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The FOXET1 locus is a major genetic determinant for
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Papillary thyroid cancer (PTC) among individuals exposed to radioactive iodine in their childhood or adoles-
cence is a major internationally recognized health consequence of the Chernobyl| accident. To identify gen-
etic determinants affecting individual susceptibility to radiation-related PTC, we conducted a genome-wide
association study employing Belarusian patients with PTC aged 0-18 years at the time of accident and
age-matched Belarusian control subjects. Two series of genome scans were performed using independent
sample sets, and association with radiation-related PTC was evaluated. Meta-analysis by the Mantel-
Haenszel method combining the two studies identified four SNPs at chromosome 9q22.33 showing signifi-
cant associations with the disease (Mantel-Haenszel P: mhp = 1.7 x 1077 10 4.9 x 1079%). The association
was further reinforced by a validation analysis using one of these SNP markers, rs965513, with a new set
of samples (overall mhp = 4.8 x 107", OR = 1.65, 95% Cl: 1.43-1.91). Rs965513 is located 57-kb upstream
to FOXET, a thyroid-specific transcription factor with pivotal roles in thyroid morphogenesis and was recently
reported as the strongest genetic risk marker of sporadic PTC in European populations. Of interest, no
association was obtained between radiation-related PTC and rs944289 (mhp = 0.17) at 14p13.3 which
showed the second strongest association with sporadic PTC in Europeans. These results show that the
complex pathway underlying the pathogenesis may be partly shared by the two etiological forms of PTC,
but their genetic components do not completely overlap each other, suggesting the presence of other
unknown etiology-specific genetic determinants in radiation-related PTC.

INTRODUCTION Millions of residents were exposed to a wide spectrum of

radionuclides of which '*'l was the major dose-forming
The Chemobyl accident in April 1986 led to radioactive con-  isotope for the thyroid. A sharp increase in thyroid cancer inci-
tamination of vast territories in Belarus, Ukraine and Russia. dence among those exposed in childhood or adolescence has
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been reported since the early 1990s. Its specific temporal and
geographic distribution was suggestive of a common causative
event in the development of the malignancy (1,2), which was
later proved to be internal exposure to '*'I through its incor-
poration into food chains of pastured cows and further con-
sumption of fresh milk (3). In 2002, the number of
diagnosed thyroid cancers in the three most affected countries
approached 5000 of which an estimate of 75% could be attrib-
uted to Chernobyl radiation (2,4).

Among the variety of histological types of thyroid cancer,
only papillary thyroid carcinoma (PTC) displays evident radi-
ation dose—response and accounts for ~95% cases in the
Chernobyl aftermath (3,5,6). Radiation is the only known
environmental risk factor for PTC seen both after external
exposure (7) and internal irradiation (5). The risk for thyroid
cancer in the individuals exposed to radiation at young age
remains elevated throughout their lifespan. Although a role
of predisposing factors commonly associated with sporadic
PTC to the female sex is less relevant in cases of radiation-
related PTC, a female to male ratio of 1.6 to 1 has been
reported (8). Furthermore, radiation-related PTC is also vari-
able in terms of the duration period of latency, the earliest
of which is reported to be 4 years (1). It also remains
unclear why, notwithstanding the appreciably comparable
thyroid radiation doses in Chernobyl PTC patients and in
healthy individuals of the same age and of the same settle-
ments (3,9,10), thyroid malignancy develops only in a small
fraction of those exposed. Thus, while radiation dose and
young age at exposure are well-established risk factors for
PTC, observations are suggestive of an existence of genetic
factors and complex gene—environment interactions that
may modulate individual radiation sensitivity and suscepti-
bility to radiation-related PTC.

In order to identify genetic determinants that modify indi-
vidual predisposition to radiation-related thyroid malignancy,
we conducted a genome-wide association (GWA) study.
Two series of genome scans were performed using two inde-
pendent sample sets consisting of childhood PTC patients of
Belarus and control subjects, followed by a validation study
using a third set of case and control samples. A total of 667
patients diagnosed for PTC in 1989-2009, and 827 age-
matched controls from the same regions were recruited, com-
prising the largest collection of patients analyzed to date. In
addition, genome scan results of 448 Russian DNA samples
were also included as general population controls.

_RESULTS
GWA study

In the initial genome scan (termed as Study 1), a total of
532 024 autosomal SNP markers of 187 PTC patients and
172 controls were chosen for a case—control association
study after quality control of the genotyping results
(Table 1). The average call rates per SNP marker and per
DNA sample were 0.999 and 0.999, respectively. No strong
deviation of inflation factor was observed between the case
and control groups (genomic control inflation factor \ =
1.08, Supplementary Material, Fig. Sla). A statistical analysis
comparing genotype distributions did not find SNP markers

Human Molecular Genetics, 2010, Vol. 19, No. 12 2517

that showed genome-wide significance. In the subsequent
genome scan (termed as Study 2), 214 cases were examined
in the association analysis after quality control, and genotype
distributions of 509 610 SNP markers were compared with
those of 448 Russian population controls. In Study 2, the
average call rates per SNP marker and per DNA sample
were 0.998 and 0.980, respectively. A slight inflation of
genomic control A-value was observed between the case and
control groups (genomic control inflation factor \ = 1.14,
Supplementary Material, Figs SIb and S2), which is most
likely due to within-Russia substructures in the Russian popu-
lation controls. Again, there were no SNP markers that showed
genome-wide significance.

A meta-analysis was undertaken through integration of the
genotypes obtained in Study 1 and Study 2. Association with
radiation-related PTC was evaluated using the Mantel—Haens-
zel method for 506 840 SNP markers that passed quality
control in both studies. The distribution of the mhp-values
along the chromosomes is shown in Figure 1. A slight inflation
of A-value was observed between case and control (A = 1.11,
Supplementary Material, Fig. Slc). A cluster of four SNPs at
chromosome 9922.23 showed genome-wide significance (P <
5.0 x 10‘8), namely, rs925489, rs7850258, rs965513 and
rs10759944 with meta-analysis P-values of 1.7 x 107°,
1.7 x 107%, 4.9 x 107 and 3.5 x 107°, respectively (Fig. 2
and Table 2). These markers are in strong linkage disequili-
brium (LD) to each other (pairwise [’ > 0.999, 1> > 0.999).
Although there were no neighboring SNPs showing stronger
signals (Supplementary Material, Table S1), nine other
markers at the same chromosomal locus showed suggestive
association signals (mhp=352x107* to 1.4 x 1079
(Table 2). In addition, we examined the association by
pooling genotypes obtained in Studies 1 and 2. After correc-
tion for population stratification using Eigenstrat as well as
for residual inflation by the genomic control method, all four
markers that showed genome-wide significance in the
meta-analysis were slightly below the level of genome-wide
significance (rs7850258: P =1.5 x 1077, 1s925489: P =
1.5 x 1077, rs10759944: P =24 x 1077, rs965513: P=
3.2 x 1077).

SNP markers located on the X chromosome were tested for
association in a separate analysis. Cases and controls were
sub-grouped into males and females and association analysis
was carried out. As a result, none of the markers showed
genome-wide significance (mhp > 3.6 x 107> for males,
mhp > 1.6 x 107> for females).

Validation study

The 425-kb region between rs4742698 and rs4618817 encom-
passing these markers was evaluated for LD structure with the
genotyping results of Study 1 and Study 2. Three LD blocks
were identified: block A between 1s4742698 and
rs16924042, block B between rs1512261 and rs10818094
and block C between rs7871887 and rs4618817. All of the
four most significant markers are in block B (Fig. 2). There
are eight genes that have been localized in the vicinity of
these SNPs: TMOD! (Entrez Gene ID: 7111), C90rf97 (ID:
158427), NCBP1 (ID: 4686), XPA (ID: 7507), KRTI8PI3
(ID: 392371), FOXE1 (ID: 2304), C9orf156 (ID: 51531) and
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Table 1. Specification of the DNA samples used for the study

Study Sample set Classification Number Age at exposure Age at diagnosis
Range Mean + SD Range Mean + SD

Study 1 PTCI Cases 187 0-17 30+38 3-20 10.0 + 4.1
CTR1 Controls 172 0-17 15+28 — —

Study 2 PTC2 Cases 214 0-17 58+52 2-22 139455
CTR2 Controls® 448 — —_ — —

Study 3 PTC3 Cases 259 0-18 68+ 55 3-22 165+ 44
CTR3 Controls 648 0-26 62+59 — —

“Russian population controls from other genetic studies.

10 1

-logo(p)

2 1

0 1

7 9 11 13 15 17 19 21

8 10 12 14 16 18 2022

Chromosome

Figure 1. Manhattan plot of the combined GWAS results for Studies 1 and 2. P-values calculated by the Trend X° test for 506 840 autosomal SNPs are plotted in
—log,o scale with respect to their chromosomal positions. The horizontal line indicates Bonferroni-adjusted P = 9.6 x 107°%

HEMGN (ID: 55363), but none of these genes reside in block
B. Seven out of the nine markers showing suggestive associ-
ation signals are located at either 5 or 3’ flanking region of
the FOXE! gene in block C. In addition, an imputation analy-
sis was performed for SNP markers in blocks A, B and C using
genotypes of International HapMap Project as reference. We
identified three additional SNPs in block B, namely
rs7030280, rs10983700 and rs1588635, located approximately
9—11 kb centromeric to rs925489, showing similar levels of
association (imputed P =28 x 107 for rs7030280 and
rs10983700, imputed P = 3.7 x 10~° for rs1588635) (Sup-
plementary Material, Table S2). No other SNP markers in
block A or block C reached genome-wide significance.

This region at 9q22.23 containing the FOXE/ (or TTF2) gene
which encodes a thyroid-specific transcription factor was
recently identified as a chromosomal locus strongly associated
with predisposition to sporadic thyroid cancer in an Icelandic
study (11). Among the seven SNPs showing significant associ-
ations (P < 2.8 x 107°) in the Icelandic sporadic PTC patients,
rs965513 was strongest (P =6.8 x 107%°, OR=1.77)
(Table 2). We therefore selected rs965513 located ~57 kb
upstream to FOXE] for further genotyping by Tagman using
an independent sample set (termed as Study 3) of 259 cases
and 648 controls (Table 1). The strong association (P = 2.0 x
10~*) was reproduced and was further reinforced when the gen-
otypes of the three studies were combined for meta-analysis
(mhp = 4.8 x 107'%, OR = 1.65, 95% CI: 1.43-1.91).

Very recently, another genetic study focusing on 97 candi-
date genes mediating thyroid carcinogenesis identified
rs1867277 in the 5-UTR of FOXE! as a genetic determinant

—%

for sporadic PTC (P=5.9 x 107", OR=1.49, 95% CI:
1.30~1.70) (12). Since rs1867277 was not examined in our
study, we designed a Taqgman probe and genotyped 660 PTC
cases (PTC1, PTC2 and PTC3) and 820 Belarusian controls
(CTR1 and CTR3) (Table 1). A significant association was
obtained with a P-value of 4.5 x 10~ and OR of 1.48 (95%
CI: 1.27-1.71).

Genotyping of rs944289 at chromosome 14q13.3

Rs944289 at chromosome 14q13.3 showed the second stron-
gest association with sporadic PTC in the Icelandic population
(P=25x 1078, OR = 1.44, 95% CI: 1.26—1.63) (11). This
SNP is located in a 249-kb LD region which does not
contain any known genes, but it lies close to 77F/ (ID:
7080), another thyroid-specific transcription factor gene. We
investigated whether rs944289 showed significant association
in our genome scan results. Of our interest, it failed to show
any association with radiation-related PTC (P =0.23 in
Study 1, P=043 in Study 2 and mhp=0.17 by
meta-analysis) (Table 2).

Correlation between rs965513 genotypes and disease
latency

It is considered that thyroid cancer requires an induction and
latency period of at least 10 years after exposure to ionizing
radiation (13). We divided the 660 case samples into two
groups depending on the date of diagnosis being either
within, or more than, 10 years since radiocontamination.
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Figure 2. A schematic organization of the human FOXE/ locus at 9922.23 with the genome scanning results. Mhp-values calculated by the Trend x test in
—log,o scale were plotted in red circles for SNPs located in the 425-kb region between rs4742698 and rs4618817 at chromosome 9¢22.23. The blue circle indi-
cates mhp-value of rs965513 by meta-analysis using the combined results of Study 1 to Study 3. The structure and orientation of eight genes in the region were
shown below the plots with their transcriptional orientations according to NCBI Reference Sequence Build 36.3. LD blocks were generated according to pairwise
LD estimates of the SNPs located within the region using the genome scan results of Study 1 and Study 2.

For the early-onset group, there were 178 patients aged 3—25
years (mean age + SD: 11.2 + 4.3 years) who were diagnosed
within the first 10 years (before 1997), with latency of 7.0 +
1.9 years. For the late-onset group, there were 482 samples
aged 10-39 years (22.9 + 7.5 years) who were diagnosed
after 1997, with latency of 16.4 4+ 3.8 years. Looking at the
results for rs965513, there was a much stronger association
observed for the early-onset cases (P=2.0 x 107°, OR =
1.97, 95% CI: 1.58-2.47) than the late-onset cases (P =
6.0 x 1078 OR = 1.52, 95% CI: 1.31-1.77) when compared
with 1268 controls (CTR1 to CTR3). However, there was no
statistical significance to prove the stronger impact of
rs965513 on the early-onset of PTC (p-heterogeneity =
0.063).

DISCUSSION

In this study, we have undertaken a GWA study of radiation-
related PTC employing Belarusian patients and control subjects.
We identified four markers in strong LD at chromosome
9q22.23 that were significantly associated with the disease.
The strong association was further evident by selecting one of
these markers, rs965513, with the genotyping of an independent
set of samples by Tagman (overall mhp = 4.8 x 107'%, OR =
1.65, 95% CI: 1.43—-1.91). Rs965513 was recently identified as
a genetic risk factor for sporadic PTC in individuals of Euro-
pean descent (11) and is located within an LD block which
lies centromeric to FOXEI.

Another recent report showed a strong association of
rs1867277 at the 5'-UTR of FOXE! with the risk of differen-

tiated thyroid cancer, in particular with the classic variant of
PTC. FOXE1 is a thyroid-specific DNA binding protein recog-
nizing binding sites on thyroglobulin and thyroperoxidase
genes expressed in thyroid follicular cells (14,15). Although
the precise role of FOXE! in PTC remains to be fully estab-
lished, this study provides further evidence of FOXE! involve-
ment in thyroid carcinogenesis. Rs1867277 is so far the only
functional variant associated with sporadic PTC identified
within the FOXE! gene, and the risk allele (A) augmented
FOXE] transcription by creation of a binding site for USF1
and USF2 transcription factors. The fact that stronger associ-
ation signals were observed for SNPs outside block C contain-
ing FOXE! in both the Icelandic and Belarusian studies may
indicate the existence of DNA sequences in block B with
unknown function acting cooperatively with rsl1867277.
Certainly, however, we cannot rule out the involvement of
other genes in the region.

Although the association of rs965513 with PTC was stron-
ger in the early-onset cases than in the late-onset cases, the
difference was not statistically significant (p-heterogeneity =
0.063). Short latency was reported to be often associated
with more aggressive tumors with prominent local invasion
and distant metastases (16). However, it is difficult to directly
associate our results to such morphological features since the
environmental background of patients, including individual
thyroid radiation dose and detailed clinical information are
not available.

Individual susceptibility to thyroid cancer is considered to
be complex involving the interaction of low-penetrance
genes and the environment. Here we provide the first evidence
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that the risk of developing PTC after internal radiation
exposure is largely associated with the genetic determinant
conferring risk for human thyroid malignancies in the
general population. However, FOXE! is unlikely to be the
only key player in radiation-related thyroid carcinogenesis
and it remains to be established whether or not radiation-
related PTC has other ctiology-specific genetic components
for inherited predisposition. Rs944289 at chromosome
14q13.3 strongly associated with sporadic PTC in the Icelan-
dic population was not significant in our results, Moreover,
in our GWA study, two additional SNPs with meta-analysis
P-value being smaller than 1 x 107¢ were identified, of
which one was on chromosome 9p and the other on chromo-
some 12p. Since neither of these chromosomal loci have
been identified as being associated with sporadic PTC, they
may be potential candidates for susceptibility loci specific to
radiation-related PTC. These observations clearly suggest
that different genetic components are involved in carcinogen-
esis of sporadic and radiation-related PTC.

Only a few case—control studies to identify genetic risk
factors of radiation-related thyroid cancer have been reported
to date. Three studies included Chernobyl PTC (17-19) and
thyroid cancers in an occupationally exposed cohort (20). A
recent article examined the genetic determinants in the
patients with radiation-related thyroid nodules (21). The possi-
bilities of association between the risk for PTC after radiation
exposure and 7P53 (ID: 7157) (17,18), RET (ID: 5979) (20) or
XRCCI (1D: 7515) (20) were demonstrated. However, most of
these studies had a limited sample size and insufficient gene
coverage. Apart from the TP53 Arg72Pro polymorphism
(rs1042522) being associated with the risk of radiation-related
PTC in adult patients (17,18), the findings were not replicated
in independent sample sets. None of the SNP markers that
were significant in the above studies were on the Illumina
array. According to HAPMAP, 1525487 (XRCCI) and
rs1800858 (RET) are in complete LD (I = 1, #* = 1) with
rs1799778 and rs2505535, respectively, which are both on
the array. However, the associations were negative for both
markers in our study (P = 0.94 for rs1799778 and P = 0.03
for rs2505535).

MATERIALS AND METHODS
Study pepulations

A total of 667 patients (174 males and 493 females, sex ratio
0.35) diagnosed for thyroid cancer in 1989-2009 were
recruited. Inclusion criteria for cases were as follows: (i) age
at the time of Chernobyl accident 0—18 years old, including
those in utero, in April—June 1986, who were (ii) residing at
the time in the radiocontaminated regions of Belarus and
(iii) histologically verified diagnosis of PTC. Demographic
and diagnostic information was retrieved from Thyroid
Cancer Center (Minsk, Belarus). At the moment of exposure,
378 patients were residents of Gomel region of Belarus which
is the most radiocontaminated area in the country, 195 patients
were from Brest region, 10 from Mogilev region and 84 were
from other radiocontaminated regions of the country.

As control subjects, a total number of 620 healthy individ-
vals (165 males and 455 females, sex ratio 0.36) were
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recruited. Inclusion criteria for controls were: (i) age at the
time of accident between 0 and 18 years old, including those
in utero, in April-June 1986, who were (ii) residing at the
time in the radiocontaminated regions of Belarus, (iii) euthyr-
oid state and (iv} no thyroid cancer by the time of sampling
{February 2006 to April 2009). At the time of possible radi-
ation exposure, 574 healthy participants were residents of
Brest region, 34 of Gomel region, 11 of Mogilev region and
one individual from another region. According to the radioe-
cological and radiation epidemiology studies, all cases and
620 controls are considered to have received thyroid doses
ranging 21-1500 mGy (22,23). Additional DNA samples of
207 individuals who were: (i) born after 1987 (79 samples),
(ii) older than 18 years of age at the time of accident (three
samples) or (iii) considered to have been exposed to a negli-
gible amount, if any, of radiation according to their residential
information (125 samples), were also utilized for the studies as
representative Belarusian population controls. Demographic
and residential information was obtained by personal
inquiry, and peripheral blood samples were collected in the
contaminated regions during bi-annual thyroid screening pro-
grams (which also included neck ultrasound and consultation
of endocrinologist) of Belarusian population. Euthyroid state
was confirmed by laboratory tests being 1.64 + 1.57 nU/ml
for thyrotropin (normal range 0.5-5.0 pU/ml) and 1.17 +
0.28 ng/dl for free thyroxin (normal range 0.7-1.55 ng/dl) in
the whole control group. The absence of thyroid cancer was
met by selecting only those individuals without detectable
thyroid nodules on ultrasound. For Study 2, the genotypes of
448 Russian controls were used as population controls (24).
The Institutional Review Board and the Ethics Committee of
each institution approved the protocols used. All participants
were fully informed of the purpose and procedures, and a
written consent was obtained.

DNA preparation

DNA was extracted from peripheral blood mononuclear cells
using Puregene kit (Qiagen, Germantown, MD, USA) accord-
ing to the manufacturer’s protocol. DNA concentration and
purity were measured with a Nanodrop 1000 spectropho-
tometer (Thermo Scientific, Waltham, MA, USA). The
samples were stored at —80°C until use.

GWA study

Two series of genome scans were performed using two inde-
pendent sample sets. 194 cases and 179 controls, and 214
cases and 448 Russian population controls, were used in the
first and second genome scans (Study 1 and Study 2), respect-
ively. Validation of genome scan results (Study 3) was per-
formed by Tagman analysis using a third independent
sample set consisting of 259 cases and 648 controls.

Study 1: genome scan. A total of 567 512 autosomal SNPs
were genotyped in 194 thyroid cancer patients and 179 con-
trols with Illumina Human610-Quad BeadChip on a BeadSta-
tion 500G Genotyping System, and genotype calls were
generated and summary files were made using the Bead
Studio version 3.1.3.0 software package (Illumina, Inc., San
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Diego, CA, USA). Quality control procedures were systemati-
cally performed for the genome scan results. Initially, two
control samples with call rates being smaller than 90% were
removed from the analysis. Subsequently, degrees of kinship
between individuals were examined by Pi-hat in PLINK, a
multidimensional scaling method (25). For seven pairs of
cases and five pairs of controls showing high degrees of
kinship (PI-HAT > 0.3), the sample with the lower call rate
was excluded. Principal component analysis by ‘smartpca’ in
EIGENSOFT (26) including HAPMAP phase I samples con-
firmed no deviation in all DNA samples from Caucasian popu-
lation. Following the quality control for SNP markers, a total
of 35 488 markers were excluded due to low call rates (lower

than 95%), a low minor allele frequency (smaller than 0.01) or .

significant distortion from Hardy—Weinberg equilibrium
(P-value smaller than 1077). After these steps, 532 024 SNP
markers of 187 PTC patients (mean age + SD: 3.0 £ 38
years) and 172 controls (1.5 + 2.8 years) were used for
statistical analyses.

Association of SNP markers on the X chromosome was
examined in a separate analysis. The same criteria for QC
were applied and 16448 SNP markers were used to test
disease association between 58 cases and 60 controls for
males, and 128 cases and 111 controls for females.

Study 2: genome scan. In 214 thyroid cancer patients (mean
age + SD: 5.8 + 5.2 years), 567 512 autosomal SNPs were
genotyped using the same SNP arrays as those used in Study
1. Genotype cails of 448 Russian DNA samples were used
as population-based controls. The same exclusion criteria as
Study 1 were applied for the quality control, but no DNA
samples were removed from the analysis. After removing
57 902 SNP markers that fit the exclusion criteria, a total of
509 610 SNP markers were used for statistical analyses.
Analysis of the X chromosome was performed as described
for Study 1, in 52 cases and 235 controls for males and in
161 cases and 213 controls for females.

Study 3: validation analysis. Validation of genome scan results
was carried out in 259 cases (mean age + SD: 6.8 + 5.5 years)
and 648 controls (mean age + SD: 6.2 + 5.9 years) using the
Tagman SNP assays (Applied Biosystems, Foster City, CA,
USA) according to the manufacturer’s guidelines. A pre-
designed and functionally tested probe was used for rs965513
(C_1593670_20, Applied Biosystems), and a custom designed
probe by the same producer was used for rs1867277.

Statistical analysis

A case—control association in each study was examined using
trend X° test to compare genotypic distributions between cases
and controls (27). Population stratification was assessed by the
genomic control method (28). Meta-analysis of genome scan
results was carried out with trend mode of the Mantel—Haens-
zel method (29), by combining the genotypes of Study | and
Study 2 for 506 840 autosomal SNP markers that passed
quality contro! in both studies. The genotypes for the autoso-
mal SNPs obtained in Studies 1 and 2 were pooled, and popu-
lation stratification was corrected by Eigenstrat (26) followed
by the genomic control method. Meta-analysis of 16 448 SNP

markers on the X chromosome was performed for Study 1
males and Study 2 males, as well as for Study | females
and Study 2 females.

The overall significance level of rs965513 was calculated by
meta-analysis using the Mantel- Haenszel method, combining
the genotypes of Study | to Study 3. The LD structure was
derived using the genotypes of Study 1 and Study 2 using
the Haploview software (30) by calculating pairwise LD
indices (/Y and r%) between SNP markers in the region.

Imputation of missing genotypes was performed using
MACH 1.0 (http://www.sph.umich.edu/csg/abecasis/MaCH/
index.html). The genotype data of CEU (CEPH European)
obtained from the Phase 1Il HapMap database (draft2) were
used as reference and the 425-kb region between rs4742698
and rs4618817 was examined for association. In the process
of imputation, 50 Markov chain iterations were implemented.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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Estimation of P-value of MAX Test with Double Triangle Diagram
for 2 x 3 SNP Case-Control Tables
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Center for Genomic Medicine, Graduate School of Medicine, Kyoto University, Kyoto, Japan

Single nucleotide polymorphisms (SNPs) are the most popular markers in genetic epidemiology. Multiple tests have been
applied to evaluate genetic effect of SNPs, such as Pearson’s test with two degrees of freedom, three tests with one degree of
freedom (7 tests for dominant and recessive modes and Cockran-Armitage trend test for additive mode) as well as MAX3
test and MAX test, which are combination of four tests mentioned earlier. Because MAX test is a combination of Pearson’s
test of two degrees of freedom and two tests of one degree of freedom, the probability density function (pdf) of MAX
statistics does not match pdf of x? distribution of either one or two degrees of freedom. In order to calculate P-value of MAX
test, we introduced a new diagram, Double Triangle Diagram, which was an extension of de Finetti diagram in population
genetics which characterized all of the tests for 2 x 3 tables. In the diagram the contour lines of MAX statistics were
consisted of elliptic curves and two tangent lines to the ellipses in the space. We normalized the ellipses into regular circies
and expressed P-value of MAX test in an integral form. Although a part of the integral was not analytically solvable, it was
calculable with arbitrary accuracy by dividing the area under pdf into finite rectangles. We confirmed that P-values from
our method took uniform distribution from 0 to 1 in three example marginal count sets and concluded that our method was
appropriate to give P-value of MAX test for 2 x 3 tables. Genet. Epidemiol. 34 :543-551, 2010. & 2010 Wiley-Liss, Inc.
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INTRODUCTION

Genetic epidemiology has been one of the most active
research fields in genetics. Since the human genome
project published the reference sequence of human beings,
genome-wide case-control association studies (GWAS)
have been carried out on a large scale with remarkable
results. In GWAS, single nucleotide polymorphisms (SNP)
have been used as principal genetic markers. In indivi-
duals, SNPs have two alleles, major (M) and minor (m),
and three genotypes, MM, Mm and mm. Therefore, case-
control studies in GWAS consist of 2 x 3 contingency tables
for the two groups (case and control) and three genotypes.
The technology of molecular genetics has been progressing
very rapidly and SNPs are no longer the only genetic
markers to be tested in GWAS studies [Balding, 2006].
However, the importance of 2 x 3 tables has not become
obsolete, because any genetic factor in DNA can be
evaluated with 2 x 3 tables in case-control studies.

For 2 x 3 tables, Pearson'’s test of two degrees of freedom
can be applied. When three categories are in order, the
Cockran-Armitage trend test (CAT) of one degree of
freedom is the best choice. In many cases in genetics, it
is reasonable to consider that the risk of the heterozygous
type (Mm) is between the risks of two homozygous types
(MM and mm). Therefore, CAT has been frequently used
for analyzing the additive effect, which considers the
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middle category as the average of the other two categories.
However, dominant and recessive effects are also well
known in genetics and these effects are tested frequently
with 2 x 2 tables in which the risk of the heterozygous type
is considered the same as the risk of two homozygous
types [Balding, 2006, Cochran, 1954]. Sometimes the
MAX3 test is used, which consists of three tests {CAT
and dominant and recessive tests) and adopts the
maximum of the three as its statistical value. In fact,
MAX3 test was used with successful identification of
disease-associated markers in a genome-wide association
study (GWAS) [Sladek et al., 2007]. Alternatively, the MAX
test or the optimal mode trend test (OMTT test) can be
used [Campbell, 2005]. The MAX method or the OMTT
method tests all modes between dominant and recessive
including the additive mode. The MAX and OMTT
methods are conceptually the same and the OMTT of fered
exact calculation of P-value of the test. In fact, all the
abovementioned tests are trend tests with different types
of scores [Yamada and Okada, 2009; Zheng et al., 2009].
Because the MAX test best represents the genetic hypoth-
esis in many situations and has the highest power among
these tests under the hypothesis, it seems to be the best test
for 2 x 3 table tests for SNP genetic studies. However, the
P-value of the MAX test is not analytically calculable,
which is a drawback of the test. Although we previously
proposed a method to calculate the exact P-value [Yamada
and Okada, 2009], it requires a high computational load.
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A method to approximation of P-value of the MAX test
was proposed by Li et al. with good performance [Li et al.,
2008]. In this paper, we introduce a diagram to display a
2 x 3 table test in which the contour lines of the MAX test
are drawn as a combination of an ellipse and its tangent
lines, and we propose a method to estimate the P-value of
the MAX test using the diagram.

DOUBLE TRIANGLE DIAGRAM: A
GEOMETRIC LAYOUT OF 2 x 3
TABLES IN TWO-DIMENSIONAL

’ SPACE

DOUBLE TRIANGLE DIAGRAM AS AN
EXTENSION OF THE DE FINETTI DIAGRAM

A de Finetti diagram is a ternary plot to graph the
genotype frequencies of populations, where there are two
alleles and the population is diploid. The diagram locates
the conditions of genotype frequencies in an equilateral
triangle. It is based on Viviani’s theorem that at any
point within the triangle, given the three lines from that
point that are perpendicular to the sides of the triangle,
the sum of the lengths of the lines is a fixed value,
regardless of the position of the point [Cannings and
Edwards, 1968].

Because the marginal counts of a 2 x 3 table are given,
the sum of three genotypes is fixed for both cases and
controls. Therefore, three genotype counts of each group
can be plotted as a point in an equilateral triangle. In our
double triangle diagram, two triangles for cases and
controls are drawn and 2x3 tables are plotted as
described below.

Let t = {{n11, n12, 113}, (Mx, 1, nx3}} denote the observed
table and its cell counts and m = {ny,na,n1,n2,13,1.}
denote its marginal counts. Let f. = {{en,en e,
{e21,€22,223}) denote the expected table and its counts under
the null assumption and t — ¢, = {{d11, d12,d13}, {d21,d22, d23})
denote the difference between t and ¢, Then, we have the
following tables.

AA Az aa Sum

Case mn M2 m3 o ong

Control nn np np  ny

Total n1 n, n3 N,
H,,‘ > 0

The difference between t and ¢, is as follows:

AA Aa aa  Sum
Case en € €3 m
Control en en €3 N
Total " n; H3 N
ej=mnn;/n.
AA Aa aa
Case dn di diz=~(dn +di)

dn =—dn dp =—dp dn=—di=dn+dn
dij=nj — e > ~e;
3

Y dy=0,5dj=0.

i=1 j=1

Control
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We introduce following coordinates:
1
xy)= | diz,—=(d11 —di3) |. 1
(x.y) ( 12 \/3( n 13)) 1

These co-ordinates are based on the idea that geometric
arrangement of multiple categories as below. Two categories
are expressed as two vectors in opposite directions to each
other. They are in one-dimensional space. Three categories
are expressed as three vectors in two-dimensional space
and their three tips are the vertices of a regular triangle.
Four categories make a regular tetrahedron. In general, k
categories make k—1 simplex in k—1 dimensional space,
which has k vertices. Equation (1) is one way to give
Cartesian coordinates to vertices of regular triangle (2
simplex for 3 categories). With these co-ordinates,

AA Aa na

1.3 1. /3
Case d1|:—§x+—2— di2=x du:—ix~—2‘y
Control d; = —d; :%x—?y dy = —dyy=—x d;g:—d13:%x+?y.

Because n;>0 and because di;+dy =0 and d,, > —¢;; and
dyj > —ey;, therefore dy; > ~ey; and —dyj =dy; < —ey,

—ey; <dyj < ey,

which can be re-written as,

1 2 1 2
—=X ——=e <Y< —=x+—¢
A ANSYE T A

—en =X <exn
—-—~1 x—-2 €23 < <———] x+——2 e
2
\/5 \/3 y \/§ \/-3_ ¥

These three equations demarcate the field with three
sets of parallel lines which make two equilateral
triangles.

Figure 1A is the diagram of the following table,
in which the case-to-control ratio is 1.5 and the total allele
frequency is 0.2 and the samples are in Hardy-Weinberg
equilibrium. The size of triangles is proportional to the
sample size of groups and the larger and the smaller
triangles represent controls and cases, respectively.

AA Aa aa Sum
Case nyy =150 n;p =520 np3 =330 m = 1,000
Control 5y =250 np =680 nx =570 n; = 1,500
Total n; =400 n,;, =1200 n; =900 n_ =2500

DISTRIBUTION OF TEST
STATISTICS IN DOUBLE-TRIANGLE
DIAGRAM

CONTOUR LINES OF TEST STATISTICS

For 2x3 contingency tables in SNP case-control
association studies, the above-mentioned multiple tests,
Pearson’s genotype test of two degrees of freedom, the
three tests of one degree of freedom for additive, dominant
and recessive mode, the MAX test [Zheng et al, 2009}
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B C X(MAX) = K

bve -z t2en)  x(dom) = K

v = J5lz +2en)

| Observed Gbserved
teble [ table

5= Xilodd) =

v = Jlz - 2en) |t =2 =k | ot =2 =k
o ) 1+ B =2 =K

Az + Bay+Cypi = n , e x o=

Observed table x?(rec) =

Expected-table

¥ = -5l = 2ea)

40 o 0
x
(VKocas{u,), VRbsin{un))
D .

Fig. 1. Double triangle diagrams and contour lines of statistical tests. (A) The space of the tables sharing the marginals. The origin (0,0)
represents the expected table and the neighboring point is the table given in the text. Six lines demarcate the space where tables exist,
which share the marginals with the observed table. The overlap of two triangles is a pentagon. The dashed ellipse is the contour curve
of y(df2) = n. (B) The central area of (A) is enlarged. The solid ellipse of x*(df2) = K with its major and minor axis is shown. The solid
ellipse is rotated by 8 to the dashed ellipse, which is in the normalized form, (x?/a?)+(y? /b?) = K. Three lines, x*(dom) = K, y*(add) = K
and y*(rec) = K are tangent to x2(df2) = K. The gradients of the lines are —(1/+/3), 0 and 1//3, respectively. The observed table is
indicated by a dot on x*(dom) = K and outside of the ellipse, ¥2(df = 2) = K. (C) The contour line of y*(MAX) = K consists of yidf = K),
¥*{dom) = K and y*(rec) = K. In the observed table, 3*(df2) = K' is more than K. The contour line of the ellipse, £Xdf2) = K, is indicated
by a larger dashed ellipse. Because x*(dom) and x*(df2) of the observed table are K and K, respectively, the dot of the observed table is
the intersection of y’(dom) = K and x*(df2) = K'. Description on K’ appears in the section “Geometric evaluation of %*(MAX). Therefore
ignore K' when this figure was indicated earlier in the main text. (D) The ellipse (¥ /a?)+(?/b*) = K is enlarged by £ in the y-axis
direction and it becomes a circle, (x?/a?)+(y?/b?) = K. The coordinates of S; S;, T; and T; are parameterized with 4, b, K, K’ and u;. The
ratio of the area of the sector in the ellipse and the corresponding sector in the circle is b/a. In the figure, ug — un = 42 — un. Therefore,
the areas of the two sectors, 5,0T; and S,T,, are the same. (E) The ellipses, (x*/a®)+(*/b?) = K and (x?/at)+(y?/b*) = K, and the
corresponding circles, enlarged by a/b in the y-axis direction, are drawn in the left and right sides, respectively.. Four tangent points on
the ellipse (x?/a?)+(y?/b%) = K, D, Dy, R, and R, and their corresponding points on the circle, D, D), K} and R}, are plotted. The Ds and
Rs are on the lines of x*(dom) = K and x*(rec) = K, respectively. Four tangent lines to the ellipse form a parallelogram. The enlargement
in the y-axis moves the lines tangent to the ellipse to the lines tangent to the corresponding circle. The tangent lines to the circle form a
rhombus and the radii to D's and R’s, and the tangent lines are perpendicular. Two diagonals quadrisect the thombus. Obs and Obs’ are
the point of the observed table and its corresponding point in the enlarged circle, respectively. Because the observed table’s Y*(MAX) is
K and its y*(df=2) is K/, Obs is the intersection of the straight part of the contour line of 2(MAX) =K and the ellipse
(x?/a?)+(y*/b*) = K'. Lines Obs'D; and OD, are perpendicular and angle Obs'D, = u;—u. The length is D,0 = +/Ka and the distance is
Obs' O = K'a. Therefore, VK a//Ka = cos(iy — ).

Excluding x*(MAX), they are expressed with x and y as
shown below.

2
5 2 (1/1 1 1
= = -|—+—}+—
X (de) m.na (4 (Yl‘] n_;) na

[or the OMTT test; Yamada and Okada, 2009], can be
applied. As reported, these tests are all trend tests with
different types of scores, as expressed below.

¥2(df2) = max(Y?({0,r,1}); ~00 < r < 00)
xz(dom) = Y2({0,0,1}))

1irec) = Y2({0,1,1)) 2e Y3 (L _ L) g+ (L . _l_)yz)
y2(add) = Y?({0,0.5,1}) 2 \n3 m 4\ny ny
yA(MAX) = max(YX({0,7,1};0 < r < 1) 2 dom) — 1 1 1 1 V3
1¥(dom) = —J(-x-Ly )
where nmny \ni+nz ns 2 2 2
2 n? /1 1 1 /3
2 2 x“(rec) = — —5xt 5
Y2((0,r,1}) = 2 (dn(—W)+dp(r — Wy+di(l — W) n nzz_ ny Nat+na \
Lt M1 n(—WR+(nar — WP+ns(1 - W))z. ladd) = = ninans (éy)
W_nvz X t+n3 n]‘nz_l _]_+_1- +L 2
- n, 4\ny w3 Ha
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Let K denote yX(MAX) of the observed table. Figure 1B
indicates the contour lines of xX(df2) =K, y*(dom)=K,
x’(rec) =K and 3(2(add) =K. Figure 1C indicates the
contour lines of y*(MAX) = K. The contour line of y*(df2)
is an ellipse and the contour lines of x*(dom), gcz(rec) and
x*(add) are pairs of parallel lines. The lines of y*(dom) and
x%(rec) are parallel to the lines of the triangles. The lines of
x*(add) are horizontal. The contour lines of y*(MAX)
consist of the elliptic curve of y*(df2) and the straight lines
of x*(dom) and y%(rec).

The contour lines of y*(dom)=K, x*(rec)=K and
x*(add) = K are tangent to the ellipse, which can be shown
by the simple transformation of equations (rot shown).

ELLIPSE NORMALIZATION

In general, the ellipse can be normalized by rotation.

The ellipse of ¥*(df2)=K is normalized to
(x/a®)+(y?/b*) = K, {a > b) by rotating @ in the clockwise
direction as shown below (Fig. 1B).

2 2

.Y

2
a=
A+C— /B +(A-CY
b= 2
\A+C+,/BZ+(A—C)2
1., B 3
9_55111 AT
2
A= . 1 lm .1,)+l)
LRI 4 M, H3 Ha
g™ _3(L__1-)
L ARH] 2 K] (5]

When the ellipse is normalized, the coordinates of
the points on the ellipse are given as (vKa x cos(u),
VKb x sin{u)).

We enlarge the figure by a/b in the y-axis direction, and
the ellipse becomes a regular circle. The coordinates of
the points change from (vKa x cos(u), VKb x sin(u)) to
(vKa x cos(u), vKa x sin(w)) (Fig. 1D).

The tangent lines to the ellipse change their gradients
but remain tangent to the circle (Fig. 1E).

GEOMETRIC EVALUATION
OF X32(MAX)

The contour line of x*(MAX) = K consists of the tangent
lines of the dominant and recessive models and the elliptic
curve (see Fig. 1E). The four tangent points, Ry, Ry, Dy and
D, are on the ellipse and their locations are given
as (vKacos(u;), vKbsin(u;)). The observed table is on
the larger ellipse and its location is given as
(vK'a cos(u), vVK'bsin(u)). The observed table is indicated
as Obs at the intersection of the ellipse and the tangent line
from one of the four tangent points, D;. After enlargement

Genet. Epidemiol.

in the y-axis direction, Obs and D, are moved to Obs’ and
D, respectively. Because the radius and tangent line of a
regular circle are perpendicular, the line Obs'-D, is
perpendicular to the radius to D,. Therefore,

vKa
—— = cos(u; — u),

VKa
and,
' K
K'(uju,) = ————.
(i) = st — w7
We will use K'(u) instead of K'(ulu;) for simplicity.
The x*(df2) values of points on y*(MAX) = K, K'(u) are

(U1 Su S upu3 << ug)

K
K'w) = { min (————I<-A2) otherwise
(cos(u; — u))

GEOMETRIC CALCULATION
OF P-VALUE OF MAX TEST

The area of the ellipse, (x*/a?)+(y?/b*) = K, is A = nKab
(see Fig. 1D).

Assume two sectors of the ellipse, $;0T; and S,0T,
(S; = (VKacos(uy), VKbsin(uy)) and T, = (vKacos(uy),
VKbsin(uy))). When ug — uy = ugy — uy, the area of the
sectors, ((4s) — un)/2m)A and ((ug — us2)/2)A, are equal.

Let Pr(x,y) denote the probability density function (pdf)
of ¥*(df=2) in two-dimensional space. The P-value of

¥df =2) =K, Pyp(K) = e 7is given as,

Pap(K) = -/;, N Pr(x, y) dxdy. (5)
FLA

@

Because Pr(x;y;) = Pr(x;y;}, when

2 2
N5 LY
a2 a2 B
the integral of Pr(x,y) in the sector 50T, is,
U — Un
Pr(x,y) ———— dxdy
'/%-lf"'%;'ZK,quS“Susl n 6)
Ust — Un
= K)
Pap(K) =~

This can be applied to du as,

du du

) Pr(x,y)—dxdy = Pyp(K(1))—.
/’;‘;+§,2K(u,),ufsu5u,+du ( y)21t y = Pan( ')271
(7)

For the points on the contour line Y’ (MAX) = K, yX(df = 2) is
not constant because it is a function of ¥, K'(1) (Equation (4)).
K1)
Figure 2A,B shows K'(1) and Pyp(K(u))=e "2 .
The P-value of the MAX test when x((MAX)=K,

Pyax(K) is geometrically defined as,

n , du
Pusctk) = [ P 3E- ®

Because the four tangent lines form a rhombus in the
enlarged coordinates where the ellipse is the regular circle,

- 507 -



Estimation of P-value of MAX Test 547

A B
K(u) 3 Py (K (w))
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|
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U1 ul "41513 u2
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Fig. 2. Plots of y*(df = 2) and P4(K) on the contour line of ¥*(MAX) = K to the circular angles. (A) K'(), x*(df2) values of points on the
contour line x*(MAX) = K = 6.51 are plotted along the axis of £ The line is cyclic. Between u; and u; and between u; and u,, the line is
flat at 6.51; otherwise, K'(u) is a curve larger than the value of the flat segments. (B} Py (K(#)) were plotted on the same horizontal axis.
The flat segments correspond to the flat segments in (A). Otherwise, the line is a curve smaller than the value of the flat segments.
(C) A quarter from v, = 51%3‘1 —to 5%1 of (B) is enlarged. The black bars represent the area of equation (9) for estimating Pumax(K). The
height of the bars is Pyax(K(x) of the midpoint. The width of the right- and left-most black bars are half of the others.

and because a rhombus consists of four congruent regular
triangles, a quarter of the rhombus can be considered.
The first quarter of the rhombus of Y(MAX)=K is
parameterized with u from v =((u1+u2)/2) ~n/2 to
v1+(n/2) = (u +uy)/2 (Fig. 1E). Therefore,

g

141 +2 , d
Pus(K)= [ PanK ()3

L
I

Hy K du Uy +42 du
=4[ P —" )+ Pyer(K)—.
/w @ ((COS(u1 —u))z) 2n /.,, 42

The first term of the right side is

H K
4/ l Pdfz (—“—“E—) d—gzz/l‘l e‘2(cos(zn—n)) du.
) (cos(uy —w)*/ 2n nfy,

U —h
2nN

This integral cannot be analytically solved. The second
term of the right side is

.4

vty du 2 n 1
4 [ Pantig =2 (1 ) = PO )

Therefore,

1 i _____.K__:du K
P(XZ(MAX)'-'K)=E(2 / e Heostur =) 5;+e‘2(uz—u1>).
v

Although the first term cannot be analytically solved, it
can be calculated by summing the thin rectangles, as
expressed below (Fig. 2C):

N-1 .
(Pafz(K'(ul ) Pan) x5+ 3 Pan(K (m -(1-%) t)) ) . ®
i=1
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The precision can be adjusted by changing N. In the
following calculation, the first N started with 2 and it was
repeatedly doubled until the difference of the estimated
Puax(K) by each update of N was less than Pggp(K) x 1073,
For example, when Py(K) x 1074, calculation is continued
until the difference between iterations ybecomes less than
1074 =10"".

VALIDATION OF THE METHOD
TO CALCULATE P(x*(MAX) = K)

Previous reports have confirmed that x>(MAX) ranks the
observed tables appropriately under the condition that r is
in the hypothesized range [Yamada and Okada, 2009;
Zheng et al., 2009]. Because P-values need to be observed
in uniform distribution from 0 to 1 when tests are repeated
under the null hypothesis, the appropriateness of the
method to estimate Pyax(K) proposed above is confirmed
by observing that the distribution of P(x(MAX)) is
uniform for multiple tables sampled under the null
hypothesis. As Equation (4) indicates, x*(df2) is a function
of u;, which determines the location of the tangent points.

Therefore, the eccentricity of the ellipse, /1 — (b/a)?, and
the angle 6 affect the estimation of P(x*(MAX))=K.
Both b/a and 6 are parameterized only by n; based
on Equation (3) (details are not shown). So, we selected
three marginal count sets as examples (n1,n;,n3) =
(3333, 3333, 3334), (100, 9000, 900) and (9000,100,900), with
(m,n2) = (5000,5000), for evaluation of the method to
estimate Pyax(K). Figure 3A shows the double triangle
diagrams of the three examples. First, (3333,3333,3334) has

A

(3333, 3333, 3334) (100, 9000, 900)

(9000, 100, 900)

similar values for the three categories and its diagram
gives an ellipse that is almost a regular circle and the
fraction where x*(MAX) = x(df = 2) is approximately one-
third. In the second example, (100,9000,900) has a very
large value of n.; and its diagram gives an ellipse that is
long in the vertical axis and the fraction where
$*(MAX) = x(df =2) is very small. In the third example,
(9000,100,900) has a very large value of n.; instead and its
diagram gives an ellipse that is long in the horizontal axis
and the fraction where y*(MAX) = y(df =2) is very large.
A total of 1,000 tables that had the marginal counts were
randomly sampled for each example and P-P plots of
Pumax(K) and Pgp(K) were drawn on a linear scale and
logarithmic scale (Fig. 3A). The P-P plots for Pyax and Pgg
indicate that they are uniformly distributed. There is no
difference among the examples, which indicates that the
difference of eccentricity or rotation of the ellipses does
not affect the distributions. Figure 3B displays the
relationship among Par, Pymax, Pdoms Prec and Pagq for
the 1,000 table samples of (3333,3333,3334). The correlation
between Py, and Pypax is the strongest. Although three
tests of one degree of freedom show considerable
correlation with Pyax, a fraction of the tables show a
substantial dif ference.

COMPARISON OF THE POWER
OF NEW METHOD WITH
PEARSON'’S TEST

We compared power of our method with Pearson’s test
and asymptotic estimation of P-value of MAX by Zang

B
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Fig. 3. Distribution of Py5x for three sets of marginal counts. (A) A double triangle diagram and four P-P plots below it are drawn for
three marginal counts, (3333,3333,3334), (100,9000,900) and (9000,100,900), as indicated. The two darker lines in each double triangle
diagram indicate the lines connecting tangent points. They separate the sections where the contour line of y*(MAX) = K corresponds to
the ellipse, the elliptic sections (the upper and the lower sections) and the sections where the contour line of x*(MAX) = K corresponds
to the tangent lines (the right and left sections). The angles where the contour line of y*(MAX) = K is a part of ellipse is middle, narrow
and wide for three examples, respectively. For each marginal count set, 1000 tables were randomly simulated under the null hypothesis.
(B)Four P-P plots of Pyjax and Pgyg, were drawn below each diagram. The left-side plots are Pmax and the right-side plots are Pyg,. The
upper plots are on a linear scale and the lower plots are on a logarithmic scale.

Genet. Epidemiol.

- 509 -



Estimation of P-value of MAX Test

et al. in “Rassoc” package in CRAN (http://cran.r-
project.org/), for six genetic models [Zang et al., 2010].
For each model, Hardy-Weinberg equilibrium was as-
sumed in a population and allele frequency of risk
allele in the population and prevalence of phenotype
were set at 0.3 and 0.01, respectively. Genotypic relative
risks for each model were given as (1.5,1.5,1), (1.5,1.25,1),
(1.5,1,1) for dominant, additive and recessive models,
respectively. A model between dominant and additive
(half dominant model) and a model between additive
and recessive (half recessive model) were also defined
with (1.5,1.375,1) and (1.5,1.125,1). Relative risk of
the sixth model (heterozygote-specific model) was given
as (1,1.5,1). Five hundreds of cases and five hundreds
of controls were randomly sampled from the population
and 1,000 2 x 3 tables were created for each model and
tested with three tests. The result was shown in Table I.
Powers of proposed method and MAX3 with asymptotic
P-value were almost identical for all models. Power
of Pearson’s test was less powerful than the other two
for all models.

APPLICATION TO REAL
GENOTYPE DATA

In response to Decision Letter, we applied our proposing
method to two types of real GWAS study data. The first
data were 17 SNPs that were reported with statistical
significance in three papers and that were used by Li et al.
to evaluate their method to approximate P-value of MAX
test [Li et al., 2008]. The second data were 10,000 SNPs
among WTCCC study for rheumatoid arthritis [The
Wellcome Trust Case Control Consortium, 2007]. The ten
thousands SNPs were selected from the top of the list of
markers in the order of chromosomal location. For the first
17 SNPs, we applied our new method (Pmax) and
asymptotic P-value estimation of MAX3 test [(Pmax3asy
Zang et al., 2010 (“Rassoc” package in CRAN (http://
cran.r-project.org/)], and the exact P of the MAX or
the OMTT [Yamada and Okada, 2009] (PomiTex) and they
were shown in Table II with P-value based on Rhombus
formula Pihombus- In the report by Li et al., they compared
Prhombus With empirical P-values of bootstraps and
permutations. In this report, we adopted PomiTex, instead.
As shown in Table II, all methods gave similar values for
all SNPs.

For 10,000 SNPs in WTCCC study, we compared Pyax,
Praxaasy and Pomirex- Figure 4A, B shows their co-plots in
regular and logarithmic scales, respectively. Pmax showed
stronger correlation with Pomitex than Pumaxsasy Figure
4C-F shows relation of difference between Ppax and
PomiTex OF Praxzasy and Pomirex with allele frequency or
the minimum value of 2 x 3 table cells. The differences
between Pyax and Pomitex OF Pymaxsasy and Pomirex Were
both larger when allele frequency of minor allele was
smaller and the minimum value of table was smaller.
When the minimum value of table was very small, any
asymptotic method deviates from the exact method and
this was why some of Pyax were relatively more deviated
from Pomitex- However, excluding these exceptions, Pyax
tended to give closer value to Pomitex than Pymaxsasy than
Prmaxasy regardless of the minimum of table cells. It
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TABLE 1. Power comparison of proposed method and Pearson’s test and MAX3

Half recessive Additive Half dominant Dominat Heterozygout-specric

Recessive

Proposed Pearson’s MAX3 Proposed Pearson’s MAX3 Proposed Pearson’s MAX3 Proposed Pearson’s MAX3 Proposed Pearson’s MAX3 Proposed Pearson’s MAX3

Cut off

392 461
166

445

660
378
191

468 651 599
322
164

406
170

460
200

204 224 186 217 332 288 330
102 125

157

198

0.01

21

196

342

203

55 130

48
12

37 54 63
14

1

54

14

0.001

55 78
22

65
21

41 31 45 72 60 74 189
26

14

15

0.0001

17

93

21 30 82 60

11

11

5

0.00001

25

18

22

0.000001

0.0000001

11

0
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Number of tables with P less than cut-off values in 1,000 simulations.
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Fig. 4. Pmax, Pvaxaasy and Pomirex of 10,000 SNP tables in a GWAS were compared. (A) and (B) are co-plots among Pyax, Praxsasy and
Pomitex in regular and logarithmic scale. All three were well correlated and Pyax and Pomrex Were better. (C) and (D) Dif ferences of
Prax and Prgaxsasy from Pomyrex were plotted along allele frequency. (E) and (F) Differences of Pyax and Pryaxaasy from Pomitex Were
plotted along the minimum value of 2 x 3 table cells.

seemed reasonable that Pyax performed relatively better
with tables of low minor allele frequency or of small
minimal value of cells, because the ellipses of those tables
tend to have high eccentricity, to which our method was

designed to correct.

Genet. Epidemiol.

DISCUSSION

In this paper, the de Finetti diagram, a diagram for geno-
type frequency of diallelic markers in population genetics,
was applied to 2x 3 contingency tables for case-control
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TABLE 11. P-values of identified SNPs in GWASs of diabetes, breast, and prostate cancers

SNPID All Al12 A22 B11 Bi12 B22 PMAX PMAXasy PRhombus POMTTex
8 confirmed SNPs associated with Type 2 diabetes

157903146 197 348 149 335 254 65 6.26E-19 0.00E+00 1.58E-18 3.73E-19
513266634 54 229 411 53 293 307 2.40E-05 1.89E-05 1.84E-05 227E-05
rs1111875 77 302 315 119 308 227 8.44E-06 7.04E-06 6.78E-06 7.74E-06
rs7923837 66 300 328 116 296 242 1.52E-06 2.36E-06 2.28E-06 1.43E-06
157480010 301 327 66 363 246 45 2.56E-05 2.24E-05 2.18E-05 2.46E-05
153740878 25 273 386 65 249 353 2.43E-05 1.89E-05 1.84E-05 1.94E-05
rs11037909 25 274 387 65 251 353 2.44E-05 1.89E-05 1.85E-05 2.00E-05
rs1113132 25 271 390 63 251 355 5.30E-05 4.22E-05 4.12E-05 4.11E-05
6 reported SNPs associated with breast cancer

rs10510126 955 180 10 854 272 14 2.21E-06 1.41E-06 1.42E-06 1.63E-06
rs12505080 608 477 50 628 408 99 1.06E-04 8.46E-05 8.27E-05 1.02E-04
rs17157903 777 316 18 862 220 26 8.41E-05 6.17E-05 6.20E-05 7.56E-05
rs1219648 352 543 250 433 538 170 4.08E-06 4.99E-06 4.80E-06 3.80E-06
rs7696175 353 605 187 39 496 249 2.30E-03 2.07E-03 1.98E-03 2.37E-03
152420946 357 546 242 440 537 165 4.83E-06 5.34E-06 5.14E-06 4.73E-06
3 reported SNPs associated with prostate cancer

rs1447295 25 283 864 10 218 929 1.17E-04 1.09E-04 1.10E-04 1.00E-04
156983267 351 598 223 277 579 301 1.95E-05 2.16E-05 2.06E-05 1.93E-05
rs7837688 861 283 27 939 206 1 9.10E-06 6.66E-06 6.67E-06 9.06E-06

association tests with SNPs, and a novel diagram, called
the double triangle diagram, was proposed. Using the
new diagram, test statistics of 2 x 3 tables were geome-
trically described. Given that the tests for 2x 3 tables,
Pearson’s test, dominant test, recessive test, additive test and
MAX test are all trend tests with different scores, the results
were interpreted within this context. The occurrence
probability distribution in the diagram space was elliptic,
and the eccentricity and rotation were functions of the
marginal counts. Once the distribution of the probability
density was expressed in algebraic geometry, it was easy to
transform the ellipse into a regular circle. In the normalized
figure, integration of the probability was easy even when
the integral could not be solved analytically. Subsequently,
the integration of probability of the MAX test was
implemented and validated by a simulation in which the
geometrically estimated P-values of the MAX test were in a
uniform distribution. Although our method performed
well in terms of type I error and power and gave close
value to the exact MAX test, there were limitations. In recent
GWASs, tests of SNP data have to consider covariates in
many cases and actually the rhombus method proposed by
Li et al. [2008] was designed to be able to adjust for the
covariates. However, our approach was not applicable to
such conditions. Besides the handling of covariates, we
evaluated our geometric approach only for 2 x 3 tables and
no further extensions to other statistical tests of higher
dimensions and more complexed data structure were
investigated.

The web tool to estimate the P-values of the MAX test is
available from the author’s web site along with the R

source code (http://www.genome.med.kyoto-u.ac.jp/wiki_
tokyo/index.php/EllipseMAXP).
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SUMMARY

The liver may regulate glucose homeostasis by
modulating the sensitivity/resistance of peripheral
tissues to insulin, by way of the production of secre-
tory proteins, termed hepatokines. Here, we demon-
strate that selenoprotein P (SeP), a liver-derived
secretory protein, causes insulin resistance. Using
serial analysis of gene expression (SAGE) and DNA
chip methods, we found that hepatic SeP mRNA
levels correlated with insulin resistance in humans.
Administration of purified SeP impaired insulin
signaling and dysregulated glucose metabolism in
both hepatocytes and myocytes. Conversely, both
genetic deletion and RNA interference-mediated
knockdown of SeP improved systemic insulin sensi-
tivity and glucose tolerance in mice. The metabolic
actions of SeP were mediated, at least partly, by
inactivation of adenosine monophosphate-activated
protein kinase (AMPK). In summary, these results
demonstrate a role of SeP in the regulation of glucose
metabolism and insulin sensitivity and suggest that
SeP may be a therapeutic target for type 2 diabetes.

INTRODUCTION

Insulin resistance is an underlying feature of pecple with type 2
diabetes and metabolic syndrome (Saltiel and Kahn, 2001), but
is also associated with risk for cardiovascular diseases (Després
et al., 1996) and contributes to the clinical manifestations of

nonalcoholic steatohepatitis (Ota et al., 2007). In an insulin-
resistant state, impaired insulin action promotes hepatic glucose
production and reduces glucose uptake by peripheral tissues,
resulting in hyperglycemia. The molecular mechanisms under-
lying insulin resistance are not fully understood, but are now
known to be influenced by the secretion of tissue-derived
factors, traditionally considered separate from the endocrine
system. Recent work in obesity research, for example, has
demonstrated that adipose tissues secrete a variety of proteins,
known as adipocytokines (Friedman and Halaas, 1998; Maeda
et al.,, 1996; Scherer et al., 1995; Steppan et al., 2001; Yang
et al., 2005), which can either enhance or impair insulin
sensitivity, thereby contributing to the development of insulin
resistance.

SeP (in humans encoded by the SEPPT gene) is a secretory
protein primarily produced by the liver (Burk and Hill, 2005; Carl-
son et al., 2004). It contains ten selenocysteine residues and
functions as a selenium supply protein (Saito and Takahashi,
2002). However, the role of SeP in the regulation of glucose
metabolism and insulin sensitivity has not yet been established.
Furthermore, the clinical significance of SeP in human diseases
has not been well defined, although studies of SeP knockout
mice showed SeP deficiency to be associated with neurological
injury and low fertility (Hill et al., 2003; Schomburg et al., 2003).

The liver plays a central role in glucose homeostasis and is also
the site for the production of various secretory proteins. For
example, recent work in our laboratory has revealed that genes
encoding secretory proteins are abundantly expressed in the
livers of people with type 2 diabetes (Misu et al., 2007). Moreover,
genes encoding angiogenic factors, fibrogenic factors, and
redox-associated factors were differentially expressed in the
livers of people with type 2 diabetes (Takamura et al., 2004; Take-
shita et al., 2006), possibly contributing to the pathophysiology of

Cell Metabolism 12, 483-495, November 3, 2010 ©2010 Elsevier Inc. 483

-513 -



type 2 diabetes and its clinical manifestations. On the basis of
these findings, we hypothesize that, analogous to adipose
tissues, the liver may also contribute to the development of
type 2 diabetes and insulin resistance, through the production
of secretory proteins, termed hepatokines.

RESULTS

Identification of a Hepatic Secretory Protein Involved

in Insulin Resistance

To identify hepatic secretory proteins involved in insulin resis-
tance, we performed liver biopsies in humans and conducted a
comprehensive analysis of gene expression profiles, using two
distinct methods. First, we obtained human liver samples from
five patients with type 2 diabetes and five nondiabetic subjects
who underwent surgical procedures for malignant tumors, and
we subjected them to serial analysis of gene expression (SAGE)
{(Velculescu et al., 1995). Consequently, we identified 117 genes
encoding putative secretory proteins with expression levels in
people with type 2 diabetes, 1.5-fold or greater higher than those
in normal subjects. Next, we obtained ultrasonography-guided
percutaneous needle liver bicpsies from ten people with type 2
diabetes and seven normal subjects (Table S1 available online),
and we subjected them to DNA chip analysis to identify genes
whose hepatic expression was significantly correlated with
insulin resistance (Table S2). We performed glucose clamp
experiments on these human subjects and measured the meta-
bolic clearance rate (MCR) of glucose (glucose infusion rate
divided by the steady-state plasma glucose concentration) as
a measure of systemic insulin sensitivity. As a result, we found
that SEPP1 expression levels were upregulated 8-fold in people
with type 2 diabetes compared with normal subjects, as deter-
mined by SAGE (Table S2). Additionally, there was a negative
correlation between hepatic SEPP? messenger RNA (mRNA)
levels and the MCR of glucose, indicating that elevated hepatic
SEPP1 mRNA levels were associated with insulin resistance
(Figure 1A). As a corollary, we found a positive correlation
between the levels of hepatic SEPPT mRNA and postloaded or
fasting plasma glucose (Figures 1B and 1C).

Elevation of SeP in Type 2 Diabetes

To characterize the role of SeP in the development of insulin
resistance, we measured serum SeP levels in human samples
(Table $3), using enzyme-linked immunosorbent assays (ELISA),
as described previously (Saito et al., 2001). Consistent with
elevated hepatic SEPPT mRNA levels, we found a significant
positive correlation between serum SeP levels and both fasting
plasma glucose and hemoglobin A (HbA1o) levels (Figures 1D
and 1E). HbA,. is a clinical marker of protein glycation due to
hyperglycemia, and elevated HbA; levels generally reflect
poor glucose control over a 2-3 month period. Additionally,
serum levels of SeP were significantly elevated in people with
type 2 diabetes compared with normal subjects (Figure 1F and
Table S4). Similar to data derived from clinical specimens, in
rodent models of type 2 diabetes, including OLETF rats and
KKAy mice, hepatic Sepp? mRNA and serum SeP levels were
elevated (Figures 1G~1J and Table S5).

Cell Metabolism
Hepatokine Selenoprotein P and Insulin Resistance

SeP Expression in Hepatocytes Is Regulated by Glucose,
Palmitate, and Insulin

To clarify the pathophysiology contributing to the hepatic expres-
sion of SeP in type 2 diabetes, we investigated the effects
of nutrient supply on Sepp? mRNA expression in cultured
hepatocytes. We found that the addition of glucose or palmitate
upregulated Sepp1 expression, whereas insulin downregulated
it in a dose- and time-dependent manner (Figures 2A, 2C, 2E,
and 2F). Similar effects on SeP protein levels were observed
in primary mouse hepatocytes (Figures 2B, 2D, and 2G).
Consistent with the negative regulation of Sepp? by insulin in
hepatocytes, Sepp? mRNA levels were elevated in the livers of
fasting C57BL6J mice, compared with those that had been fed
(Figure 2H). Thus, multiple lines of evidence suggest that elevated
SeP is associated with the development of insulin resistance.

SeP Impairs Insulin Signaling and Dysregulates Glucose
Metabolism In Vitro

Because there is no existing cell culture or animal model in which
SeP is overexpressed, we purified SeP from human plasma
using chromatographic methods (Saito et al., 1999; Saito and
Takahashi, 2002) to examine the effects of SeP on insulin-
mediated signal transduction. Treatment of primary hepatocytes
with purified SeP induced a reduction in insulin-stimulated phos-
phorylation of insulin receptor (IR), and Akt (Figures 3A and 3B).
SeP exerts its actions through an increase in cellular glutathione
peroxidase (Saito and Takahashi, 2002). Coadministration of
BSO, a glutathione synthesis inhibitor, rescued cells from the
inhibitory effects of SeP (Figure 3C). Moreover, SeP increased
phosphorylation of IRS1 at Ser307, the downregulator of tyrosine
phosphorylation of IRS (Figure S1A). Similar effects of SeP were
also observed in C2C12 myocytes (Figure S1B). Next, we as-
sessed whether SeP dysregulated cellular glucose metabolism.
In H4IIHEC hepatocytes, treatment with SeP upregulated
mRNA expression of Pck1 and G6pc, key gluconeogenic
enzymes, resulting in a 30% increase in glucose release in the
presence of insulin (Figures 3D-3F). Treatment with SeP alone
had no effects on the levels of MRNAs encoding gluconeogenic
enzymes or on glucose production in the absence of insulin,
suggesting that SeP modulates insulin signaling. Additionally,
treatment with SeP induced a reduction in insulin-stimulated
glucose uptake in C2C12 myocytes (Figure 3G). These in vitro
experiments indicate that, at physiological concentrations, SeP
impairs insulin signal transduction and dysregulated cellular
glucose metabolism.

SeP Impairs Insulin Signaling and Disrupts Glucose
Homeostasis In Vivo

To examine the physiological effects of SeP in vivo, we treated
female C57BL/6J mice with two intraperitoneal injections of
purified human SeP (1 mg/kg body weight), 12 and 2 hr before
the experiments. Injection of purified human SeP protein
resulted in serum levels of 0.5-1.5 pg/mL (data not shown).
These levels correspond to the incremental change of SeP
serum levels in people with normal glucose tolerance to those
with type 2 diabetes (Saito et al., 2001). Glucose and insulin toler-
ance tests revealed that treatment of mice with purified SeP
induced glucose intolerance and insulin resistance (Figures 3H
and 3. Blood insulin levels were significantly elevated in

484 Cell Metabolism 12, 483-495, November 3, 2010 ©2010 Elsevier Inc.

-514 -



