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Nucleospin Extract II (Macherey-Nagel GmbH and Co. KG,
Diiren, Germany) according to the manufacturer's recom-
mendations. The conversion reaction was completed by
desulfonating in 0.3 N NaOH for 20 min at 37°C. The DNA
was ethanol precipitated, then washed by 70% ethanol and
resuspended in TE buffer. Primers for bisulfite genomic
sequencing PCR were designed by the use of the online
program MethPrimer. The primers for region 1 were: 5'-TTT
GAAGGGTTTTGGGTTTAATATAT-3' (forward) and
5'-CTCCTAACTACAAACTATCCAACAC-3' (reverse). The
primers for region 2 were: 5'-GGGTTGGTTTTAAGTTT
AGGGATAG-3' (forward) and 5-AAAAAAAATTCTA
TAACTCATCCAC-3' (reverse). The primers for region 3
were: 5'-TGTATATTGATGGAGGAGGTATAGT-3'
(forward) and 5-AAAAAAAACTAAAAATCTTCTCCC-3'
(reverse). The primers for region 4 were: 5"-TGGAGAAGG
TTTTGAGTATGTTTTT-3' (forward) and 5'-CCACAT
CTATCCCTATAACCACATC-3' (reverse). The amplification
products were checked by electrophoresis. After gel purifica-
tion, the PCR products were cloned into pCR2.1-TOPO vector
(Invitrogen), and 10 or more colonies were randomly chosen
and sequenced. Methylation level analysis was performed by
using QUMA software (http:/quma.cdb.riken jp/).

Construction of HSPB7 expression vector. To construct an
HSPB7 expression vector, the entire coding sequence of
HSPB7 cDNA (based on NM_014424 4 in Pubmed) was
amplified by PCR using KOD-Plus DNA polymerase
(Toyobo, Osaka, Japan). The primers used for PCR reaction
were 5“AAAGAATTCCGTCCGTGGATGAGCCACAG-3'
(forward) and 5-TTTCTCGAGGATTTTGATCTCCGTC
CGGA-3' (reverse). The PCR product was inserted into the
EcoRI (Takara) and Xhol (Takara) sites of pCAGGSnHC
expression vector containing the HA tag. The sequence and
protein expression for pCAGGSnHC-HSPB7-HA were
confirmed by DNA sequencing, western blot and ICC analyses.

Western blot analysis. To prepare whole cell extracts, cells
were collected and lysed in chilled radioimmunoprecipitation
assay buffer (RIPA) (50 mM Tris-HCI at pH 8.0, 150 mM
sodium chloride, 0.1% SDS, 0.5% DOC, 1% NP-40), 1 mM
phenyl methylsulphonyl fluoride (PMSF), 1 mM DTT
and 0.1% Calbiochem Protease Inhibitor Cocktail Set III,
EDTA-Free (EMD Chemicals Inc., Merck KGaA, Darmstadt,
Germany). Following 15-min ultrasonication and subsequent
30-min incubation on ice, homogenates were centrifuged
for 15 min at 4°C, and the supernatants were collected and
boiled in SDS sample buffer. Each sample was loaded into a
15% SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred to a nitrocellulose membrane (Hybond™
ECL™, Amersham, Piscataway, NJ, USA). Protein bands on
western blots were visualized by chemiluminescent detec-
tion (ECL, Amersham). The primary antibodies used in this
study included rabbit anti-human HSPB7 polyclonal antibody
(Proteintech, diluted 1:500) and goat anti-rabbit IgG-HRP
secondary antibody (Santa Cruz Biotechnology, Santa Cruz,
CA, USA, diluted 1:30,000).

Immunocytochemistry (ICC). Five RCC cell lines were
seeded on Lab-Tek II chamber slide system (Nalge Nunc
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International). At day 5 after the 5-Aza-2'-dC-treatment,
the cells were fixed with 4% paraformaldehyde in PBS for
10 min and permeabilized with 0.2% Triton X-100 in PBS
for 5 min at room temperature. Cells were covered with
blocking solution (3% BSA in PBS contained 0.2% Triton
X-100) for 60 min at room temperature. Then the cells were
incubated with rabbit anti-human HSPB7 polyclonal anti-
body (Proteintech, diluted 1:250) overnight at 4°C, following
an Alexa Fluor 488 goat anti-rabbit IgG antibody (Molecular
Probes, Eugene, OR, USA, diluted 1:1,000) for 1 h at room
temperature. PBS or 0.2% Triton X-100 in PBS was used for
washing after each step. Then cells were stained with DAPI
(Vector) and viewed with a laser scanning spectral confocal
microscope (Leica TCS SP2).

Colony formation assay. Cells were plated in a 6-well plate and
transfected with pCAGGSnHC-HSPB7-HA or empty vector
using FuGENE 6 (ACHN and Caki-1) or lipofectamine LTX
(Caki-2, A498 and 786-0) transfection reagent (Roche). After
48 h of transfection, cells were selected with G418 (Gibco) for
14-21 days. Colonies (>1 mm diameter) were counted using the
Image J software after fixed with methanol and stained with
0.1% crystal violet. The experiment was carried out twice in
duplicate wells. '

DNA-damaging treatments. When cells reached 60-70%
confluence in the culture dish, HCT116 (p53) and HCT116
(p53**) cells were incubated with adriamycin for 2 h at the
indicated concentration. The cells were harvested at different
time points after cell-damaging treatment as indicated in the
figure legends. Replication-deficient recombinant adenovirus
encoding p53 (Ad-p53) or LacZ (Ad-LacZ) was generated
and purified as previously described (18,19). NCI-H1299 lung
cancer cells were infected with viral solutions at an indicated
multiplicity of infection (MOI) and incubated at 37°C until
harvest.

p53-binding site screening by Luciferase assay. Two DNA
fragments including candidate pS3-binding sites of HSPB7
were amplified by PCR, digested with Mlul and Bg/II and
cloned into pGL3-Promoter vector (Promega, Madison,
WI, USA). Primer sequences (including Miul and BglII
site) for p53-binding sites of HSPB7 were: region 1 forward,
5-AAAACGCGTTCCAAGGTCACACAGCAGAG-3'; and
reverse, S“-TTTAGATCTGCTTCAAACCGGTCATCCT-3,
and region 2 forward, 5~AAAACGCGTTGAGCAGGAGCA
GTCAGAGA-3'; and reverse, 5“TTTAGATCTAGCCCCAAG
AGGACAAAGTT-3.

H1299 cells were seeded in 12-well plates (5x10* cells
per well). Twenty-four hours later, cells were co-transfected
with i) 25 ng of the pRL-CMV vector (Promega) (for internal
control); ii) 125 ng of either pcDNA3.1(+)-wild-type p53 or
pcDNA3.1(+) empty vector; and iii) 125 ng of pGL3-promoter
vector with either the p21 promoter region corresponding
to p53-binding site (for positive control) (20), that with
p53-binding site 1 of HSPB7, that with pS3-binding site 2 of
HSPB7, or pGL3-Promoter mock vector (for negative control)
by using FuGENE 6 transfection reagent (Roche). After 36-h
incubation, luciferase activity was measured using the Dual
Luciferase Assay System (Promega) (21).
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Figure 1. Downregulation of HSPB7 in RCC. qPCR analysis shows that HSPB7 mRNA expression was significantly downregulated (A) in 11 (85%) of 13
RCC tissues compared with the normal renal tissue, and (B) in all the five RCC cell lines compared with normal HEK 293 and RPTEC cells. T and N represent
RCC tissue sample and normal renal tissue, respectively. B2M (2 microglobulin) was used for normalization of expression levels. Values are expressed as the
mean + SD. (C) IHC analysis of a tissue array consisting of 11 pairs of human RCC sample reveals that the expression of HSPB7 was significantly higher in normal
kidney tissues than in RCC tissues. According to the intensity of HSPB7 staining, these samples were evaluated as: negative (-), weakly positive (+), moderate
positive (++), and strong positive (+++). HSPB7 negative or weakly positive (-/+) were considered low expression, and moderate or strong positive were considered

high expression (++/+++). Summary of the IHC results is shown in Table I.

Statistical analysis. All statistical analyses including t-test and
Fisher's exact test were carried out by using the SPSS software
(version 17). Data are shown as mean = SD. All tests were
2-sided and p-value of <0.05 was considered to indicate a
statistically significant difference.

Results

Downregulation of HSPB7 in RCC. Based on the analysis of
microarray data of 15 clear cell renal cell carcinomas, we found
HSPB7 to be significantly and commonly downregulated in
RCC. gPCR experiment confirmed its downregulation in 11
(85%) of 13 RCC tissues and in all of the five RCC cell lines
(Fig. 1A and B), compared with their corresponding normal

controls. IHC analysis of a tissue array consisting of 11 pairs
of human RCC sample revealed that the expression of HSPB7
was significantly higher in normal kidney tissues than that in
RCC tissues (Fig. 1C and Table I). We also detected HSPB7
expression mainly in the cytoplasm of normal renal tubular
epithelial cells. To explore the expression patterns of HSPB7
in other normal tissues, we performed qPCR analysis using
mRNAs isolated from 25 normal tissues. HSPB7 expression
was detected ubiquitously in human tissues (Fig. 2).

5-Aza-dC treatment restores HSPB7 expression in RCC cell
lines. To investigate whether the methylation status of the
HSPB7 gene could affect HSPB7 expression in RCCs, 5 RCC
cell lines, Caki-1, Caki-2, ACHN, 786-O and A498 were
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Figure 2. HSPB7 expression levels in normal tissues. gPCR analysis of HSPB7 was performed using mRNA isolated from 25 different normal tissues. B2M was

used for normalization of expression levels.

treated with a demethylating agent 5-Aza-dC, and then the
expression levels of HSPB7 were analyzed by qPCR, western
blot and IHC analysis. We found that HSPB7 mRNA expres-
sion were restored in all the 5 RCC cell lines by the treatment
with 5-Aza-dC (Fig. 3A), and the HSPB7 protein expression
could also be detected in two cell lines, 786-O and A498, in
which mRNA expression was most highly induced (Fig. 3B),
indicating suppression of HSPB7 in RCC was caused probably
by DNA hypermethylation. We performed exon sequencing of
HSPB?7 in these five RCC cell lines, but no mutation or dele-
tion/insertion was detected (data not shown).

Hypermethylation of HSPB7 in RCC. To confirm the meth-
ylation status of the HSPB7 gene, bisulfite sequencing was
performed for the 5 RCC cell lines Caki-1, Caki-2, ACHN,
786-0 and A498 as well as 2 normal renal cell lines RPTEC
and HEK293. We first screened two CpG islands, regions 1
and 2 shown in Fig. 3C, but no significant difference of meth-
ylation status was found in these two regions in normal and
cancer cell lines. Then, we performed the second screening for
regions 3 and 4 (Fig. 3C) (we also screened the other regions
in normal cells, but data are not shown). In region 4, we found
significantly higher levels of methylation in the 5 RCC cell
lines than in the 2 normal renal cell lines.

Table I. Immunohistochemical expression of HSPB7 in RCC
tissue array.

Low High Fisher's
Total (-/+) (++/+++) t-test
Clear cell
Cancer 9 2 P=0.015
Normal 9 1 8
Papillary
Cancer 2 1 1 -
Normal 2 2
Total
Cancer 11 8 3 P=0.008
Normal 11 1 10

All tests were 2 sided and P<0.05 was considered to indicate a statisti-
cally significant difference.

Ectopic HSPB7 expression suppresses RCC cell clonogenicity.
To study the effect of HSPB7 expression on tumor growth,
Caki-1 and ACHN cells were transfected with HSPB7 expres-
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Figure 3. Epigenetic silencing of HSPB7 in RCC cell lines. (A) gPCR analysis and (B) western blot and ICC analysis of HSPB7 were performed in five RCC cell
lines with treatment of the demethylating agent 5-Aza-dC. B2M was used for normalization of mRNA expression levels. GAPDH was used for normalization of
protein expression levels. Values are expressed as the mean =+ SD. (C) Hypermethylation of HSPB7 was confirmed by means of bisulfite sequencing. For each of
the regions 1-4 in the cell lines, 10 or more colonies were randomly chosen and sequenced. Each square indicates a CpG site, and an average methylation level
per CpG site is indicated by % methylation (shown in different color): white, 0-25% methylation; bright grey, 26-50% methylation; dark grey, 51-75% methylation;
and black, 76-100% methylation. Region 4 showed higher level of methylation in the five RCC cell lines (Caki-1, Caki-2, ACHN, 786-O and A498) than in the

two control cell lines (RPTEC and HEK293).

sion vector,pPCAGGSnHC-HSPB7-HA. Introduction of HSPB7
into these two cancer cell lines caused significant decrease
in the number of colonies, compared with corresponding
mock-transfected controls (Fig. 4A). We also performed colony
formation assay in 3 other RCC cell lines (Caki-2, A498 and
786-0) using the same vectors, and confirmed similar growth-
suppressive effects (Fig. 4B), implying that HSPB7 may
function as a tumor suppressor gene.

HSPBY is regulated by p53. To further elucidate the biological
significance, we first investigated its possible involvement in
the p53-pathway because o B-crystallin, one of the small heat
shock protein family members, was reported to be induced by
P53 (22,23). We applied gPCR analysis to evaluate the expres-
sion of HSPB7 in NCI-H1299 (p53 null) cell lines with or

without introduction of p53 using the adenovirus system. After
the infection of Ad-p53, we observed induction of HSPB7 in
a dose- and time-dependent manner (Fig. 5A and B), while no
induction was observed in the control cells. After the 48-hour
treatment with 40 MOI of Ad-p53, the expression level of
HSPB7 became nearly 5 times higher than the control cells
(Fig. 5A). Induction of HSPB7 was also confirmed under
the treatment with relative lower dose of Ad-p53 (8 MOI) at
different time points. Concordantly, DNA damage by adria-
mycin treatment induced HSPB7 expression in HCT116 cells
with wild-type p53, but not in HCT116 cells without wild-
type p53 (Fig. 5C and D), indicating that HSPB7 expression
is regulated by wild-type p53. To further investigate whether
HSPB7 is directly regulated by p53, we screened two possible
p53-binding sites indicated by the p53-binding site search
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Figure 4. Ectopic HSPB7 expression suppresses RCC cell growth. (A) Colony formation assay showed that introduction of HSPB7 impaired colony-forming ability
of Caki-1 and ACHN cells. Cells were transfected with plasmid expressing HSPB7 or mock plasmid, and colonies (>1 mm diameter) were counted after selection
of 2-3 weeks with G418. At 48 h after transfection, total protein of cells was collected and applied for western blot to confirm the successful transfection. GAPDH
was used for the normalization of protein expression levels. (B) Colony formation assay in Caki-2, 786-O and A498 RCC cell lines. Values are expressed as the

mean * SD.

software developed by us, but neither of these two candidate
sites was confirmed to be a direct p53-binding site (data not
shown). Although there might be another site(s) that p53 binds
to, we are unable to conclude whether HSPB7 is directly or
indirectly regulated by p53, it is certain that HSPB7 expression
is inducible by wild-type p53.

Discussion

Scarce knownledge exists on the biological function of
HSPB7, a member of the small heat shock protein family
that is characterized by possessing a conserved a-crystallin
domain. HSPB7 has been shown to interact with the cyto-
skeletal protein a-filamin (24) as well as other small heat
shock proteins (25). HSPB7 belongs to a non-canonical HSPB
protein that prevents the aggregation of polyQ proteins in an

active autophagy machinery, but overexpression of HSPB7
alone did not affect the autophagy event (26). Several genome-
wide association studies found that SNPs in the HSPB7 gene
were strongly associated with idiopathic cardiomyopathies
and heart failure (27-31). Recently, HSPB7 was suggested to
regulate early developmental steps in cardiac morphogenesis
(32). However, the involvement of HSPB7 in carcinogenesis
has not been described.

Through the genome-wide expression analysis in RCCs,
we identified HSPB7 as a candidate tumor suppressor gene
because of its common and significant dowanregulation in
RCCs. Subsequent functional analysis revealed that HSPB7
was downregulated in cancer cells by hypermethylation.
Bisulfite sequencing of genomic regions of HSPB7 confirmed
hypermethylation in RCC cell lines. Although region 4
(Fig. 3C) contained no CpG Island, we observed significantly
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higher level of methylation in RCC cell lines than normal
cell lines. Consistently, restoration of HSPB7 expression was
observed by the treatment of cancer cells with 5-Aza-dC. In
addition, since no somatic changes in coding regions of the
HSPB7 gene were found in our sequence analysis of RCC
cell lines or in the COSMIC database, HSPB7 in RCC is
considered to be downregulated mostly by hypermethylation.

The second key finding in this study is that HSPB7 showed
growth suppressive effect in cancer cells. Ectopic expression
of HSPB7 significantly impaired colony-forming ability for 5
RCC cell lines, indicating that HSPB7 may function as a tumor
suppressor gene. Similarly o B-crystallin, one of the small heat
shock protein family members, was also indicated to function
as a tumor suppressor in nasopharyngeal carcinoma cells (33).
Furthermore, the region on chromosome 1p36.23-p34.3, where
HSPB?7 is located, showed frequent loss of heterozygosity in
many types of solid tumors (34). However, further studies are
needed to clarify the detailed tumor suppressor function of
HSPB7 in RCC.

The third important finding in this study is that HSPB7
was likely to be involved in the p53 pathway. The expression of
HSPB7 was significantly induced in p53-dependent manner that
was clearly demonstrated by two experiments, i) that introduc-
tion of adeno-pS3 in p53-negative cancer cells showed strong

induction of HSPB7 and ii) that DNA-damage-dependent
introduction of HSPB7 was observed in HCT116 cells with
wild-type pS3, but not in those lacking pS3. Although we failed
to identify the p53-binding site in or near the HSPB7 gene,
these two pieces of evidence strongly imply a critical role of
HSPB7 as the direct/indirect p53-signal transducer and its
downregulation may be involved in the development of various
types of cancer including RCC.

In conclusion, we carried out a genome-wide gene expres-
sion analysis and identified HSPB7 to be a candidate tumor
suppressor gene in RCC. We confirmed downregulation of this
gene caused by DNA hypermethylation, its growth suppres-
sive effect in RCC cell lines and its pS3-dependent expression,
indicating the important roles of HSPB7 in renal carcinogen-
esis. Our finding could contribute to better understanding of
the novel function of HSPB7 in cancer.
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A Rare Polymorphic Variant of NBS1 Reduces DNA Repair
Activity and Elevates Chromosomal Instability

Yuki Yamamoto'?, Mamiko Miyamoto', Daisuke Tatsuda'“, Michiaki Kubo®, Hitoshi Nakagama',
Yusuke Nakamura®, Hitoshi Satoh?, Koichi Matsuda®, Toshiki Watanabe?, and Tsutomu Ohta’

Abstract

Failure to expeditiously repair DNA at sites of double-strand breaks (DSB) ultimately is an important etiologic
factor in cancer development. NBS1 plays an important role in the cellular response to DSB damage. A rare
polymorphic variant of NBSI that resulted in an isoleucine to valine substitution at amino acid position 171
(1171V) was first identified in childhood acute lymphoblastic leukemia. This polymorphic variant is located in the
N-terminal region that interacts with other DNA repair factors. In earlier work, we had identified a remarkable
number of structural chromosomal aberrations in a patient with pediatric aplastic anemia with a homozygous
polymorphic variant of NBS1-I1171V; however, it was unclear whether this variant affected DSB repair activity or
chromosomal instability. In this report, we demonstrate that NBS1-1171V reduces DSB repair activity through a
loss of association with the DNA repair factor MDCI. Furthermore, we found that heterozygosity in this
polymorphic variant was associated with breast cancer risk. Finally, we showed that this variant exerted a
dominant-negative effect on wild-type NBSI, attenuating DSB repair efficiency and elevating chromosomal
instability. Our findings offer evidence that the failure of DNA repair leading to chromosomal instability has a

causal impact on the risk of breast cancer development. Cancer Res; 74(14); 3707-15. ©2014 AACR.

Introduction

Nijmegen breakage syndrome, an autosomal recessive
human disease, is because of a mutation in the NBSI gene
(1). The clinical features of this syndrome include growth
retardation, immunodeficiency, and increased susceptibility
to malignancies (1). A gene product of the nibrin gene [NBN,
also known as the Nijmegen breakage syndrome 1 gene (NBS1)]
is a member of the MRE11/RAD50/NBS1 (MRN) protein com-
plex, which is involved in the repair of double-strand break
(DSB) in DNA (2). NBS1 consists of 2 functional regions
(Fig. 1A). Its C-terminal region contains binding motifs of
MRE11 meiotic recombination 11 homolog A (Saccharomy-
ces cerevisiae; MRE11A, also known as MRE11) and ataxia
telangiectasia-mutated (ATM) kinase (3-5), whereas its N-
terminal region contains forkhead-associated (FHA) and
breast cancer C-terminal (BRCT) domain that mediates phos-
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pho-dependent protein-protein interactions (6-8). A rare
polymorphic variant of NBSI that resulted in an isoleucine to
valine substitution at amino acid position 171 (I171V) was first
identified in childhood acute lymphoblastic leukemia (ALL;
ref. 9). The NBSI-1171V polymorphic variant is located in the
BRCT domain, which is highly conserved in human, mouse,
rat, chicken, and African clawed frog (Fig. 1B). We have
previously described a patient with aplastic anemia (AA) in a
Japanese child with a homozygous polymorphic variant of
NBSI-1171V (10). We also determined that the chromosomes
of lymphoblastic cell lines derived from this patient con-
tained a remarkable number of structural chromosomal
aberrations (10). However, it is unclear whether the NBSI-
1171V polymorphic variant affects DSB repair activity and
genomic instability.

In this study, we showed that NBS1-1171V decreased the
localization of the MRN complex to sites of plural DSBs through
its loss of association with MDCI. This aberrant localization
resulted in decreased production of repairable single-stranded
DNA and reduced DSB repair activity. We also showed that
the heterozygous NBSI-I171V variant increased the risk of
breast cancer in Japanese women. The NBS1-1171V reduced
the DSB repair activity of endogenous NBS1 in a dominant-
negative manner, and increased chromosomal instability.

Materials and Wethods

Cell lines and antibodies

HeLa, HCC1937, GM07166VA7, GM07166VA7 transfected
with DR-GFP reporter, and HS-SY-II cells were obtained from
the American Type Culture Collection (ATCC), Dr. K. Komatsu
(Kyoto University, Japan), and Dr. S. Sonobe (Kouchi Medical
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Figure 1. The polymorphic variant of NBS7-1171V is located in the BRCT
domain. The structure of human NBS1 and the sequence alignment of
the NBS7-1171V polymorphic variant region of various NBS1. A, NBS1
consists of functional regions: FHA and BRCT (BRCA1 C-terminus)
domains at the N-terminus, MRE11, and ATM interacting motifs at the
C-terminus, two ATM/ATR-phosphorylated serine residues (5278, S343).
B, modified sequence alignment of the NBS7-1171V polymorphic
variant region of various NBS1 from human, mouse, rat, chicken, and
ACF (African clawed frog, Xenopus laevis). C, expression vectors
containing 3xFlag-His-HA -NBS1-WT cDNA, -NBS1-1171V cDNA, or no
cDNA (vector) were stably transfected into GM07166VA7 cells.
Extracts from the cell lines were immunoprecipitated (IP) with anti-Flag
antibody and then incubated with antibodies directed against MRE11,
RADSO0, or NBS1.

School, Japan), respectively. The following commercially avail-
able antibodies were used: mouse anti-Flag M2 monoclonal
antibody (Sigma-Aldrich), rabbit anti-MDC1 antibody, mouse
anti-MDCI1 antibody, rabbit anti-p95 NBS1 antibody, rabbit
anti-Mrell antibody (Abcam), rabbit anti-phospho RPA32 (S4/
$8) antibody (Bethyl Laboratories, Inc.), mouse anti-phospho
histone H2AX (Ser139) antibody (Upstate), rabbit anti-RAD50
antibody, rabbit anti-RAD51 antibody (Santa Cruz Biotechnol-
ogy, Inc.), and rabbit anti-BRCA1 antibody (Merck Millipore).

Plasmids and stable cell lines

The plasmids of pDRGFP and pCBAScel were obtained
from addgene. The full-length human NBSI cDNA was a gift
from Dr. Komatsu. The cDNA of NBSI-1171V or NBSI-wild-type
(WT) with a 3xFlag-His6-HA-tag at C-terminus was generated
by using PCR and then ligated into the pEB-Multi-Neo mam-
malian expression vector (Wako). These vectors were trans-
fected into GMO07166VAY7 cells, GM07166VA7 cells containing
DR-GFP reporter, and HeLa cells. The cells were cultured in
the presence of 800 or 600 [g/mL G418 (Calbiochem) for
2 weeks, after which clones were isolated and selected on the

basis of their NBS1 expression, with the selected clones expres-
sing equivalent levels of protein.

Immunoprecipitation and immunofluorescence
analyses

For immunoprecipitation analysis, the cells were washed
with phosphate-buffered -saline (PBS) and sonicated in lysis
buffer [150 mmol/L NaCl, 20 mmol/L Tris-HCI (pH 7.9), 20%
glycerol, and 1 mmol/L Pefabloc (a protease inhibitor; Roche)].
The lysate (1 mg) was mixed with anti-Flag M2 Affinity Gel
(Sigma-Aldrich) and incubated for 4 hours at 4°C. The gel was
washed three times with lysis buffer. The immunoprecipitated
proteins were separated by using sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and then incu-
bated with the indicated antibodies. For immunofluorescence
analysis, the cells were cultured on glass coverslips, exposed to
10 Gy of ionizing radiation (IR). After 4 hours, the cells were
fixed in ice-cold 4% paraformaldehyde for 1 hour, permeabi-
lized with 0.1% TritonX-100 at room temperature, immersed in
blocking reagent [2% normal swine serum (Funakoshi Inc.),
0.05% TritonX-100] for 30 minutes at room temperature, and
then incubated with the indicated primary antibodies over-
night at 4°C. The cells were incubated with secondary anti-
bodies conjugated to Alexa Fluor 488 or Alexa Fluor 555
(Invitrogen) for 1 hour at room temperature and stained with
2 pg/mlL of 4',6-diamidino-2-phenylindole dihydrochloride
(DAPI) for 10 minutes at room temperature. Images were
captured with a confocal laser microscope (Carl Zeiss) with
a x40 water immersion objective.

DR-GFP assay

Homologous recombination (HR) repair frequency in the
cell lines using DR-GFP system was performed as described
previously (11, 12).

Cell-cycle assay

An appropriate number of cells was plated and then exposed
to 10 Gy of IR. After 6 hours, the cell-cycle phase in the cells was
analyzed by the Cell-Clock Mammalian Cell Cycle Assay Kit
(biocolor life science assays).

Cell survival assay

An appropriate number of cells was plated and then exposed
to IR, mitomycin C (MMC), or a poly-(ADP-ribose) polymerase
1 (PARP1) inhibitor (AZD2281). After 10 days of incubation,
the surviving fractions were calculated by counting the number
of colonies.

Small interfering RNA analysis

For the small interfering RNA (siRNA) experiments, the
siRNA for control (4390844; Life Technologies), MDC1
(s18578; Life Technologies), and NBS1 (s9291 and s9292; Life
Technologies) were used. Transfection was performed as
described previously (13).

Cytogenetic analysis
After exposure to IR, the cells were cultured for 3 days and
then treated with colcemid (0.02 pg/mL) for 2 hours before
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being harvested. Chromosome slides were prepared by using
standard protocols and then stained with a 5% Giemsa solution
(Wako) for 30 minutes. For each cell line, about 1,600 well-
spread metaphase chromosomes were screened for structural
chromosomal aberrations.

Sample collection, genotyping, and statistical analysis

‘We obtained DNA samples of 1,524 breast cancer cases and
1,462 controls from the BioBank Japan Project as described
previously (PMID: 22951594), As part of this project, patients'
DNA samples were collected through a collaborative network
of 66 hospitals throughout Japan. A list of participating hospi-
tals can be found at the following website: http://biobankjp.
org/plan/member_hospital.html. Genotyping of the NBSI var-
iations at amino acid position 171 was performed by direct
sequencing. The primers used for amplification were as fol-
lows: forward, 5" TGGATGTAAACAGCCTCTTTGT-3; reverse,
5 -TGAAACAAGCATTAAAGAGGGAA-3'. The odds ratios (OR)
were calculated in a dominant mode. P values were calculated
by using the x* test.

Results and Discussions

NBS1-1171V polymorphic variant reduced DSB repair
activity

To explore the biological consequences of the NBS1-1171V
substitution, we generate cell lines that express the poly-
morphic variants of the NBSI gene. First, we constructed the
NBS1 cDNA to construct expression vectors that encoded a
protein with either isoleucine (NBS1-WT) or valine (NBSI-
1171V} at amino acid position 171. The vectors were stably
transfected into human GMO7166VA7 cells, which contain
homozygous for the 657del5 mutation in exon 6. The muta-

tion of NBS1 determines the synthesis of two truncated pro-
teins of 26 kDa (p26) and 70 kDa (p70) (14). We isolated and
selected clones with equivalent levels of NBS1 expression
for further analysis (Fig. 1C, lanes 1 and 2, and Supplemen-
tary Fig. S1A). Immunoprecipitation analysis in these cloned
cell lines indicated that both NBS1-1171V and NBSI-WT
bound to MRE11 and RAD50 homolog (8. cerevisiae; RAD50;
Fig, 1C, lanes 4 and 5), suggesting that NBSI-I171V can in-
corporate into the MRN protein complex. We also used these
NBS1-expressing cell lines to assess cell survival in response
to DNA damage caused by IR or the cross-linking agent
MMC. An analysis of cell survival revealed that the cell line
expressing NBSI-I171V was more sensitive to IR and MMC
than was the cell line expressing NBS1-WT (Fig. 2A). We also
found that other cell line expressing NBS1-[171V was more
sensitive to IR and MMC than was other cell line expressing
NBS1-WT (Supplementary Fig. S1B). Next, we analyzed HR
repair frequency in the NBSl-expressing cell lines with
DR-GFP system (11, 12). When I-Scel expression was
induced, the cell line expressing NBS1-1171V showed a 3-fold
lower frequency in HR repair compared with the cell
line expressing NBS1-WT (Fig. 2B). We also found that other
cell line expressing NBS1-1171V showed lower frequency in
HR repair compared with other cell line expressing NBS1-
WT (Supplementary Fig. S1C). It was reported that a PARP1
inhibitor (AZD2281) reduced growth of HR repair-deficient
cells such as BRCAI and BRCA2 mutated cells (15, 16).
Therefore, we examined cell survival in response to
AZD2281. We found that the cell line expressing NBSI1-
1171V was more sensitive to AZD2281 than was the cell line
expressing NBS1-WT, but was more resistant to AZD2281
than was the cell line expressing a vector (Fig. 2C and
Supplementary Fig. S2A). This result indicated that damages

Figure 2. Reduced DSB repair
activity in cells expressing an
NBS1-1171V polymorphic variant.
A, the survival of the GMO7166VA7
cell lines expressing NBS1-WT
(WT), NBS1-1171V (1171V), or the
vector (vector) were analyzed by
using a colony formation assay
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B, HR repair activity in the
GMO07166VA7 cell lines expressing
NBS1-WT (WT), NBS1-1171V 25
(1171V), or the vector (vector) was
measured with the DR-GFP assay.
Data, mean = SEM (n = 3). C, the
survival of the GM07166VA7 cell
lines expressing NBS1-WT (WT),
NBS1-1171V (1171V), or the vector
were analyzed by using a colony
formation assay after exposure to
0, 1, 3, or 5 pmol/L of AZD2281.
Data, mean &= SEM (n = 3).
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by the PARP inhibitor were different from those by IR or
MMC in Fig. 2A. We showed that HR repair activity of
GMO07166VA7 cells expressing NBS1-I171V was almost sim-
ilar to that of GMO7166VA7 cells expressing a vector
in Fig. 2B. These results suggested that damages by the
PARP inhibitor were repaired by HR repair-dependent and
-independent manners of NBS1. We speculate that NBS1-
1171V has the HR repair-independent activity to repair
damages by the PARP inhibitor. However, the activity of
NBS1-1171V is still unclear. Thus, further research of NBS1-
1171V function could be necessary.

It was reported that NBS cells exposed to IR showed an
abnormal cell cycle (17). Therefore, we examined the cell-
cycle status of the cells that had been exposed to IR. We
found that the ratio of S phase in the cell expressing the
NBS1-WT was reduced by IR treatment, but not in the cell
expressing the NBS1-1171V or the vector (Supplementary

Fig. §2B). This result suggests that G;-S phase arrest is
failed in cells expressing NBS1-1171V. These results suggest
that the DSB repair activity of cells expressing NBS1-I171V
is reduced compared with that of cells expressing NBS1-WT
and prompted a more in-depth analysis of these cell lines.

NBSI1-1171V polymorphic variant decreased the
localization of the MRN complex to sites of DSB

NBS1 is known to be involved in an early step of DSB
repair (2). Thus, we used immunofluorescence to examine
whether NBSI-I171V localizes to sites of DSB in cells
exposed to IR. We observed NBS1 foci in cells expressing
NBS1-WT, but not in those expressing NBS1-1171V (Fig. 3A
and B). MRE11 foci were also identified in cells expressing
NBS1-WT, but not in those expressing NBS1-1171V (Fig. 3C
and D). Phosphorylated H2A histone family member
X (yH2AX) foci were identified in both the cells expressing
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Figure 3. Reduced localization of NBS1 and MRE11 at the DSB sites in celis expressing an NBS7-/771V polymorphic variant. A and C, focus formation
of NBS1, MRE11, and yH2AX. The GMO7166VA7 cells expressing NBS1-WT (WT), NBS1-1171V (1171V), and the vector were irradiated with 10 Gy of IR.
After 4 hours, the cells were incubated with antibodies directed against NBS1, yH2AX, or MRE11 and then stained with DAPL. B and D, scatter plots

of NBS1 or MRE11 focus counts per cell in Fig. 3A or C are shown (1 = 30). Red bars, median.
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NBS1-1171V and those expressing NBSL-WT, where they
colocalized with the NBS1-WT foci or MREL1 foci (Fig. 3).
These results suggest that after exposure to IR, the locali-
zation of NBS1-1171V to sites of DSB is less prominent than
that of NBS1-WT,

NBSI-1171V polymorphic variant reduced DSB repair
activity through loss of association with MDC1

Because mediator of DNA-damage checkpoint 1 (MDC1)
recruits NBS1 to sites of DSB after IR treatment (18, 19), we
examined MDCI1 localization in cells that had been exposed
to IR. MDCI foci were identified at sites of DSB in cells
expressing either NBS1-1171V or NBS1-WT (Fig. 4A and B).
These results suggest that MDC1's ability to localize to sites
of DSB after IR treatment is unaffected by the NBS1-1171V
substitution. We also determined that MDC1 foci localized

at sites of DSB with NBS1-WT foci but not with NBS1-1171V
foci after IR treatment (Fig. 4C and D). Next, we character-
ized the interaction between NBSI1-1171V and MDCI1 by
conducting an immunoprecipitation analysis. After expo-
sure to IR, a large amount of MDCI coprecipitated with
NBS1-WT, but not with NBS1-1171V (Fig. 4E, lanes 4 and 5).
This result is consistent with the reports that both of FHA
and BRCT domains in NBS1 are important for its association
with MDC1 (8, 20), and NBS1-K160M mutant that resulted in
an lysine to methionine substitution at amino acid position
160 within the BRCT domain reduces its binding activity to
MDC1 (8). Therefore, we speculate that NBS1-1171V mutant
within the BRCT domain affects a structure of the BRCT
domain and abolishes the interaction between NBSI and
MDCI1. The results in Fig. 4 suggest that the decreased
localization of NBS1-I171V to sites of IR-induced DSB results
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from its inability to bind to MDC1. We also found that the
knockdown of MDC1 expression using MDC1-specific siRNA
did not affect the sensitivity to IR in cell line expressing
NBS1-1171V or the vector (Supplementary Fig. S3A). How-
ever, the knockdown of MDC1 expression increased the
sensitivity to IR in cell line expressing NBS1-WT (Supple-
mentary Fig. S3A). This result suggests that NBS1-I171V
impairs the MDCI-NBSI1 pathway.

The MRN complex initiates resection of DSB ends to
create single-stranded 3'-overhangs that can be repaired by
HR system (21). In addition, the complex recruits replication
protein A (RPA), containing phosphorylated 32 kDa repli-
cation protein A2 subunit (RPA2, also known as RPA32), to
single-stranded DNA at sites of DSB (22). We examined the
production of single-stranded DNA at the ends of DSB by
using immunofluorescence to analyze the localization of
phosphorylated RPA32 in cells exposed to IR. Phosphory-
lated RPA32 foci were identified at sites of DSB in cells
expressing NBS1-WT, but not in those expressing NBSI-
1171V or the vector control (Fig. 5A and B). Because RAD51
homolog (S. cerevisiae; RAD51) also was recruited to the
single-stranded 3'-overhangs after IR treatment (23), we
examined RAD51 localization in cells that had been exposed
to IR. RAD51 foci were identified at sites of DSB in cells
expressing NBS1-WT, but not in those expressing NBSI-
1171V or the vector (Fig. 5C and D). It was reported that

BRCAL1 (familial breast cancer susceptibility protein) also
promoted induction of the single-stranded DNAs at sites of
DSB (24). Therefore, we examined BRCA1 localization in
cells that had been exposed to IR. BRCA1 foci were identified
at sites of DSB in cells expressing NBS1-WT, but not in
cells expressing NBS1-I171V or the vector (Supplementary
Fig. S3C and S3D). These results are consistent with our
finding that the localization of NBS1-I171V to sites of IR-
induced DSB was less pronounced than that of NBS1-WT
(Fig. 3A and B), and suggest that NBS1-1171V decreases the
localizations of the MRN complex and BRCAI to sites of
DSB. These aberrant localizations result in decreased pro-
duction of repairable single-stranded DNA and reduced DSB
repair activity.

NBSI-1171V polymorphic variant increases the risk of
breast cancer

To date, the NBSI-I171V polymorphic variant was
detected frequently only in Polish patients with breast
cancer, head and neck cancer, and colorectal cancer
(25-28). However, other groups did not find a similar asso-
ciation in European patients with breast cancer, leukemia, or
Iymphoma (29-31). It remains unclear whether this partic-
ular polymorphic variant of the NBSI gene is associated with
cancer. It was reported that although null mutations in the
mouse NBSI gene resulted in embryonic lethality at the
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Table 1. Association of NBST variation with breast cancer in Japanese

Case
SNP Allele
Gene 1/2° Groups 11 12 22 RAF P> OR?® (95% Cl)
rs61754966 G/A Breast 0 23 1,501 0.0075 0.0048 3.19 (1.36-7.44)
NBS1 Control 0 7 1,455 0.0024
NOTE: We analyzed 1,524 breast cancers and 1,462 controls.
FAllele 1, risk allele; Allele 2, nonrisk allele.
bP value and “OR were calculated in a dominant model (11 + 12 vs. 22).

blastocyst stage, heterozygous knockout (NBSI™'~) mice
developed a wide array of tumors (32). Moreover, cell-
cycle-dependent association of BRCAI with the MRN pro-
tein complex contributes to the activation of HR-mediated
DSB repair in S and G, phases of the cell cycle (33). These
reports strongly suggest that the NBSI-I171V polymorphic
variant may increase breast cancer risk. Therefore, we
analyzed the association of the NBSI-I171V variant with
breast cancer in a Japanese population; patient character-
istics are presented in Supplementary Table S1. Of the 1,524
Japanese women with cancer, 23 (1.6%) carried the hetero-
zygous polymorphic variant. Only 7 women (0.48%) with the
heterozygous polymorphic variant were found in the control
group (7 = 1,462). None of the patients in the breast cancer
group or in the control group carried the homozygous
polymorphic variant of the NBSI-I171V substitution. The
frequency of patients with the heterozygous NBSI polymor-
phic variant in the Japanese breast cancer group [OR, 3.19;
95% confidence interval (CI), 1.36-7.44; P = 0.0048] was
significantly higher than that in the control group (Table 1).
This result suggests that the NBSI-1171V variant increases
the risk of breast cancer in Japanese women.

NBSI-1171V polymorphic variant elevated chromosomal
instability

The above finding may suggest that NBS1-I171V exerts a
dominant-negative effect on the function of NBS1-WT. To
test this hypothesis, we expressed the codon 171 polymorphic
variants of NBS1 in HeLa cells, which also express endoge-
nous NBS1. Clones were isolated and selected on the basis of
their exogenous and endogenous NBS1 expression, with the
selected clones expressing equivalent levels of protein
(Fig. 6A, lanes 1 and 2). Using these cell lines, we assessed
cell survival in response to DNA damage caused by exposure
to IR or MMC. The cell line expressing NBS1-1171V was more
sensitive to IR and MMC than was the line expressing NBS1-
WT or the vector (Fig. 6B). We also found that other cell line
expressing NBS1-1171V was more sensitive to IR and MMC
than was other cell line expressing NBS1-WT (Supplementary
Fig. $4B). Next, we analyzed the localization of NBS1, MRE11,
phosphorylated RPA32, RAD51, or BRCAL in cells exposed to
IR. The cell line expressing NBS1-I171V showed a 2- to 3-fold
lower focus counts of NBS1, MRE11, phosphorylated RPA32,
RADS51, or BRCA1 compared with the cell line expressing

NBS1-WT or the vector (Supplementary Figs. $4D, S4E, S5, S6,
and S7). These results suggest that the DSB repair activity of
endogenous NBS1 was reduced by NBSI-1171V in a domi-
nant-negative manner. Figure 6A showed that total amount
of NBS1 protein in HelLa cell line expressing NBS1-I171V or
NBS1-WT was almost same as that in HeLa cell line expres-
sing a vector. Because NBSI-I171V incorporates into the
MRN protein complex (Fig. 1C), the half of the MRN protein
complex contains NBS1-1171V in HeLa cell line expressing
NBS1-1171V. Therefore, we think that decreased the amount
of MRN protein complex containing wild-type NBS1 in HelLa
cell line expressing NBS1-1171V shows the dominant negative
effect in response to DNA damage caused by exposure to IR
or MMC.

We also assessed the structural aberrations of the chro-
mosomes in each cell line after exposure to IR and discov-
ered that the number of aberrations in the cell line expres-
sing NBS1-1171V [28 double minutes (DM), 7 chromatid
gaps (CTG), and 8 chromatid breaks (CTB)/~1,600 chromo-
somes; a representative metaphase spread is shown in Fig,
6C] was significantly higher than that of cell line expressing
either NBS1-WT or the vector control (NBS1-WT: 4 DMs and
4 CTGs, vector control: 4 DMs, 1 CTG, and 1 CTB; both/
~1,600 chromosomes; Fig. 6D). We also found that the
number of aberrations in other cell line expressing NBS1-
1171V was significantly higher than that of other cell line
expressing either NBS1-WT or the vector control (Supple-
mentary Fig. S8). These results suggest that chromosomal
instability is elevated in cells expressing NBS1-1171V because
its dominant-negative effects on endogenous NBS1 reduce
DSB repair. This result is consistent with our previous
finding that the chromosomes of lymphoblastic cell lines

derived from the patient's father, who carried the hetero-

zygous polymorphic variant of the NBSI-1171V substitution,
contained a remarkable number of structural chromosomal
aberrations (10).

Conclusion

We have demonstrated that the NBS1-I171V variant
reduces DSB repair activity through loss of association with
MDCI. Moreover, the reduced activity of NBS1 in cells expres-
sing the NBS1-1171V variant elevated chromosomal instability
in these cells and increased the risk of breast cancer in a
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Figure 8. The DSB repair activity of endogenous NBS1 was repressed by the NBS1-1171V polymorphic variant in a dominant-negative manner.
Expression vectors containing 3xFlag-His-HA-NBS1-WT cDNA, -NBS1-1171V cDNA, or no cDNA were stably transfected into HelLa cells. A, the
expression levels of NBS1 in the cell extracts were analyzed with antibodies directed against NBS1. The upper arrowhead indicates exogenous
NBS1 and the lower arrowhead indicates endogenous NBS1. B, the survival of the cell lines expressing NBS1-WT (WT), NBS1-1171V (1171V) or the
vector, or the survival of Hela cells transfected with NBS1 siRNA (NBS1-siRNA#1 and siRNA#2) or control siRNA (control-siRNA) was analyzed by
using colony formation assays after exposure to 0, 2, or 4 Gy of IR or 0, 12.5, 25, 37.5, or 50 nmol/L. of MMC. Data, mean = SEM (n = 3). C, a
representative metaphase spread of the Hela cells expressing NBS1-1171V after exposure to 6 Gy of IR. CTBs (white arrowheads), DMs (black
arrowheads), and CTGs (arrows) are indicated. Noteworthy, structural chromosomal aberrations are shown at higher magnification in the right panels:
CTG (top), CTB (middle), and DM (bottom). D, comparison of the frequencies of aberrations found in the cells used in A. *, P < 0.005.

Japanese population. Recently, it was reported that Mrell-
mediated DDR restrains mammary hyperplasia by effecting
an oncogene-induced G, arrest (34). Therefore, further re-
search of NBS1-1171V function in the development of breast
cancer could be necessary.
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Large-scale genetic study in East Asians identifies six new
loci associated with colorectal cancer risk

Ben Zhang!, Wei-Hua Jia2, Koichi Matsuda?, Sun-Seog Kweon*3, Keitaro Matsuo®, Yong-Bing Xiang’,

Aesun Shin®?, Sun Ha Jee!%, Dong-Hyun Kim!!, Qiuyin Cail, Jirong Long!, Jiajun Shi!, Wanqging Wen!,

Gong Yang!, Yanfeng Zhang!, Chun Li!?, Bingshan Li!3, Yan Guo!4, Zefang Ren!>, Bu-Tian Ji'®, Zhi-Zhong Pan?,
Atsushi Takahashi!7, Min-Ho Shin4, Fumihiko Matsuda!8, Yu-Tang Gao’, Jae Hwan Oh!®, Soriul Kim!©,
Yoon-Ok Ahn?, Genetics and Epidemiology of Colorectal Cancer Consortium (GECCO)?%, Andrew T Chan?1:22,
Jenny Chang-Claude?3, Martha L Slattery?4, Colorectal Transdisciplinary (CORECT) Study?,

Stephen B Gruber?>, Fredrick R Schumacher??, Stephanie L Stenzel?>, Colon Cancer Family Registry (CCFR)?,
Graham Casey?>, Hyeong-Rok Kim?%, Jin-Young Jeong!l, Ji Won Park!%-27, Hong-Lan Li’, Satoyo Hosono®,
Sang-Hee Cho?8, Michiaki Kubo'?, Xiao-Ou Shul, Yi-Xin Zeng? & Wei Zheng!

Known genetic loci explain only a small proportion of the familial relative risk of colorectal cancer (CRC). We conducted a
genome-wide association study of CRC in East Asians with 14,963 cases and 31,945 controls and identified 6 new loci associated
with CRC risk (P = 3.42 x 10-8 t0 9.22 x 10-2") at 10q22.3, 10q25.2, 11q12.2, 12p13.31, 17p13.3 and 19q13.2. Two of these
loci map to genes (TCF7L2 and TGFBT) with established roles in colorectal tumorigenesis. Four other loci are located in or near
genes involved in transcriptional regulation (ZMIZ1), genome maintenance (FENT), fatty acid metabolism (FADST and FADS2),
cancer cell motility and metastasis (CD9), and cell growth and differentiation (NXN). We also found suggestive evidence for
three additional loci associated with CRC risk near genome-wide significance at 8q24.11, 10q21.1 and 10g24.2. Furthermore,
we replicated 22 previously reported CRC-associated loci. Our study provides insights into the genetic basis of CRC and suggests
the involvement of new biological pathways.

CRC is a leading cause of cancer morbidity and mortality worldwidel.
It is well established that genetic factors have an important role in
the etiology of CRC?3. Deleterious germline mutations in known
susceptibility genes, notably APC (adenomatous polyposis coli),
MLHI1, MSH2, MSH6 and PMS2, confer high risk of CRC in heredi-
tary cancer syndromes®-6. Most sporadic CRC cases, however, do not
carry these high-penetrance mutations>%. Since 2007, genome-wide

association studies (GWAS) and subsequent fine-mapping analyses
conducted in individuals of European descent have identified 21 low-
penetrance susceptibility loci associated with CRC risk’~17. Together,
these common loci explain less than 10% of the familial relative risk
of CRC in European populations!®14, In a GWAS of 7,456 CRC cases
and 11,671 controls conducted as part of the Asia Colorectal Cancer
Consortium, we identified 3 newloci at 5g31.1 (near PITX1), 12p13.32
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(near CCND2) and 20p12.3 (near HAOI) associated with CRC risk!8.
In addition, we discovered a new risk variant in the SMAD7 gene
associated with CRC in East Asians'®. Over the past 2 years, we have
doubled the sample size in the Asia Colorectal Cancer Consortium
and conducted a 4-stage GWAS, including 14,963 CRC cases and
31,945 controls, to identify additional susceptibility loci for CRC.

RESULTS

Study overview

We performed a fixed-effects meta-analysis to evaluate approxi-
mately 2.4 million genotyped or imputed SNPs on 22 autosomes
from 5 GWAS (stage 1) conducted in China, Japan and South Korea,
including in total 2,098 CRC cases and 6,172 cancer-free controls
(Supplementary Tables 1 and 2). There was little evidence of popu-
lation stratification in these studies (Supplementary Figs. 1 and 2),
with genomic inflation factor A < 1.04 in each of the five studies and
the meta-analysis (4099 = 1.01). We selected 8,539 SNPs showing
evidence of association with CRC risk (P < 0.05) according to pre-
specified criteria (Online Methods). We also included the 31 risk-
associated variants identified by previous GWAS7-20, resulting in a
total of 8,570 SNPs. Of these, 7,113 SNPs were successfully designed
using Ilumina Infinium assays as part of a large genotyping effort
for multiple projects. Using this customized array, we genotyped an
independent set of 3,632 CRC cases and 6,404 controls recruited in
3 studies (stage 2) conducted in China. After quality control exclusions,
6,899 SNPs remained for analysis in 3,519 cases and 6,275 controls.
We evaluated associations between CRC risk and these SNPs in each
study separately and then performed a fixed-effects meta-analysis
to obtain summary estimates. Again, we observed little evidence
of population stratification, either in the three studies individually
(A < 1.05) or combined (A = 1.05, 4990 = 1.01) (Supplementary
Fig. 3). In a meta-analysis of data from stages 1 and 2, we identified
559 SNPs showing evidence of assocjation at P < 0.005. We then evalu-
ated these SNPs using data from a large Japanese CRC GWAS (stage 3)
with 2,814 CRC cases and 11,358 controls?0. Thirty SNPs in 25 new
loci were associated with CRC risk at P < 0.0001 in the meta-analysis

of data from stages 1-3 and at P < 0.01 in the meta-analysis of stages 2
and 3. Of these SNPs, 29 were successfully genotyped in an independ-
ent sample of 6,532 CRC cases and 8,140 controls from 5 additional
studies (stage 4) conducted in China, South Korea and Japan.

Newly identified risk-associated loci for CRC
In the meta-analysis of all data for the 29 SNPs from stages 1-4 with
14,963 CRC cases and 31,945 controls, signals from 10 SNPs, rep-
resenting 6 new loci, showed convincing evidence of an association
with CRC risk at the genome-wide significance level (P < 5 x 1078),
including rs704017 at 10q22.3; rs11196172 at 10q25.2; rs174537,
14246215, rs174550 and rs1535 at 11q12.2; rs10849432 at 12p13.31;
rs12603526 at 17p13.3; and rs1800469 and rs2241714 at 19q13.2
(Table 1, Supplementary Fig. 4 and Supplementary Tables 3 and 4).
Associations of CRC risk with the top SNPs in each of the six loci were
consistent across almost all studies, with no evidence of heterogene-
ity (Fig. 1). With the exception of the intergenic SNP rs10849432 at
12p13.31, the remaining nine newly identified risk-associated variants
were located in exonic, promoter, 3" UTR or intronic regions of known
genes (Table 1). The linkage disequilibrium (LD) blocks (12 > 0.5)
tagged by rs704017 (10q22.3), rs174537 (11q12.2) and rs1800469
(19q13.2) each span multiple genes (Supplementary Table 5). The
LD blocks tagged by rs11196172 (10q25.2) and rs12603526 (17p13.3)
each lie within a single gene. The LD block tagged by rs10849432
(12p13.31) does not contain any known gene. Stratification analy-
ses of the newly identified risk variants by tumor anatomical site
(colon or rectum), population (Chinese, Korean or Japanese) and
sex (male or female) did not identify any significant heterogeneity
(Supplementary Tables 6-8). In addition to the six newly identified
loci, three additional regions showed association with CRC risk near
genome-wide significance at 8q24.11 (rs6469656; P = 5.38 x 1078),
10q21.1 (rs4948317; P = 7.14 x 1078) and 10q24.2 (rs12412391;
P =7.41 x 1077). Results for all 29 SNPs across stages 1-4 are pre-
sented in Supplementary Table 3.

‘We performed conditional analyses for SNPs located within a 1-Mb
region centered on the index SNP in each of the six newly identified loci.

Table 1 Summary results for risk variants in the six newly identified loci associated with CRC in East Asians

Stage 1 Stage 2 Stage 3 Stage 4 Stages 1-4
Locus SNP Gene?  Annotation  Position®  Alleles® RAFd P P P P OR (95% Cl)® Pe
10922.3 rs704017  ZMIZ1-AS1 Intron3 80,489,138 G/A 0.32 0.01 0.01 0.004 9.99 x 104 1.10 2.07 x 10-8
(1.06-1.13)
10g25.2 rsl1196172 TCF7L2 Intron 4 114,716,833 AG 0.68 0.03 1.82x10°% 0.03 5.18 x 10-7 1.14 1.04 x 10712
(1.10-1.18)
11ql2.2 rs174537 MYRF Intron 24 61,309,256 G/T 0.59 0.02 1.33x10-% 1.61x10-% 1.60x 10-13 1.16 9.22 x 1021
(1.12-1.19)
1s4246215 FENI 3’ UTR 61,320,875 G&/T 0.59 0.02 2.29x106 1.83x10-% 1.25x 10711 1.15 7.65 x 10-20
. (1.12-1.19)
1s174550 FADS1 Intron 7 61,328,054 T/C 0.59 0.01 571x10% 1.83x10% 2.70x 10-11 1.15 1.58 x 10-19
(1.12-1.19)
rs1535 FADS2 Intron 1 61,354,548 A/G 0.59 0.02 7.556x10"6 1.24x 104 1.20x 101! 1.15 8.21 x 10-20
(1.12-1.19)
12p13.31 rs10849432 CD9 Intergenic 6,255,988 T/C 0.82 0.002 0.007 0.06 6.95 x 10°® 1.14 5.81 x 10-10
(1.09-1.18)
17p13.3  rs12603526 NXN Intron 1 747,343 C/T  0.30 0.02 6.86x10"* 0.08 3.80 x 104 1.10 3.42 x 108
(1.06-1.14)
19q13.2 rs1800469 TGFBI Promoter 46,552,136 G/A 0.48 0.002 0.002 6.74 x 1074 0.03 1.09 1.17 x 108
(1.06-1.12)
1s2241714 B9D2 Exon 1 46,561,232 C/T 0.48 0.003 0.002 0.001 0.02 1.09 1.36 x 1078
(1.06-1.12)

RAF, risk allele frequency; OR, odds ratio; Cl, confidence interval.

aClosest gene(s). °Chromosome position (bp) is based on the reference genome in the NCBI database, Build 36. CRisk/reference alleles are based on forward allele coding in NCBI, Build 36.
OR was estimated on the basis of the risk allele (bold). SRAF in controls from all stages combined. €The summary OR (95% CI) and P value were obtained from a fixed-effects meta-analysis.

__ =235
534 VOLUME 46 | NUMBER 6 | JUNE 2014 NATURE GENETICS




ke
1]
c
@
(%]
[)]
e
)
a
-=
k=g
T
<
o
£
@«
L
T
[
£
<
[}
s
=
2
T
z
<
-
<
N
©

ARTICLES

a 18704017 b 1611196172 C 1174537 d 1810849432 € 1812603526 f rs1800469
Stage 1 et e R e —
Shanghai-1  ~+— . N % :
Shanghai-2 + <
Guangzhou-1  —ts B e e B A
O e | — - o T
Aichi-1 et —t -
Stage 2 g e — - —
Shanghai-3  —-a— - PR o e
Guangzhou-2 = = B s g s e wsnnd E )
Guangzhou-3 S lp—e e B e
Stage 3 e - - -
BB - - B B
Stage 4 — — - -
Guangzhou-4 b s B
Aichi-2 —-: — - - NONVNIS e
Korea-NCC  —t e R e e
Korea-Seou] ——s— S R B s B B s i
HCES-CRC | M- - - B " ;3
Combined ' ; ¢
?0951‘\0(1.(}6«1‘13) T OR = 114 (1.10-1.18) ?oam.m(menw) ?oa.—u,mu.o&ua) ?ona.m(t,o&«m»&) ?Onni.ogn.o&«x,w)
P p=207x107" L P=104% 1077 i Pag22x107 D Pr581 w1070 P P=3425107° PP=117x107°
r T 1 r T 1 | E— T T 1 T T 1 T T 1
0.76 100 1.25 150 075 1.00 1.25 150 075 1.00 125 1.50 075 1.00 1.256 1.50 076 1.00 1.25 150 075 1.00 1.25 150
Qdds ratio Odds ratio QOdds ratio Odds ratio Odds ratio Qdds ratio

Figure 1 Forest plots for risk-associated variants in the six newly identified loci. (a) rs704017. (b) rs11196172. (c) rs174537. (d) rs10849432.

(e) rs12603526. (f) rs1800469. Per-allele OR estimates are presented, with the area of each box proportional to the inverse-variance weight of the
estimate. Horizontal lines represent 95% Cls. Diamonds represent summary OR estimates generated under a fixed-effects meta-analysis; width of the
diamonds corresponds to 95% Cls. Continuous vertical lines represent the null value; dashed vertical lines represent the summary OR estimates for all

studies for each SNP.

No second association signal was identified at P < 0.01 after

adjusting for the respective index SNP (data not shown). Four SNPs
at 11q12.2 and 2 SNPs at 19q13.2 showed association with CRC risk
at P < 5 x 1078, and we thus performed haplotype analysis for these
2 loci using genotype data available for 10,051 CRC cases and 14,415
controls (stages 2 and 4). Two common haplotypes were found in
the 11q12.2 locus, accounting for more than 99% of the haplotypes
constructed using the four highly correlated SNPs. The haplotype
with all four risk-associated alleles (frequency = 0.574 in controls) was
strongly associated with CRC risk (odds ratio (OR) = 1.40, 95% con-
fidence interval (CI) = 1.29-1.51; P = 3.69 x 10~16) (Supplementary
Table 9). Similarly, we identified two common haplotypes at the
19q13.2 locus, accounting for more than 99% of the haplotypes con-
structed using the two highly correlated SNPs. The haplotype with
the risk-associated allele at both SNPs (frequency = 0.485 in controls)
was also associated with increased risk of CRC (OR = 1.16, 95%
CI=1.08-1.26; P=1.18 x 107*) (Supplementary Table 10). Overall,
these analyses did not identify an independent signal in any of the
six newly identified loci.

We examined potential SNP-SNP interactions between the 6 new
risk-associated variants identified in this study (rs704017,rs11196172,
15174537, rs10849432, rs12603526 and rs1800469) and also between
these 6 SNPs and the risk-associated variants in 25 previously

reported loci (Supplementary Table 11). Multiplicative interactions
were found with suggestive evidence of association (P < 0.05) for
seven pairs of SNPs. None of these interactions, however, remained
statistically significant after correcting for multiple comparisons in
180 tests (adjusted P = 0.00028).

We evaluated associations of the 10 newly identified SNPs with
CRC risk in individuals of European descent using data from 3
consortia, the Genetics and Epidemiology of Colorectal Cancer
Consortium (GECCO)Y’, the Colorectal Transdisciplinary
(CORECT) Study and the Colon Cancer Family Registry (CCFR)?1,
with a total sample size of 16,984 CRC cases and 18,262 controls
(Supplementary Table 12). In a meta-analysis of data from these
consortia, all ten SNPs showed association with CRC risk in the
same direction as observed in East Asians (Table 2). Five SNPs in
two loci (10g22.3 and 11q12.2) were associated with CRC risk at
P < 0.008 (corrected for multiple comparisons of six loci). These
associations in individuals of European descent, however, were
weaker than in East Asians. Tests showed statistically significant
evidence of heterogeneity for risk variants at 11q12.2 and 19q13.2
(P < 0.008). The frequency of the risk-associated allele was also
considerably different in East Asians and individuals of European
ancestry for SNPs in five loci (Supplementary Table 13). For exam-
ple, the minor allele (C) of rs12603526 is common in East Asians,

Table 2 Associations of risk variants in the six newly identified loci with CRC in individuals of European descent

Locus SNP (alleles)? Geneb Position® Cases/controls RAFd OR (95% Cl)® Pe Pret
10g22.3 1s704017 (G/A) ZMIZ1-AS1 80,489,138 16,984/18,262 0.57 1.06 (1.03-1.10) 4.71 x 1074 0.20
10g25.2 1511196172 (A/G) TCF7L2 114,716,833 7,563/6,328 0.15 1.06 (0.99-1.13) 0.11 0.07
11ql2.2 rs174537 (G/T) MYRF 61,309,256 16,984/18,262 0.67 1.07 (1.04-1.11) 7.39x 1075 0.001
154246215 (G/T) FENI 61,320,875 16,984/18,262 0.65 1.07 (1.03-1.10) 271 x 10 8.31 x 104
rs174550 (T/C) FADS1 61,328,054 16,984/18,262 0.67 1.07 (1.03-1.10) 2.37 x 104 8.87 x 104
151535 (A/G) FADS2 61,354,548 16,984/18,262 0.67 1.07 (1.04-1.11) 4,12 x 1075 0.002
12p13.31 rs10849432 (T/C) cD9 6,255,988 7,563/6,328 0.90 1.03 (0.95-1.11) 0.50 0.03
17p13.3 rs12603526 (C/T) NXN 747,343 16,984/18,262 0.02 1.12 (0.98-1.27) 0.10 0.83
19g13.2 rs1800469 (G/A) TGFBI 46,552,136 16,984/18,262 0.67 1.03 (1.00-1.07) 0.09 0.01
rs2241714 (C/T) B9D2 46,561,232 16,984/18,262 0.67 1.02 (0.99-1.06) 0.18 0.007

RAF, risk allele frequency; OR, odds ratio; Cl, confidence interval.
aRjsk/reference alleles for East Asians as shown in Table 1. OR was estimated for the risk allele (bold). PClosest gene(s). cChromosome position (bp) is based on NCBI Build 36. 9RAF in controls.
eThe summary OR (95% Cl) and P value were obtained from a fixed-effects meta-analysis. The P value for heterogeneity between East Asian and European populations was calculated using a

Cochran’s @ test.
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