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Fig. 4. miRNA-140/~ mice are prone to hepatocarcinogenesis. (A) Representative genotyping of mice with wild-type or mutant alleles. PCR
genotyping was performed for miRNA-140 wild-type (419 bp; Wild) and knockout (734 bp; Mutant) alleles. (+/-), wild-type; (+/—), heterozy-
gous; (—/—), knockout. (B) Increased Dnmtl expression and decreased MTI/Il expression in the liver tissues of MiRNA-140~/~ mice compared
with wild-type mice. Western blotting was performed using antibodies against the indicated proteins. (+/+), wild-type; (—/—), MiRNA-14077/~.
The image shown is representative of four independent experiments. (C) NF-xB-DNA binding was assessed via gel-shift assay using equal
amounts of liver nuclear extracts from untreated and TNF-c-injected wild-type and miRNA-1407/~ mice. (+/+), wild-type; (—/—), miRNA-
140~/~. Cold probe was added to TNF-o-injected knockout mouse nuclear extract to test assay specificity. A result representative of four inde-
pendent experiments is shown. (D) Western blotting for phosphorylated p65 expression in the liver at 32 weeks after DEN treatment in miRNA-
1407/~ mice compared with wild-type mice. A result representative of four independent experiments is shown. (E) Representative histological
images of mouse liver at 32 weeks after DEN treatment. Arrows indicate tumots. Higher-magnification images of the highlighted areas in the
upper paneis are shown in the lower panels. Scale bar, 500 um. (F) The number (left panel) and size (right panel) of tumors (five random sec-
tions per mouse treated with DEN) are presented as the mean = SD (wild-type mice, n = 8; miRNA-1407/~ mice, n = 8). *P < 0.05.
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Genome-wide association study identifies a new SMAD7 risk
variant associated with colorectal cancer risk in East Asians
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Genome-wide association studies (GWAS) of colorectal cancer (CRC) have been conducted primarily in European descendants.
In a GWAS conducted in East Asians, we first analeed_approximately 1.7 million single-nucleotide pdlymorphisms (SNPs) in
four studies with 1,773 CRC cases and 2,642 controls.,We then selected 66 promising SNPs for replication and genotyped
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in the combined analysis of all 11 studies (p=2.93 X 10“”) SNP 157229639 is 2,487 bp upstream from rs4939827, a risk
variant identified previously in a European-ancestry GWAS in relation to CRC risk. However, these two SNPs are ‘not correlated
in East Asians (% = 0.008) nor in Europeans (r = 0.146). The CRC association with rs7229639 remained statistically signifi-
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Key words: Genome-wide association study, GWAS, colorectal cancer, SMAD?, genetic susceptibility, single-nucleotide polymorphisms,
epidemiology

Additional Supporting Information may be found in the online version of this article.

Abbreviations: CHB: Han Chinese in Beijing, China; CI confidence intervals; CRC: colorectal cancer; EAF: effect allele frequency;
GWAS: genome-wide association study; HERPACC-II: Hospital-based Epidemiologic Research Program at Aichi Cancer Center; HWE:

Hardy-Weinberg equilibrium; JPT: Japanese in Tokyo, Japan; KCPS-II: Korean Cancer Prevention Study-II; LD: linkage disequilibrium;
MAF: minor allele frequency; NCC: National Cancer Center; OR: odds ratio; PCA: principal components analysis; QC: quality control;
SCH: Singapore Chinese Study; SMHS: Shanghai Men’s Health Study; SNP: single-nucleotide polymorphism; SWHS: Shanghai Women’s
Health Study

Conflict of interest: The authors report that they have no conflicts of interest.

DO 10.1002/1jc.28733

History: Received 15 July 2013; Accepted 18 Dec 2013; Online 21 Jan 2014

Correspondence to: Wei Zheng, Vanderbilt Epidemiology Center and Vanderbilt-Ingram Cancer Center, Vanderbilt University School of
Medicine, 2525 West End Avenue, 8th Floor, Nashville, TN 37203-1738, Tel.: +615-936-0682, Fax: +615-936-8241,

E-mail: wei.zheng@vanderbilt.edu

Int. J. Cancer: 00, 00-00 (2014) © 2014 UICC
- 381 ~



GWAS identifies a new SMAD?7 risk variants for CRC

reported prewously in this region. SNPs rs7229639 and rs4939827 explained apprommately 1% of the familial relatlve risk of’
CRC in East Asians. This study ldentlf’es a new CRC I‘ISk vanant in the 5MAD7 gene, further hlghllghtlng the S|gmflcant role of

this gene in the etlology of CRC..

- What’s new?

An estnmated 35% of colorectal cancer (CRC) nsk may be due to |nhented factors, about 10% of Wthh have been |dent|F ed in
; genome-WIde association studies (GWAS), though those studies have focused malnly on populatlons of European ancestry.

This GWAS of CRC focused on |nd|V|duals of East Asian ancestry, with SNP rs7229639 in ‘the SMAD7 gene found to be associ-
.. ated with CRC risk, independent of rs4939827, which was reported prev;ously ina European populatlon The ﬁndmgs hlghhght
-the role of SMAD7 in the etlology of CRC and suggest that genetlc nsk vanants may dn‘fer by study populatlons ‘

Colorectal cancer (CRC) is the third-most common cancer
and second-leading cause of cancer death worldwide.'
Although environmental factors are believed to play an
important role in the etiology of CRC, it is estimated that
approximately 35% of CRC risk may be attributable to inher-
ited factors.> To date, approximately 19 common genetic sus-
ceptibility loci for CRC have been identified in genome-wide
association studies (GWAS).>™*® However, these genetic var-
iants, along with high-penetrance germline mutations in
known CRC susceptibility genes, including APC, the DNA
mismatch repair genes, SMAD4, AXIN2, BMPRIA, TGFBR2,
POLDI, STK11 and MUTYH,'*'® explain less than 15% of
excess familial risk of CRC.>""°

Most previous GWAS for CRC were conducted in
European-ancestry populations. Given the potential difference
in genetic architectures between East Asians and European
ancestry populations, it is possible that some genetic risk var-
iants for CRC identified in European descendants may not be
generalizable to East Asians. Also, GWAS conducted in East
Asians could possibly identify genetic risk variants unique to
this population. In 2009, we initiated a GWAS in East
Asians, the Asia Colorectal Cancer Consortium, and identi-
fied three novel genetic susceptibility loci for CRC.* In this
article, we reported additional findings from this consortium
regarding the identification of a new risk variant for CRC in
the SMAD?7 gene.

Material and Methods

Study populations

This study, conducted as part of the Asia Colorectal Cancer
Consortium, included 8,891 CRC cases and 10,547 cancer-
free controls of East Asian ancestry recruited in eight centers
located in China, Korea, Japan and Singapore (Table 1). Spe-
cifically, Stage 1 consisted of four studies: Shanghai Study 1
(Shanghai-1, n=2982), Shanghai Study 2 (Shanghai-2,
n = 553), Guangzhou Study 1 (Guangzhou-1, n = 1,666) and
Aichi Study 1 (Aichi-1, n = 1,439). Stage 2 consisted of seven
studies: Guangzhou Study 2 (Guangzhou-2, n=2,892),
Korean-National ~Cancer Center Study (Korea-NCC,
n=2,721), Seoul Study (Korea-Seoul, n=1,522), Korean
Cancer Prevention Study-II (KCPS-II, # = 1,302), the Japan-
BioBank Study (Japan-BioBank, n = 3,498), Singapore Chi-

nese Study (SCH, n=2,000) and Aichi Study 2 (Aichi-2,
n=_863). Summary descriptions of these 11 participating
studies from eight centers are provided in Supporting Infor-
mation. Study protocols were approved by relevant institu-
tional review boards for all study sites.

Laboratory procedures

Genomic DNA was extracted from either blood or saliva
samples according to standard protocols. In Stage 1, genotyp-
ing was performed using Affymetrix Genome-Wide Human
SNP Array 6.0 (Affy 6.0, 906,602 SNPs) for Shanghai-1 cases
and controls; Ilumina HumanOmniExpress BeadChip (Illu-
mina OmniExpress, 729,462 SNPs) for Shanghai-2 cases and
controls, Guangzhou-1 cases and Aichi-1 cases; Illumina
Human610-Quad BeadChip (620,901 SNPs) for Guangzhou-1
controls and Iumina Infinium HumanHap610 BeadChip
(592,044 SNPs) for Aichi-1 controls. Genotype calling was
performed using Birdseed algorithm for Affymetrix 6.0 or
GenomeStudio software for Illumina GWAS platforms based
on manufacturer’s protocols.

Quality control (QC) protocols were applied to exclude
samples and SNPs from all four studies in Stage 1 as
described previously,’”"" including (1) genotype call rate per
sample <95%, (2) genetically identical (PI_HAT >0.9) or
duplicated samples, (3) genetic sex inconsistent with survey/
clinical data, (4) samples with close relative (PI_HAT > 0.25),
(5) population structure inconsistent with HapMap Asians
(see Statistical analysis), (6) genotype «call rate per
SNP < 95%, (7) minor allele frequency (MAF)<0.05, (8)
genotyping concordance <95% in QC samples, (9) Hardy-
Weinberg equilibrium (HWE) p<1 X 107 in controls or
(10) SNPs not in autosomes. After these QC procedures,
580,086 SNPs for 971 individuals (474 cases and 497 con-
trols) remained in the Shanghai-1 dataset; 515,701 SNPs for
485 individuals (254 cases and 231 controls) remained in the
Shanghai-2 dataset; 522,096 SNPs for 641 cases and 435,925
SNPs for 972 controls remained in the Guangzhou-1 dataset;
and 478,246 SNPs for cases and 443,065 SNPs for controls
remained in the Aichi-1 dataset.

Stage 2 genotyping was performed using the Sequenom
MassARRAY platform (Sequenom, San Diego, CA) for the
promising 66 SNPs selected from Stage 1. These SNPs were

Int. J. Cancer: 00, 00-00 (2014) © 2014 UICC
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Table 1. Descriptions of participating studies and subjects included in this analysis

iy  Meanage S

s . Samplesize! - (years)> . Female (%)> o

Study ~ Population Genotyped = AfterQC . Cases Controls = Cases Controls Genbtypihg platform

Stage 1

Shanghai-1  Chinese  481/501  474/497 60.02 6020  73.84 7264  Affymetrix 6.0

Shanghai-2  Chinese  296/257  254/231 61.16 60.75 5472 5671 lllumina OmniExpress

Guahgzhou-i Chkikheus:ek 694/972, 641/9:72;[: i 54.86 47.40 “3k6.,51 27.06 ’Illkukmikn'a OmhiEXbréss/VHumahé‘lO-Quady:~
Aichi-1 Japanese  497/942 404/942 59.43 47.88 37.38 47.77 Ilumina OmniExpress/HumanHap610
Subtotal 1,968/2,672 1,732,642 G . o
Stge2 . | . |

Guangzhou-23‘ CHinesé 1,371/1,521 ’ 1,371/1,521 58.22 54.64 3’7.96’39.25 Sequenom
Korea-NCC>  Korean  1,392/1,329 1,392/1,320 5819 5550  37.64 38.60  Sequenom

Korea-Seoulj Kofean 849/673 849/673 59.05 57.19 40.99 47.85 Sequehom

KCPS-11* Korean 325977  325/976 5138 4127  27.08 4334  Affymetrix 5.0 -
Japan-BioBank* Japanese 1,595/1,903 1,583/1,898 58.37 52.49 39.17 36.22 lllumina Hun'fanHap 610K/556K
SCHY  Chinese  1,000/1,000 991/993 69.99 69.40  42.99 43.00  Affymetrix 6.0 e
Aichi-23 ’Japanese 391/472 391/472 59.87 60.08 ’36.06’35.17 Sequenom

Subtotal 6,923/7,875 6,902/7,862 - -

Total 8,891/10,547 8,675/10,504

*Number of cases/controls. QC, quality control.
2Among samples remained after QC exclusion.
3Studies for direct genotyping.

“Studies for in silico replication.

genotyped in Guangzhou-2, Korea-NCC and Korea-Seoul
studies. Again in Stage 2, standard QC protocols were applied
to exclude SNPs, including (1) genotype call rate per
SNP < 95%, (2) unclear genotyping cluster, (3) genotyping
concordance <95% in QC samples and (4) HWE P<7.7 X
10™* (0.05/65) in controls. After these QC procedures, the
number of eligible SNPs was 65 in Guangzhou-2, 64 in
Korea-NCC and 60 in Korea-Seoul studies. Five of these
SNPs were taken forward for in silico replication in KCPS-II
(n=15), Japan-BioBank (n=05) and SCH (n=2; rs7229639
and rs2143619). Genotyping was conducted using either
Affymetrix Genome-Wide Human SNP Array 5.0 in KCPS-II
or Hlumina HumanHap 610K and 550K in Japan-BioBank or
Affymetrix Genome-Wide Human SNP Array 6.0 for SCH.
Details of the QC procedures and data processing for samples
included in these three studies have been previously reported
elsewhere.'**?! Finally, SNP 157229639 was further geno-
typed in Aichi-2 using Sequenom along with SNPs for other
projects.

Statistical analysis

Genome-wide imputation for samples in four Stage 1 studies
was performed using program MACH 1.0% based on data
from the 90 CHB (Han Chinese in Beijing, China) and JPT
(Japanese in Tokyo, Japan) samples included in the HapMap

Int. J. Cancer: 00, 00-00 (2014) © 2014 UICC

project (release 22). After exclusion of imputed SNPs with
MAF < 0.05 and RSQ < 0.50, 1,695,815 genotyped or imputed
SNPs remained for meta-analyses.

To evaluate the population structure and identify potential
genetic outliers, we performed principal components analysis
(PCA) using EIGENSTRAT, version 2.5 We selected a set
of ~6,000 uncorrelated SNPs (closest distance between two
SNPs >200 kb, MAF>0.2, r*<0.1, and call rate >99%)
shared among all 4,415 samples included in Stage 1 and the
HapMap Project using PLINK version 1.07.>* Genotype data
of these SNPs from the four Stage 1 studies were pooled
together with HapMap data (release 23a) to generate the first
ten principal components. Samples were removed from the
final analysis if they were more than 6c away from the
means of PCI and PC2.

Associations of SNPs with CRC risk in each of the four
studies included in Stage 1 were assessed by assuming a log-
additive effect of the allelic dosage of the SNPs. Odds ratios
(ORs) and 95% confidence intervals (Cls) were generated
from logistic regression models, adjusted for age, sex and the
first ten principal components. We coded 0, 1 or 2 copies of
the effect alleles as dosage for genotyped SNPs and used the
expected number of copies of the effect alleles as dosage
score for imputed SNPs to account for imputation uncer-
tainty.”> The meta-analysis was performed using an inverse-
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variance method assuming fixed-effects, with a Cochran’s Q-
statistic to test for heterogeneity®® and I* statistic to quantify
heterogeneity” across studies. Summary statistics of genome-
wide meta-analyses were generated using the METAL pro-
gram.”® Similar to Stage 1, we evaluated associations of CRC
risk with SNPs in each of the studies included in Stage 2
using logistic regression models with adjustment for age and
sex. Summary estimates in Stage 2, all studies combined, and
subgroups by populations (Chinese, Korean and Japanese)
and sex (male and female) were also obtained using a fixed-
effects meta-analysis with METAL. SNPs showing an associa-
tion at p<5 X 107% in the combined analysis of all studies
were considered genome-wide significant. We conducted hap-
lotype association analysis for two SNPs in 18q21.1 using
SAS Genetics v9.3 with logistic regression models. The fami-
lial relative risk (A) to offspring of an affected individual due
to a single locus is estimated using formula: A=(pr’+gq)/
(pr+q)?, where p is the frequency of the risk allele, g=1—p
is the frequency of the reference allele and r is the per-allele
relative risk.?® The proportion of the familial relative risk
explained by a locus, assuming a multiplicative interaction
between markers in the locus and other loci, is calculated as
In (TT; M)/In (Xp), where o is the overall familial relative
risk, which is assigned to be 2.2 for CRC estimated from a
previous meta-analysis,*® Assuming that the risks associated
with each locus combine multiplicatively, the combined con-
tribution of the familial relative risks from multiple loci is
equal to (I, A;)/In (Ao).

To visualize population substructure, we drew a PCA plot
using data from the 4,415 Stage 1 samples and 270 subjects
from HapMap based on the first two principal components
using R version 2.13.0 (http://www.r-project.org/). We also
used R package to generate a forest plot to display the associ-
ation of rs7229639 with CRC risk across studies. We gener-
ated regional association plots using the website-based
software LocusZoom, version 1.1.>". Haploview version 4.2%
was used to infer linkage disequilibrium (LD) structure.

Resulis

A total of 19,179 samples are included in the current analysis
(Table 1). Cases and controls were reasonably well matched
by age and sex in most of the participating studies. All sam-
ples in Stage 1 showed a clear East Asian origin and none of
them were more than 6c away from the means of PC1 and
PC2 (Supporting Information Fig. SI). Cases and controls in
each of the four studies were in the same cluster compared
with East Asians in HapMap. After standard QC filter, a total
of 1,695,815 SNPs were finally included in the association
analyses. Using Stage 1 data, we evaluated association of
CRC risk with the 26 previously reported SNPs. Of the 22
SNPs initially identified from GWAS conducted in European-
ancestry populations, rs6691170 and rs16892766 are mono-
morphic in East Asians. One SNP, rs5934683 in Chromo-
some X, was excluded from analyses in this study. All other
19 SNPs showed an association with CRC risk in the same
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direction as reported initially (Supporting Information Table
S1). Nine of 19 the SNPs showed a statistically significant
association with CRC risk at p < 0.05. Of the four SNPs ini-
tially identified in East Asians, three (rs647161, rs10774214
and rs2423279) were also significantly associated with CRC
in our Stage 1, and one (rs7758229) was not associated with
CRC risk in these data. To identify new genetic risk varjants
for CRC, we selected the 66 most promising SNPs for repli-
cation in Stage 2 using the following criteria: (1) MAF > 0.05
in each of the four Stage 1 studies, (2) RSQ > 0.70 in all four
studies, (3) Pmen <55 X 107°, (4) no heterogeneity
(Pheterogeneity > 0.05 and PP <25%), (5) uncorrelated with
SNPs in known CRC loci or with each other (+* < 0.20) and
(6) data available in all four Stage 1 studies. These 66 SNPs
were not evaluated in our previously published study.®

Of the 66 SNPs selected for Stage 2 replication, 59 SNPs
were successfully genotyped in 3,612 cases and 3,523 controls
from three studies (Guangzhou-2, Korea-NCC and Korea-
Seoul) included in Stage 2 (Supporting Information Table
S2). Five SNPs (rs7923556, rs1539213, rs7229639, rs7247381
and rs2143619) from five different regions (10q21.2, 14q21.3,
18921.1, 19q12 and 20pl2.2) showed an association with
CRC risk at p-value <0.05 in the same direction as observed
in Stage 1 (Supporting Information Table S2). For these five
SNPs, we conducted in silico replication using data from
three additional studies (KCPS-II, Japan-BioBank and SCH)
with 2,899 cases and 3,867 controls. SNP rs7229639 was fur-
ther genotyped in Aichi-2 including 391 cases and 472 con-
trols. Of all the 59 SNPs evaluated in Stage 2, only rs7229639
was consistently associated with CRC risk across all seven
studies, showing strong evidence of replication, with p-value
3.39 X 107% Joint analysis of samples in Stages 1 and 2
yielded per-allele OR (95% CI) 1.22 (1.15-1.29) and p-value
2.93 X 107 (Table 2), which is substantially lower than the
genome-wide significance level of 5 X 1072, This association
was consistent across all 11 studies in Stages 1 and 2 (Fig. 1),
with little evidence of between-study heterogeneity (p for het-
erogeneity =0.726, I* = 0%). Stratification analysis did not
reveal any apparent heterogeneity across Chinese
(OR=1.20), Korean (OR=1.21) or Japanese (OR=1.23)
subjects (p for heterogeneity =0.958), or between men
(OR=1.28) and women (OR=1.19) (p for heterogeneity
=0.268) for this SNP (Table 2). Finally, using genotype data
from four studies included in Stage 2, we found that the risk
of CRC was increased in a dose-response manner with the
number of minor allele (A) of rs7229639 (p for trend = 4.78
X 1077), with ORs of 1.21 (95% CIL: 1.10-1.34) and 1.62
(95% CI: 1.26-2.08) for heterozygotes and homozygotes,
respectively. These data support an additive model rather
than dominant (OR = 1.25, 95% CI: 1.14-1.38; p=4.39 X
107%) or recessive model (OR=1.52, 95% CI 1.19-1.96;
Pp=9.95X 107%).

SNP rs7229639 is located in intron 3 of the SMAD7 gene
at 18q21.1 (Supporting Information Fig. S2), where three
other SNPs (rs4939827, rs12953717 and rs4464148) have

Int. J. Cancer: 00, 00-00 (2014) ® 2014 UICC

- 384 -



Zhang et al. 5
Table 2. Association of rs7229639 in the SMAD7 gene with colorectal cancerCRC risk in East Asians
 Sample size' : EAF? ~ perallele association Heterogeneity
Study  Cases  Controls Cases  Controls " OR(95% CI)® P-value Pheterogeneity” 12 (%)
Stage 1 1,773 2,642 0186  0.152 132 (1.17-1.50)  1.22 X 107° 0.269 24
Stage2 6,800 7,761 0476 0153 120 (1.13-128) 339X 107° 0.897 | '
Overall 8573 10,403 0478 0.152 1.22 (1.15-1.29)  2.93 X 107" 0.726
Chinese 3,670 4204 0170  0.145 120 (1.10-1.32)  6.65 X 10°° 0.958
Korean 2,525 2,889 0215  0.185 1.21 (1.09-1.33)  1.85 X 107*
japanese 2,378 3,310 0151  0.133 1.23 (1.10-138) 321 x 107%
Male 3,542 4,338 0190  0.156 1.28 (1.17-1.40)  2.88 X 10°® 0.268 19
Female 2,456 3,175 0200  0.174 119 (1.07-132) 813 X 1074

*Data from Japan-BioBank and SCH studies were not included in the stratified analysis by sex.

2Effect allele (A) frequency of cases and controls.
30R was estimated based on the effect allele (A).

“p for heterogeneity across studies was calculated using a Cochran’s Q test.

been reported in previous GWAS conducted in European
descendants to be associated with CRC risk> In a fine-
mapping analysis, rs58920878 was identified as a potential
causal variant in this region.”® SNP rs7229639 is not corre-
lated with any of four previously reported risk variants in
this region in East Asians with * all under 0.05 (data from
the 1,000 Genomes Project). In European descendants,
1s7229639 was weakly correlated with r4939827 (r* = 0.146)
and not correlated with any of the four other SNPs
(* < 0.07). Data for these four previously reported SNPs
were available in Stage 1, and three of the SNPs showed stat-
istically significant (rs4939827) or marginally significant
(rs58920878 and rs12953717) association with CRC risk in
our Stage 1 (Table 3, Supporting Information Table S1). Of
these previously reported risk variants, rs4939827 showed the
strongest association with CRC risk (OR=10.89, 95% CI,
0.80-0.98, p=0.022) in Stage 1 of our study. Because
rs4939827 is in LD with both rs58920878 and rs12953717 in
Asians (r*>0.8), we selected 154939827 for additional geno-
typing in Stage 2 (p = 0.008) (data not shown). A combined
analysis of samples from both Stages 1 and 2 yielded a per-
allele OR (95% CI) of 0.90 (0.85-0.96) (p = 0.001) (data not
shown). ’

Conditional analyses were performed to determine
whether the observed association with rs7229639 was inde-
pendent of the other GWAS-identified SNPs in this region
(Table 3). The association with rs7229639 remained statisti-
cally significant after adjusting for any of these previously
GWAS-identified SNPs individually or in combination. Inter-
estingly, adjusting for rs7229639 strengthened the associa-
tions of CRC risk with three (rs4939827, rs58920878 and
rs12953717) of the four SNPs reported from previous
GWAS. Because these three previously reported SNPs were
strongly correlated, we selected rs4939827 for further evalua-
tion with rs7229639 in haplotype analysis. Haplotype analysis
of 1s7229639 and rs4939827 revealed two common haplo-
types, A-C and G-T, to be statistically significantly associated
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with CRC risk (Table 4). For haplotype A-C, the strength of
association with CRC (OR=1.68, 95% CI, 1.37-2.07;
p=19.92 X 1077) was greater than that of either rs7229639
(OR=122, 95% CI, 1.11-133; p=343 X 107°) or
rs4939827 (OR=0.90, 95% CI, 0.83-0.97; p =0.007) alone.
When dominant model was applied, three minor haplotypes
were associated with a 1.49-fold (95% CI, 1.29-1.72)
increased risk of CRC (p=5.01 X 107%).

Discussion

In this two-stage GWAS of CRC including 8,675 cases and
10,504 controls from China, Korea, Japan and Singapore, we
identified a new genetic variant (rs7229639) in the SMAD7
gene to be associated with CRC risk at genome-wide signifi-
cance level. The association of this SNP with CRC risk
remained highly statistically significant after adjusting for all
four other risk variants reported previously in this region,>*
providing evidence for the presence of multiple genetic risk
variants in the SMAD7 gene for CRC. SNP rs7229639
explained approximately 0.75% of the familial relative risk of
CRC in East Asians, while rs4939827, the risk variant identi-
fied originally in GWAS, explained about 0.3% of familial rel-
ative risk. When haplotypes of these two variants are
considered, these variants would explain 1.9% of familial rela-
tive risk, approximately six-fold the 0.3% explained by the
original risk variant (rs4939827).

SNP 157229639 (46,450,976 bp, NCBI Human Genome
Build 37.3) is located in intron 3 of the SMAD? gene at chro-
mosome 18q21.1. In this region, three other variants includ-
ing rs4939827 (46,453,463 bp), rs12953717 (46,453,929 bp)
and rs4464148 (46,459,032 bp) have been found to be associ-
ated with CRC risk through GWAS conducted in European-
ancestry populations.” A subsequent fine-mapping through
resequencing 17 kb region of 18q21.1 in a study conducted
in European descendants identified a new variant,
58920878 (46,449,565 bp) as a potential causal variant at
this locus.®® SNP 1558920878 showed the strongest
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Study ) OR (95% Cl) P-value
Stage 1 - ———— 1.32 (1.17-1.50)  1.22x10°°
Shanghai-1 — 1.36 (1.08-1.72) 0.009
Shanghai~2 — 1.06 {0.75-1.49) 0.764
Guangzhou-1 1.15(0.91-1.45) 0249
Aichi-1 ~ 150 (1.47-1.92)  0.001
Stage 2 — - 1.20 (1.13-128)  3.39x10°
Guangzhou~2. —| -—————-l—-—-——-—- 1,19 (1.03-1.38) 0.017
Korea-NCC — — 1.22 (1.07-1.40)  0.004
Korea-Seoul s 129(1.07-1.55)  0.007
KCPS-Il 1.41(0.85-1.45)  0.430
Japan-BioBank — ] 1.13 (0.97-1.30) 0.111
SCH 121(1.00-146)  0.053
Aichi-2 132 (1.01-1.71)  0.040
Overall - - 122 (1.15-1.29)  2.93x107"
P forkheterogeneity =0.726
i I-squared = 0%
[ i - 13

0.50 1.00

Odds Ratios

1.50 2.00

Figure 1, Association of 157229639 with colorectal cancer risk by studies. Per-allele ORs are presented with the area of the box proportion
to the inverse variance weight of the estimate. Horizontal lines show 95% Cls.

association in that study and is correlated with rs4939827
(*=0.533), 1512953717 (*=0927) and rs4464148
(*=0.327) in European descendants. Although rs58920878
is also in high LD with both rs4939827 (**=10.830) and
rs12953717 (* = 0.785) in East Asians, it was only weakly
associated with CRC risk in our study. The SNP (rs7229639)
we identified in this study showed the strongest association
with CRC risk and is not correlated with any of the four pre-
viously reported SNPs in both East Asian and European pop-

ulations. Therefore, as expected, adjustment for any or all of
these four SNPs did not attenuate the association of
1s7229639 with CRC risk in the current study. Haplotype
analyses further confirmed the independent association of
rs$7229639 and rs4939827 with CRC risk in this locus. It is
possible that multiple causal variants may be present in this
locus among East Asians.

The SMAD7 gene is a key member in TGF-B family sig-
naling pathway, which has been shown to play a dual role in
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Table 3. Evaluation of independent association of rs7229639 and other four risk variants in the SMAD7 gene in relation to colorectal can-

cerCRC risk
Test SNP.(allele) _ Adjusted SNP(s) . Cases/controls EAF! OR (95% CI) - P-value
1558920878 (0) None : 1,773/2,642 0.734 0.92 (0.82-1.02) 0.097
157229639 (A) - None . 4,840/5,925 0156 125(116-138)  525X107°
154939827 (C) None 4,840/5,925 0.727 ©0.90 (0.85-0.96) 8.87 X 10~
1512953717 () None - L,773[2,642 0733 092 (0.83-1.01) 0085
54464148 (O) None 1,773/2,642 0.059 0.97 (0.80-1.18) 0.770
157229639 (A)  1s58920878 17732642 0452 140(1.23-160) 419X 107
157229639 (A) 154939827 ' 4,840/5,925 0.156 1.30 (1.20-1.40) 1.87 X 10711
157229639 (A) 1s12953717 1773/2,642 0152 1.40 (1.23-1.60) 3.97 X107
157229639 (A) 1s4464148 1,773/2,642 0.152 1.32 (1.17-1.50) 1.25 X 1075
157229639 (A) Al four SNPS? 1,773/2,642 0.152 141 (1.23-1.61) 8.96 X 1077
(558920878 (C) 157229639 1,773/2,642 0.734 0.84 (0.76-0.94) 0.002 k
154939827 () 157229639 4,840/5,925 0.727 0.86 (0.81-0.92) 257 x 107
1512953717 (©) 157229639 1,773/2,642 0.733 0.85 (0.76-0.94) 0.002
rs4464148 (O 17229639 1,773/2,642 0.059 1.02 (0.84-1.24) 0854

Abbreviations: EAF, effect allele frequency; OR, odds ratio; and Cl, confidence interval.

*Effect allele frequency of the tested SNP in controls.

21558920878, 154939827, 1512953717 and rs4464148.

Table 4. Association of colorectal cancerCRC risk with the haplotypes comprising rs7229639 and rs4939827

‘ L o Freguency? ' ‘ L ‘

Halowpel . 1 Emae ~ Controls OR (95% CI)* Pvalue
G-C 0.537 0.582 1.00 (Reference)
GT i T 0973 o 0.258 1.41 (1.18-1.67) 1.01 X 1074
AC 0.176 k 0.149 1.68 (1.37-2.07) 9.92 X 1077
AT o ’ 0013 0.010 133 (0.54-3.26) 0532
G-T/A-C/AT 0.463 0.418 1.49 (1.29-1.72) 5.01 X 1078

"Haplotypes of rs7229639 and rs4939827.

2Analyses were based on 3,067 cases and 3,283 controls included in Stage 2.

3Adjusted for age, sex and study site.

carcinogenesis, including tumor suppressor in early stage and
oncogene in advanced stage of cancers.>* Multiple genes in
this pathway are known to be involved in colorectal pathoge-
nesis.”> SMAD7 gene encodes Smad family member 7
(Smad?7), an inhibitory protein that functions as an antago-
nist of TGF-B signaling by blocking phosphorylation of
receptor-activated Smads or by competitive inhibition of
complex formation of receptor-activated Smads with the
common-mediator Smad4 in the cytoplasm and nucleus.’
Smad7 also serves as an important cross-talk mediator of the
TGEF-B signaling pathway with other signaling pathways
including Wnt signaling.®® Expression of Smad7 was found
in both normal colon mucosa and tumor cells,”” and aberrant
Smad7 expression may influence CRC progression,®®
Recently, Smad7 was shown to induce colorectal tumorige-
nicity through blocking TGF- B-induced growth inhibition
and inhibiting apoptosis, and a certain proportion of human
colorectal tumors may become refractory to tumor-

int. J. Cancer: 00, 00-00 (2014) © 2014 UICC

suppressive actions of TGF-B that might lead to increased
tumorigenicity.*®

A recent study has showed that the previously identified
CRC risk variant rs4939827 may be associated with CRC sur-
vival.’, This SNP was associated with certain characteristics
of CRC, including invasiveness of the cancer and RUNX3
methylation status.*’ No survival data, however, were col-
lected in our study, and thus we could not evaluate these
SMAD? variants, including the newly identified risk variant
157229639, with CRC survival in our study.

In summary, this study identified a new CRC risk vari-
ant in the SMAD? gene among East Asians, which further
highlights the significant role of this gene in the etiology
of CRC. To date, multiple CRC susceptibility loci have
been identified by GWAS in TGF-B pathway genes, includ-
ing SMAD?, supporting an important role of this pathway
in the pathogenesis of CRC. Future studies are warranted
to investigate these CRC susceptibility loci to identify
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causal variants underlying the associations discovered in
GWAS.

Acknowledgements

The content of this article is solely the responsibility of the authors and does
not necessarily represent the official views of the funding agencies. The
authors wish to thank the study participants and research staff for their contri-
butions and commitment to this project, Regina Courtney for DNA prepara-
tion, Jing He for data processing and analyses, and Mary Jo Daly for clerical
support in manuscript preparation. This research was supported in part by US
National Institutes of Health grants R37CA070867, R01CA082729,
RO1CA124558, RO1CA148667 and RO1CA122364, as well as Ingram Profes-
sorship and Research Reward funds from the Vanderbilt University School of
Medicine. Participating studies (grant support) in the consortium are as fol-
lows: Shanghai Women’s Health Study (R37CA070867), Shanghai Men’s
Health Study (RO1CA082729), Shanghai Breast and Endometrial Cancer

GWAS identifies a new SMAD? risk variants for CRC

Studies (ROICA064277 and RO1CA092585, contributing only controls),
Guangzhou Colorectal Cancer Study (National Key Scientific and Technologi-
cal Project—2011ZX09307-001-04; the National Basic Research Program—
2011CB504303, contributing orgly controls; the Natural Science Foundation of
China—=81072383, contributing only controls), Aichi Colorectal Cancer Study
(Grant-in-aid for Cancer Research, the Grant for the Third Term Comprehen-
sive Control Research for Cancer and Grants-in-Aid for Scientific Research
from the Japanese Ministry of Education, Culture, Sports, Science and Tech-
nology, Nos. 17015018 and 22150001), Korea-NCC Colorectal Cancer Study
(Basic Science Research Program through the National Research Foundation
of Korea, 2010-0010276 and National Cancer Center Korea, 0910220), Japan-
BioBank Colorectal Cancer Study (Grant from the Ministry of Education, Cul-
ture, Sports, Science and Technology of the Japanese government), KCPS-II
colorectal cancer study (National R&D Program for cancer control, 0920330;
Seoul R&D Program, 10526), Korea-Seoul Colorectal Cancer Study (none
reported) and Singapore Chinese Study (NMRC/1193/2008).

References

1. Jemal A, Bray F, Center MM, et al. Global cancer tumors in a genome-wide meta-analysis. Gastro- 28. Willer CJ, Li Y, Abecasis GR. METAL: fast and
statistics. CA Cancer ] Clin 2011;61:69-90. enterology 2013;144:799-807. efficient meta-analysis of genomewide association

2. Lichtenstein P, Holm NV, Verkasalo PK, et al. 14. de la Chapelle A. Genetic predisposition to colo- scans. Bioinformatics 2010;26:2190-1.
Environmental and heritable factors in the causa- rectal cancer. Nat Rev Cancer 2004;4:769-80. 29. Zheng W, Zhang B, Cai Q, et al. Common
tion of cancer—analyses of cohorts of twins from  15. Ma X, Zhang B, Zheng W. Genetic variants asso- genetic determinants of breast-cancer risk in East
Sweden, Denmark, and Finland. N Engl ] Med ciated with colorectal cancer risk: comprehensive Asian women: a collaborative study of 23 637
2000;343:78-85. research synopsis, meta-analysis, and epidemio- breast cancer cases and 25 579 controls. Hum

3. Zanke BW, Greenwood CM, Rangrej J, et al. logical evidence. Gut 2014;63:326-36. Mol Genet 2013;22:2539-50.

Genome-wide association scan identifies a colo- 16. Jia WH, Zhang B, Matsuo K, et al. Genome-wide 30. Johns LE, Houlston RS. A systematic review and
rectal cancer susceptibility locus on chromosome association analyses in East Asians identify new meta-analysis of familial colorectal cancer risk.
8q24. Nat Genet 2007;39:989-94. susceptibility loci for colorectal cancer. Nat Genet Am ] Gastroenterol 2001;96:2992-3003.

4. Tomlinson I, Webb E, Carvajal-Carmona L, et al. 2013;45:191-6. 31. Pruim RJ, Welch RP, Sanna §, et al. LocusZoom:
A genome-wide association scan of tag SNPs 17. Zheng W, Long ], Gao YT, et al. Genome-wide regional visualization of genome-wide association
identifies a susceptibility variant for colorectal association study identifies a new breast cancer sus- scan results. Bioinformatics 2010;26:2336-7.
cancer at 8q24.21. Nat Genet 2007;39:984-8. ceptibility locus at 6q25.1. Nat Genet 2009;41:324~8. 32. Barrett JC, Fry B, Maller ], et al. Haploview: anal-

5. Broderick P, Carvajal-Carmona L, Pittman AM, 18. Bei JX, Li Y, Jia WH, et al. A genome-wide asso- ysis and visualization of LD and haplotype maps.
et al. A genome-wide association study shows ciation study of nasopharyngeal carcinoma identi- Bioinformatics 2005;21:263-5.
that common alleles of SMAD?7 influence colo- fies three new susceptibility loci. Nat Genet 2010; 33. Pittman AM, Naranjo S, Webb E, et al. The colo-
rectal cancer risk. Nat Genet 2007;39:1315-7. 42:599-603. rectal cancer risk at 18q21 is caused by a novel

6. Jaeger E, Webb E, Howarth K, et al. Common 19. Nakata ], Yamashiro K, Yamada R, et al. Association variant altering SMAD7 expression. Genome Res
genetic variants at the CRAC1 (HMPS) locus on between the SERPING1 gene and age-related macu- 2009;19:987-93.
chromosome 15q13.3 influence colorectal cancer lar degeneration and polypoidal choroidal vasculop- 34. Blobe GC, Schiemann WP, Lodish HF. Role of
risk. Nat Genet 2008;40:26-8. athy in Japanese. PLoS One 2011;6:¢19108. transforming growth factor beta in human dis-

7. Tenesa A, Farrington SM, Prendergast ]G, et al. 20. Jee SH, Sull JW, Lee JE, et al. Adiponectin con- ease. N Engl ] Med 2000;342:1350~8.
Genome-wide association scan identifies a colo- centrations: a genome-wide association study. Am  35. Markowitz SD, Bertagnolli MM. Molecular ori-
rectal cancer susceptibility locus on 1123 and J Hum Genet 2010;87:545-52. gins of cancer: molecular basis of colorectal can-
replicates risk loci at 8q24 and 18q21. Nat Genet 21. Thean LF, Li HH, Teo YY, et al. Association of cer. N Engl ] Med 2009;361:2449-60.
2008;40:631-7. caucasian-identified variants with colorectal can- 36. Yan X, Chen YG. Smad7: not only a regulator,

8. Tomlinson IP, Webb E, Carvajal-Carmona L, et al. cer risk in Singapore Chinese. PLoS One 2012;7: but also a cross-talk mediator of TGF-beta signal-
A genome-wide association study identifies colo- €42407. ling. Biochem ] 2011;434:1-10.
rectal cancer susceptibility loci on chromosomes 22. LiY, Willer CJ, Ding J, et al. MaCH: using 37. Korchynskyi O, Landstrom M, Stoika R, et al.
10p14 and 8q23.3. Nat Genet 2008;40:623-30. sequence and genotype data to estimate haplo- Expression of Smad proteins in human colorectal

9. Houlston RS, Webb E, Broderick P, et al. Meta- types and unobserved genotypes. Genet Epidemiol cancer. Int ] Cancer 1999;82:197-202.
analysis of genome-wide association data identi- 2010;34:816-34. 38. Levy L, Hill CS. Alterations in components of the
fies four new susceptibility loci for colorectal can- ~ 23. Price AL, Patterson NJ, Plenge RM, et al. Princi- TGF-beta superfamily signaling pathways in
cer. Nat Genet 2008;40:1426-35. pal components analysis corrects for stratification human cancer. Cytokine Growth Factor Rev 2006;

10. Houlston RS, Cheadle ], Dobbins SE, et al. Meta- in genome-wide association studies. Nat Genet 17:41-58.
analysis of three genome-wide association studies 2006;38:904-9. 39. Halder SK, Beauchamp RD, Datta PK. Smad7
identifies susceptibility loci for colorectal cancer 24. Purcell S, Neale B, Todd-Brown K, et al. PLINK: induces tumorigenicity by blocking TGF-beta-
at 1941, 3q26.2, 12q13.13 and 20q13.33. Nat a tool set for whole-genome association and induced growth inhibition and apoptosis. Exp
Genet 2010;42:973-7. population-based linkage analyses. Am ] Hum Cell Res 2005;307:231-46.

11. Cui R, Okada Y, Jang SG, et al. Common variant Genet 2007;81:559-75. 40. Phipps Al Newcomb PA, Garcia-Albeniz X, et al.
in 6q26-q27 is associated with distal colon cancer ~ 25. Zheng]J, LiY, Abecasis GR, et al. A comparison of Association between colorectal cancer susceptibil-
in an Asian population. Gut 2011;60:799-805. approaches to account for uncertainty in analysis of ity Loci and survival time after diagnosis with

12. Dunlop MG, Dobbins SE, Farrington SM, et al. imputed genotypes. Genet Epidemiol 2011;35:102-10. colorectal cancer. Gastroenterology 2012;143:51-4.
Common variation near CDKN1A, POLD3 and 26. Lau J, Ioannidis JP, Schmid CH. Quantitative 41. Garcia-Albeniz X, Nan H, Valeri L, et al. Pheno-
SHROOM?2 influences colorectal cancer risk. Nat synthesis in systematic reviews. Ann Intern Med typic and tumor molecular characterization of
Genet 2012;44:770-6. 1997;127:820-6. colorectal cancer in relation to a susceptibility

13. Peters U, Jiao S, Schumacher FR, et al. Identifica-  27. Higgins JP, Thompson SG. Quantifying heterogene- SMAD? variant associated with survival. Carcino-
tion of genetic susceptibility loci for colorectal ity in a meta-analysis. Stat Med 2002;21:1539-58. genesis 2013;34:292~8.

Int. J. Cancer: 00, 00-00 (2014) © 2014 UICC

- 388 -



OPEN O ACUESS Preely avallable onfine @ Pl-os | ONE

Impact of PSCA Variation on Gastric Ulcer Susceptibility

Chizu Tanikawa', Keitaro Matsuo?, Michiaki Kubo®, Atsushi Takahashi®, Hidemi Ito?, Hideo TanakaZ,
Yasushi Yatabe®, Kenji Yamao®, Naoyuki Kamatani®, Kazuo Tajima®, Yusuke Nakamura'®,
Koichi Matsuda'*

1 Laboratory of Molecular Medicine, Human Genome Center, Institute of Medical Science, The University of Tokyo, Tokyo, Japan, 2 Division of Epidemiology and
Prevention, Aichi Cancer Center Research Institute, Aichi, Japan, 3 Department of Pathology and Molecular Diagnostics, Aichi Cancer Center Research Institute, Aichi,
Japan, 4 Department of Gastroenterology, Aichi Cancer Center Research Institute, Aichi, Japan, 5 Center for Genomic Medicine, The Institute of Physical and Chemical
Research (RIKEN), Kanagawa, Japan, 6 Departments of Medicine and Surgery, and Center for Personalized Therapeutics, The University of Chicago, Chicago, Illinois, United
States of America

Abstract

Peptic ulcer is one of the most common gastrointestinal disorders with complex etiology. Recently we conducted the
genome wide association study for. duodenal ulcer ‘and identified disease susceptibility variations at two genetic loci
corresponding to the Prostate stem cell antigen (PSCA) gene and the ABO blood group {ABO) gene. Here we investigated the
association of these variations with gastric ulcer.in two Japanese case-control sample sets, a total of 4,291 gastric ulcer cases
and 22,665 controls. As a result, a C-allele of rs2294008 at PSCA increased the risk of gastric ulcer with odds ratio (OR) of 1.13 -
(P value of 5.85x1077) in an additive model. On the other hand, SNP rs505922 on ABO exhibited inconsistent result between
two cohorts. Our finding implies presence of the common genetic variant in the pathogenesis of gastric and duodenal
ulcers. : e LT ' : :
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Introduction genetic variations in IL-6, IL-8, IL-10 [10], TNF, LTA [11], and
COX1 [12] with peptic ulcer risk.

In our previous genome wide association study (GWAS) of
duodenal ulcer using a total of 7,035 cases and 25,323 controls, we
YU ] identified the significant association of genetic variations at PSCA
peritonitis. Lifetime prevalence of peptic ulcer is 10-15% in the (prostate stem cell antigen) and the ABO blood group with duodenal
Japanese and 4-10% in Caucasians [1-3]. Approximately 70% of ey [13]. The C allele of rs2294008 at PSCA increased the risk of
gastric ulcer patients and 90% of duodenal ulcer patients are duodenal ulcer (odds ratio (OR) of 1.84 with P value of
associated with H. pylori infection [4]. Since eradication of H. pylor: 3.92x107%% in a recessive model, while it decreased the risk of

by ar}tibiotics in combination with proton pomp inhibitor can gastric cancer (OR of 0.79 with P value of 6.79x107') as
effectively cure peptic ulcer [5], H. pylori is shown to be the major

cause of peptic ulcer. Although nearly 50% of individuals on the
earth are infected with H. pylor;, most of them remain asymptom-
atic indicating that the clinical outcome after the /. pylori infection
varies substantially between individuals. These inter-individual
diversities are affected by various factors including bacteria
subtypes, host response, and their interaction. Duodenal ulcer
promoting gene A (dupA) in H. pplori was indicated to induce
interleukin (IL)-8 that increases the risk of duodenal ulcer and
decreases the risk of gastric cancer [6,7]. Nonsteroidal anti-
inflammatory drugs (NSAIDs) and smoking are known risk factors
for peptic ulcer [8,9]. In addition to these bacterial and
environmental factors, host genetic factors had been implicated
to have some roles in the risk of peptic ulcer. Proband-wise
concordance rate of peptic ulcer in monozygotic twins was as high A total of 4,291 gastric ulcer cases and 22,665 controls without
as 23.6% while that in dizygotic twins was 14.8%. Several having the past history of duodenal ulcer or continuous NSAID
candidate gene approaches revealed the possible association of  intake were recruited from the BioBank Japan and the Aichi

Peptic ulcer is the most common disease in the gastrointestinal
tract with symptoms of nausea, vomiting, and abdominal pain,
and sometimes causes bleeding and perforation with acute

reported previously [14]. Our functional analyses revealed that the
T allele of SNP rs2294008 creates an upstream translational
initiation codon and add the signal peptide sequences at the N-
terminal portion, resulting in alteration of the protein subcellular
localization from cytoplasm to cell surface. SNP rs505922 on ABO
was also associated with duodenal ulcer in a recessive model (OR
of 1.32 with P value of 1.15x10™"%). Since H. pylori infection and
non-steroidal anti-inflammatory drugs induce gastroduodenal
mucosal injury which would cause duodenal and gastric ulcer,
we examined the role of variants in the PSC4 and ABO genes on
gastric ulcer risk among Japanese population.

Results
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Cancer Center (Table 1). We then genotyped SNP rs2294008
and rs505922 in two case-control sample sets and examined the
association with gastric ulcer in three genctic models (additive,
recessive, and dominant model) (Table 2). To increase the
statistical power of this study, we used subjects with either of 22
diseases as control samples. Therefore we evaluated the con-
founding effect of disease mix control samples used in this analysis.
SNPs rs2294008 and rs505922 did not show significant association
between case-mix controls (n=19,884) and healthy volunteers
(n=2,781) (Table 81). In addition, both SNPs did not show the
significant deviation from HWE (Hardy-Weinberg equilibrium) in
each disease group. Therefore disease mix controls seem not to
largely affect the association result in our analysis.

The results of association analyses revealed that gastric ulcer
patients had a higher frequency of C allele at rs2294008 than the
control group in both sets (39.7% vs 36.9% and 40.1% vs 37.0%,
respectively). A meta-analysis of the two studies showed the
significant association of rs2294008 in an additive model with no
evidence of heterogeneity (P=5.85x10"7 with OR of 1.13),
although the association was not statistically significant among
Aichi Cancer Center cohort probably due to smaller sample size.
Risk alleles (C allele at rs2294008) in the two sample sets were
consistent between duodenal ulcer and gastric ulcer, indicating the
role of PSCA variation as common genetic factors for peptic ulcer.
However impact of this variation on gastric ulcer risk was not as
strong as those on duodenal ulcer reported previously [13].

On the other hands, SNP rs505922 showed inconsistent results
between two cohorts. A T allele of rs505922 increased gastric ulcer
risk in all three genetic models in BioBank Japan cohort. However,
gastric ulcer patients exhibited lower frequency (53.5%) of a T
allele than the healthy controls (55.1%) in the Aichi Cancer Center
cohort. Therefore, further association analysis is essential to
determine the role of ABO variations on gastric ulcer susceptibility.

Since we have genotyping results of 1,862 gastric ulcer cases and
17,482 controls analyzed by Illumina Human Hap610-Quad
genechip, we conducted whole genome screening using these
sample set. Although 62 SNPs exhibited suggestive associations
with P values of less than 1x107% no SNPs cleared genome wide
significant threshold (Table 82 and Figure S1). Thus, our
sample set did not have sufficient statistical power to detect gastric
ulcer susceptibility loci by GWAS.

We also investigated the association of previously reported genes
with gastric ulcer (Table 3). We selected 32 SNPs at five gene loci
that had been genotyped by Illumina Human Hap610-Quad
genechip. As a result, two loci at L74 and P7GS! indicated
suggestive association (P = 1.64x107°% and 0.0376), although these

Table 1. Characteristics of study population.

PSCA as a Gastric Ulcer Susceptibility Gene

assoclations were not statistically significant after Bonferroni’s
correction (P<<0.00156=0.05/32). Thus further analyses are
necessary to elucidate the role of these variations on gastric ulcer.

Discussion

The development of gastric ulcer is determined by the interplay
between gastric acid secretion and mucosal resistance, however
their underling pathogenesis has not been fully elucidated. Gastric
mucus, a gelatinous material secreted by gastric mucous cells,
serves as an unstirred layer through which the diffusion of acid and
pepsin is reduced. We here found that variation in the PSC4 gene
was significantly associated with gastric ulcer. PSCA was initially
identified as a tumor antigen that was highly expressed in prostate,
bladder, and pancreatic cancer tissues [15,16]. Since tumor cells
treated with anti-PSCA antibody exhibited a growth suppressive
effect [17,18], cell surface-PSCA is considered to play an
important role in cell proliferation. In contrast, down-regulation
of PSCA in gastric and esophageal cancer tissues was also reported
[19,20]. Thus the role of PSCA in carcinogenesis is still
controversial [21]. These diverse effects of PSCA among various
cancer types might be partially explained by the effect of genetic
variation. Individuals carrying the T allele at rs2294008 express
PSCA proteins with an additional fragment of nine amino acids at
the N-terminal portion [13]. On the other hand, individuals
carrying the C allele at rs2294008 express a shorter PSCA protein
which lacks the signal peptide and is predicted to be localized in
the cytoplasm without glycosylation [22]. We also found that the
cytosolic shorter PSCA protein was more susceptible to protea-
somal degradation than the long PSCA protein at the cell-surface.
Since PSCA-derived peptides were reported to be a target of T-
cell-based immunotherapy for advanced prostate cancer [23], the
shorter PSCA protein would cause the activation of CD4-positive
and/or CD8-positive T cells and subsequently promote epithelial
mucosal injury [24]. In contrast, the long PSCA protein at the cell
surface might facilitate mucosal repair by enhancing epithelial cell
proliferation. In addition, T allele of SNP rs2294008 was shown to
be associated with higher mRNA and protein expression [25].
Thus the impact of PSCA on gastric ulcer and carcinogenesis
could be regulated by the PSCA variation.

H. pylor: plays an important role in the development of gastritis,
peptic ulcers, and gastric cancer, and the eradication of H. pylori
was shown to reduce the recurrence of gastric ulcer [26] and
prevent the onset of gastric cancer [27]. Since vertical transmission
during childhood is the major source of infection, family history of
H. pylori infection or H. pylori-related diseases is a risk factor for /.
ylori infection [28-30]. In addition, recent accumulated evidences

Samples Source Platform

Number of samples

Female (%)

BioBank J

a HumanHap 610

Invader assay

apan

Aichi Cancer Center

1,874 387 (%)

Age (mean +/- SD)

66.5+/-11.7

53.7+/-14.6

doi:10.1371/journal.pone.0063698.t001
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“Subjects with a history of gastric cancer or duodenal ulcer were excluded from cases and controls.

BControl samples consist of patients with colon cancer, breast cancer, diabetes, arteriosclerosis obliterans, atrial fibrillation, brain infarction, drug response, amyotrophic
lateral sclerosis, liver cancer, liver cirrhosis, osteoporosis, fibroid, cervical cancer, chronic hepatitis B, ovarian cancer, pulmonary tuberculosis, keloid, drug eruption,
hematological cancer, uterus cancer, heat cramp, endometriosis, and 907 healthy volunteers.
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revealed a number of risk factors of gastric cancer (T allele at
152294008, blood type A, decreased gastric acid, intake of proton
pump inhibitor/Hjy blocker, and Cagd in H. pylori [31]) or peptic
ulcer (C allele at 152294008, blood type O, NSAID intake, dupA in
H. pylori) [32]. In addition, CYP2C19 genotype was associated with
the response to triple anti-H. pylori therapy including proton pump
inhibitor [33]. However, our previous analysis revealed that SNP
52294008 and rs505922 did not associated with H. pylori
prevalence [13]. Taking the above information into account, the
estimation of disease risk and drug efficacy would enable us to
determine the appropriate treatment protocol for H. pylori carriers.

Here we found that PSCA variant was significantly associated
with gastric ulcer. In our previous analysis, PSCA variation did not
associate with H. pylori prevalence [13]. Since H. pylori infection
was associated with many diseases such as MALT lymphoma [34],
idiopathic thrombocytopenic purpura [35], atrophic gastritis [36],
and NSAID-induced gastric ulcer, it is very interesting to evaluate
the effect of PSCA variation on these diseases. We hope our
findings would contribute to the elucidation of disease pathogen-
esis as well as to the establishment of personalized medical
treatments in the future.

(1.08-1.25)
(0.67-1.10)

3.52x107% ettt
it

Dominant
(1.07-1.30)
(0.77-1.23) #HHH 0232

8
0.97

1.1

Methods

Recessive
6.12x
0.829

Ethics Statement

This research project was approved by the ethical committees at
the University of Tokyo, RIKEN, and Aichi Cancer Center. All
participants provided written informed consent as approved by the
ethical committees of the University of Tokyo and Aichi Cancer
Center.

(0.81-1.09)

Study participants

The demographic details of study participants are summarized
in Table 1. A total of 3,866 gastric ulcer patients, and 20,791
gastric ulcer negative controls were obtained from BioBank Japan
that was initiated in 2003 with the funding from the Ministry of
Education, Culture, Sports, Science and Technology, Japan [37].
In the BioBank Japan Project, DNA and serum of patients with 47
diseases were collected through collaborating network of 66
hospitals throughout Japan. The list of participating hospitals is
shown in the following website (http://biobankjp.org/plan/
member_hospitalhtml). A total of 425 gastric ulcer cases and
1,874 healthy controls were obtained from the Aichi Cancer
Center. The diagnosis of gastric ulcer was based on clinical,
endoscopic, and histological features. List of disease-mix control
samples used in this study was shown in Table S1. We excluded
patients with duodenal ulcer or gastric cancer from both cases and
controls. Deregulation of PSCA was reported in many types of
malignancy such as prostate, pancreatic, lung, bladder, gastric,
cholangiocarcinoma, and esophageal cancer [14-16,20,38,39]. In
addition, ABO locus was previously shown to be associated with
various diseases such as myocardial infarction and pancreatic
cancer [40,41]. Therefore, we excluded subjects with these
diseases from case mix controls. We also excluded the subjects
with continuous NSAID intake.

HHH
HA

Additive
bt fpdpppet 255%107°
570 FHH#H 0407

9577
925

Control
e 379

127

201

Ul o ol ol i

Case
cC
97

SNP Genotyping

Genotyping platforms used in this study are shown in Table 1. A
total of 1,862 gastric ulcer cases and 20,791 gastric ulcer negative
control samples were genotyped with Illumina Human Hap610-
Quad or with Human Hap550v3. The other samples were
genotyped by the Invader assay system (Third Wave Technologies,
Madison, WI) or Tagman assay.

BBJ

ACC

bp values were obtained using chi-square test. To calculate odds ratios (OR), non risk alleles were considered as references.

“Heterogeneity across two stages was assessed by Cochran Q test.

90R and P values were obtained using the Mantel-Haenszel fixed-effects model in the meta analysis.
doi:10.1371/journal.pone.0063698.t002

Table 2. Association of PSCA and ABO SNPs with gastric ulcer.
We analyzed 4,291 gastric ulcer cases and 22,665 controls.
r$2294008 (C allele) and rs505922 (T allele).

rs2294008
8q24/PSCA
1s505922.
9q34/AB0.

SNP
Chr
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Table 3. Association of variations on candidate genes with Gastric ulcer.

SNP Gene relative loc Chr

Position

Gastric ulcer

rs3024505

 (081-106)
(0.82-1.23)

P values were calculated by Cochran Armitage trend test.

doi:10.1371/journal.pone.0063698.t003

Statistical Analysis

The association of SNPs 132294008 and rs505922 with gastric
ulcer was tested by chi-square test. The Odds ratios were
calculated by considering the protective allele as the reference
allele. The association of SNPs genotyped by Illumina Human
Hap610-Quad with gastric ulcer was tested by multivariate logistic
regression analysis upon adjusting for age at recruitment and
gender using PLINK [42]. Heterogeneity across two stages was
examined by Cochran Q) test [43].

Supporting Information

Figure S1 Manhattan plot showing the genome-wide P
values of association. The P values were obtained by logistic
regression analysis upon adjustment for age and gender. The y-

PLOS ONE | www.plosone.org

YOR, odds ratio was calculated by considering the major allele as the reference.

- 382 ~

We analyzed 1,862 gastric ulcer cases and 17,482 controls in this analysis. Chr.,chromosome; Postion in the NCBI Build 36.3.

axis represents the —logl0 P values of 480,566 SNPs, and their
chromosomal positions are shown on x-axis.

(T1F)

Table S1 Genotype frequency of two SNPs in disease

mix controls.

(DOCX)

Table 82 The result of association analysis of Gastric
ulcer in GWAS.
DOCX)
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Accumulating evidence has revealed that immunogenic
cell death triggered by particular chemotherapeutic
agents plays a critical role in harnessing antitumor im-
munity to clinical responses. However, negative regula-
tory pathways exist which suppress the induction of
effective immune responses by a broad spectrum of
anticancer therapies including ‘non-immunogenic’ regi-
mens. Tumor-associated myeloid cells are unique in that
they are capable of manipulating responses to antican-
cer drugs by utilizing negative regulatory factors of
innate immune pathways, including damage-associated
molecule-mediated pattern recognition and tolerogenic
phagocytosis. Further elucidation of the molecular
mechanisms regulating innate immune responses of
tumor-associated myeloid cells under cellular stress
should enhance the development of new molecular tar-
geting therapies for patients with treatment-refractory
cancers.

Tumor microenvironments determine the directions of
chemotherapeutic responses

Various intrinsic mechanisms, such as genetic alterations,
chromatin modifications, and enrichment of cancer stem/
initiating cells, negatively regulate the responses to anti-
cancer therapeutics. Conversely, accumulating evidence
has revealed that the interactions of tumor cells with
non-transformed cells such as stromal cells, endothelial
cells, and inflammatory cells are a determining factor in
manipulating tumorigenic activities and tumor responses
to anticancer drugs [1-3]. In addition, tumor-associated
stromal cells may modify the biological properties of tu-
morigenic cells, thereby contributing to the acquisition of
anticancer drug resistance {4,5]. For example, genotoxic
stresses triggered by chemotherapeutic agents stimulate
paracrine secretion of interleukin (IL)-6 and a tissue
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inhibitor of metalloproteinases-1 (TIMP-1) from thymic
endothelial cells in a p38-dependent manner and impede
therapeutic responses to the chemotherapeutic agent doxo-
rubicin {6]. Tumor-associated stromal fibroblasts facilitate
the release of hepatocyte growth factor (HGF) and
Wntl6B, which attenuates the therapeutic effects of

Glossary

Chemoresistant niche: although cell intrinsic processes play a major role in
chemotherapeutic responses, non-transformed cells, such as fibroblasts,
myeloid cells, etc., in tumor microenvironments contribute to support tumor
cell survival following the administration of chemotherapeutic agents. In this
case, coordinated activation of genotoxic stress signals and inflammation
specifically triggered by chemotherapy serves as a driving force to activate
non-transformed cells, leading to the release of various soluble mediators and
the upregulation of molecules that contribute to chemoresistance.

Damag iated molecular patterns (DAMPs): danger signals initiate and
activate innate immune signals in the non-infectious, sterile inflammatory
response. DAMPs are composed of various types of endogenous proteins that
are normally sealed in the cytoplasm or nucleus of cells. Necrotic cell death
and various cellular stresses facilitate extracellular release of DAMPs, leading
to interactions with pattern recognition receptors such as TLRs and stimulation
of innate immune signals. ’

ER stress response: the ER senses various processes of post-translational
modifications of proteins, including biosynthetic pathways, protein folding,
intracellular trafficking, ete. Cellular stresses, including genotoxic insults by
chemotherapy, disturb. ER homeostasis and initiate the unfolded protein
signals mediated by RNA-dependent protein kinase (PKR}-like ER kinase
{PERK), inositol requiring kinase 1 « (IRE1a}, and activating transcription factor
6 (ATF6) to establish ER homeostasis and cellular survival. Chemotherapeutic
agents regulate mitochondrial stress pathways such as cell death signals and
ROS responses by regulating unfolded protein signals.

Phagocytosis receptors: dying cells induced by cytotoxic agents are subjected
to phagocytosis through pattern recognition of various types of receptors via
molecular. markers expressed. on dying cells, such.as PS and CD47. The
phagocytosis of dying cells stimulates or silences inflammation and antigen-
specific immunity, which is dependent on the repertoires of receptors or
environments where dying cells are recognized.

Tumor-associated myeloid cells: myeloid cells are derived from bone marrow
precursors of the granulocytic lineage and consist of various types of cells
including monocytes, macrophages, DCs, and granulocytes. Tumor micro-
environments recruit myeloid cells and . educate them to change their
phenotypic and functional properties in support of tumorigenicity and
chemoresistance.

Tumor microenvironments: tumors are composed of not only tumor cells but
also normal cells surrounding the tumors, such as fibroblasts, myeloid cells,
lymphocytes, and endothelial cells. In addition, tumors contain the extra-
cellular matrix and collagens, which support the integrity and homeostasis of
tumors. These compositions create tumor microenvironments, in which
cellular and extracellular factors communicate with each other and determine
tumorigenic activities and responsiveness to anticancer therapeutics.




BRAF-targeted therapy against melanomas and chemo-
therapy against prostate cancers, respectively {7,81. There-
fore, tumor-resident normal cells render tumor cells
capable of acquiring chemoresistant phenotypes through
various tumorigenic mediators that contribute to tumor
survival,

Recent studies have revealed that tumor-associated my-
eloid cells (see Glossary) play a critical role in tumor pro-
gression and metastasis by promoting the secretion of
soluble factors, angiogenesis, and matrix remodeling [9].
Furthermore, tumor-associated myeloid cells powerfully
modulate responsiveness to various anticancer modalities
through multiple molecules and signaling pathways in tu-
mor microenvironments. Herein, we highlight the impact
that tumor-mediated regulation of myeloid innate immune
pathways plays in creating the chemoresistant niche.

Tumor-associated myeloid cells generate
chemoresistant niches

The immune system provides both pro- and antitumorigenic
effectorsin the course of tumor progression. Likewise, tumor
microenvironments have a profound impact on the biologi-
cal behaviors of tumor-infiltrating leukocytes on responses
to anticancer agents. In particular, myeloid cells display
phenotypic plasticity when encountering different tumor
microenvironments. Macrophage polarization is tightly reg-
ulated through various transcription factors such as inter-
feron regulatory factor (IRF), signal transducer and
activator of transcription (Stat), nuclear factor-kB (NF-
kB), and peroxisome proliferator-activated receptor (PPAR).
The epigenetic changes mediated by histone acetylase and
methylase also influence macrophage differentiation and
function. In particular, tumor-associated macrophages
(TAMSs) with M2-type characteristics have protumorigenic
and immunosuppressive properties. This phenotypic diver-
sity of macrophages may serve as a critical factor in regu-
lating tumorigenic activities and anticancer therapeutic
responses {10,11]. For example, the concomitant depletion
of M2-type macrophages and activation of M1-type macro-
phages are responsible for eliciting antitumor responses by
taxane and trabectedin {12,13].

Monocytes are composed of various subsets that contrib-
ute to tumorigenic activities, such as those expressing
CCR2 and the angiopoetin-2 receptor Tie2 [14,15]. For
example, CCR2* inflammatory monocytes serve as a major
precursor of protumorigenic macrophage which may nega-
tively regulate antitumor responses of chemotherapy
19,14]. Moreover, Tie2-expressing monocytes suppress
the therapeutic effects of vascular-disrupting agents
through chemokine (C—X~C motif) ligand 12 (CXCL12)-
CXCL4-mediated recruitment to hypoxic tumor microen-
vironments {16]. Thus, circulating monocytes serve as
proangiogenic mediators that contribute to the resistance
to antiangiogenic agents.

Dendritic cells (DCs) are potent immunogenic sentinels
that link innate and adaptive immune responses. Tumor
microenvironments support the differentiation of immu-
nosuppressive and protumorigenic DCs through the regu-
lation of various immune regulatory mediators and
transcriptional factors [17]. DCs positively regulate tumor
immunosurveillance at early tumor stages, but they

Trends in Molecular Medicine September 2013, Vol. 19, No. 9

support tumor growth and metastatic activities during
later stages [181. Moreover, vascular endothelial growth
factor-A (VEGF-A) and B-defensin facilitate the recruit-
ment of DCs, which enhance tumor angiogenesis, into
tumor tissues {19]. Tumor-associated DCs also repress
innate antitumor immune responses to DNA vaccine and
chemotherapy through interactions between T cell immu-
noglobulin mucin domain protein-3 (TIM-3) and high mo-
bility group box1l (HMGB1) {20]. Yet, ATP released from
dying tumor cells after treatment with anthracyclin pro-
motes the recruitment of bone marrow-derived myeloid cell
precursors into tumor tissues, which differentiate into
CD11¢*CD11b*Ly6C™ 2" inflammatory DCs through inter-
action with purinergic receptor P2Y2. The inflammatory
DCs serve as a major population to activate antigen-spe-
cific T lymphocytes in local tumor environments and trig-
ger antitumor responses by anthracyclin {21]. Taken
together, DCs serve as a major player in manipulating
antitumor responses induced by anticancer agents.

. Myeloid-derived suppressor cells (MDSCs) are generat-
ed from bone marrow-derived precursors recruited into
tumor tissue. MDSCs play a critical role in suppressing
antitumor immune responses and supporting tumor pro-
gression [17]. MDSCs also suppress tumor chemosensitiv-
ity by regulating innate immune pathways. For example,
MDSCs inhibit type I interferon IFN)-mediated signals in
intratumor effector lymphocytes by inducible nitric oxide
synthase (iNOS)-dependent pathways {22]. Moreover, cer-
tain types of chemotherapeutic agents such as 5-fluoroura-
cil (5-FU) and gemcitabine activate the Nlrp3-mediated
inflammasome in MDSCs, leading to production of IL-1p,
which in turn triggers the production of IL-17 by CD4* T
cells and attenuates antitumor efficacy of cytotoxic chemo-
therapy [23]. Collectively, these findings support the im-
portance of MDSCs in controlling responses to anticancer
therapies. Taken together, these facts indicate that tumor
microenvironments greatly impact therapeutic responses
to anticancer agents by negatively regulating the immu-
nogenic properties of myeloid cells.

Mpyeloid cell derived soluble mediators generate
chemoresistant niches

Accumulating evidence has revealed that various reper-
toires of cytokines, chemokines, and growth factors strong-
ly influence tumor progression and resistance to anticancer

~ agents {24]. Indeed, multiple cytokine networks in tumor

microenvironments adopt dedicated strategies to evade
therapeutic responses to anticancer agents by enhancing
tumor cell survival, angiogenesis, matrix remodeling, and
repression of host antitumor immunity [251. These obser-
vations underscore the complex regulatory mechanisms of
host immunity by soluble mediators in cancer pathogene-
sis and therapeutic responses.

Ly6Ch€"CCR2" inflammatory monocytes are preferen-
tially recruited into chemokine (C-C motif) ligand 2
(CCL2)-enriched tumor microenvironments and differenti-
ate into protumorigenic, immunosuppressive macrophages
19,14]. Therefore, circulating monocytes represent TAM
precursors that contribute to tumorigenesis and the resis-
tance to anticancer agents. Moreover, cancer cells are

395capeﬂole of producing several growth factors that facilitate
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myeloid cell differentiation and maturation, such as granu-
locyte-macrophage colony stimulating factor (GM-CSF) and
macrophage colony stimulating factor (M-CSF). These cyto-
kines play a critical role in recruiting MDSCs or immature
myeloid precursors into tumor tissues and promoting dif-
ferentiation to TAMs {17,26]. The blockade of M-CSF or its
receptor (CSF1R) attenuates tumorigenic activities by sup-
pressing angiogenesis and oncogenic signals related to met-
astatic phenotypes {27]. Encouraged by positive preclinical
data, CSF1R kinase inhibitors have recently been intro-
duced into clinical trials where they exhibited potent anti-
tumor activities and were shown to overcome resistance to
cytotoxic chemotherapy in patients with advanced breast
cancer {28]. Taken together, the regulation of myeloid cell
recruitment and differentiation through the dynamic inter-
play of cytokine and chemokine networks greatly contrib-
utes to the formation of chemoresistant niches.

Escape from cell death signals following treatment with
anticancer agents is a major hallmark of tumorigenicity
and chemoresistance. In particular, NF-kB serves as a key
transcriptional factor for activating Bcel2-mediated antia-
poptotic signals and suppressing p53 pathways [28]. Sev-
eral cytokines that are subject to NF-kB-mediated
regulation, such as tumor necrosis factor-a (TNF-a) and
IL-6, are produced at higher levels by myeloid cells infil-
trating tumors than by those in normal tissues. These
cytokines protect tumor cells from genotoxic insults in
cooperation with other transcriptional factors such as
Stat3 and/or inflammatory regulators such as prostaglan-
din E2 (PGE2), VEGF, and CXCL12 {8,30,31]. Cathepsin
families have important roles in lysosomal degradation of
proteins and contribute to pathological inflammation such
as pancreatitis. Treatment with taxol induced recruitment
of macrophages into breast tumor tissue, in which cathe-
psins B and S are activated and contribute to the protection
of tumors from taxol-induced cell death {32}. Thus, upon
encountering cell death signals induced by anticancer
therapeutics, myeloid cells support tumor cell survival
through multiple complex networks of cytokines, chemo-
kines, and proteases.

Myeloid cell derived cytokines also play critical roles in
controlling stem and progenitor cells, which have emerged
as a major tumorigenic population mediating resistance to
various anticancer agents {33]. For example, well-differ-
entiated leukemic or breast cancer cells are converted into
stem cell like progenitors by inflammatory pathways such
as IL-6-Stat3 and NF-«B signal cascades {34,35]. Further-
more, IL-6 produced by TAMs augments self-renewal
activities and anticancer drug resistance of colon or lung
cancer stem-like cells through coordinated activation of
Stat3 and sonic Hedgehog pathways {36,37]. Transform-
ing growth factor-g (TGF-B) is an immune regulatory
cytokine produced by tumor-associated myeloid cells,
and its signaling pathways are well correlated with che-
moresistance in breast and ovarian tumors {38]. TGF-B
produced by leukemic cells and their stromal components
plays a critical role in maintaining leukemic stem cells
through FoxO-dependent pathways, and treatment with a
TGF-B inhibitor improves therapeutic responses to the
BCR~ABL inhibitor imatinib for chronic myeloid leuke-

mia [38]. Together, myeloid cell derived cytokines may396
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serve as key sentinels linking tumor inflammation with
stem cell associated signals.

Inflammatory responses manifest as a major protumori-
genic element to consolidate tumorigenicity and resistance
to anticancer therapies. In particular, IL-23 predominant-
ly produced by myeloid cells is a major growth mediator
that contributes to T helper 17 (Th17) cell differentiation
thereby enhancing angiogenesis and inflammation in tu-
mor microenvironments [46]. By contrast, IL-17 produced
by v¥3 T cells positively regulates chemosensitivity by
generating tumor-specific T lymphocytes by IL-13-depen-
dent mechanisms, whereas Thl7-derived IL-17 also sti-
mulates chemotherapy-induced antitumor responses in
cooperation with IFN-y-mediated induction of CXCL9
and CLCL10 {41,42}. Bimodal activities of IL-17 highlight
the diverse role on pro- and antitumor activities of effector
cells and their derivatives, which have a huge impact on
chemotherapy-mediated antitumor responses.

Tumor angiogenesis exploits multiple strategies for
enhancing tumorigenic activities and chemoresistance,
and myeloid cells coordinate cytokines and proteinases
to promote tumor angiogenesis. Matrix metalloproteinases
(MMPs) are produced at high levels by TAMs and regulates
tissue integrity and homeostasis. MMP-2 and MMP-9
negatively regulate therapeutic responses to doxorubicin
by maintaining the integrity of tumor vessels and pericyte
coverage within the vasculature {43]. Moreover, MMP-2
and MMP-9 regulate the release of VEGF-A and TGF-B8
from stromal cells and the extracellular matrix, further
fostering tumorigenic and chemoresistant phenotypes
{43,44]. Thus, myeloid cell derived MMP-2 and MMP-9
promote chemoresistance by regulating angiogenesis and
tissue remodeling.

Taken together, these data suggest that tumor-associat-
ed myeloid cells serve as major sources of various soluble
factors that mediate inflammation and tissue remodeling in
tumor microenvironments, thus creating better conditions
for tumor aggressiveness and chemoresistance (Figure 1).

Damage-associated molecular pattern-mediated innate
immune pathways regulate chemoresistant niches
Although the vast majority of cancers arise from de novo
oncogenic and epigenetic alterations, most tumors mani-
fest continuous inflammatory signal activation as a result
of smoldering infiammation. This occurs even in the ab-
sence of infection or autoimmunity and causes tumor
progression and resistance to anticancer therapies {2]. In
particular, endogenous inflammatory mediators, termed
damage-associated molecular patterns (DAMPs), are re-
leased mainly from stressed or injured cells and constitute
critical sentinels that connect pattern recognition receptor
(PRR)-mediated innate signals with sterile inflammatory
reactions and greatly impact both cancer pathogenesis and
autoimmunity {45,461

Toll-like receptors (TLRs) serve as PRRs that recognize
several DAMPs and activate innate immune signals. TLR
stimulation breaks the tolerogenic status of myeloid cells
and triggers the innate and adaptive arms of effector
responses. This may license myeloid cells to stimulate host
immunity and antagonize tumorigenicity [47]. Indeed,

TLR4 on myeloid cells stimulates tumor-specific immune
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Figure 1. Myeloid cell derived cytokines regulate chemoresistant niche. Myeloid
cells regulate anticancer drug responses through a complex network of various
soluble mediators, including cytokines, chemokines, and cysteine/metalloproteases
in tumor microenvironments (TMEs). Bone marrow-derived myeloid precursors are
recruited to TMEs where they produce various cytokines (M-CSF, GM-CSF) and
chemokines (CCL2, CXCL12). The myeloid-derived soluble factors promote tumor
aggressiveness and chemoresistance by regulating tumor cell survival {TNF-q, IL-6,
PGE2, cathepsin B/S, etc.), stem cell activities (IL-6, TGF-B, etc.), protumorigenic
inflammation, and angiogenesis {(MMP-2/9, 1L-23, TGF-8, IL-17, VEGF-A, etc.).
Abbreviations: M-CSF, macrophage colony stimulating factor; GM-CSF,
granulocyte-macrophage colony stimulating factor; CXCL12, chemokine {C-X-C
motif) ligand 12; CCL2, chemokine (C-C motif) ligand 2; TNF-o, tumor necrosis factor-
a; IL-6, interleukin-6; PGE2, prostaglandin E2; TGF-8, transforming growth factor-8;
MMP, matrix metalloproteinase; VEGF-A, vascular endothelial growth factor-A.

responses by recognizing HMGB1 released from damaged
tumor cells and thereby improves antitumor responses to
chemotherapy and radiotherapy {48]. By contrast, TNF-a
stimulates TLR2-mediated innate pathways through NF-
kB-dependent inflammatory signals, creating protumori-
genic environments and promoting tumor metastasis {49].
Additionally, TLR4 promotes skin tumorigenesis through
immune and tumor cell intrinsic mechanisms {50!, and
TLR7/8 upregulate antiapoptotic Bel-2 family molecules,
contributing to tumor cell survival and chemoresistance
{511. Thus, TLR signals are involved in creating a diverse
milieu for providing protumorigenic or antitumorigenic
environments. Moreover, tumor microenvironments may
divert myeloid cells to activate antitumor host responses or
promote protumorigenic inflammation by regulating the
various modes of interaction between TLRs and DAMPs.
Taken together, it is critical to determine the molecular
mechanisms responsible for DAMP-mediated sterile in-
flammation in tumor microenvironments.

On the basis of this background information, we
attempted to identify the factors that modulate innate
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immune signals and antitumor responses mediated by
tumor-derived DAMPs, and identified TIM-3 as one candi-
date. TIM-3 is preferentially expressed on T lymphocytes
during chronic viral infection or malignancy {52]. In addi-
tion, DCs express TIM-3 upon stimulation with TLR
ligands such as lipopolysaccharide (LPS), and TIM-3 trig-
gers antimicrobial responses through interactions with
galectin-9 [53]. However, the role of myeloid cell derived
TIM-3 in the regulation of innate immune systems remains
largely unclear. In our study, DC-derived TIM-3 sup-
pressed innate immune responses by interacting with
major DAMP HMGB1 {20]. The interaction of TIM-3 with
HMGB1 interfered with the endocytosis into endosomal
vesicles of ligands for TLR3, TLR7, TLRS8, and TLR9, and
thereby impaired a diverse range of innate immune signals
including IRF and NF-«xB {20].

Although the role of ¢ytosolic innate sensing systems in
the regulation of anticancer drug responses remains large-
ly unknown, therapeutic delivery of double-stranded RNA,
an agonist for RIG-I-like helicase (RLH), triggers potent
antitumor immunity and leads to tumor eradication {54}.
Moreover, RLH activation triggers antitumor responses by
activating proimmunogenic and apoptotic gene programs
in tumor cells {55]. Consistent with the antitumor proper-
ties of RLH-mediated immune regulation, DC-derived
TIM-3 impedes innate immune responses mediated by
RLH, suggesting that TIM-3-positive myeloid cells may
restrain RLH-mediated innate signals in tumor microen-
vironments. More importantly, blockade of TIM-3
improves the antitumor efficacy of DNA vaccines and
cytotoxic chemotherapy {201, Thus, TIM-3 serves as a
negative regulator of innate immunosurveillance systems
by counter-regulating tumor-derived DAMPs. Neverthe-
less, DAMPs released from inflammatory tumor microen-
vironments may support pro- or antitumor activities
depending on the different tumor microenvironments. Un-
der such conditions, HMGB1 activates inflammatory sig-
nals, such as NF-kB and Stat3, and stimulates release of
proinflammatory cytokines by directly interacting with
TLR4 or the receptor for advanced glycan end product
(RAGE) on myeloid cells {#6]. In this scenario, the
HMGB1-TLR4 interaction stimulates antitumor
responses by activating immunogenic DCs {48}, whereas
the HMGB1-RAGE interaction on myeloid cells contrib-
utes to tumor metastasis and chemoresistance through
NF-kB-mediated activation of MMP-2/9 {57].

Thus, tumor microenvironments manipulate DAMP
signals to create an ideal condition for tumor progression
in multiple ways: TIM-3 suppresses innate immune sens-
ing mediated by the HMGB1-TLR4 interaction, which is
responsible for tumor immunosurveillance. In marked
contrast, RAGE utilizes the same HMGB1 to stimulate
protumorigenic inflammatory signals such as NF-xB and
Stat3. Alternatively, it is possible that TIM-3 may interfere
with the antitumor responses exerted by the HMGB1-
DNA complex, which might be recognized by receptors
other than TLR4 and RAGE on myeloid cells. In this
regard, tumor microenvironments may promote protu-
morigenic inflammation but concomitantly suppress anti-
tumor immunity through the regulation of DAMPs by
multiple sets of PRRs on myeloid cells (Figure 2).
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Figure 2. Tumor-associated DCs impede antitumor efficacy of chemotherapy. The release of endogenous nucleic acids from dying tumor cells upon use of cytotoxic
therapies has the potential to activate innate immune responses mediated by TLR and RLH-dependent PRR-transduced signals. However, tumor microenvironments
modulate DCs to upregulate TIM-3. TIM-3 on DCs interferes with HMGB1-mediated endocytosis of nucleic acids into endosomes and thus impedes tumor
immunosurveillance by suppressing IRF signals and type-l interferon responses. By contrast, the RAGE-HMGB1 interaction on DCs stimulates protumorigenic
inflammation through NF-kB and Stat3-mediated mechanisms. In total, smoldering inflammation controlled by HMGB1-mediated innate pathways creates an ideal
environment for tumorigenicity and chemoresistance. Abbreviations: DCs, dendritic cells; TLR, Toll-like receptor; RLH, RIG-I-like helicase; PRR, pattern recognition receptor;
TIM-3, T cell immunoglobulin mucin domain protein-3; IRF, interferon regulatory factor; RAGE, receptor for advanced glycan end product; NF-«B, nuclear factor-«B; HMGB1,

high mobility group box1; Stat, signal transducer and activator of transcription.

Inflammasome signals are regulated by endogenous
inflammatory components and play a dominant role in
the regulation of anticancer drug responses by manipulat-
ing T cell differentiation and cytokine profiles in tumor
environments. Brunchard et al. reported that gemcitabine
and 5-FU induced disruption of lysosomal integrity and
release of cathepsin B in MDSCs, leading to activation of
the nucleotide-binding oligomerization domain, leucine-
rich repeat and pyrin domain-containing-3 (NLRP-3),
and promoting IL-1p production. The MDSC-derived IL-
1B generated IL-17-producing CD4™ T cells, which trig-
gered resistance to cytotoxic chemotherapy {231. However,
immunogenic cell death (ICD) triggered by oxaliplatin or
anthracyclin activated the same NLRP-3-mediated inflam-
masome signals and IL-1B production by promoting the
release of ATP and its interaction with the P2X7 purinergic
receptor in inflammatory DCs in tumor tissues [58]. In this
case, DC-derived IL-1B was responsible for activating
antigen-specific CD8" T cells and regressing tumor growth.
Furthermore, chemotherapeutic agents activate autopha-
gic pathways, which are associated with endoplasmic re-
ticulum (ER) stress responses and cause the release of
ATP, which may in turn activate the NLRP-3 pathway
and enhance antitumor immunity [59].

Thus, the differential immunogenicity of dying cells
or the alteration of the inflammatory milieu exerted
by therapeutic regimens may impact the biological func-

tions of inflammasome signals by altering effector T cell398
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differentiation as well as crosstalk between tumor cells
and myeloid cells in tumor immunosurveillance. In addi-
tion, the temporal and/or spacial dynamics of IL-1B secre-
tion might influence their pro- and antitumor impact of
cytotoxic chemotherapy in distinct tumor microenviron-
ments. These differences further highlight the pleiotropic
actions of myeloid cells and their derivatives in the regu-
lation of antitumor responses triggered by chemotherapy.

Myeloid cell phagocytic pathways regulate
chemoresistant niches

Phagocytosis serves as a physiological process for the
removal of debris produced by dying cells, which might
cause inflammation and autoimmunity [6¢]. In addition,
phagocytosis facilitates the processing and presentation of
various repertoires of immunogenic antigens to tumor-
specific lymphocytes under certain conditions {81}. Phago-
cytosis is mainly mediated through PRR-dependent recog-
nition of phosphatidylserine (PS) exposed on the surface of
apoptotic cells, and recent studies have identified the
phagocytic receptors on myeloid cells that function to
regulate tumor immunogenicity.

Milk-fat globule-EGF factor VIII (MFG-E8) is secreted
from macrophages, DCs, and tumor cells, and binds PS to
promote the ingestion of apoptotic cells by engaging oS3
integrin on myeloid cells {62]. GM-CSF increases MFG-E8
production by macrophages and MFG-E8-mediated

phagocytosis impedes antitumor immunity through the



