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Abstract

Autoimmune pancreatitis (AIP) is a unique form of chronic pancreatitis characterized by high
serum IgG4 concentration and a variety of complicating extra-pancreatic lesions. In particu-
lar, lachrymal/salivary gland lesions tend to manifest in a highly active AIP disease state,
and several genes are speculated to be associated with the onset of this complication. We
therefore searched for candidate susceptibility genes related to lachrymal/salivary gland le-
sions in a genome-wide association study (GWAS) with the GeneChip Human Mapping
500k Array Set (Affymetrix, CA) that was followed by fine mapping of additional single nucle-
otide polymorphisms (SNPs) in strongly significant genes with TagMan assays. Venous
blood samples were obtained from 50 type 1 AIP patients with lachrymal/salivary gland le-
sions (A group) and 53 type 1 AIP patients without (B group). The mean values of IgG and
1G4 were both significantly different (P<0.05) between the groups. SNPs that showed a sig-
nificant association with the A group at the genome-wide level (P<0.0001) were identified
and subsequently used in fine SNP mapping of candidate genes. In total, five SNPs had a
positive association with complicated AIP (most notably rs2284932 [P=0.0000021]) and five
SNPs possessed a negative association (particularly rs9371942 [P=0.00000039]). Among
them, KLF7, FRMDA4B, LOC101928923, and MPPED?2 were further examined for complica-
tion susceptibility using additional SNPs that were not included in the GWAS. Individual gen-
otyping of KLF7 rs2284932 revealed that the frequency of the minor C allele was
significantly increased (P=0.00062, Pc=0.0018, OR=2.98, 95%CI=1.58-5.65) in group A.
The minor T allele of rs4473559 in FRMD4 demonstrated a significant association in the A
group (P=0.00015, OR=3.38, 95%CIl=1.77-7.65). In the LOC1071928923 gene, the frequency
of the minor C allele of rs4379306 was significantly decreased in group A in both TagMan
and GWAS analyses. Lastly, the minor C allele of MPPEDZ2 rs514644 carried a significantly
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increased risk of complications. These four genes may be linked with the onset of lachrymal/
salivary gland lesions in type 1 AIP patients and require further study.

Introduction

Autoimmune pancreatitis (AIP) is a unique form of chronic pancreatitis characterized by the
imaging findings of irregular narrowing of the main pancreatic duct, pancreatic swelling, and
obstructive jaundice, all of which mimic the clinical signs of pancreatic cancer [1]. AIP patients
also exhibit high serum IgG4 concentration, abundant lymphoplasmacytic and IgG4-bearing
plasma cell infiltration in pancreatic lesions, and a favorable response to steroid therapy. Al-
though such features indicate that specific autoimmune mechanisms associated with IgG4 are
present in AIP [2, 3], its precise pathogenesis has not been fully elucidated.

AIP is complicated with a variety of extra-pancreatic lesions, such as dacryoadenitis/sialade-
nitis [4, 5], lung lesions [6], sclerosing cholangitis [7, 8], retroperitoneal fibrosis [3], and tubu-
lointerstitial nephritis [9]. Since AIP and these lesions often share the pathological features of
prominent IgG4-positive plasma cell infiltration in affected organs and a positive response to
corticosteroids, a common pathogenic background is suspected [3]. IgG4-related disease
(IgG4-RD) is a newly proposed systemic disorder that encompasses both of these conditions.
Accordingly, AIP is now recognized as pancreatic manifestation of IgG4-RD [1].

Dacryoadenitis/sialadenitis occurring in AIP was previously considered to represent Miku-
licz disease. However, it is now considered to be a principal member of IgG4-RD and is referred
to as IgG4-related dacryoadenitis and sialadenitis [10]. IgG4-related dacryoadenitis and siala-
denitis is characterized by symmetrical swelling of the lacrimal and submandibular glands,
high serum IgG4 concentration, and abundant IgG4-positive plasma cell infiltration in the af-
fected tissues [4, 11]. Unlike Sjogren’s syndrome, which also exhibits dacryoadenitis and siala-
denitis, the IgG4-related variety has no relation to disease-specific autoantibodies, such as anti-
SSA or anti-SSB, shows mild or absent exocrine insufficiency, and reacts well to corticosteroid
therapy. Moreover, complicating lachrymal/salivary gland lesions tend to manifest in a highly
active AIP disease state [11].

Since many autoimmune disorders are associated with multiple genetic and environmental
factors, it is generally considered that the development of AIP is influenced by several suscepti-
bility genes, including HLA DRBI*04:05-DQBI*04:01, FCRL3, CTLA4, KCNA3, and TLR4 [12—
16]. Among them, HLA class II genes have been genetically characterized as primary predisposi-
tion [12, 17] and relapse [18] factors in AIP. However, disease susceptibility remains poorly un-
derstood, especially the relationship between relapse and a substitution of aspartic acid at codon
57 of DQ B1 [19]. These, and other, genes are also speculated to be linked to the induction of
ATP complicated with dacryoadenitis/sialadenitis and have important clinical significance.

The genome-wide association study (GWAS) method is a powerful and widely-used tech-
nique for exploring the relationships among common sequence variations and disease suscepti-
bility or resistance throughout the entire genome. This approach has demonstrated numerous
common variants that contribute to disease predisposition and complex traits [20]. To our
knowledge, no GWAS has been done on AIP complicated with lachrymal/salivary gland lesions
to date. Proper consideration for small sample sizes and sample collection biases is needed to re-
liably identify disease-susceptible loci usinga GWAS [21, 22]. Major autoimmune diseases, such
as rheumatoid arthritis, type I diabetes mellitus and systemic lupus erythematosus, have large
patient populations from which to sample. Although AIP is a rare disease, we expect that the

PLOS ONE | DOI:10.1371/journal.pone.0127078 May 18,2015 2/11



@’PLOS ‘ ONE

Susceptible Genes to Dacryoadenitis/Sialadenitis Complications in AIP

collection of a well defined cohort using specific clinical diagnostic criteria will enable adequate
GWAS analysis. In the present study, we first screened for susceptibility genes of lachrymal/sali-
vary gland lesions in type 1 AIP using the GeneChip Human Mapping 500k Array Set (Affyme-
trix, CA). Next, fine-tuned mapping of specific single nucleotide polymorphisms (SNPs) was
performed for candidate genes that showed a strong statistical significance (P<0.0001).

Materials and Methods
1. Patients and Samples

One hundred and nine patients with type 1 AIP (82 men and 26 women, median age at AIP
onset: 66 years) were examined and treated at Shinshu University Hospital or its affiliated insti-
tutions between August 1992 and August 2012. Among them, we recruited 103 patients who
provided consent for inclusion in the GWAS and collected venous blood samples from 50 AIP
patients with lachrymal/salivary gland lesions (i.e., the A group) and 53 patients without (i.e., the
B group). Collected samples were immediately frozen and stored at minus 80°C until analysis.

The A group consisted of 41 men and 9 women who ranged from 49 to 85 years of age (av-
erage: 63.5 years). The B group included 40 men and 13 women who ranged from 38 to 84
years of age (average: 65.1 years). Dacryoadenitis and sialadenitis were defined as symmetrical
swelling of the lachrymal and salivary glands as confirmed by physical examination, CT and
MRI findings, and gallium scintigraphy.

2. Methods

2-1. Comparison of activity state between type 1 AIP with and without lachrymal/sali-
vary gland lesions. To confirm whether type 1 AIP with lachrymal/salivary gland lesions was
at a higher disease activity state than AIP without the involvement of lesions, we performed a
comparative study between the groups using several activity markers, including IgG, IgG4, cir-
culating immune complex (CIC), B 2-microgloburin (82MG), soluble interleulkin-2 receptor
(sIL2R), and complement C3 and C4, as well as estimation of other organ involvement, such as
lung disease, sclerosing cholangitis, kidney disease, or retroperitoneal fibrosis.

2—2. Genetic analysis.

2-2-1. Preparation of genomic DNA. Genomic DNA was isolated and purified from ve-
nous whole blood samples using a commercially available kit (QuickGene DNA whole blood
kit L, Kurabo, Osaka, Japan). All procedures were performed according to the manufacturer’s
instructions under standardized conditions to prevent variation in DNA quality.

2-2-2. Genome-wide genotyping. Genotyping with the GeneChip Human Mapping 500K
Array Set was carried out according to the manufacturer’s protocol for our first stage of analy-
sis. Samples with a <93% genotype call rate were excluded from the study, as were SNPs with a
call rate of <95% or a minor allele frequency of <5% overall.

2-2-3. SNP genotyping. To specifically identify possible susceptibility genes of AIP-compli-
cating dacryoadenitis and sialadenitis, SNPs that showed a strongly significant association in the
A group at the genome-wide level (P<0.0001) were assessed. Among them, we selected four can-
didate genes (Kruppel-like factor 7 [KLF7], FERM domain containing 4B [FRMD4B], uncharac-
terized LOC1928923 [LOCI101928923], and metallophosphor esterase domain-containing
protein [MPPED?2]) (Table 1) and examined tagging SNPs in these genes as the second stage of
our analysis. The selection criteria for the SNPs were based on information from the NCBI
dbSNP database (build 37.3, http://www.ncbinlm.nih.gov/projects/SNP/), HapMap database
(http://hapmap.ncbinlm.nih.gov/downloads/index html.en), and SNP database of Applied
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Table 1. Single nucleotide polymorphisms showing the strongest associations (P<0.0001) in the genome-wide association study.

dbSNP ID Chrom. location Position Candidate gene MA P value OR (95% Cl)
rs2284932 2033.3 207720754 KLF7 C <0.000003 4.35 (2.32-8.16)
rs9831516 3pi14.1 69312751 FRMD4B G <0.00002 3.11 (1.72-5.62)
rs2407212 5023.2 121912400 SNCAIP G <0.00009 6.20 (2.28-16.91)
rs524762 6913 75112962 COL12A1 T <0.00003 0.31 (0.17-0.53)
rs9371942 6025.3 156276214 LOC101928923 G <0.0000004 0.20 (0.10-0.42)
rs4735508 8g22.1 98986987 MATN2 A <0.0001 8.42 (2.43-29.14)
rs1536067 9p22.2 17727893 SH3GL2 G <0.00004 0.24 (0.12-0.48)
rs4878053 9021.33 89102948 FLJ45537 T <0.00001 0.29 (0.17-0.51)
rs514644 11p14.1 30408757 MPPED2 C <0.00006 3.06 (1.77-5.30)
rs7170215 15025.3 86299145 NTRK3 A <0.00009 0.27 (0.13-0.53)

dbSNP ID: SNP database identification, Chrom: chromosome, Position: distance from the short-arm telomere, MA: minor allele, OR: odds ratio, Cl:
confidence interval.

doi:10.1371/journal.pone.0127078.t001

Biosystems (http://bioinfo.appliedbiosystems.com/genome-database/snp-genotyping.html) as:
1) location within the candidate gene; 2) minor allele frequency >5% in Japanese populations; 3)
call rate 295%; and 4) Hardy-Weinberg equilibrium P=0.001. Genotyping of all SNPs was per-
formed using the ABI TagMan allelic discrimination kit and the ABI7500 Sequence Detection
System (Applied Biosystems, Carlsbad, CA) following the manufacturer’s instructions.

2-3. Statistical analysis. Fisher’s exact and Pearson’s chi-square tests were adopted to test
for differences in clinical data between the patient subgroups. The Mann-Whitney U test was
employed to compare continuous data. All tests were performed using Statflex ver. 6 (Artech
Co., Ltd., Japan). P values of less than 0.05 were considered to be statistically significant.

All association analyses between group A and group B for GWAS data were carried out
using HelixTree SVS 7 software (Golden Helix, Inc., Bozeman, MT). The statistical signifi-
cances of allele frequencies between AIP with and without lachrymal/salivary gland lesions in
second stage analyses were calculated using the chi-square test. A P value of less than 0.05 was
considered to be statistically significant after adjustment by Bonferroni’s correction. The
Hardy-Weinberg equilibrium of all SNPs was confirmed.

3. Ethics statement

The present study was approved by the Ethics Committee of Shinshu University School of
Medicine (Matsumoto, Japan). The protocol of this investigation was in accordance with the
principals outlined in the Declaration on Helsinki of the World Medical Association and was
approved by the Ethics Committee of Shinshu University School of Medicine. Written in-
formed consent was obtained from each subject after a full explanation of the study.

Results

1. Comparison of activity state in type 1 AIP with and without lachrymal/
salivary gland lesions

Serum IgG and IgG4 concentrations were significantly higher in the A group than in the B
group. No remarkable associations were observed for CIC, f2MG, sIL2R, C3, or C4 between
the groups. Significantly higher prevalences of kidney disease and retroperitoneal fibrosis were
detected in the A group. Taken together, type 1 AIP with lachrymal/salivary gland lesions ap-
peared to be in a more highly activated state (Table 2).

PLOS ONE | DOI:10.1371/journal.pone.0127078 May 18,2015 4/11


http://bioinfo.appliedbiosystems.com/genome-database/snp-genotyping.html

@’PLOS ‘ ONE

Susceptible Genes to Dacryoadenitis/Sialadenitis Complications in AIP

Table 2. Comparison of activity state between type 1 AIP with and without lachrymal/salivary gland lesions.

A group B group P value
median (range) median (range)
[e[C] 2437.5 (1199-6408) 1865 (892—-4661)1865(892—-4661)1865(892—4661) 0.00035
1gG4 773 (33-2970) 379 (4—1950) 0.00062
ClC 6.20 (2—41.6) 5 (1.4-58.4) 0.42
B2MG 2.315 (1.3-8.9) 2.165 (1.2-15.3) 0.23
slL2R 869 (345-4695)869(345—4695) 755 (257—2260) 0.10
C3 102.5 (16-218) 104.5 (12-238) 0.74
C4 21.8 (1.1-152) 23.3 (1.0-162) 0.74
lung disease (+/-) 18/31 10/40 0.10
Sclerosing cholangitis (+/-) 5/42 7/44 0.64
Kidney disease (+/-) 15/35 4/48 0.0038
Retroperitoneal fibrosis (+/-) 18/32 9/42 0.043

A group: with lachrymal/salivary gland lesions,

doi:10.1371/journal.pone.0127078.1002

B group: without lachrymal/salivary gland lesions.

2. Genetic analysis

We preliminarily conducted a GWAS screening analysis of Japanese type 1 AIP patients with
and without lachrymal/salivary gland lesions. Of the total of 12,033 SNPs that passed the inter-
nal quality control, 242 exhibited a statistical significance (P<0.001) in allele-based tests. The
results for strong signals (P<(0.0001) are shown in Table 2. Five SNPs demonstrated a positive
association with complicated AIP: rs2284932 (OR = 4.35), rs9831516 (OR = 3.11), rs2407212
(OR =6.20), rs4735508 (OR = 8.42), and rs514644 (OR = 3.06). Five SNPs were negatively as-
sociated with complicated AIP: rs524762 (OR = 0.31), rs9371942 (OR = 0.20), rs1536067

(OR =0.24), rs4878053 (OR = 0.29), and rs7170215 (OR = 0.27). The strongest associations
with the pathogenesis of lachrymal/salivary gland lesions were rs9371942 (P = 0.00000039)
and rs2284932 (P = 0.0000021).

The candidate genes containing the highly significant SNPs are listed in Table 1 according
to data from the NCBI Map Viewer (http://www.ncbi.nlm.nih.gov/mapview/). Among the 10
genes, KLF7 (2433.3), FRMD4B (3p14.1), LOC101928923 (6q25.3), and MPPED2 (11p14.1)
were further examined for conferring susceptibility to complications using SNPs that resided
in the genes but were not tested in the GWAS. Individual genotyping of KLF7 rs2284932 using
a TagMan assay showed that the frequency of the minor C allele was significantly increased
(P =0.00062, OR = 2.98) in the A group as in the GWAS (Table 3).

The minor T allele of rs4473559 in FRMD4 also had a significant association in the A group
(P = 0.00015, OR = 3.38) (Table 4).

In the LOC101928923 gene, the frequency of the minor C allele of rs4379306 was signifi-
cantly decreased (P = 0.00017, OR = 0.30) in both TagMan and GWAS analyses in the A group
(Table 5).

Lastly, the minor C allele for rs514644 of MPPED?2 carried a significantly increased risk for
complicating lachrymal/salivary gland lesions (P = 0.0075, OR = 2.14) (Table 6).

Discussion

AIP is believed to be a pancreatic manifestation of a systematic IgG4 disorder that is subclassi-
fied as either IgG4-related (type 1) or non-IgG4-related (type 2) [1]. Type 1 AIP tends to
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Table 3. Association analysis of single nucleotide polymorphisms in the KLF7 gene.

dbSNP ID Chrom. location
rs2287505 207655331
rs1263615 207667483
rs768090 207711824
rs10195536 207715065
rs2284932 207720754
rs12466923 207721800

Typing method

GWAS
TagMan

TagMan

GWAS
TagMan

GWAS
TagMan

C>A
A>G

A>T

T>A

T>C

A>C

Alleles

- > o >

—

Frequency (%)
A group

74.0 68.6
26.0 31.4
74.0 83.3
26.0 16.7
90.0 95.1
10.0 4.9
60.0 81.4
40.0 18.6

B group

P value
A 0.027
G 0.758
GG+GA/AA  0.567
T 0.091
TT+TA/AA 0.047
A 0.016
C 0.00062
CC+AC/AA  0.00037
C 0.0000021
C 0.039
CC+AC/AA  0.0093

Pc value

3.032
2.268
0.364
0.188

0.003
0.002

0.156
0.037

OR (95% Cl)

2.74(1.09-6.90)
1.10(0.61-1.96)
1.26(0.57-2.81)
1.80(0.91-3.57)
2.28(1.01-5.16)
3.79(1.21-11.92)
2.98(1.58-5.65)
4.37(1.90-10.02)
4.35(2.32-8.16)
2.16 (1.03-4.54)
3.10(1.30-7.38)

A group: with lachrymal/salivary gland lesions, B group: without lachrymal/salivary gland lesions, dbSNP ID: SNP database identification, Chrom:

chromosome, Pc: corrected P.

doi:10.1371/journal.pone.0127078.1003

Table 4. Association analysis of single nucleotide polymorphisms in the FRMD4 gene.

dbSNP ID Chrom. location
rs12637416 69302498
rs6763046 69302897
rs4473559 69305553
rs4464459 69306951
rs11128118 69308278
rs9831516 69312751
rs9836305 69313491

Typing method

GWAS
TagMan

GWAS
TagMan

TagMan
GWAS

GWAS
TagMan

exhibit lesions in various other organs, including the lachrymal and salivary glands, lungs, ret-
roperitoneum, and prostate.
We observed in the present study that approximately 50% of patients had lachrymal/salivary
lesion involvement despite other reports showing the prevalence of these lesions to be approxi-
mately 20% in Japan [23, 24]. Since lachrymal/salivary lesions are considered to be a major
member of the IgG4-RD family along with Mikulicz’s disease, their incidence in AIP is presum-
ably high. Although the reason for such a discrepancy in positivity rates for these lesions is not

precisely clear, it may be attributable to differences in diagnostic procedures, such as physical
examinations or imaging tests. In our previous study, imaging analysis of AIP by an

T>A

C>A

G>T

C>A

G>T

A>G
A>G

Alleles

(@)

o> o -

(0)

Frequency (%)
A group

40.0 18.6
60.0 81.4
42.0 17.6
58.0 82.4
36.0 16.7
64.0 83.3
42 18.6
58 81.4

B group

P value

A 0.00062
A 0.00084
AA+AC/CC  0.00050
A 0.00035
T 0.00015
TT+TG/GG  0.000045
A 0.0018
AA+AC/CC  0.00048
T 0.00019
G 0.00013
A 0.00030
AA+AG/GG  0.00050

Pc value

0.0034
0.002

0.0006
0.00018
0.0072
0.0019

0.0012
0.002

OR (95% Cl)

2.73(1.52—-4.89)
2.91(1.54-5.52)
4.25(1.85-9.76)
2.91(1.60-5.29)
3.38(1.77-6.45)
5.62(2.39-13.21)
2.81(1.45-5.45)
4.31(1.86-9.98)
3.02(1.67-5.45)
3.11(1.72-5.62)
3.16(1.67-5.98)
4.25(1.85-9.76)

A group: with lachrymal/salivary gland lesions, B group: without lachrymal/salivary gland lesions, dbSNP ID: SNP database identification, Chrom:

chromosome, Pc: corrected P.

doi:10.1371/journal.pone.0127078.1004
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Table 5. Association analysis of single nucleotide polymorphisms in the LOC101928923 gene.

dbSNP ID

rs9371942

rs4379306

rs9397861

rs4428513

rs9371408
rs9384400

Chrom. location

156276214

156276633

156279496

156288830

156307788
156323446

Typing method

GWAS
GWAS
TagMan
TagMan

TagMan

GWAS
GWAS

Alleles

A>G

A>T

A>G

T>C

A>G
A>T

-0 >» o > -

Frequency (%)
A group B group
17.0 324
83.0 67.6
16.0 36.3
84.0 63.7

8.0 7.8
92.0 92.2

P value
G 0.0000039
T 0.0000089
T 0.011
TT+TA/AA 0.0065
G 0.0011
GG+GA/AA  0.0019
C 0.97
CC+CT/TT  0.75
G 0.000029
T 0.000014

Pc value

0.033
0.020
0.0033
0.0057

OR (95% Cl)

0.20(0.10-0.42)
0.21(0.10-0.44)
0.43(0.22-0.83)
0.33(0.14-0.74)
0.33(0.17-0.65)
0.28(0.12-0.63)
1.02(0.37-2.84)
1.20(0.40-3.59)
0.22(0.11-0.47)
0.22(0.11-0.45)

A group: with lachrymal/salivary gland lesions, B group: without lachrymal/salivary gland lesions, dbSNP ID: SNP database identification, Chrom:
chromosome, Pc: corrected P.

doi:10.1371/journal.pone.0127078.t005

experienced radiologist disclosed the presence of extra-pancreatic lesions in 92% of AIP pa-
tients and lachrymal/salivary lesions in 47.5% of cases [25].
Although type 1 AIP complicated with lachrymal/salivary gland lesions can be clearly diag-
nosed using recent clinical, immunological, radiological, and morphological characterization
criteria [11], little is known on the pathogenesis of these complications. Therefore, we investi-
gated whether genetic factors affected the development of lachrymal/salivary gland lesions in
type 1 AIP using a GWAS followed by fine mapping of additional SNPs and uncovered four
novel candidate susceptibility genes.

Table 6. Association analysis of single nucleotide polymorphisms in the MPPED2 gene.

dbSNP ID

rs10835665

rs514644

rs487742

rs808182

rs11031087

rs11031093

rs537944
rs521436

Chrom. location

30406319

30408757

30410971

30411818

30415467

30424076

30434891
30449780

Typing method

TagMan

TagMan

GWAS
TagMan

TagMan

TagMan

TagMan

GWAS
GWAS

Alleles

G>A

T>C

G>A

G>A

A>T

G>A

G>A
T>A

-0 o >

o> > 40> 0 >

Frequency (%)
A group B group
26.0 19.6
74.0 80.4
59.0 40.2
41.0 59.8
66.0 45.1
34.0 54.9
33.0 20.6
67.0 79.4
7.0 4.9
93.0 95.1
7.0 4.9
93.0 95.1

P value
A 0.28
AA+AG/GG  0.49
C 0.0075
CC+CT/TT 0.017
C 0.000054
A 0.0028
AA+AG/GG  0.051
A 0.046
AA+AG/GG  0.036
T 0.53
TT+AT/AA 0.51
A 0.53
AA+AG/GG  0.51
A 0.000052
A 0.000099

Pc value

0.045
0.102

0.017
0.306
0.276
0.216

OR (95% ClI)

1.44(0.74-2.79)
1.33(0.59-2.96)
2.14(1.22-3.75)
2.63(1.01-6.82)
3.06(1.77-5.30)
2.36(1.34—4.17)
2.77(0.97-7.94)
1.90(1.01-3.59)
2.35(1.05-5.25)
1.46(0.45-4.76)
1.50(0.44-5.08)
1.46(0.45-4.76)
1.50(0.44-5.08)
3.07(1.77-5.32)
2.92(1.69-5.04)

A group: with lachrymal/salivary gland lesions, B group: without lachrymal/salivary gland lesions, dbSNP ID: SNP database identification, Chrom:
chromosome, Pc: corrected P.

doi:10.1371/journal.pone.0127078.1006

PLOS ONE | DOI:10.1371/journal.pone.0127078 May 18,2015

7/11



@’PLOS ‘ ONE

Susceptible Genes to Dacryoadenitis/Sialadenitis Complications in AIP

The initial GWAS revealed 10 candidate genes possibly influencing the pathogenesis of
lachrymal/salivary gland lesions in AIP. As several genes contained multiple SNPs that were
strongly associated with complications, we selected four (positive association: KLF7, FRMD4,
and MPPED2; negative association: LOC101928923) according to P values and OR for ensuing
minor allele analysis.

The KLF7 gene encodes a member of the Kruppel-like factors among DNA-binding tran-
scriptional regulators that play diverse roles during cell proliferation and differentiation [26-
28]. KLF?7 is reportedly related to neurogenesis [29], progression of type 2 diabetes [30], obesity
[31], and regulation of thymocyte development [32]. Determining the specific role of KLF7
polymorphisms in the onset of lachrymal/salivary gland lesions appears challenging at present.
However, they may contribute to disease complications as shown in the individual genotyping
results in Table 3 (C allele at rs2284932 [P = 0.00037] with a dominant model and C allele at
rs12466923 [P = 0.0093] with a dominant model).

The FRMD4B gene is ubiquitously expressed and encodes a GRP1-binding protein (GRSP1)
that contains a FERM protein domain [33]. FRMD4B might be involved in the establishment
of epithelial cell polarity and play a role as a scaffolding molecule [34]. This protein also partici-
pates in activated insulin receptor signaling complexes and performs functions in insulin re-
ceptor, growth factor receptor, and other phosphatidylinoshitol (3,4,5)-trisphosphate (PIP3)
signaling events [35]. To date, few disease associations have been made with FRMD4B poly-
morphisms. Our study showed that all SNPs had strongly significant associations (P<0.001)
with lachrymal/salivary gland lesions in both TagMan and GWAS typing. The precise involve-
ment of FRMD4B remains unknown, but we speculate that polymorphisms may affect compli-
cation onset based on previous functional information [35].

All statistically associated SNPs (rs9371942, rs4379306, and 1s9397861) were located in the
LOC101928923 gene on chromosome 6p25.3. This little known gene resides in the short inter-
genic region between NOX3 and MIR1202. NOX3 is a member of the NOX family of NADPH
oxidases. NOX enzymes are a potential source of reactive oxygen species (ROS) production
that transport electrons across the plasma membrane [36]. NOX3-derived ROS appear to be
associated with numerous biological functions, including insulin action, host defense, cellular
signaling, regulation of gene expression, and cell differentiation [37]. NOX3 polymorphisms
may be in high linkage disequilibrium with the three candidate SNPs uncovered in
LOC101928923 and influence the induction of complications. Further association studies using
SNPs in NOX3 might determine whether NOX3 polymorphisms affect the pathogenesis
of complications.

The frequencies of two minor alleles (C at rs514644 and A at rs487742) in MPPED2 were
significantly increased in the A group over the B group (P = 0.0075 and P = 0.0028, respective-
ly). The MPPED?2 gene (also known as c11orf8 or 239FB) is located on human chromosome
11p13 between the FSHB and PAX6 genes. The upregulation of MPPED2 reduces cell prolifera-
tion, induces apoptosis, and stimulates the differentiation of neuronal precursors [38]. Particu-
larly in papillary thyroid carcinomas and breast cancer, MPPED2 expression has been reported
to affect the malignancy of lesions [39-41]. Therefore, MPPED2-regulated anti-tumorigenesis
may play an important role in the induction or regulation of lachrymal/salivary gland lesions.

The number of enrolled subjects for this rare disease was too small to overcome type I statis-
tical error. However, the false positive report probability (FPRP) values as calculated by
Wacholder’s method (http://jnci.oxfordjournals.org/content/96/6/434/suppl/DC1) [42] sup-
port the significant findings revealed in the present study, i.e., when a prior probability of 0.05
was set, FPRP values were 0.018 (dominant model) with rs2284932 in KLF7, 0.003 (dominant
model) with rs4473559 in FRMF4, 0.0049 (additive model) with rs9397861 in LOC101928923,
and 0.106 (additive model) with rs487742 in MPPED?2.
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In conclusion, we identified four novel candidate genes (KLF7, FRMD4B, NOX3, and
MPPED?) that might be linked to the development of lachrymal/salivary gland lesions in type
1 AIP patients using a GWAS followed by fine mapping of highly significant genes. Further
studies using larger sample sizes and functional analysis of genes associated with AIP complica-
tions are needed to confirm the present results.

Acknowledgments

The authors thank Yuki Akahane and Asami Yamazaki for their technical assistance, and Tre-
vor Ralph for his editorial assistance.

Author Contributions

Conceived and designed the experiments: TO MO SK. Performed the experiments: TO YK
AM. Analyzed the data: TO MO YK AM. Contributed reagents/materials/analysis tools: TO TI
HH NA SK. Wrote the paper: TO MO SK.

References

1. Kawa S, Hamano H, Kiyosawa K. Autoimmune pancreatitis and IgG4-related disease. In: Rose N,
MacKay |, editors. The autoimmune diseases. 5th ed. St Louis: Academic Press; 2013. 935-49.

2. Hamano H, Kawa S, Horiuchi A, Unno H, Furuya N, Akamatsu T, et al. High serum IgG4 concentrations
in patients with sclerosing pancreatitis. New Engl J Med. 2001; 344:732-8. PMID: 11236777

3. HamanoH, Kawa S, Ochi Y, Unno H, Shiba N, Wajiki M, et al. Hydronephrosis associated with retroper-
itoneal fibrosis and sclerosing pancreatitis. Lancet. 2002; 359: 1403—4. PMID: 11978339

4. Yamamoto M, Ohara M, Suzuki C, Naishiro Y, Yamamoto H, Takahashi H, et al. Elevated IgG4 concen-
trations in serum of patients with Mikulicz's disease. Scand J Rheumatol. 2004; 33: 432-3. PMID:
15794205

5. Kamisawa T, Funata N, Hayashi Y, Tsuruta K, Okamoto A, Amemiya K, et al. Close relationship be-
tween autoimmune pancreatitis and multifocal fibrosclerosis. Gut. 2003; 52:683—7. PMID: 12692053

6. Taniguchi T, Ko M, Seko S, Nishida O, Inoue F, Kobayashi H, et al. Interstitial pneumonia associated
with autoimmune pancreatitis. Gut. 2004; 53:770; author reply -1. PMID: 15082601

7. Erkelens GW, Vleggaar FP, Lesterhuis W, van Buuren HR, van der Werf SD. Sclerosing pancreato-
cholangitis responsive to steroid therapy. Lancet. 1999; 354:43—4. PMID: 10406367

8. Nakazawa T, OharaH, Yamada T, Ando H, Sano H, Kajino S, et al. Atypical primary sclerosing cholan-
gitis cases associated with unusual pancreatitis. Hepatogastroenterology. 2001; 48: 625-30. PMID:
11462890

9. Takeda S, Haratake J, Kasai T, Takaeda C, Takazakura E. IgG4-associated idiopathic tubulointerstitial
nephritis complicating autoimmune pancreatitis. Nephrol Dial Transplant. 2004; 19:474—6. PMID:
14736977

10. Stone JH, Khosroshahi A, Deshpande V, Chan JK, Heathcote JG, Aalberse R, et al. Recommendations
for the nomenclature of IgG4-related disease and its individual organ system manifestations. Arthritis
Rheum. 2012; 64: 3061-7. doi: 10.1002/art.34593 PMID: 22736240

11. Hamano H, Arakura N, Muraki T, Ozaki Y, Kiyosawa K, Kawa S. Prevalence and distribution of extra-
pancreatic lesions complicating autoimmune pancreatitis. J Gastroenterol. 2006; 41: 1197-205. PMID:
17287899

12. Kawa S, Ota M, Yoshizawa K, Horiuchi A, Hamano H, Ochi Y, et al. HLA DRB1*0405-DQB1*0401
haplotype is associated with autoimmune pancreatitis in the Japanese population. Gastroenterology.
2002; 122:1264-9. PMID: 11984513

13. UmemuraT, Ota M, Hamano H, Katsuyama Y, Kiyosawa K, Kawa S. Genetic association of Fc recep-
tor-like 3 polymorphisms with autoimmune pancreatitis in Japanese patients. Gut. 2006; 55: 1367-8.
PMID: 16905709

14. Umemura T, Ota M, Hamano H, Katsuyama Y, Muraki T, Arakura N, et al. Association of autoimmune
pancreatitis with cytotoxic T-lymphocyte antigen 4 gene polymorphisms in Japanese patients. Am J
Gastroenterol. 2008; 103: 588—94. doi: 10.1111/j.1572-0241.2007.01750.x PMID: 18341485

PLOS ONE | DOI:10.1371/journal.pone.0127078 May 18,2015 9/11


http://www.ncbi.nlm.nih.gov/pubmed/11236777
http://www.ncbi.nlm.nih.gov/pubmed/11978339
http://www.ncbi.nlm.nih.gov/pubmed/15794205
http://www.ncbi.nlm.nih.gov/pubmed/12692053
http://www.ncbi.nlm.nih.gov/pubmed/15082601
http://www.ncbi.nlm.nih.gov/pubmed/10406367
http://www.ncbi.nlm.nih.gov/pubmed/11462890
http://www.ncbi.nlm.nih.gov/pubmed/14736977
http://dx.doi.org/10.1002/art.34593
http://www.ncbi.nlm.nih.gov/pubmed/22736240
http://www.ncbi.nlm.nih.gov/pubmed/17287899
http://www.ncbi.nlm.nih.gov/pubmed/11984513
http://www.ncbi.nlm.nih.gov/pubmed/16905709
http://dx.doi.org/10.1111/j.1572-0241.2007.01750.x
http://www.ncbi.nlm.nih.gov/pubmed/18341485

@’PLOS ‘ ONE

Susceptible Genes to Dacryoadenitis/Sialadenitis Complications in AIP

15.

16.

17.

18.

19.

20.

21,

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Ota M, Ito T, Umemura T, Katsuyama Y, Yoshizawa K, Hamano H, et al. Polymorphism in the KCNA3
gene is associated with susceptibility to autoimmune pancreatitis in the Japanese population. Dis Mark-
ers. 2011; 31:223-9. doi: 10.3233/DMA-2011-0820 PMID: 22045429

Umemura T, Katsuyama Y, Hamano H, Kitahara K, Takayama M, Arakura N, et al. Association analysis
of Toll-like receptor 4 polymorphisms with autoimmune pancreatitis. Hum Immunol. 2009; 70: 724-6.

Ota M, Katsuyama Y, Hamano H, Umemura T, Kimura A, Yoshizawa K, et al. Two critical genes (HLA-
DRB1 and ABCF1) in the HLA region are associated with the susceptibility to autoimmune pancreatitis.
Immunogenetics. 2007; 59: 45-52. PMID: 17119950

Park DH, Kim M-H, Oh HB, Kwon O-J, Choi Y-J, Lee SS, et al. Substitution of asparatic acid at position
57 of the DQb1 affects relapse of autoimmune pancreatitis. Gastroenterology. 2008; 134: 440-446.
PMID: 18155707

Hirano K, Asaoka Y, Tada M, Isayama H, Sasahira N, Tsujino T, et al. No significant relation between
relaplse of autoimmune pancreatitis and substitution of asparatic acid at position 57 of DQB1. J Gastro-
enterol. 2009; 44: 799-800. doi: 10.1007/s00535-009-0080-4 PMID: 19468670

Welter D, MacArthur J, Morales J, Burdett T, Hall P, Junkins H, et al. The NHGRI GWAS Catalog, a cu-
rated resource of SNP-trait associations. Nucleic Acids Res. 2014; 42 D1001-D1006. doi: 10.1093/
nar/gkt1229 PMID: 24316577

Wang WY, Barratt BJ, Clayton DG, Todd JA. Genome-wide association studies: theoretical and practi-
cal concerns. Nat Rev Genet. 2005; 6:109-18. PMID: 15716907

CI-NHGRI Working Group on Replication in Association Studies, Chanock SJ, Manolio T, Boehnke M,
Boerwinkle E, Hunter DJ, et al. Replicating genotype-phenotype associations. Nature. 2007; 447:655—
60. PMID: 17554299

Kano A, Nishimori |, Masamune A, Kikuta K, Hirota M, Kuriyama S, et al. Nationwide epidemiological
survey of autoimmune pancreatitis in Japan. Pancreas. 2012; 41: 835-839. doi: 10.1097/MPA.
0b013e3182480c99 PMID: 22466167

Kamisawa T, Ryu JK, Kim MH, Okazaki K, Simosegawa T, Chung JB. Recent advances in the diagno-
sis and management of autoimmune pancreatitis: similarities and differences in Japan and Korea. Gut
and Liver. 2013; 7: 394—400. doi: 10.5009/gnl.2013.7.4.394 PMID: 23898377

Fujinaga Y, Kadoya M, Kawa S, Hamano H, Ueda K, Momose M, et al. Characteristic findings in images
of extra-pancreatic lesions associated with autoimmune pancreatitis. Eur J Radiol. 2010; 76: 228-238.
doi: 10.1016/j.ejrad.2009.06.010 PMID: 19581062

Dang DT, Pevsner J, Yang VW. The biology of the mammalian Kruppel-like family of transcription fac-
tors. Int J Biochem Cell Biol. 2000; 32:1103-21. PMID: 11137451

Bieker JJ. Kruppel-like factors: three fingers in many pies. J Biol Chem. 2001; 276: 34355-8. PMID:
11443140

Black AR, Black JD, Azizkhan-Clifford J. Sp1 and kruppel-like factor family of transcription factors in
cell growth regulation and cancer. J Cell Physiol. 2001; 188:143-60. PMID: 11424081

Laub F, Lei L, Sumiyoshi H, Kajimura D, Dragomir C, Smaldone S, et al. Transcription factor KLF7 is im-
portant for neuronal morphogenesis in selected regions of the nervous system. Mol Cell Biol. 2005;
25:5699-711. PMID: 15964824

Kanazawa A, Kawamura Y, Sekine A, lida A, Tsunoda T, Kashiwagi A, et al. Single nucleotide polymor-
phisms in the gene encoding Kruppel-like factor 7 are associated with type 2 diabetes. Diabetologia.
2005; 48:1315-22. PMID: 15937668

Zobel DP, Andreasen CH, Burgdorf KS, Andersson EA, Sandbaek A, Lauritzen T, et al. Variation in the
gene encoding Kruppel-like factor 7 influences body fat: studies of 14 818 Danes. Eur J Endocrinol.
2009; 160: 603-9. doi: 10.1530/EJE-08-0688 PMID: 19147600

Schuettpelz LG, Gopalan PK, Giuste FO, Romine MP, van Os R, Link DC. Kruppel-like factor 7 overex-
pression suppresses hematopoietic stem and progenitor cell function. Blood. 2012; 120: 2981-9. doi:
10.1182/blood-2012-02-409839 PMID: 22936656

Moleirinho S, Tilston-Lunel A, Angus L, Gunn-Moore F, Reynolds PA. The expanding family of FERM
proteins. Biochem J. 2013; 452: 183-93. doi: 10.1042/BJ20121642 PMID: 23662806

Hamada K, Shimizu T, Matsui T, Tsukita S, Hakoshima T. Structural Structural basis of the membrane-
targeting and unmasking mechanisms of the radixin FERM domain. EMBO J. 2000; 19: 4449-62.
PMID: 10970839

Klarlund JK, Holik J, Chawla A, Park JG, Buxton J, Czech MP. Signaling complexes of the FERM do-
main-containing protein GRSP1 bound to ARF exchange factor GRP1. J Bio Chem. 2001; 276:
40065-70. PMID: 11445584

Cross AR, Segal AW. The NADPH oxidase of professional phagocytes-prototype of the NOX electron
transport chain systems. Biochimica et biophysica acta. 2004; 1657: 1-22. PMID: 15295844

PLOS ONE | DOI:10.1371/journal.pone.0127078 May 18,2015 10/11


http://dx.doi.org/10.3233/DMA-2011-0820
http://www.ncbi.nlm.nih.gov/pubmed/22045429
http://www.ncbi.nlm.nih.gov/pubmed/17119950
http://www.ncbi.nlm.nih.gov/pubmed/18155707
http://dx.doi.org/10.1007/s00535-009-0080-4
http://www.ncbi.nlm.nih.gov/pubmed/19468670
http://dx.doi.org/10.1093/nar/gkt1229
http://dx.doi.org/10.1093/nar/gkt1229
http://www.ncbi.nlm.nih.gov/pubmed/24316577
http://www.ncbi.nlm.nih.gov/pubmed/15716907
http://www.ncbi.nlm.nih.gov/pubmed/17554299
http://dx.doi.org/10.1097/MPA.0b013e3182480c99
http://dx.doi.org/10.1097/MPA.0b013e3182480c99
http://www.ncbi.nlm.nih.gov/pubmed/22466167
http://dx.doi.org/10.5009/gnl.2013.7.4.394
http://www.ncbi.nlm.nih.gov/pubmed/23898377
http://dx.doi.org/10.1016/j.ejrad.2009.06.010
http://www.ncbi.nlm.nih.gov/pubmed/19581062
http://www.ncbi.nlm.nih.gov/pubmed/11137451
http://www.ncbi.nlm.nih.gov/pubmed/11443140
http://www.ncbi.nlm.nih.gov/pubmed/11424081
http://www.ncbi.nlm.nih.gov/pubmed/15964824
http://www.ncbi.nlm.nih.gov/pubmed/15937668
http://dx.doi.org/10.1530/EJE-08-0688
http://www.ncbi.nlm.nih.gov/pubmed/19147600
http://dx.doi.org/10.1182/blood-2012-02-409839
http://www.ncbi.nlm.nih.gov/pubmed/22936656
http://dx.doi.org/10.1042/BJ20121642
http://www.ncbi.nlm.nih.gov/pubmed/23662806
http://www.ncbi.nlm.nih.gov/pubmed/10970839
http://www.ncbi.nlm.nih.gov/pubmed/11445584
http://www.ncbi.nlm.nih.gov/pubmed/15295844

@’PLOS ‘ ONE

Susceptible Genes to Dacryoadenitis/Sialadenitis Complications in AIP

37.

38.

39.

40.

41.

42,

Bedard K, Krause KH. The NOX family of ROS-generating NADPH oxidases: physiology and patho-
physiology. Physiological reviews. 2007; 87:245-313. PMID: 17237347

Liguori L, Andolfo I, de Antonellis P, Aglio V, di Dato V, Marino N, et al. The metallophosphodiesterase
Mpped2 impairs tumorigenesis in neuroblastoma. Cell cycle. 2012; 11:569-81. doi: 10.4161/cc.11.3.
19063 PMID: 22262177

Finn SP, Smyth P, Cahill S, Streck C, O'Regan EM, Flavin R, et al. Expression microarray analysis of
papillary thyroid carcinoma and benign thyroid tissue: emphasis on the follicular variant and potential
markers of malignancy. Virchows Arch. 2007; 450: 249-60. PMID: 17252232

Mazzanti C, Zeiger MA, Costouros NG, Umbricht C, Westra WH, Smith D, et al. Using gene expression
profiling to differentiate benign versus malignant thyroid tumors. Cancer Res. 2004; 64: 2898-903.
PMID: 15087409

Seitz S, Korsching E, Weimer J, Jacobsen A, Arnold N, Meindl A, et al. Genetic background of different
cancer cell lines influences the gene set involved in chromosome 8 mediated breast tumor suppression.
Genes chromosomes Cancer. 2006; 45: 612—27. PMID: 16552773

Wacholder S, Chanock S, Garcia-Closas M, El Ghormli L, Rothman N. Assessing the probability that a
positive report is false: an approach for molecular epidemiology studies. J Natl Cancer Inst. 2004; 96:
434-42. PMID: 15026468

PLOS ONE | DOI:10.1371/journal.pone.0127078 May 18,2015 11/11


http://www.ncbi.nlm.nih.gov/pubmed/17237347
http://dx.doi.org/10.4161/cc.11.3.19063
http://dx.doi.org/10.4161/cc.11.3.19063
http://www.ncbi.nlm.nih.gov/pubmed/22262177
http://www.ncbi.nlm.nih.gov/pubmed/17252232
http://www.ncbi.nlm.nih.gov/pubmed/15087409
http://www.ncbi.nlm.nih.gov/pubmed/16552773
http://www.ncbi.nlm.nih.gov/pubmed/15026468

