according to the SNP information in public database (NCBI
dbSNP, http://www.ncbi.nlm.nih.gov/projects/SNP/; HapMap,
http://hapmap.ncbi.nlm.nih.gov/, phase 3, CHB dataset [19]) under
a rational of minor allele frequency (MAF) >5%. Among these
selected SNPs, seven (rs2144658, rs6670134, rs17129664,
rs1321157, rs7539625, rs11465817 and rs10889677) were tag
SNPs, one (rs10789224) was previously reported to be associated
with Crohn’s disease [20]. The detailed information of each SNP
was included in Table S1. All these 10 SNPs were genotyped by
using the SNaPshot assay (SNaPshot1 Multiplex System, Life
Technologies, California, USA) following the same procedure
described in our previous studies [14–16,18]. Primers for genotyp-
ing were listed in Table S2. The genotyping data were read by two
researchers (G.-D.L. and Q.X.) independently by using the
GeneMarker software [21].
y controls.

PB vs. CN MB vs. CN

* No. P* No. P* OR (95%CI)

.07 110/386 0.83 84/466 1.8E�03 0.65 (0.50–0.85)

.07 12/86/150 0.83 9/66/200 2.1E�03 –

.03 98/150 0.99 75/200 5.1E�04 0.58 (0.42–0.79)

.95 12/236 0.56 9/266 0.628 NS

.68 64/432 0.48 53/505 0.178 NS

.12 5/54/189 0.13 3/47/229 0.125 –

.39 59/189 0.76 50/229 0.100 NS

.09 5/243 0.04 3/276 0.354 NS

.25 144/352 0.20 172/386 0.553 NS

.03 26/92/130 0.05 31/110/138 0.151 –

.04 118/130 0.04 141/138 0.180 NS

.34 26/222 0.53 31/248 0.349 NS

.02 41/455 0.67 24/528 7.5E�04 0.46 (0.29–0.73)

.03 2/37/209 0.84 2/20/254 1.1E�03 –

.01 39/209 0.61 22/254 3.2E�04 0.42 (0.26–0.68)

.88 2/246 0.85 2/274 0.950 NS

.16 148/348 0.20 171/387 0.324 NS

.32 23/102/123 0.34 25/121/133 0.593 –

.13 125/123 0.14 146/133 0.322 NS

.57 23/225 0.71 25/254 0.591 NS

.55 187/309 0.96 196/362 0.326 NS

.80 39/109/100 0.79 30/136/113 0.330 –

.70 148/100 0.78 166/113 0.732 NS

.53 39/209 0.62 30/249 0.138 NS

.85 245/251 0.18 242/316 0.343 NS

.83 60/125/63 0.40 55/132/92 0.489 –

.88 185/63 0.29 187/92 0.233 NS

.61 60/188 0.25 55/224 0.766 NS

.22 231/265 0.10 241/317 0.696 NS

.47 52/127/69 0.24 53/135/91 0.893 –

.30 179/69 0.12 188/91 0.847 NS

.34 52/196 0.26 53/226 0.635 NS

.22 142/354 0.65 173/385 0.136 NS

.45 19/104/125 0.82 27/119/133 0.331 –

.22 123/125 0.55 146/133 0.170 NS

.54 19/229 0.98 27/252 0.331 NS

.27 135/361 0.30 148/410 0.438 NS

.54 17/101/130 0.56 20/108/151 0.723 –

.30 118/130 0.29 128/151 0.523 NS

.49 17/231 0.64 20/259 0.513 NS

nterval; CN, healthy controls; NS, not significant.
 value < 0.005 was marked in bold.

http://www.ncbi.nlm.nih.gov/projects/SNP/;
http://hapmap.ncbi.nlm.nih.gov/
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The exons and flanking regions of four genes (SLC35D1, C1orf141,
IL23R and IL12RB2) that were located in the validated GWAS hit
region were sequenced in an independent cohort including 80
leprosy patients and 99 individuals without leprosy, following the
same approach as described in our recent study [18]. Briefly, the
targeted regions were captured by NimbleGene SeqCap Kit and
were sequenced by the paired-end (2 � 150 bp) reads on the HiSeq
2500 sequencer (Illumina). Clean sequence reads were aligned to
the reference genome hg19 by Burrows-Wheeler Aligner (http://
bio-bwa.sourceforge.net/) [22] and Samtools (http://samtools.
sourceforge.net/) [23]. SNP calling was performed by GATK
(Genome Analysis Toolkit, https://www.broadinstitute.org/gatk/)
[24]. To improve the statistic power, all available variants within
the four genes were retrieved from the Exome Aggregation
Consortium (ExAC, http://exac.broadinstitute.org/), which con-
tains 4327 East Asians, as another control for comparison. The
potential pathogenicity of variants in these genes was predicted by
using an in silico program affiliated prediction (SIFT [25,26],
PolyPhen2 HumDiv, PolyPhen2 HumVar [27], LRT [28] and
MutationTaster [29]).

2.3. Statistical analyses

Statistical power was calculated by using the Quanto software
[30]. The Hardy-Weinberg equilibrium (HWE) was estimated by
the PLINK software [31]. A P value < 0.05 was regarded as a
deviation from the HWE. The PLINK [31] was also used to calculate
the frequencies of the alleles, genotypes and haplotypes of the 10
analyzed SNPs. Bonferroni correction for multiple testing
(P < 0.005) was applied to avoid false positive result.
Fig. 1. Sliding window haplotype analysis. A total of 36 windows were found for the 9 SN
(c), and 5-SNPs (d) windows were shown. A P value < 0.0014 [0.05/36 windows] was rega
was located in another chromosome. LP, leprosy per se; MB, multibacillary leprosy; PB
2.4. Expression quantitative trait loci (eQTL) and differential
expression analyses

As the majority of reported GWAS loci were located in non-
coding region, biological relevance behind the statistical associa-
tion of certain locus with leprosy might be attributed to its effect
on gene expression. eQTL analyses were thus performed by using
HaploReg V4.1 [32] to evaluate the effect of leprosy-associated
SNPs on gene expression. The eQTL effect of SNPs was based on
the previous report [12] and the GTEx dataset [13]. To
characterize the mRNA expression levels of studied genes in
leprosy skin lesions, we retrieved the reported Gene Expression
Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/) dataset
GSE74881 [11], which contains 66 leprosy patients and 9 healthy
controls, and compared the gene expression profiling between
patients and controls following the procedure in our previous
study [33]. Additionally, an interaction network was created to
further explore whether the differentially expressed gene was
involved in leprosy by using the GeneMANIA webserver (http://
genemania.org/) [34]. Detailed information about the methods of
the interaction network was described in the original studies
[34,35]. In brief, two algorithms were used in the GeneMANIA
[34]: the algorithm based on linear regression was used to
calculate a single, composite functional association network from
multiple networks derived from different genomic or proteomic
data sources; the label propagation algorithm was used to predict
gene function given this composite network [34,35].
Ps with 2–9 SNPs width (sliding by 1 SNP). Results of 2-SNPs (a), 3-SNPs (b), 4-SNPs
rded as significant after Bonferroni correction. SNP rs2275606 was not included as it
, paucibacillary leprosy.

http://bio-bwa.sourceforge.net/
http://bio-bwa.sourceforge.net/
http://samtools.sourceforge.net/
http://samtools.sourceforge.net/
http://https://www.broadinstitute.org/gatk/
http://exac.broadinstitute.org/
http://www.ncbi.nlm.nih.gov/geo/
http://genemania.org/
http://genemania.org/
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3. Result

3.1. Association of rs3762318 and rs2144658 with leprosy

The genotyping call rate of each SNP was above 99.6% in our
samples. The minor allele frequency (MAF) of all SNPs in our
control samples ranged from 0.09 to 0.46 (Table S3). The power to
detect the odds ratio (OR) value as 1.5 for risk allele was expected to
be above 82% (Fig. S1). There was no deviation from HWE in
controls for all 10 SNPs (Table S3).

The frequencies of the alleles and genotypes of the 10 analyzed
SNPs were summarized in Table 1. SNPs rs3762318 and rs2144658
Fig. 2. Expression quantitative trait loci (eQTL) and gene expression analyses. (a) SNPs in
mRNA level. All these SNPs are located in C1orf141, except for rs2815345 in SLC35D1. The c
Beijing [CHB] and Japanese in Tokyo [JPT]) of 1000 Genomes Project Phase 1 populat
haploreg.php) [32]. (b) The minor allele of the proxy (rs10736406) for rs2144658 (r2 = 1
expression changes of SLC35D1 (c) and SLC35D2 (d) were found in multibacillary lepro
patients compared to healthy controls (CN). The GSE74481 [11] from GEO database (htt
P < 0.0001, two-tailed Student’s t-test.
showed significant associations with MB at the allelic
(P = 1.8 � 10�3, OR = 0.65, 95% CI: [0.50–0.85] for rs2144658;
P = 7.5 �10�4, OR = 0.46, 95% CI: [0.29–0.73] for rs3762318) and
genotypic levels (P = 2.0 � 10�3 for rs2144658; P = 1.0 � 10�3 for
rs3762318), especially when the dominant model was considered
(AA + AG vs. GG, P = 5.1 �10�4, OR = 0.58, 95% CI: [0.42–0.79] for
rs2144658; CC + CT vs. TT, P = 3.2 � 10�4, OR = 0.42, 95% CI: [0.26–
0.68] for rs3762318). The association test of these two SNPs and
leprosy survived the Bonferroni correction (Table 1). No significant
association was observed between the other SNPs and leprosy per
se (including its subtypes) after the Bonferroni correction.
 high LD with rs3762318 and rs2144658 showed a significant eQTL effect on SLC35D1
alculation of r2 value was based on the Asian (ASN) dataset (including Han Chinese in
ion [56] from HaploReg V4.1 (http://www.broadinstitute.org/mammals/haploreg/
) is associated with a higher SLC35D1 mRNA level in skin tissue. Significant mRNA
sy (MB), paucibacillary leprosy (PB), type I reaction (R1), and type II reaction (R2)
p://www.ncbi.nlm.nih.gov/geo/) was used for data-mining analysis. ** P < 0.01, ****

http://www.broadinstitute.org/mammals/haploreg/haploreg.php
http://www.broadinstitute.org/mammals/haploreg/haploreg.php
http://www.ncbi.nlm.nih.gov/geo/
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In the sliding haplotype analysis, several significant haplotypic
associations in sliding windows of 2-SNPs and 3-SNPs were
observed after the Bonferroni correction (P < 0.0014 [0.05/36
windows]) (Fig. 1).

3.2. Expression quantitative trait loci (eQTL) analyses

The eQTL analyses were performed to characterize the
biological effect of the positively associated SNPs on gene
expression. We observed positive eQTL signals of the two leprosy
risk SNPs on SLC35D1 only. Although we found no eQTL effect of
rs3762318 on expression level of nearby genes, a highly linked SNP
of rs3762318 (rs12564219, r2 = 0.94) showed a significant (P = 7.9
� 10�6) eQTL effect on gene SLC35D1 (1p31.3) in the adrenal gland
(Fig. 2a). The other leprosy associated SNP rs2144658 also showed
a significant (P = 2.97 � 10�6) eQTL effect on SLC35D1 mRNA level in
lymphoblastoid. The minor allele of rs10736406, which is the
proxy for rs2144658 (r2 = 1), was associated with a higher SLC35D1
mRNA level in skin tissue (Fig. 2b). Furthermore, other SNPs in high
linkage disequilibrium (LD) with rs2144658, including SNP
rs2815345 that was located within SLC35D1, also had a significant
eQTL effect on SLC35D1 mRNA level in lymphoblastoid and skin
tissues (Fig. 2a).
Fig. 3. Interaction network between SLC35D1 and the GWAS reported genes [9,36,37]. Th
org/) [34]. The black circles with slash refer to the query proteins, and the other prote
3.3. Gene expression and interaction network analyses

The validated GWAS hit region (1p31.3) [10] contained four
adjacent genes (IL12RB2, IL23R, C1orf141 and SLC35D1) (Fig. S2). To
identify which gene might be the causal gene, dataset GSE74481
[11] from the GEO was retrieved and differential gene expression
pattern between leprosy patients and healthy controls was
analyzed. A significantly lower mRNA expression level of
SLC35D1was found in MB, PB and type I reaction (R1) patients
relative to healthy controls (Fig. 2c). In addition, SLC35D2, an
important paralog of SLC35D1, showed a higher mRNA expression
level in MB, PB, R1 and type II reaction (R2) patients than in healthy
controls (Fig. 2d), suggesting a possible involvement of the SLC35D
family in leprosy. The other three genes, IL12RB2, IL23R and
C1orf141, were unfortunately not included in this GEO dataset [11],
and we could not compare their expression patterns.

To further evaluate whether SLC35D1 could interact with other
leprosy risk genes, we performed an interaction network by using
the GeneMANIA webserver [34]. Genetic interactions with these
leprosy susceptibility genes CCDC122 [9], CCDC88B [36] and MRC1
[14], and co-expression with MRC1 [14] and IL18R1 [37] were found
for SLC35D1 (Fig. 3). All these lines of evidence suggested that
SLC35D1 should be categorized as a leprosy associated gene.
e interaction network was performed by GeneMANIA webserver (http://genemania.
ins refer to predicted ones.

http://genemania.org/
http://genemania.org/
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3.4. Rare IL23R missense variants were enriched in leprosy patients

Considering the important role of IL23R in immune regulatory
pathway albeit we found no evidence at the expression level [38],
and to refine the involvement of the confirmed GWAS hit in
leprosy, we sequenced the exons and flanking regions of four genes
(SLC35D1, C1orf141, IL23R and IL12RB2) that were located in the
GWAS hit region for genetic variants in 80 leprosy patients and 99
controls (Tables 2 and S4). Among the identified 8 rare missense
variants, 4 variants (rs199561187 [p.Y236C] in SLC35D1;
rs76418789 [p.G149R], rs199542433 [p.L372F] and rs201752419
[p.I373F] in IL23R) were predicted to be damaging (Table 2).
Although our sample size was relatively small, we were able to find
that three of the four damaging variants (rs199561187 in SLC35D1,
P = 5.03 �
10�3; rs199542433 [P = 0.02] and rs201752419 [P = 0.02] in IL23R)
showed a significant association with leprosy. Note that none of
the associations survived the Bonferroni correction for multiple
tests. The association between the two rare IL23R damaging
variants and leprosy could be confirmed (rs199542433, P = 9.08
� 10�3; rs201752419, P = 9.08 � 10�3) when the ExAC East Asians
(http://exac.broadinstitute.org; accessed on November 2, 2015)
were used as a control (Table 2). This result suggested that rare
missense variants, rather than regulatory variants in IL23R might
affect leprosy.

4. Discussion

The development and onset of leprosy was affected by host
genetic background [3–5]. Based on the available knowledge, we
tentatively concluded that leprosy was caused by many genes/loci
with trivial effects [33], and there might be no major effect gene
affecting onset and clinical presentation of leprosy. The recent
GWASs of leprosy in Han Chinese have provided a valuable list of
risk loci [9,10,36], however, limited number of genes were well
replicated [16,39,40]. Moreover, despite the success of GWAS in
identifying leprosy risk loci, to understand the underlying
pathological role and to interpret the biological function of these
risk loci/genes in leprosy are difficult, especially when the risk loci
reside in the non-coding regions with limited annotation and
unknown function.

In this study, we attempted to validate the most recently
reported GWAS loci (rs3762318 and rs2275606) [10] in indepen-
dent cohorts from Southwest China. We increased the SNP density
to achieve a higher coverage of the regions harboring the two
leprosy associated loci. We confirmed the significant genetic
association between rs3762318 and MB, and identified an
additional SNP rs2144658 that was associated with MB.
Table 2
Rare missense variants in the SLC35D1, C1orf141, IL23R and IL12RB2 genes.

Gene Chr ID in dbSNP Function Ref/Alt MAFa

SLC35D1 chr1:67507941 rs199561187 missense* T/C 0.0008
C1orf141 chr1:67581127 rs2273682 missense T/C 0.0371
IL23R chr1:67648538 rs539497366 missense T/A 0.0002

chr1:67648596 rs76418789 missense* G/A 0.0112
chr1:67705932 rs199542433 missense* G/C 0.0002
chr1:67705933 rs201752419 missense* A/T 0.0002

IL12RB2 chr1:67795372 rs185002143 missense G/A 0.0002
chr1:67796346 rs78198420 missense A/T 0.0012

Chr, Chromosome; Ref, Reference allele; Alt, Alternate allele; MAF, Minor allele frequen
*Missense variants were rated as damaging when at least two of five prediction algo
MutationTaster [29]) showed a potential pathogenicity.

a Minor allele frequency (MAF) from the 1000 Genomes Project [55], variants with M
b Allele counts in 80 leprosy patients and 99 controls.
c P-values were calculated by using the Fisher’s exact test and P-values < 0.05 were 

d Allele counts in East Asians from ExAC (http://exac.broadinstitute.org; accessed on
Unfortunately, we failed to replicate the association between
rs2275606 and leprosy. This result was consistent with the recent
family-based association study by using the FBATdosage method
that rs3762318, but not rs2275606, was associated with leprosy in
Vietnamese [41]. To further characterize the effect of the
genotypes and to fine-map the potential causal gene/variants,
we performed eQTL, gene expression analyses, as well as
sequencing analysis of the exon and flanking regions of four
adjacent genes in the validated GWAS hit region. We found more
evidence to suggest that SLC35D1 and IL23R might be the causal
genes.

The SNP rs3762318 is located in chromosome 1p31.3, where
resides four adjacent genes (IL12RB2, IL23R, C1orf141 and SLC35D1).
C1orf141 has been reported to be associated with Vogt-Koyanagi-
Harada syndrome [42] and psoriasis [43], but the function of the
corresponding product of C1orf141 has not been annotated. SNPs
rs3762318 and rs2144658 in C1orf141, which were positively
associated with MB in this study, significantly affected the gene
expression level of a nearby gene SLC35D1. In addition, other SNPs
in high LD with rs3762318 and rs2144658, such as rs12564219,
which is located in SLC35D1, also showed a significant eQTL effect
on SLC35D1 expression level in adrenal gland, lymphoblastoid and
skin tissues (Fig. 2a). Further gene expression analyses showed a
significant expression difference of SLC35D1 and its paralog
SLC35D2 between leprosy patients and healthy controls. These
results indicated that SLC35D1 might be a potential causal gene for
leprosy.

SLC35D1 is a member of the solute carrier family, which is
expressed in endoplasmic reticulum (ER) membrane [44]. The
proteins encoded by SLC35D1 and its paralog SLC35D2 play an
important role in the translocation of nucleotide sugars [45],
which are high-energy donor substrates. Genetic association
between member of solute carrier family (SLC11A1) and leprosy
had been previously reported [46]. In this study, a lower expression
level of SLC35D1 mRNA was found in leprosy patients relative to
healthy controls, suggesting an association between SLC35D1 and
leprosy. In contrast, a higher expression level of SLC35D2 mRNA
was found in leprosy patients, this might be caused by a negative
feedback autoregulation under the pressure of energy require-
ment. Considering the dependence of M. leprae on host energy
production and nutritional products, there might be a potential
metabolic association between SLC35D1 and leprosy. Of note,
SLC35D1 represented an edge node in the network, and the
majority of the central nodes were well-recognized leprosy
susceptibility genes, which are mainly immune-related genes.
Previous studies have shown that those edge nodes, such as
SLC35D1 [44], SLC35D2 [47], CCDC88B [48] and MRC1 [49], play a
major function in metabolism. We suggested that the metabolic
Leprosyb Controlb P-valuec EAd P-valuec OR

 2/160 0/198 5.03E-03 39/8652 0.17 2.80
 10/160 26/198 0.14 1152/8390 4.83E-03 0.42

 1/160 1/198 0.01 11/8654 0.20 4.94
 11/160 15/198 0.08 443/8654 0.28 1.37

 3/160 2/198 0.02 21/8620 9.08E-03 7.82
 3/160 2/198 0.02 21/8618 9.08E-03 7.82
 1/160 0/198 5.03E-03 0/8654 1.82E-02 NA

 1/160 1/198 0.01 55/8626 1.00 0.98

cy; OR, odds ratio; NA, not applicable.
rithms (SIFT [25,26], PolyPhen2 HumDiv, PolyPhen2 HumVar [27], LRT [28] and

AF <0.05 were regarded as rare.

marked in bold.
 November 2, 2015).

http://exac.broadinstitute.org;
http://exac.broadinstitute.org;
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pathways, with interactions with the immune system, might
contribute to leprosy development, as hypothesized in our
previous studies [15,17].

IL12RB2 is a receptor for IL12, which plays a key role in immune
response and has been reported to be associated with different
autoimmune diseases [50,51]. However, there is no robust
evidence to support the association between IL12RB2 and leprosy
[52,53]. Note that we found two rare missense variants in IL12RB2
showed a significant association with leprosy in our sequenced
leprosy patients (Table 2), but the associations did not survive the
Bonferroni correction for multiple tests. Moreover, these two
missense variants were predicted to be not damaging. Therefore,
the potential role of IL12RB2 in leprosy awaits further study.

The IL23R gene is located nearby IL12RB2 and encodes the IL23
receptor. IL23R and its ligand IL23 play important roles in immune
regulatory pathway [38]. Copy number variation (CNV) in IL23R
has been reported to be positively associated with PB [54]. In this
study, three rare damaging missense variants were found in IL23R
and two of them showed a nominally significant association with
leprosy, suggesting a potential involvement of IL23R protein
alteration in leprosy.

The current study has several limitations. First, although our
sample size was modest, there is still a possibility of insufficient
statistical power to detect the association between leprosy and risk
SNPs, especially when the odds ratio was small. Second, we did not
validate our result in independent samples. Moreover, there is a
low density of SNP coverage in the GWAS hit region containing
rs2275606. Finally, the expression profiling did not cover the other
three genes in the validated 1p31.3 region, and we could not
exclude the potential effect of these genes on leprosy.

In summary, we analyzed 10 SNPs in the previous GWAS hit
regions in Han Chinese with and without leprosy from Southwest
China, and sequenced a small portion of samples for rare missense
variants. The positive association between the GWAS loci
rs3762318 (chromosome 1p31.3) and MB was validated, and we
found a surrounding SNP rs2144658 was significantly associated
with MB. Rare damaging missense variants in SLC35D1 and IL23R
might be associated with leprosy. Our results suggested that the
SLC35D1 and IL23R genes might be the causal genes underlying the
association between the GWAS hit and leprosy. Further studies are
essential to elucidate the potential role of SLC35D1 and IL23R in
leprosy.
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Supplementary Materials 

Table S1. The detailed information of the 10 SNPs analyzed in this study. 

Gene SNP Allele MAF
a
 Chr. Position Location 

C1orf141 rs2144658 A/G 0.208 1 67106212 intron 

rs17129664 T/C 0.113 1 67117615 intron 

rs6670134 T/C 0.345 1 67126431 intron 

rs3762318 C/T 0.207 1 67131436 intron 

IL23R-C1orf141 rs10789224 C/T 0.292 1 67139451 intron 

IL23R rs1321157 A/G 0.369 1 67188427 intron 

rs7539625 G/A 0.488 1 67207082 intron 

rs11465817 C/A 0.44 1 67255414 intron 

rs10889677 C/A 0.268 1 67259437 3'-UTR 

RAB32-C6orf103 rs2275606 A/G 0.256 6 146597814 intron 

a 
Minor allele frequency (MAF) in CHB (Han Chinese in Beijing, China) was 

obtained from HapMap (http://hapmap.ncbi.nlm.nih.gov/). 

Allele - minor / major; Chr. - chromosome 

http://hapmap.ncbi.nlm.nih.gov/
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Table S2. Primer information for genotyping the 10 SNPs by using the SNaPshot 

assay. 

Gene SNP Primer(5’-3’)
a
 

C1orf141 rs2144658 F: ATAATTGACTGCTAGAACAAAAACATC 

R: TTATCTTTTATGTTAACACTAGGTCTCACT 

E: (gact)5GCAGAGTCTTCACAATACAATAGTC 

rs17129664 F: TATCTGTTCCTTTCAAAAAATGTATCT 

R: AGAACAATGCCCATTCTCAC 

E: ct(gact)9TTCTTATTAATATCATTGGGGAGGA 

rs6670134 F: AAATGGATTGAAGAAGAAAAAGG 

R: TTTATTCTTTTGAGCTATGCTCTG 

E: (gact)2CTAGCTAAAAGGTGAGTAAAGGAGC 

rs3762318 F: TATTCTTCAGGTTATGAGAGCAAG 

R: GTGACAGAGTGAGACTCCTTCTC 

E: act(gact)13TGTTTAAGAAAGACAGCTCTGATGGCATTG 

C1orf141-IL23R rs10789224 F: CACTCTCCCTGTCACCACA 

R: TTTTTGTGAATATGAGTTTTCTTAGAAC 

E: ct(gact)13AGTCCACACAACATAGCTCAAAAAC 

IL23R rs1321157 F: TCACATGTCTACTCTGTCTGGATG 

R: TAAATAACTCTTCTAAGATTACACAGCTAGC 

E: ct(gact)8GAGTTGGATACCGTCATCCAACAGT 

rs7539625 F: TACAACAAACCAAACTTGGAAT 

R: ACTGTAGCCACTGATGGTTG 

E: ct(gact)10TAAGCTCAACTTTCATTATGCTTTA 

rs11465817 F: AAAAGAAGCAGAGCAATAGAGATG 

R: AGACCCTGACTCAAAAAAAAAAT 

E: ATTAAGTAAGAGATGAAAACTTTAG 

rs10889677 F: ATCACCATGTAAGAATTCCCG 

R: TATGTGTGACCATGAAGCATG 

E: ct(gact)12TTTAATTTTAGCCATTCTTCTGCCT 

RAB32-C6orf103 rs2275606 F: ATTCATTTGTCAGAGAAGTTGAAAG 

R: TTTAAATAAAAGAAATCCCCTCC 

E: t(gact)12CTCTGCAGGAAGCTGCCTCTTGCCTGCACA 

a 
In the “(agct)n”, n means repeats of “agct”. F: forward primer; R: reverse primer; E: 

extension primer. 



3 
 

 

Table S3. Allele frequencies of the 10 SNPs in in 527 leprosy patients and 583 

healthy controls 

 

Gene SNP Allele 
MAF 

a
 

P-value 
b
 

Control Leprosy 

C1orf141 rs2144658 A/G 0.22 0.19 0.33 

rs17129664 T/C 0.12 0.11 0.07 

rs6670134 T/C 0.32 0.30 0.18 

rs3762318 C/T 0.09 0.06 1.00 

C1orf141-IL23R rs10789224 C/T 0.33 0.30 0.45 

IL23R rs1321157 A/G 0.38 0.36 0.79 

rs7539625 G/A 0.46 0.46 0.74 

rs11465817 C/A 0.42 0.45 0.93 

rs10889677 C/A 0.28 0.30 0.84 

RAB32-C6orf103 rs2275606 A/G 0.25 0.27 0.91 

 
a MAF, minor allele frequency 
b P-value of the Hardy-Weinberg equilibrium test 



4 
 

Table S4. Entire list of genetic variants in the SLC35D1, C1orf141, IL23R and IL12RB2 genes in 80 leprosy patients and 99 individuals without 

leprosy (Control) 

 

Gene Chr ID in dbSNP Function Ref/Alt MAF 
a
 Leprosy 

b
 Control 

b
 P-value 

c
 EA 

d
 P-value 

c
 OR 

SLC35D1 chr1:67470044 - synonymous A/G      NA 1/160   0/198   5.03E-03 NA/NA     NA NA 

chr1:67474880 rs12061148 intron T/C      0.1981  4/160   7/178   0.04  41/528    0.02  0.30  

chr1:67507879 rs150492296 intron C/T      0.0054  3/160   3/198   0.02  212/8646  1.00  0.76  

chr1:67507941 rs199561187 missense* T/C      0.0008  2/160   0/198   5.03E-03 39/8652   0.17  2.80  

chr1:67512903 rs1024229 intron G/T      0.7095  115/160 118/198 1.00  5188/8204 0.03  1.49  

chr1:67512920 rs1024230 intron A/C      0.7095  114/160 118/198 1.00  5379/8464 0.05  1.42  

chr1:67515563 rs3048488 intron CAT/C    NA 23/160  52/198  0.27  NA/NA     NA NA 

C1orf141 chr1:67558739 rs6588237 synonymous C/T      0.9207  150/160 193/198 1.00  8412/8650 0.01  0.42  

chr1:67558756 rs41313272 missense C/T      0.1162  7/160   10/198  0.06  NA/NA     NA NA 

chr1:67558763 rs41299551 synonymous A/G      0.1070  7/160   10/198  0.06  563/8642  0.33  0.66  

chr1:67558821 - missense G/A      NA 2/160   0/198   5.03E-03 NA/NA     NA NA 

chr1:67560897 rs10889653 intron A/G      0.9323  150/160 193/198 1.00  8366/8608 0.03  0.43  

chr1:67560956 rs11208997 missense C/T      0.9385  150/160 193/198 1.00  8404/8646 0.03  0.43  

chr1:67561090 rs72933970 missense T/C      0.1162  7/160   10/198  0.06  428/5022  0.06  0.49  

chr1:67561909 rs11801593 intron G/A      0.1162  7/160   10/198  0.06  NA/NA     NA NA 

chr1:67569090 rs143579777 intron T/C      0.0118  4/160   5/182   0.03  18/438    0.47  0.60  

chr1:67577367 rs6588240 intron A/T      0.8053  143/160 167/180 1.00  424/478   0.89  1.07  

chr1:67581017 rs200518928 intron T/A      NA 1/160   2/198   0.02  NA/NA     NA NA 

chr1:67581127 rs2273682 missense T/C      0.0371  10/160  26/198  0.14  1152/8390 4.83E-03 0.42  

chr1:67591596 - splice site C/T      NA 2/158   NA/NA   NA NA/NA     NA NA 



5 
 

chr1:67591611 rs11336462 intron GA/G     NA 59/124  NA/NA   NA NA/NA     NA NA 

chr1:67592840 rs7525652 intron G/A      0.0314  2/160   0/198   5.03E-03 67/8654   0.36  1.62  

IL23R chr1:67633812 rs1884444 missense G/T      0.5302  116/160 131/198 1.00  5613/8638 0.05  1.42  

chr1:67648460 rs6687620 intron T/C      0.9521  160/160 198/198 1.00  NA/NA     NA NA 

chr1:67648538 rs539497366 missense T/A      0.0002  1/160   1/198   0.01  11/8654   0.20  4.94  

chr1:67648596 rs76418789 missense* G/A      0.0112  11/160  15/198  0.08  443/8654  0.28  1.37  

chr1:67666483 - synonymous A/G      NA 1/160   0/198   5.03E-03 1/8654    0.04  54.42  

chr1:67672765 rs7539625 intron G/A      0.3816  94/160  116/198 1.00  4574/8612 0.17  1.26  

chr1:67685387 rs7530511 missense T/C      0.8760  160/160 196/198 1.00  8506/8652 0.12  NA 

chr1:67685443 rs7518660 intron G/A      0.4111  40/160  45/198  0.23  2238/8612 0.86  0.95  

chr1:67705932 rs199542433 missense* G/C      0.0002  3/160   2/198   0.02  21/8620   9.08E-03 7.82  

chr1:67705933 rs201752419 missense* A/T      0.0002  3/160   2/198   0.02  21/8618   9.08E-03 7.82  

IL12RB2 chr1:67794033 - synonymous T/C      NA 1/160   0/198   5.03E-03 NA/NA     NA NA 

chr1:67795319 rs1495963 synonymous T/C      0.8502  123/160 165/198 1.00  6820/8650 0.56  0.89  

chr1:67795372 rs185002143 missense G/A      0.0002  1/160   0/198   5.03E-03 0/8654    0.02  NA 

chr1:67795456 - intron A/C      NA 1/160   0/198   5.03E-03 NA/NA     NA NA 

chr1:67796346 rs78198420 missense A/T      0.0012  1/160   1/198   0.01  55/8626   1.00  0.98  

chr1:67833501 rs2252596 intron G/A      0.1262  38/160  32/198  0.17  NA/NA     NA NA 

chr1:67845648 rs146207069 intron CTTCCT/C NA 9/160   5/198   0.03  378/8640  0.43  1.30  

chr1:67845727 rs78878673 synonymous G/C      0.0014  2/160   0/198   5.03E-03 91/8652   0.69  1.19  

chr1:67852335 rs2228420 synonymous G/A      0.4135  45/160  73/198  0.37  2931/8644 0.13  0.76  

chr1:67852381 rs189685637 intron A/T      0.0014  2/160   0/198   5.03E-03 91/8652   0.69  1.19  

chr1:67861520 rs2229546 synonymous C/A      0.5551  52/160  78/198  0.40  NA/NA     NA NA 

Chr, Chromosome; Ref, Reference allele; Alt, Alternate allele; MAF, Minor allele frequency; OR, odds ratio; NA, no data available  
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a
 Minor allele frequency (MAF) from 1000 Genomes Project [1], variants with MAF < 0.05 were regarded as rare. 

b
 Allele counts in 80 leprosy patients and 99 controls 

c
 P-values were calculated by using the Fisher’s exact test  

d
 Allele counts in East Asians from the ExAC (http://exac.broadinstitute.org; accessed on November 2, 2015) 

*
 Missense variants were rated as damaging when at least two of five prediction algorithms (SIFT [2, 3], PolyPhen2 HumDiv, PolyPhen2 

HumVar [4], LRT [5] and MutationTaster [6]) showed a potential pathogenicity 

http://exac.broadinstitute.org/
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Figure S1. Statistical power estimates for the case-control association analysis. 

Statistical power was computed using the Qunto software [7] under the gene only 

hypothesis and log additive model, with the following parameters: risk allele 

frequency = 0.1; sample size = 527 cases vs. 583 controls; range of OR from 1.0 to 

3.0 in increments of 0.1; two-sided type I error rate = 0.05. 
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Figure S2. Schematic diagram of the GWAS [8] hit (rs3762318) and its adjacent 

genes. The schematic diagram was based on the genomic sequence (NC_000001.11 

Chromosome 1 Reference GRCh38.p7 Primary Assembly) from NCBI 

(http://www.ncbi.nlm.nih.gov/gene/). 
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