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Abstract. Gestational diabetes (GDM) and type 2 diabetes (T2DM) share part of pathomechanism and several T2DM
susceptibility genes are demonstrated to be associated with GDM. No information on the genetics of GDM, however, was
available in Japanese women. In this study, T2DM risk variants (45 single nucleotide polymorphisms [SNPs] from 36
genes) identified in previous studies were genotyped using matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry in a cohort of 171 Japanese women with GDM and 128 normal glucose tolerance (NGT) diagnosed by the
new International Association of Diabetes in Pregnancy Study Group criteria. OFf 45 SNPs, three genetic variants were
nominally associated with the development of GDM: 15266729 (p = 0.013, odds ratio [OR]: 1.56, 95% confidence interval
[C1]: 1.10-2.23) in ADIPOQ, rs10811661 (p = 0.035, OR: 1.46, 95% CI: 1.03-2.08) in CDKN24/2B, and rs9505118 (p =
0.046, OR: 1.41, 95% CL 1.01-1.97) in SSRI-RREBI. There was a significant difference in the number of risk alleles of
three variants between women with GDM and NGT (3.79 + 1.33 vs. 3.05 £ 1.41, p=6.0 = 10°°). In combined analysis of
three genetic variants, women with five or more risk alleles had a 7.32-fold increased risk of GDM (p=5.6 = 107, 95% CI:
4.54—-11.96), compared with those having no more than one risk allele. Our results suggest several risk variants of T2DM
had cumulative effects on the development of GDM in Japanese women.
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GESTATIONAL DIABETES MELLITUS (GDM),
defined as glucose intolerance with onset or first recog-
nition during pregnancy, is a multifactorial disease that
is similar to type 2 diabetes mellitus (T2DM): glucose
intolerance is likely to be caused by the combination
of environmental and genetic effects |1, 2]. With the
recent advances in high-throughput genotyping tech-
nologies, the genetics of GDM as well as T2DM has
been investigated over the past decade. For instance,
genetic variants associated with insulin sensitivity and
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beta cell function have been related to T2DM in var-
ious racial or ethnic groups including Japanese pop-
ulation by the linkage analysis, the candidate gene
approach, and the genome-wide association studies
(GWAS) [3-6]. In particular, several T2DM suscepti-
bility genes were related to the development of GDM
in Caucasians [7-11]. Since the susceptibility to glu-
cose intolerance depends on racial or ethnic groups, the
effect of T2DM risk genetic variants on GDM might be
different between Caucasian and Japanese women. To
date, however, no information on risk variants of GDM
was available in Japanese women.

Women with GDM are at a high risk of developing
future T2DM as well as perinatal complications (i.e.
pregnancy-induced hypertension and macrosomia) [2,
12]. Offspring born to mother with GDM carries a risk
of early onset obesity and glucose intolerance [12, 13].
Therefore, the optimal management of GDM is impor-
tant not only to perinatal care, but also to maternal and
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children’s healthcare. In general, Asians are classified
as a highly susceptible to glucose intolerance [14-16].
This means that genetic information would contribute
to the identification of women at highest risk of T2DM
as well as the understanding of the pathophysiology of
GDM in Japanese women.

With this background, the current study was
designed to examine the association between T2DM or
GDM susceptibility genes previously reported and the
development of GDM in Japanese women. Especially,
in the present study, glucose tolerance status was eval-
uated by a single criterion (i.e. the new criteria pro-
posed by International Association of Diabetes in
Pregnancy Study Group [IADPSG]) and pregnant
women with normal glucose tolerance (NGT) were
considered as control to account for the environmental
influence (i.e. pregnancy).

Materials and Methods

Subjects

We recruited a total of 299 Japanese women with
singleton pregnancies who underwent the diagnostic
75g oral glucose tolerance test (75g-OGTT) at 24-32
gestational weeks at Keio University Hospital or at the
National Center for Child Health and Development
from April 2011 until December 2014. Gestational
age was confirmed by crown-rump length measure-
ments in the first trimester. Women with multi-fetal
pregnancies, fetal congenital anomalies, overt diabe-
tes in pregnancy, pre-gestational diabetes mellitus (i.e.
type | diabetes and T2DM), and hypertensive disor-
ders in pregnancy. chronic hypertension, and the use
of medications known to affect glucose metabolism
were excluded. This research was performed in accor-
dance with the Declaration of Helsinki and informed
consent was obtained from patients, where appro-
priate. The study was approved by Keio University
School of Medicine Ethics Committee (No. 20100154)
and the institutional review board of National Research
Institute for Child Health and Development (No. 406).

According to IADPSG criteria, GDM was diag-
nosed if one or more values reached or exceeded the
following thresholds: fasting plasma glucose level
(FPG), 92 mg/dL (5.1 mmol/L); lh-plasma glu-
cose level during 75g-OGTT (1h-PG), 180 mg/dL
(10.0 mmol/L); and 2h-plasma glucose level during
75g-OGTT (2h-PG), 153 mg/dL (8.5 mmol/L). Overt
diabetes in pregnancy was defined as HbAl¢ > 6.5%,
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FPG = 126 mg/dL (7.0 mmol/L), or random plasma
glucose level > 200 mg/dL (11.1 mmol/L): the latter
needing to be confirmed by one of the former [17].
Women with normal OGTT results were considered
as NGT (i.e. control) in this study. As a result, there
were 171 women with GDM and 128 with NGT in this
study cohort. Statistical power of the current analysis
using 171 GDM and 128 NGT was calculated using
Genetic Power Calculator in the GDM prevalence
rate of 10% [18]. The current study had 57% or 85%
power to detect a GDM-susceptible allele with a gen-
otype relative risk (GRR) of 1.4 or 1.6 (under an addi-
tive model in log-odds scale), respectively, assuming
that the type I error rate was 0.05 and the susceptible
allele frequency was 0.3.

Assessment of insulin sensitivity, insulin secretion,
and beta cell function

Insulin sensitivity and insulin secretion were
evaluated by parameters calculated using the diag-
nostic 75g-OGTT. The insulin sensitivity was esti-
mated by the whole-body insulin sensitivity index
derived from the OGTT (IS ) and the homeostasis
model assessment of insulin resistance (HOMA-IR),
and Quantitative insulin sensitivity check index
(QUICKI). The ISorr was calculated by the follow-
ing formula: 10,000 / square root {PGy * Insy x (PG +
PGgy = 2 + PGlzu)/z x (]IIS() FInsgg * 2 + Insy20) /21,
where PG, and Ins, represent plasma glucose (mg/
dL) and insulin values (mU/L), respectively, at time y
min during the OGTT [19]. The HOMA-IR was cal-
culated as (PGg x Insy) / 405 [20]. The QUICKI was
estimated as follows: 1 / [log (Insy) + log (PGg)] [21].
Insulin secretion was assessed by the Insulinogenic
Index (1GI: {Ins3y —Insg} / {PG3y— PGg}) during the
OGTT [22]. To evaluate beta cell function, we cal-
culated the OGTT-derived disposition index using
the following measures: Insulin Secretion-Sensitivity
Index-2 (ISSI-2: ISqgrr * the ratio of the total area
under the insulin curve to the total area under the glu-
cose curve during the OGTT) [23].

SNP selection and genotyping

A PubMed search was performed in October 2014
and we retrieved 151 SNPs from 88 genes, previ-
ously reported to be associated with T2DM or GDM
(Supplementary Table 1). It is well known that an
impaired insulin secretion plays a critical role in
the development of T2DM or GDM in east Asian
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including Japanese [24, 25]. Therefore, most of SNPs
analyzed were insulin secretion candidate SNPs.
Several T2DM susceptibility genes were identified in
Japanese as well as Caucasian. All GDM risk gene
variants examined were found in subjects other than
Japanese. We selected the SNPs based on the crite-
rion of the minor allele frequency (MAF) > 30% in
Japanese population because this selection could pro-
vide adequate statistical power to detect SNPs with
GRR > 1.4 in our study cohort, as was described
above. Additionally, gene-based tag SNPs (pair-
wise #* < 0.8) using HapMap-JPT in this study and
several SNPs were excluded because of technical
reasons (e.g. polymerase chain reaction failures).
Finally, we investigated the association between 45
SNPs from 36 genes and the development of GDM.
All polymorphisms analyzed in this study were in
Hardy-Weinberg equilibrium.

Maternal peripheral blood samples were col-
lected after delivery and genomic DNA was extracted
using QIAsymphony DNA Midi Kit (96) (Qiagen,
Valencia, CA, USA). Genotyping was performed
using high-throughput genotyping MassARRAY™
platform (Sequenom, Inc, San Diego, CA, USA). The
primers including amplification and extension were
designed using Assay Design Suite® (Sequenom,
https://seqpws|.sequenom.com/AssayDesignerSuite.
html) (Supplementary Table 2). Negative controls,
at least quadruplicate, were placed at all 384 plates as
quality controls. SNP genotyping success rate was >
94% and the concordance rate for genotyping was >
99.8% in this study.

Statistical analysis

Per-allele odd ratios (ORs) and their 95% con-
fidence intervals (Cls) for the association between
SNPs and GDM were estimated by logistic regres-
sion analysis. The possibility of multiple testing
was avoided by Bonferroni correction. Therefore,
we examined the combined effects of genetic vari-
ants on Japanese GDM and the cumulative effects of
risk alleles at GDM-associated SNPs having lower
p-value (pre-Bonferroni correction) [26]. Data are
presented as mean = SD or the number of cases (per-
cent). Continuous data were compared between the
GDM and NGT groups by Student’s t-test. The fre-
quencies of SNPs between the two groups were eval-
uated by logistic regression analysis. Categorical
variables were analyzed by the Fisher’s exact test.

— 185

Statistical analyses were performed using SPSS v.22
(IBM, Chicago, IL, USA). A p-value <0.05 was con-
sidered statistically significant. The calculation of
linkage disequilibrium (LD) among SNPs and con-
struction of a forest plot of per-allele ORs were done
with R (version 3.3.1).

Results

Maternal characteristics

Maternal characteristics and metabolic measure-
ments of the GDM and NGT (i.e. control) groups are
shown in Table 1. There were no notable differences
in maternal age at delivery, pregravid BMI, and the
rate of overweight or nulliparous between the GDM
and NGT groups. A first-degree family history of
T2DM was more prevalent women with GDM, com-
pared with NGT. With regard to metabolic measure-
ments, FPG, 1h-PG, 2h-PG, and HOMA-IR were sig-
nificantly higher in the GDM group compared with
those in the NGT group. Women with GDM showed
significantly lower levels of 1Sggrr. QUICKI, IGI,
and ISSI-2, compared with NGT (p < 0.05).

Table 1 Comparison of maternal characteristics between the
gestational diabetes mellitus and normal glucose
tolerance groups

(n(I:DM]) (nri(iéx) el

meralageatdelivery 36 1446 366443 036
Pre-pregancy BMI (kg/m®) 21,4433 20725 0.05
Pre-pregancy overweight 24 (14.0) 10(7.8) 0.18
Nulliparous L11(64.9) 79(61.7) 0.63
A first-degree family 33(19.3) 9.(7.0 0.002
history of diabetes
Prior miscarriage 57(33.3) 58 (45.3) 0.04
fi;;éi‘f;‘)’““” week 8 OGTT 934491  376e98 0.36
Plasma glucose of OGTT

0 min (mg/dL) 859+ 75 823+48 20x10°

60 min (mg/dL) 174 1£250  141.4+21.0 4.1~ 1028

120 min (mg/dL) 15474256 1210+ 17.1 22x10%
1SoGrr 509+246 7794351 65«10
HOMA-IR IB8£168 114062 6010
QUICKI 036003  038£004 9.1x10"
Insulinogenic index 078049 1.03 £0.99 0.01
1881-2 1754054 246070 13 <109

BMI, body mass index; overweight, BMI >25kg/m?; OGTT, oral
glucose tolerance test; 1Spgrr. Insulin sensitivity index from
OGTT; HOMA-IR, homeostasis model assessment for insulin
resistance; QUICKI, quantitative insulin sensitivity check index;
ISS1-2, Insulin Secretion-Sensitivity Index-2; Data, mean + SD
or N (%).
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Case-control study

In this study, we evaluated the frequencies of 45
SNPs in the GDM and NGT groups using logistic
regression analysis. The individual allele odds ratio
(OR) is shown in Fig. | and Supplementary Table 3.
Three genetic variants had nominal associations with
GDM (rs266729 [p =0.013, OR: 1.56, 95% CI: 1.10—

SNP (Gene)

2.23],rs10811661 [p=0.035,0R: 1.46,95% CI: 1.03—
2.08], and rs9505118 [p = 0.046, OR: 1.41, 95% CI:
1.01-1.97]). Therefore, we examined the combined
effects of the risk alleles from these three genetic vari-
ants (rs266729, rs10811661, and rs9505118). Taking
into account these three variants, each individual
could harbor between 0 and 6 possible risk alleles.

OR (95%CI)

1s266729  (ADIPOQ)
rs10811661 (CDKN2A/2B)
rs9505118 (SSRI-RREBI)
rs7177055 (HMG20A4)
rs16927668 (PTPRD)
51535500 (KCNK17)
1574628  (ANGPT4)
1s5219 (KCNJID)
14430796  (HNFIB)
rs1387153  (MTNRIB)
rs6815464 (MAEA)
rs8182584 (PEPD)
1512497268 (PSMD6 [PRICKLE?])
152237892 (KCNQI)
rs6813195 (TMEMI54)
16017317 (HNF4A)
rs5215 (KCNJIT)
12144908  (HNF4A)
rs163184  (KCNOIT)
rs13059603 (THOC?)
rs10278336 (YKT6)
rs7041847 (GLIS3)
rs780094  (GCKR)

1.56 (1.10-2.23)
1.46 (1.03-2.08)
1.41(1.01-1.97)
1.41 (0.98-2.01)
1.34 (0.96-1.87)
1.35 (0.96-1.89)

S 0.77 (0.53-1.12)
L 0.81 (0.57-1.15)
—— 0.82 (0.56-1.18)

-1 1.21 (0.86-1.71)
—— 1.22 (0.85-1.77)

0.83 (0.58-1.17)
1.19 (0.85-1.67)

0.84 (0.59-1.20)
1.18 (0.84-1.64)
0.86 (0.62-1.19)
0.86 (0.61-1.22)
0.86 (0.60-1.24)
1.14 (0.82-1.59)
[.14 (0.81-1.61)
0.87 (0.61-1.24)
1.12 (0.80-1.57)
0.90 (0.64-1.25)

rs17168486 (DGKB)
110906115 (CDCI23, CAMKID)
158108269 (GIPR)

154275659  (MPHOSPHY |ABCBY])
154607103 (ADAMTSY)
157754840 (CDKALI)
112571751 (ZMIZI)

155945326 (DUSPY)
157955901  (TSPANS, LGRS)
1s7845219  (TP33INPD)
15243088  (BCLIIA)
157172432 (CDKN24/2B)
rs3740878  (EXT2)

rs10830963 (MTNRIB)
rs11257655 (CDC123, CAMKID)
rs7756992 (CDKALI)
rs831571  (PSMD6 [ PRICKLE2])
16960043 (DGKB)
rs13266634 (SLC3048)
rs7569522  (ITGB6-RBMSI)
rs3786897 (PEPD)

rs4402960 (IGF2BP2)

" 0.91 (0.65-1.28)
1.08 (0.79-1.48)
1.09 (0.76-1.56)
1.08 (0.74-1.57)
0.94 (0.67-1.32)
1.06 (0.77-1.45)
0.95 (0.69-1.31)
0.95 (0.68-1.35)
0.96 (0.66-1.38)
0.96 (0.67-1.37)
0.96 (0.68-1.36)
1.03 (0.75-1.41)
0.97 (0.68-1.38)
1.03 (0.73-1.45)
1.03 (0.73-1.44)
1.02 (0.75-1.39)

R [ 1.02 (0.72-1.44)
e 0.99 (0.71-1.38)

I 0.99 (0.71-1.38)

T 1.01 (0.72-1.42)

T 1.00 (0.70-1.44)

: e . 1.00 (0.69-1.45)

0.5 1.0 20
OR

Fig. 1 A forest plot of per-allele odds ratio of 45 single nucleotide polymorphisms examined in this study
SNP, Single nucleotide polymorphism; OR, Odds ratio; C1, Confidence interval.
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The distribution of risk alleles of the three genetic
variants in the GDM and NGT groups are shown
in Fig. 2A. The percentages of subjects with GDM
increased in the subgroups with more risk alleles.
Furthermore, there was a significant difference in
the number of T2DM risk alleles between women
with GDM and NGT (3.79 + 1.33 vs. 3.05 + 1.41,
p=6.0 x 10%). Especially, women with five or more
risk alleles showed a 7.32-fold increased risk of GDM
(p=15.6 % 107, 95% CI: 4.54-11.97), compared with
those having no more than one risk allele (Fig. 2B).
The LD values among three SNPs calculated using
were under 0.02 in both GDM and NGT groups.

Discussion

With the development of genetic association stud-
ies, information on T2DM susceptibility genes has
been accumulated in Japanese population. To date,
however, no studies on GDM risk variants in Japanese
women have been reported, although GDM may share
genetic backgrounds with T2DM to some extent. In
addition, there is a paucity of information on genetics
of GDM by the new IADPSG criteria because the num-
ber of healthcare associations adopting the criteria is
still limited [27]. Therefore, we designed the current
study to examine the association of previously reported
T2DM or GDM susceptibility genes with having GDM
by the new IADPSG criteria in Japanese women.

>
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It is demonstrated that the prevalence of GDM
by the IADPSG criteria is 10-15% [28, 29]. When
analyzing statistical power of our cohort (i.e. GDM,
171 women: NGT, 128 women) using Genetic Power
Calculator in the GDM prevalence of 10%, SNPs
with MAF > 30% could provide adequate statistical
power to detect risk variants with GRR > 1.4 in our
study cohort. Of 45 SNPs examined, three genetic
variants (rs266729, rsl10811661, and rs9505118)
were nominally associated with GDM in Japanese
women. Since multiple genes would be involved in
the development of GDM, we investigated the com-
bined effects of three genetic variants on GDM. As a
result, women with five or more risk alleles showed
a 7.32-fold increased risk of GDM, compared with
those having no more than one risk allele. Our results
suggested the genetic background of GDM in a multi-
genetic manner in Japanese women.

Of the three genetic variants, rs266729 (4DIPOQ) is
a gene involved in insulin sensitivity, while rs 10811661
(CDKN24/2B) and rs9505118 (SSRI-RREBI) play
an important role in insulin secretion. Several stud-
ies have shown that a single polymorphism rs266729
is associated with decreased levels of serum adiponec-
tin in GDM as well as T2DM [30, 31]. CDKN2A4/28 is
cyclin-dependent kinases 4 suppressor gene that con-
tributes to the proliferation and maintenance of pancre-
atic B-cells. Based on previous studies, CDKN2A/2B is
considered as one of the T2DM susceptibility genes in

ow}

20
18-
16
14
121
10

8_

6
4.
2.

®

<1 2 3 4 =5
Number of risk alleles

Odds ratio (95%CI)

Fig. 2 Risk alleles of three genetic variants and the development of gestational diabetes mellitus

(A) Distribution of risk alleles of three genetic variants and in women with gestational diabetes mellitus (GDM) or normal
glucose tolerance (NGT). Women with GDM presented significantly more T2DM risk alleles, compared with those with
NGT. Black bars represent GDM (n = 171), while white bars represent NGT (n = 128). (B) Odds ratio for the risk of GDM
according to the number of type 2 diabetes mellitus risk alleles carried. Women with five or more risk alleles showed a 7.32-fold
increased risk of GDM (p = 5.6 107, 95% CI: 4.54—11 .96), compared with those having no more than one risk allele.
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Japanese as well as Europeans [3, 32]. With regard to
SSRI-RREBI, it is demonstrated that the depletion of
RAS-responsive element binding protein 1 (RREBI)
encoded by SSR/! reduces f-cell development and
insulin secretion [33]. The meta-analysis of GWAS
indicated that rs9505118 in SSR/-RREBI was asso-
ciated with T2DM [34]. Therefore, the risk allele in
SSRI-RREBI could be related to pancreatic p-cell
dysfunction in T2DM. To the best of our knowledge,
however, no association between SSR/-RREBI vari-
ants and risk of GDM has been demonstrated in pre-
vious reports. Our findings suggest that SSR/-RREB!
might be one of risk variants associated with GDM in
Japanese women.

It is demonstrated that a potential etiology for GDM
is a limitation in beta cell reserves that manifests as
maternal hyperglycemia when insulin secretion does
not increase to match the escalated insulin needs dur-
ing pregnancy. With regard to maternal characteristics,
Asian women with GDM are less obese than Caucasian
and Hispanic women [14, 16]. Thus, decreased insu-
lin secretion in GDM might be more evident in Asians,
compared with Caucasians and Hispanics [35]. Our
previous investigation has shown that women with
Japanese GDM have beta cell dysfunction irrespective
of presence or absence of overweight [25]. Regarding
the genetic background, several studies revealed risk
variants related to insulin secretion in Korean and
Chinese population [36-41]. Of the three genetic vari-
ants found in this study, two are related to the regula-
tion of insulin secretion (i.e. beta cell function). Taken
together, beta cell dysfunction might be the core patho-
physiology of GDM in Japanese women.

The strength of the present study is that we per-
formed the association analysis using SNPs more than
ever before. Most previous studies on GDM risk vari-
ants were candidate gene approach using no more than
ten variants [42], whereas we used 45 SNPs from 36
genes for analysis. In addition, women with GDM
were diagnosed by a single criterion, and those with
NGT were fully evaluated for the glucose tolerance sta-
tus. All women in our cohort were taken care, based
on the clinical recommendation by the Japan Society
of Obstetrics and Gynecology [17]. The findings that
maternal age at delivery, pre-pregnancy BMI and the
rate of overweight were comparable between the GDM
and NGT groups are important. Therefore, our study
cohort is suitable to investigate GDM risk genes, as
were suggested in previous reports [8, 40].
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There are several limitations in this study. One of
the limitations is that we focused on only SNPs with
MAF > 30% since our study cohort was a relatively
small panel. Therefore, we may have missed SNPs
with MAF < 30% that are associated with GDM in
Japanese women because more than 80 susceptibil-
ity genes for T2DM have been were identified so far
[43]. It is also important to replicate and evaluate the
present findings in another independent case-control
set. In this regard, the results of our study should be
interpreted cautiously. In the future, we would conduct
the multi-institutional collaborative genetic association
study to investigate candidate gene variants for GDM.
Ideally, GWAS should be performed to identify all can-
didate gene variants for GDM in Japanese women.

In conclusion, we performed the association anal-
ysis in the context of GDM in Japanese women
for the first time and found that genetic variants in
ADIPOQ, CDKN2A4/2B, and SSRI-RREBI are nom-
inally associated with the development of GDM in
Japanese. Since women with GDM are at a high risk
of future T2DM, genetic information on GDM would
be useful for the T2DM risk classification [38, 41].
Further research using a larger cohort is warranted
for better understanding the genetics of GDM in
Japanese women.
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Supplementary Table 1 Genotype information previously reported to be associated with type 2 diabetes or gestational diabetes mellitus

GDM risk variant in Japanese

Chr SNP

Nearby gene

Minor MAF

Risk Candidate References on GDM

Candidate References on T2DM

Reasons for

allele allele gene for gene for exclusion from
GDM T2DM our analysis
16 3785233  A2BPI(RBIFOXI) G 018 C Yes Miyake er gf. ] Hum Genet, 2009
3 184607103 ADAMISY T 0.41 (& Yes Zegpim e al. Nat Genet, 2008
3 186795735 ADAMIS9 L35 0zl C Yes Voight et al. Nat Genet, 2010
3 111717195 ADCYS c o c Yes  Saxena cral, Nat Genet, 2010 E“J‘I;‘l'n‘:f“i“
3 1911708067 ADCYS G 0 A Yes  Andersson ef al, Diabetologia, 2010 0 variation
n Japanese
3 182241766 ADIPOQ G 022 T Yes Beltcheva er al. Arch Gynecol Obstet, 2014
3 18266729 ADIPOQ G 031 C Yes Beltcheva er af, Arch Gynecol Obstet, 2014 Yes Han er al, Diabetelogia, 2011
8 154994 ADRB3 G 019 G Yes  ling et al. Endocrine, 2012
20 rs574628  ANGPTY A 037 G Yes Miyake e al. J Hum Genet, 2009
8 rs515071  ANK/ A 022 C Yes Imamura er al. Hum Mol Genet, 2012
8§ 18516946  ANK! T o016 C Yes Morris et al. Nat Genet, 2012
15 rs2028299 AP382 & 020 C Yes Kooner ef al. Nat Genet, 2011
11 rsl552224  ARAP! € 004 A Yes Huerta-Chagoya A ef al. PLoS One, 2015 Yes Voight ef /. Nat Genet, 2010
5 rs702634  ARLIS cC 012 A Yes DIAGRAM Nat Genet, 2014
16 157202877  BCARI G 021 G Yes Morris 1 al. Nat Genet, 2012
2 243019  BCLHA T 027 ¢ Yes Metabochip®
2 rs243021  BCLHA G 027 A Yes Voight ef of. Nat Genet, 2010
2 rs243088  RBCLHA T 0.44 T Yes Voight et af. Nat Genet, 2010
Gene-based genetic
15 ra7163757  (20'D4A T 038 C Yes Yamauchi et al. Nat Genet, 2010 rcdundm\cyj
(pairwise »~ > 0.8)
15 rs7172432  (C20D4A, C20DH4B G 045 A Yes Yamauchi ¢f af. Nat Genet, 2010
10 610906115 CDCL23, CAMK LD G 049 A Yes  Shueral PLoS Genet, 2010
10 rs11257655 (D123, CAMKID T 041 T Yes Voight et al. Nat Genet, 2010
10 ra12779790 C'DC'123, CAMKID G 012 G Yes Zepgini ef al. Nat Genet, 2008
Gene-based genetic
6 rs10440833 C'DKALYS A 0.40 A Yes Vaight er /. Nat Genet, 2010 redundancy
) (pairwise »* > 0.8)
6 157754840 CDHKAL! c 04 C Yes Zhang et al. Hum Reprod Update, 2013 Yes Scott er al. Science, 2007
6 157756992 CDKALI G 046 G Yes Cho YM et af. Diabetologia, 2009 Yes Voight er al. Nat Genet, 2010
Gene-based genetic
6 134712523 CDKALI G 041 G Yes Takeuchi et af. Diabetes, 2009 fL‘(‘IL‘llldHlle"l
(pairwise r* == 0.8)
9 rslOBL1661 CCDKN2A, CDKN2B cC 048 T Yes Cho YM et al. Diabetologia, 2009 Yes Scott et al. Science, 2007
Gene-based genetic
9 1510965250 C'DKN24, CDKN2B A 043 G Yes Voight et al. Nat Genet, 2010 redundancy
(pairwise 12 > 0 8)
Gene-based genetic
9 rs2383208 C'DAN2A, CODKN2B G 045 A Yes Wang Y et al. PLoS One, 2011 Yes Takeuchi ¢t af. Diabetes, 2009 rudundnncy‘
(parrwise > 0.8)
9 rs13292136 CHCHDY T 013 ¢ Yes Voight er al. Nat Genet, 2010
19 510401969 CILP2(SUGPT) ¢ 009 C Yes Morris et af. Nat Genet, 2012
7 rsl7168486 DGKE T 0.41 T Yes Dupuis ef al. Nat Genet, 2010
7 12191349 DGKB G 027 T Yes  Dupus ef al. Nat Genet, 2010
7 rs6960043  DGKA c/To050 C Yes Dupuis ef af. Nat Genet, 2010
X 1859453206 DUSPY G 0.38 A Yes Voight er af. Nat Genet, 2010
11 rs3740878  FEXT2 C 036 A Yes Takeuchi er al. Diabetes, 2009
1 1517106184 1ids! A 006 G Yes DIAGRAM Nat Genet, 2014
12 183741872 JAMGOA ¢ 027 C Yes Miyake ef a!. J Hum Genet, 2009
16 18050136 110 A 018 A Yes Scott et af. Science, 2007
16 rs11642841 FTO A 0.06 A Yes Voight ef al. Nat Genet, 2010
16 rs9936385 [10 c 012 C Yes Voight ef al. Nat Genet, 2010
7 517867832 GOCt G 005 T Yes Cha er al. Nat Genet, 2012
7 rs6467136  GOCY A 018 G Yes Cho eral. Nat Genet, 2012
7 rsl799884 GCK T 0.17 T Yes Zhang et al. Hum Reprod Update, 2013
T rsd607517  (GOK A 020 A Yes Mao et al. PLoS One, 2012 Yes Dupuis ef al. Nat Genet, 2010
2 1780094  GOCKR C 044 (& Yes Huopio H et al. Eur J Endocrinol, 2013 Yes Dupuwis et af. Nat Genet, 2010
19 rs8108269  GIPR T 039 G Yes Morris et al, Nat Genet, 2012
9 157041847  GLIS3 G 047 A Yes Cho et al. Nat Genet, 2012
9 rsll787792 GPSMI G 0.05 A Yes Hara ¢t af. Hum Mol Genet, 2014
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Chr SNP Nearby gene

Minor MAF

Risk  Candidate References on GDM

Candidate References on T2DM

Reasons for

allele allele  gene for gene for exclusion from
GDM T2DM our analysis
2 rs13389219 GREIS T 008 ¢ Yes Kooner ¢t al. Nat Genet, 2011
2 3923113 GREIS C 009 A Yes Kooner eraf. Nat Genet, 2011
10 35015480  HHEX ¢ 020 C Yes Cho YM et al, Diabetologia, 2009 Yes Voight ef al. Nat Genet, 2010
10 157923837  HHIEX G 020 G Yes  Cho YM er al. Diabetologia, 2009 Yes  Qianefal. PLoS One, 2012
15 187177055  HM(204 A 041 A Yes Kooner ¢t af. Nat Genet, 2011
15 1sT178572  HMG204 G 046 Yes  Fukuda et al. PLoS One, 2012 E by ety sl
reaction failures
12 152261181 HMGA(RPSAPS52) T 015 T Yes Voight e af. Nat Genet, 2010
12 rs1531343  HMGAZ(RPSAPS2) C 0.13 C Yes Voight e al. Nat Genet, 2010
12 152612035  HMGA2(RPSAPS2) G 0.13 G Yes Voight et al. Nat Genet, 2011
12 rs12427353 HNFIA ¢ o G Yes  Langenberg ef al. PLoS Med, 2014 S\f“ vanation in
apanese
17 rsl1651755 HNIYIB C 029 C Yes Metabochip®
17 rs11651052 HNIIB A 030 A Yes Voight et al. Nat Genet, 2010
17 154430796 HNFIB G 036 G Yes Voight ef al. Nat Genet, 2010
20 rs2144908  HNIYA A 042 A Yes Shaat N et al. Diabetologia, 2006 Yes Chavah e al. ) Hum Genet, 2011
Gene-based genetic
20 rs4812829  HNIYA A 040 A Yes  Kooner er al. Nat Genet, 2011 redundancy
(pairwise /2 >0 8)
20 rs6017317  HINIHA T 046 G Yes Cho er af. Nat Genet, 2012
3 rsdd02960  KGI2BP2 T 0.30 T Yes Mao et al. PLoS One, 2012 Yes Voight ef af. Nat Genet, 2010
Gene-based genetic
3 11470579 IGF2BP2 ¢ 033 C Yes  Saxena er al. Science, 2007 redundancy
(pairwise 7>08)
3 rs6T69511 IGI2BP2 C o033 C Yes  Longeral AmJ Epidemiol, 2012 Ciymerase chain
reaction failures
2 rs7578326 [RSI G 018 A Yes Voight er @/, Nat Genet, 2010
2 151801278  IRS/ T 0.08 T Yes Zhang ¢t al. Hum Reprod Update, 2013 Yes Alharbi ef af. Endocrine, 2014
2 rs2943640  [RSI A 007 C Yes Voight er al. Nat Genet, 2010
2 1s2943641 RS T 007 C Yes Rung er al. Nat Genet, 2009
2 157593730 [TGR6-RBMS1 T 0.12 c Yes Qi et al. Hum Mol Genet, 2010
2 187509522 [1TGBG-RBMST A 038 A Yes Qi et al Hum Mol Genet, 2010
7 15849134 JAZFI G 021 A Yes  Voight er af. Nat Genet, 2010
7T rs864745  JAZIY ¢ oRn T Yes  Stuebe AM eral. Am ) Peninatol, 2014 Yes  Zeggini eral. Nat Genet, 2008
7 849135 JAZFI A O G Yes  Langenberg eral, PLoS Med, 2014 O variation
n Japanese
11 rs5215 KONJH c 034 C Yes Scott et al. Science, 2007
11 185219 KCNJIT T 0.35 T Yes Mao et al. PLoS One, 2012 Yes Sokolova et af. PLoS One, 2014
6 al535500 KONKI7 T 040 T Yes Cho et af. Nat Genet, 2012
11 231362 KONO! T 013 G Yes Voight ef af. Nat Genet, 2010
I 163184 KONQ! G 042 G Yes Huerta-Chagoya A et al. PLoS One, 2015 Yes Voight et al. Nat Genet, 2010
11 82237892 KCNQ! T 0.36 {184 Yes Mao er al. PLoS One, 2012 Yes Yasuda ef a/. Nat Genet, 2008
11 15231361 KONOY C 017 A Yes Voight ¢f af. Nat Genet, 2010
1 152237895 KONQ! € 03 C  Yes Maoeral PLoS One, 2012 Yes  Unoki eral. Nat Genet, 2008 Roge sl
esign failure
7 rs13233731 KLEP4 A 029 G Yes Voight ef al. Nat Genet, 2010
7 rs972283  KLFI4 A 029 G Yes Voight er al. Nat Genet, 2010
12 rs10B42994 KLHD('S T 021 T Yes Morris ef af. Nat Genet, 2012
12 1s2307027 KR14 C 0.17 {63 Yes Miyake ef of, ] Hum Genet, 2009
CGiene-based genetic
4 156819243 MAEA ¢ o036 T Yes  Choeral Nat Genet, 2012 redundancy
(pairwise £>0 8)
4 156815464 MALEA G 036 C Yes Cho et al. Nat Genet, 2012
18 rs12970134 MCUR A 019 A Yes Morris er al. Nat Genet, 2012
T 1s791595  MIRI29-LEP A 010 A Yes Hara ¢t al, Hum Mol Genet, 2014
12 154275659 MPHOSPHY(ABCBY) T 033 C Yes DIAGRAM Nat Genet, 2014
11 rs10830963 MINRIB G 047 [¢] Yes Mao et al. PLoS One, 2012 Yes Dupuis et al. Nat Genet, 2010
11 rs1387153  MINRIB T 048 T Yes Zhang ¢f al. Hum Reprod Update, 2013 Yes Voight ef al. Nat Genet, 2010
1 510923931 NOTCH2 T 002 T Yes Zepgini ¢t af. Nat Genet, 2008
19 rs8182584 PLPD G 0.36 T Yes Cho er al. Nat Genet, 2012
19 153786897 PEPD G 045 A Yes Cho ef al. Nat Genet, 2012
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Chr SNP Nearby gene Mimor MAF Risk Candidate References on GDM Candidate References on T2DM Reasons for
allele allele  gene for gene for exclusion from
GDM T2DM our analysis
TS P
19 1510425678 PEPD C 027 ¢ Yes Cho et al. Nat Genet, 2012 Polymerase chain

reaction failures
Unique primer

6 rs3130501  POUSET A 0.45 G Yes Nair ef a!. Diabetologia, 2014 i 4
esign failure
3 sl801282 PPARG G 0.06 C Yes Wu L eral. Sci Rep, 2016 Yes Saxena ¢t al. Science, 2007
3 rsl3081389 PPARG G 0.04 A Yes Voight et af. Nat Genet, 2010
15 rsl2899811 PRCY A 001 G Yes Voight ez al. Nat Genet, 2010
15 rs8042680 PROI-ASI c o0 A Yes  DIAGRAM Nat Genet, 2014 ?‘;‘;{::‘:":;“"“ "
| 182075423 PROX! T 0.14 G Yes Dupuis et al. Nat Genet, 2010
L 30874 PROXI-ASI ¢ 03 C Yes  Hueral PLoS One, 2010 Polymerase chain
reaction fmlures
3 1512497268 PSMD6(PRICKLE2) C 039 G Yes Cho er al, Nat Genet, 2012
3 831571 PSMDO(PRICKLEZ) T 0.31 C Yes Cho ef af, Nat Genet, 2012
3 1513059603 PSMDO(THOC?) G 032 A Yes Cho er al, Nat Genet, 2012
9 116927668 PTPRD T 0.43 T Yes Tsa et al. PLoS One, 2010
G rs17584499 PIPRD T 015 T Yes Tsai et al. PLoS One, 2010
2 187560163  RBAMY3, RND3F G 0.19 C Yes Palmer ¢f al. PLoS One, 2012
154410242 RBAST A 017 G Yes Metabochip®
17 1312457 SLCIGAL3 C 007 G Yes  Hara et al, Hum Mol Genet, 2014 E,JL':'::,'I"I‘ZI’I':?:’
8 ru132660634 SLOI0AS T 044 C Yes Cho YM e/ al. Diabetologia, 2009 Yes Sladek ¢r al. Science, 2007
Gene-based genetic
8 rs3802177 SLO30AS A 045 G Yes Liang Z et al. Diabetes Res Clin Pract, 2010 Yes Voight er al. Nat Genet, 2010 redundancy
(pairwise = 08)
17 re391300 SRR T 022 G Yes Wang Y er @l PLoS One, 2011 Yes Tsat et af. PLoS One, 2010
139505118 SSRI-RREBI G 0.41 A Yes DIAGRAM Nat Genet, 2014
3 1516861329 STGGALIL T 024 G Yes Kooner er /. Nat Genet, 2011
3 rs17301514 ST6GALY A 0.04 A Yes Kooner ef al, Not Genet, 2011
10 1512255372 TCF7L2 T 002 T Yes  Zhang et al. Hum Reprod Update, 2013 Yes  Tabara et af Diabetes, 2009
10 157901695  TCF7L2 c 004 C Yes  Huerta-Chagoya A et al. PLoS One, 2015 Yes  Yamauchi ef af. Nat Genet, 2010
2 1310203174 THADA T 002 C Yes Voight er al. Nat Genet, 2010
2 rs7578597  THADA C 001 1 Yes Zepgini er al. Nat Genet, 2008
2 511899863 THADA c o0 C Yes  Mercader et al. PLoS Genet, 2012 5"“ vanation in
apanese
9 rs17791513 TLIA G 008 A Yes Voight ¢t af. Nat Genet, 2010
4 rsO813195  TMEAISS T 046 C Yes DIAGRAM Nat Genet, 2014
6 1s1800629 TN A 002 G Yes  WulLeral SciRep, 2016 Yes  Boraska et al. BMC Med Genet, 2010 ;L‘:i‘;‘:’rgl’l’l‘l‘::"'
8 157845219 [P53INPI T 046 T Yes Voight ¢f af. Nat Genet, 2010
12 14760790 TSPANS, LGRS A 024 A Yes Voight ef af. Nat Genet, 2010
12 157961581  ISPANS, LGRS C 023 C Yes  Stuebe AM eral. Am J Perinatol, 2014 Yes  Zeggini et al. Nat Genet, 2008
12 rsd760915  TSPANS, LGRS T 027 T Yes Metabochip®
12 rs7955901  TSPANS, LGRS T 0.30 (] Yes Voight et al. Nat Genet, 2010
3 rsT612463  UBE2E2 A 015 C Yes Kim JY et al. Gynecol Endocrinol, 2013 Yes Yamauchi e/ a/. Nat Genet, 2010
3 rsl496653  UBE2L2 G 015 A Yes Yamauchi e/ a/. Nat Genet, 2010
3 6780569  /BE2L2 A 015 G Yes Yamauchi ef al. Nat Genet, 2010
10 rsl802295 VPS264 T 012 A Yes Kooner er al. Nat Genet, 2011
10 rs12242953 VPS264 A 005 G Yes Kooner et af. Nat Genet, 2011
4 rsd458523 WIS 1 002 G Yes Voight ef al. Nat Genet, 2010
4 rs4689388  WES! G 0.02 R Yes Rung et af. Nat Genet, 2009
4 11801214 WESI c 0 T Yes  Long etal AmJ Epidemiol, 2013 ;’;ﬂ‘g‘:::_“"“ =
16 117797882 WHOX T 021 C Yes Sakai et al. PLoS One, 2013
7 1:10278336 YKT6 G 0.43 A Yes Dupuis et af. Nat Genet, 2010
5 rs4457053  ZBlED3 G 0.03 G Yes Voight e al. Nat Genet, 2010
5 rs6878122 ZBED3 G 002 G Yes Voight e al. Nat Genet, 2010
6 159470794 ZIANDS ) 020 C Yes Cho er al. Nat Genet, 2012
6 rsd299828 ZIANDI(BTBDY) G 006 A Yes Cho et a/. Nat Genet, 2012
15 rs11634397 ZIANDS G 009 G Yes Voight ¢/ af. Nat Genet, 2010
10 rs12571751 ZMIZI G 042 G Yes Morris ef al. Nat Genet, 2012

The information was retrieved from HapMap JPT as well as previous studies. Chr, Chromosome; SNP, Single nucleotide polymorphism; MAF, Minor allele
frequency; T2DM, Type 2 diabtes mellitus, GDM, Gestational diabetes mellitus.
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Supplementary Table 2 Primers designed by Assay Design Suite in this study

SNP

Forward primer sequence

Reverse primer sequence

Extension primer sequence

510278336
rsl0811661
1510830963
rsl10906115
rs11257655
512497268
rs12571751
rs13059603
513266634
rs1387153
rs1535500
15163184
316927668
rs17168486
152144908
rs2237892
rs243088
266729
rs3740878
rs3786897
rsd275659
rs4402960
54430796
rs4607103
rs5215
35219
3574628
55945326
rsb017317
rs6813195
rsbh815464
56960043
157041847
57172432
87177055
157569522
157754840
57756992
3780094
7845219
ra7955901
58108269
rs8 182584
rs831571
rs9505118

ACGTTGGATGGAACAATCCTGTGGATTGTG
ACGTTGGATGGTCAATAAGCGTTCTTGCCC
ACGTTGGATGAGGTCACTCTGTCTATGCTG
ACGTTGGATGATTGAGGACTCCGTTTTGGC
ACGTTGGATGTGCAAAGCACCTACTGCTTC
ACGTTGGATGAGGCACCCCCTTGAAAAACA
ACGTTGGATGGGTGTGTGCATGGTACGTAT
ACGTTGGATGTGACAGACTGCTCAAGCTAC
ACGTTGGATGGCAATCAGTGCTAATCTCCC
ACGTTGGATGCTCTCTCTAGAGCTCACAAC
ACGTTGGATGAGAGATGGGGATCTTCTGAG
ACGTTGGATGTTTGCTCAGTAACGGACTGG
ACGTTGGATGCCATTTTAGTGGCCTGTTGG
ACGTTGGATGGCACCGTGAGGGATATTAAG
ACGTTGGATGACCACGTGCATTGCAAAGAC
ACGTTGGATGCAGATGATGGGAGCTGTCAC
ACGTTGGATGTGAGAGTAGGGTAGGAACAC
ACGTTGGATGATGTGTGGCTTGCAAGAACC
ACGTTGGATGCAAAAACATACCTGGCTGTC
ACGTTGGATGAAGCCATCCTGGAAGACCTG
ACGTTGGATGAGAGGTGATAAGACTGCTG
ACGTTGGATGAGCAGTAAGGTAGGATGGAC
ACGTTGGATGTGAATACAGAGAGGCAGCAC
ACGTTGGATGTCATAATTCCTCAGGCCCAG
ACGTTGGATGCTGTGGTCCTCATCAAGCTG
ACGTTGGATGTGTTCTTGTGGGCCACGTTG
ACGTTGGATGCTCTTGACCCCACATCAAAG
ACGTTGGATGCAGGGATCTCAGGCTCTTTA
ACGTTGGATGAAGAAAAGGCAAAGGATCTG
ACGTTGGATGGGGAGAGGAAGCAAGTAAAC
ACGTTGGATGTCTGCACACATCCTGCTTAG
ACGTTGGATGCCCTTTTGGACTAATAGCTG
ACGTTGGATGGATGCCGGGTTGTAAATCAC
ACGTTGGATGCTTTGGGAGATAGGTTCTGC
ACGTTGGATGCACAGCTTCTACCTTACGTG
ACGTTGGATGCTGTCCCAAATTGCTTTCAG
ACGTTGGATGATCAACTGCTTGCTGTTGGG
ACGTTGGATGGACAATTAATATTCCCCCCTG
ACGTTGGATGAGGGCCCCAGTTTTTTAGAC
ACGTTGGATGTTCTTTGGGCTTCGTGTTCC
ACGTTGGATGATGCATTCATAGACACCACC
ACGTTGOGATGGGGTCCTGATTTCAACACCT
ACGTTGGATGGCATGACGACAAACACAGAC
ACGTTGGATGGACAAGGCTATTCCATCCTC
ACGTTGGATGACTTGGTTATTGTACTGCTG

ACGTTGGATGGCACTGTGCTAAAATCCTC
ACGTTGGATGGATCAGGAGGG TAATAGAC
ACGTTGGATGCCAGGCAGTTACTGGTTCT
ACGTTGGATGGTTACGTGTATGCGATCCC
ACGTTGGATGCCACGGAGATGGTTTCATGC
ACGTTGGATGGAAACTGATAGTAGATGCTG
ACGTTGGATGAAACACCTACAGACCCGAG
ACGTTGGATGGTCTCAGTCTCTTCAGATAA
ACGTTGGATGTTTCTCTCCGAACCACTTG
ACGTTGGATGTGTCTGTGGAATGCTAGCAA
ACGTTGGATGAGCTCTGGCTGCTCAGTAGG
ACGTTGGATGGGTAAAGTGTCTGTGGAAAG
ACGTTGGATGCACTCTTCAGAACTGGAAGG
ACGTTGGATGCTGCTGATCTGGTTGATCTT
ACGTTGGATGCCTGACTAGAGTCAGGAGAT
ACGTTGGATGTAAGGCATCTGGTGGAGAGG
ACGTTGGATGTGTGGAAAAGGGTAGCTCCG
ACGTTGGATGTGGACTTTCTTGGCACGCTC
ACGTTGGATGCACAAAAGAATGCAGTGTGG
ACGTTGGATGATCTGCATAGGACAGCCCCA
ACGTTGGATGTGCTGACGCATGTAAGTGCC
ACGTTGGATGTGGGGCATGTTTGCAAACAC
ACGTTGGATGCAAAGACCCAACAACGCTTG
ACGTTGGATGGTGTGTACCAAGGACATCCA
ACGTTGGATGACGGACGTTACTCTGTGGAC
ACGTTGGATGGCATCATCCCCGAGGAATA
ACGTTGGATGTCTCAGTGCCTAATCCGGAG
ACGTTGGATGTGTCTCCAGGGCTTTGCAC
ACGTTGGATGTGGCCATTTCTATGTTGTC
ACGTTGGATGATGGCAACCACACTCCTGCT
ACGTTGGATGAGCTCTCACGAGGAAGCAAT
ACGTTGGATGGCCCTTGAATGTGAGGTTTA
ACGTTGGATGCCACCTCATCGCATACATTT
ACGTTGGATGGCTTAAAAGAGGGCTTGGG
ACGTTGGATGCTAGGAGGACATCTTACCTG
ACGTTGGATGGCCAGTGCATGTATGTAAAT
ACGTTGGATGCAGAGACATCACTGTCCTTT
ACGTTGGATGATGCAACCAAGAGAGGTCTG
ACGTTGGATGCCCGGCCTCAACAAATGTAT
ACGTTGGATGACCCCTATTGTGGAGCTCTA
ACGTTGGATGTGTTGTGTACATGCACTGGG
ACGTTGGATGCCCCATTTTCTGGATAGGGA
ACGTTGGATGTTGCTCATTTCAGGCACTCG
ACGTTOOGATGGTGACCTAGAGATAGGGCTG
ACGTTGGATGCAGCAGTTTTTAAGCGTTTAC

AATCCTCATATGATTGAAAGG
ceegt AGGG TAATAGACTTACTGTCATG
2epcGGCAGTTACTGGTTCTGGATAG
cppgACGTGTATGCGATCCCAAGTTTG
GG TTTCATGCCCAGTA
GCTTGATCAGAGCAGGA
GGAGGAGGAAAACAGTC
CTTTAAAAATACAAACTAATGCTTTC
teteceCCACTTGGOTGTCCC
CTITTACAGATAAGAAAATTGAGTT
aGOGTCAAGGATGGGG
ceGGGGCAAGGGTGGAG

20aga TTCAGAAC TGGAAGGAATAGG
celge TCTCTTGCCATTTGACACC
TCTGTCATTCCCTGGC
CTAGGCCCCTCACCCC
tGGTAGCTCCGAGAAGA
CGCTCATGTTTTGTTTTTGAAG
ccggCACAAGCATGATTTTATTGTCCT
2aagGCCTGGGCTGAGCCCTGAG
AGACTGCTGAGGCTAA
petpeGCAAACACAATCAGTATCTT
peEt AGGCAGCACAGACTGGA
AGGCCCAGCAGGTTT
GTGTGGGCACTTIGA

2agaC ACGGTACCTGGGCT
CCACATCAAAGGTCAGG
GGGGOCGTAGCAATG
TCTATGTTGTCTTGTTTTGAG
2aggGTAAATACTGGCCTTGC
cpgaCCGATACCTGTACCCCGGGTTTTG
AACCTGCTGTCCTCA
TCCTTCCCTTGACCA
AGACAGTTTCTTTGGGAA

ceecc CCTTACGTGCTGAGAC
GTAAATAGTTATGGGGATTGAAATA
AAATCCTCTATCAAGTCAAC
cottaCCCCCTGTATTTTAGTTTT

ctg TAGACCATGACTGACACAT
CTTCGTGTTCCATTATTCTGAA
eEEagGGGAGCCCAAGTGGTT
HAGACATGTCACCCTGA
GCACTCGGAGCCTCAG
TCTTGACAACAAGATAGGCTTTA
ACTGCTGAAGACACC

SNP, Single nuchreotude polymorphism.
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Supplementary Table 3 Association analysis results between single nucleotide polymorphisms and the risk of gestational
diabetes mellitus

: " - ; i P S B is study The present stud
1 3266729 3 ADIPOO Yes C C G 0.79 0.69 0.013 1.56 (1.10-2.23)
2 310811661 9 CDKN2A2B Yes T T C 0.58 0.49 0.035 146 (1.03-2.08)
3 rs9505118 6 SSRI-RRIEBI Yes A A G 0.58 0.50 0.046 141 (1.01-1.97)
4 1s7177055 15 MG 204 Yes A G A 0.39 0.32 0.064 141 (0.98-2.01)
5 rs16927668 9  PIPRD Yes T T C 0.55 048 0.083 1.34 (0 96-1.87)
6 151535500 6  KONKI7? 1 G I 0.38 031 0.087 1.35(0.96-1.89)
7 rs574628 20 ANGPTH Yes G G A 0.59 0.64 0,165 0.77 (0.53-1.12)
8 rs5219 11 KON Yes T C T 036 041 0.245 0.81(0.57-1.15)
9 14430796 17 HNFIB Yes G A G 0.31 0.35 0.279 0.82 (0.56-1.18)
10 31387153 11 MINRIB Yes T C T 0.49 0.45 0,280 1.21 (0 86-1.71)
11 156815464 4 MAEA Yes C C G 0.68 0.64 0.282 1.22 (0.85-1.77)
12 rs8182584 19 pPEPD Yes b P G 0.62 0.67 0,284 0.83 (0.58-1.17)
13 1512497268 3 PSMD6(PRICKLE2) G G C 0.65 0.60 0312 1.19(0.85-1.67)
14 rs2237892 1l KCNQI Yes C C T 0.63 0.67 0.326 0.84 (0.59-1.20)
15 56813195 4 TAMEMIS4 Yes c T C 048 0.44 0.341 1.18 (0.84-1.64)
16 rs6017317 20 HNFiA Yes G G T 0.52 0.56 0.357 0.86 (0.62-1.19)
17 185215 1 KCNIH Yes {4 T C 0.38 0.42 0.393 0.86(0.61-1.22)
18 152144908 20 HNEaA Yes A G A 0.46 0.48 0.425 0.86 (0.60-1.24)
19 rs163184 11 KCNQ! Yes G i ie G 0.48 045 0.430 1.14 (0.82-1.59)
20 1513059603 3 THOCT A A G 0.66 0.63 0.446 L14(081-1.61)
21 510278336 7 YK16 A A G 0.67 0.70 0.446 0.87(0.61-1.24)
22 rs704 1847 9 (GLIS3 Yes A G A 0.47 0.44 0.506 1.12 (0.80-1.57)
23 rs780094 2 GOCKR Yes G A G 0.44 0.47 0,512 0.90 (0.64-1.25)
24 rsl 7168486 7 DGKR Yes 9 il C T 0.39 0.41 0.598 0.91(0.65-1.28)
25 rsl0006115 10 CDCI23, CAMKID Yes A A G 0.58 0.56 0.642 1.08 (0,79-1.48)
26 rs8 108269 19 GIPR Yes G G T 0.68 0.66 0.645 1.09 (0.76-1.56)
g rsd4275659 12 MPHOSPHYABCBY) C C T 0.71 0.70 0.687 1.08 (00 74-1.57)
28 rsd607103 3 ADAMTSY Yes C C T 0.61 0.62 0716 094 (0.67-1.32)
29 ra7754840 [ CDKALL Yes C G C 0.45 044 0737 1.06 (0.77-1.45)
30 rs12571751 10 ZMIZL G A G 0.45 0.46 0,738 0.95 (0.69-1.31)
3l rs5945326 X DUSPY Yes A A G 0.65 0.66 0,769 0.95 (0.68-1.35)
32 137955901 12 TSPANS, LGRS Yes | 1 C T 0.68 0.69 0.807 0.96 (0.66-1.38)
33 157845219 8 TrPs3INPT Yes T C T 0.31 0.32 0.814 0.96 (0.67-1.37)
34 rs243088 2 BCLIA Yes 1 A T 0.32 0.33 0.830 0.96 (0.68-1.36)
35 rs7172432 15 C20D4448 Yes A A G 0.59 0.58 0.852 1.03(0.75-1.41)
36 rs3740878 11 EXT2 Yes A A G 0.63 0.64 0.876 0.97 (0.68-1.38)
37 rs10830963 11 MINRIB Yes G C G 0.48 047 0.880 1.03(0.73-1.45)
38 rsl1257655 10 CDCI23, CAMK LD Yes ) i C T 0.47 0.46 0 882 1.03(0.73-1.44)
39 rs7756992 6  CDKAL! Yes G A G 0.49 048 0.893 1.02 (0.75-1.39)
40 rs831571 3 PSMI )ﬁ(.f’Rl( ‘KiLE2) C C T 0.67 0.32 0918 1.02 (0.72-1 44)
41 rs6960043 7 DGKB Yes C C T 0.51 051 0931 0.99(0.71-1.38)
42 rs13266634 8  SLOC30A8 Yes [ C T 0.61 0.61 0961 0.99(0.71-1.38)
43 187569522 2 ITGB6-RBMS] Yes A G A 0.34 034 0.963 101 (0.72-1.42)
44 rs3786897 19 PEPD Yes A A G 058 058 0.982 1.00 (0.70-1.44)
45 154402960 3 IGF2RP2 Yes T G T 0.32 031 0987 1.00 (0.69-1.45)

SNP, Single nucleotide polymorphism; Chr, Chromosome; GDM, Gestational diabetes mellitus; RAF, Risk allele frequency; OR, Odds
ratio; CI, confidence interval.
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Abstract

Cellular senescence is classified into two groups: replicative and premature senescence.
Gene expression and epigenetic changes are reported to differ between these two groups
and cell types. Normal human diploid fibroblast TIG-3 cells have often been used in cellular
senescence research; however, their epigenetic profiles are still not fully understood. To elu-
cidate how cellular senescence is epigenetically regulated in TIG-3 cells, we analyzed the
gene expression and DNA methylation profiles of three types of senescent cells, namely,
replicatively senescent, ras-induced senescent (RIS), and non-permissive temperature-
induced senescent SV1s8 cells, using gene expression and DNA methylation microarrays.
The expression of genes involved in the cell cycle and immune response was commonly
either down- or up-regulated in the three types of senescent cells, respectively. The altered
DNA methylation patterns were observed in replicatively senescent cells, but not in prema-
turely senescent cells. Interestingly, hypomethylated CpG sites detected on non-CpG island
regions (“open sea”) were enriched in immune response-related genes that had non-CpG
island promoters. The integrated analysis of gene expression and methylation in replica-
tively senescent cells demonstrated that differentially expressed 867 genes, including

cell cycle- and immune response-related genes, were associated with DNA methylation
changes in CpG sites close to the transcription start sites (TSSs). Furthermore, several miR-
NAs regulated in part through DNA methylation were found to affect the expression of their
targeted genes. Taken together, these results indicate that the epigenetic changes of DNA
methylation regulate the expression of a certain portion of genes and partly contribute to the
introduction and establishment of replicative senescence.
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Introduction

Cellular senescence is the irreversible cessation of cell proliferation [1] and is classified

into two groups: replicative senescence and premature senescence [2]. Replicative senes-
cence is caused by telomere shortening due to repeated DNA replication [3], while prema-
ture senescence is caused by stress, such as oncogene activation [4] and reactive oxygen
species (ROS) [5], without apparent loss of telomere length and function. Although cellular
senescence has been shown to be associated with tumor suppression in several cancers [2, 6,
7], it has been reportedly involved in cancer progression through the induction of epithe-
lial-mesenchymal transitions and tumor invasion [8]. In addition, senescent cells secrete
several factors associated with inflammation such as interleukin (IL)-6 and IL-8 [9], which
are referred to as senescence-associated secretory phenotypes (SASP). Recently, SASP has
been implicated in the pathogenesis of age-related diseases such as rheumatoid arthritis,
periodontitis and Alzheimer’s disease [8, 10]. Therefore, elucidation of the mechanism con-
tributing to induction and establishment of the senescent state will help overcome such age-
related diseases.

Epigenetic regulation such as histone modification, DNA methylation and interference
with micro RNA (miRNA) is one of the mechanisms that modulate gene expression. Alter-
ation of the chromatin structure occurs in human senescent fibroblasts, where epigenetic regu-
lation contributes to the establishment of the senescent state partly through the p16™<** /
retinoblastoma (RB) protein pathway [11]. Modification of histones, trimethylated histone H3
at lysine9 (H3K9me3) and trimethylated histone H3 at lysine 27 (H3K27me3) is enriched in
the senescent-associated heterochromatic foci (SAHF), although the spreading of repressive
histone marks is not necessary for SAHF formation [12]. So far as known, histone modifica-
tion is reportedly involved in expression of key molecules of senescence, such as p16™<**,
p14**F and p53. Loss of H3K27me3 is involved in expression of p16™<** and p14**F, whereas
H4 acetylation and trimethylation of histone H3 at lysine 4 (H3K4me3) are involved in expres-
sion of p53 [13-16]. Furthermore, Takahashi, A. et al. [17] showed that the expression levels of
SASP factors, IL-6 and IL-8, are regulated by demethylation of H3K9 through the APC/C*?"!-
G9a/GLP pathway.

DNA methylation changes have also been observed during cellular senescence and individ-
ual aging. Many studies have elucidated the role of epigenetics in senescence using various
approaches such as pyrosequencing, array-based methylome and combined bisulfite restric-
tion analysis (COBRA), as well as using various types of cells and different tissues derived from
genetically different individuals [18-21]. These studies have shown that DNA methylation pro-
files are tissue- and cell-type specific, and the epigenetic control of gene expression seems to
promote in part tissue- and cell-type specific differentiation in addition to cellular senescence.
For instance, the DNA methylation profile of fibroblast cells is different to that of mesenchy-
mal stromal cells [22]. Moreover, principal component analysis showed that the methylation
pattern of fibroblast cells from one dermal region is different to that from other dermal regions
[23]. Christensen et al. also showed interindividual variation in methylation profiles among 11
tissues, including blood and brain [24]. In contrast to the studies using genetically different tis-
sues and cells derived from individuals, age-related changes in DNA methylation between
monozygotic twins were reported to arise with chronological time, indicating that the differ-
ences in genetically identical individuals are driven by different cellular responses to environ-
mental changes [25]. Therefore, we hypothesized that a specific type of cultured cell leading to
senescent states induced by different methods and demonstrating differences in methylation
profiles will allow us to characterize in detail the role of epigenetic regulation in response to
cellular senescence.
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The effects of DNA methylation on gene transcription have been extensively studied in rela-
tion to the states of CpG islands (CGIs) near the transcription start sites (TSS). According to
recent studies examining the relationship between gene body methylation and gene expres-
sion, hypermethylation correlated to not only high gene expression but also low gene
expression [26], suggesting a more complex regulation. Varley et. al. also reported that the
relationship between methylation and gene expression is context-dependent, although the cur-
rent models reported by several groups indicate that methylation in the promoter regions is
associated with gene silencing, and gene body methylation is associated with expression [20].

Furthermore, some senescence-associated genes are regulated in part by miRNA [27-31].
MiR-34 has been well known as a tumor suppressor and its targeted genes encode the cell
cycle regulators including E2F, c-Myc, cyclin D1, cyclin E2, cdk4, and cdk6 [32-34]. Recent
studies on cancers have revealed that the expression of some tumor suppressive miRNAs is
regulated by DNA methylation in the miRNA promoter regions [35-37]. Despite these recent
advances, much of the relationship between DNA methylation and miRNA expression and
how this relates to senescence genes remains unclear.

In this study, we examined characteristic features of DNA methylation during cellular
senescence using TIG-3 cells established from fetal lung fibroblasts. Although such TIG-3 cells
have been a common focus in senescence research, much of the epigenetics remains unex-
plored. To test the hypothesis that the differences in genetically identical cells are driven by dif-
ferent cellular responses to senescence, we examined array-based gene expression and DNA
methylation profiles using genetically identical TIG-3 cells which had been induced to a senes-
cent state by three different methods, namely, replicatively senescent, ras-induced senescent
(RIS), and senescent SVts8 cells. Originally derived from TIG-3 cells, SVts8 cells can induce
senescence under non-permissive temperature by inactivation of the temperature-sensitive
SV40 large T antigen. We then searched for the positional trend of methylation changes and
the possible effects of DNA methylation changes on gene expression using integrated analysis.

Materials and methods

Cells and cell culture

Normal human diploid fibroblast TIG-3 cells (obtained from the Health Science Research
Resources Bank, Japan) were cultured in DMEM+GlutaMAX-I (GIBCO) supplemented with
10% fetal bovine serum (FBS) (HyClone) and 1% penicillin/streptomycin (Nacalai Tesque) at
37°C under a 5% CO, atmosphere. TIG-3 cells were cultured until they senesced at population
doubling level (PDL) 85. The TIG-3 cells were harvested for DNA extraction at PDL 36, 49, 69
and 85, for RNA extraction to analyze gene expression at PDL 36 and 84, and for RNA extrac-
tion to analyze miRNA expression at PDL 44, 60, 78 and 80.

To prepare RIS cells, retroviral infection was performed as reported previously [38]. Briefly,
Phoenix-Eco cells (obtained from Dr. G. P. Nolan, Stanford University, CA, USA) were trans-
fected with the pBabe-puro-H-Ras-V12 or pBabe-puro plasmid by the Chen-Okayama method
[39]. Viral supernatants were prepared from the cells after transfection, passed through a 0.45-
pum-pore-size syringe filter, and pooled. The supernatant and 8 pg/mL hexadimethrine bro-
mide (Sigma-Aldrich) were added to TIG-3 cells expressing an ecotropic receptor at a prolifer-
ating phase. After infection, the cells were selected with growth medium containing 300 pg/
mL G418 and 2 pg/mL puromycin for 9 days before being harvested.

SVts8 cells (obtained from the Health Science Research Resources Bank, Japan) [40] contin-
ued to proliferate at a permissive temperature (33.5°C), because of suppression of RB and p53
through induction of a temperature-sensitive mutant of the simian virus (SV) 40 large T
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antigen to TIG-3 cells and the high ability of telomere maintenance. Senescent SVts8 cells
were obtained by culturing SVts8 cells at a non-permissive temperature (38°C) for 6 days.

Microarray assays

Gene expression. Total RNA was isolated with a ReliaPrep RNA Cell MiniPrep System
(Promega) according to the manufacturer’s instructions. Starting with 200 ng of the isolated
RNA for each sample, double stranded cDNA and cyanine 3 labeled cRNA were synthesized
using a low input quick amp labeling kit (one-color) and RNA spike-in kit (Agilent). The
labeled cRNA was purified with an RNeasy mini kit (Qiagen), and hybridized to a SurePrint
G3 Human GE microarray 8x60K Ver. 2.0 (Agilent). After washing the microarray to remove
unhybridized cRNA, the microarray was scanned with an Agilent DNA microarray scanner
G2505B, and then feature extraction was performed using the GE1_QCMT_Sep09 protocol.

DNA methylation. Genomic DNA was isolated using DNeasy Blood & Tissue (Qiagen)
according to the manufacturer’s instructions. Genomic DNA (1.5 pg) was bisulfite-converted
using the EpiTec Plus DNA Bisulfite Kit (Qiagen). From each sample, 300 ng of bisulfite-
treated DNA was subjected to DNA methylation profiling using an Infinium HumanMethyla-
tion27 or HumanMethylation450 BeadChip array (Illumina) according to the manufacturer’s
standard protocol. The array slides were scanned with an iScan system (Illumina).

MicroRNA (miRNA) expression. Total RNA including miRNA was isolated with a Relia-
Prep miRNA Cell and Tissue MiniPrep System (Promega) according to the manufacturer’s
instructions. Approximately 100 ng of the isolated RNA for each sample was labeled with cya-
nine 3 using miRNA Complete Labelling and Hyb Kit (Agilent) according to the manufactur-
er’s protocols. The labeled RNA was hybridized to a SurePrint G3 Human miRNA Microarray
(Release 21.0) (Agilent). After washing, the microarray was immediately scanned using one
color scan setting for 8x60k array slides with an Agilent DNA microarray scanner G2505C.
The images were extracted with Feature Extraction Software 10.7.3.1 (Agilent) using default
parameters.

Data analysis

Gene expression. The SurePrint G3 Human GE microarray data were analyzed using the
Subio Platform (Ver. 1.18.4625). The data were normalized as to low signal cutoff (cutoff 1.0
and replace), log transformation (base 2), and global normalization (percentile 75), and then
the ratios to those of the control sample (mean) were obtained. In this study, > = 2-fold and =
< 0.5-fold changes were regarded as up- and down-regulated gene expression, respectively. In
order to calculate fold-change differences and construct a heatmap, each gene expression level
in the senescent cells was compared with that in the control cells, namely replicative senescent
cells versus proliferating cells, RIS cells versus cells infected with the empty vector, and senes-
cent SVts8 cells versus proliferating SVts8 cells. The heatmap with sample clustering was
drawn using Subio Platform with Uncentered Correlation. The microarray data for gene
expression have been deposited in the GEO (GSE81798).

DNA methylation. The Infinjum HumanMethylation27 BeadChip includes probes for
27,578 CpG sites [41]. The Infinium HumanMethylation450 BeadChip includes probes for
485,577 CpG sites covering 21,231 RefSeq genes (99%), and 26,658 CGIs (96%), and 3,091
probes for non-CpG loci [42]. The image data obtained by the iScan system were subjected to
background subtraction and control normalization using GenomeStudio V2011.1 (Illumina).
Methylation levels were calculated as B values (= intensity of the methylation allele / [intensity
of the unmethylated allele + intensity of the methylated allele +100]), which ranged from 0
(0% methylation) to 1 (100% methylation). Probes for CpG sites with a detection p-value
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of > 0.05 or a blank B value were eliminated from further analysis. The B values of control cells
were subtracted from those of senescent cells (AB). AR > = 0.2 and AB = < —0.2 were regarded
as hyper- and hypomethylation in this study. TIG-3 cells at PDL 36 were regarded as control
cells for those at higher PDLs (49, 69, and 85). An Infinium HumanMethylation27 BeadChip
was used to obtain methylation profiles for all samples (TIG-3, RIS, and SVts8 cells). An Infi-
nium HumanMethylation450 BeadChip was used to obtain more comprehensive methylation
profiles of TIG-3 cells at PDL 36 and PDL 85, and RIS cells. The BeadChip data have been
deposited in the GEO (GSE81788 and GSE81797). Scatter plots for B values were drawn using
Genome Studio. Hyper- and hypo-methylated CpG sites were classified into six CpG subcate-
gories depending on the location relative to the CpG island (CpG island, N_Shore, S_Shore,
N_Shelf, S_Shelf, and the open sea) and into seven gene feature subcategories (- 1500 to — 200
bp upstream of the TSS (TSS1500), — 200 bp to 0 bp upstream of TSS (TSS200), 5’ untranslated
region (5’'UTR), first exon (1% exon), gene body, 3’ untranslated region (3’UTR), and inter-
genic region), according to the probe annotation (HumanMethylation450_15017482_v.1.1.
csv) provided by Illumina [43].

Integrated analysis of DNA methylation and gene expression. Normalized gene expres-
sion and DNA methylation array data were integrated based on the genomic locations of the
RefSeq genes’ TSS composed in the expression array and the genomic location of the CpG
sites placed in the BeadChip array using custom perl scripts. RefSeq information was retrieved
from http://hgdownload.cse.ucsc.edu/goldenPath/hgl19/database/refGene.txt.gz. We assessed
AP values for the CpG sites located within 8 kb distance from the closest TSS of the RefSeq
genes and the fold-change value of the corresponding gene expression. The gene expression
data were obtained from probes annotated by the RefSeq ID for mRNA. When multiple
expression probes existed in the same RefSeq ID, the mean of multiple intensities was calcu-
lated for the RefSeq ID. The distance from the methylation site to the TSS was calculated with
a computer using the location information on the methylation probes and RefSeq (as described
above). Promoters registered in RefSeq were classified into two classes, CGI and non-CGI pro-
moters, using the following criteria: > = 50% GC content and observed-to-expected ratio of
CpG > =0.6.

Gene ontology (GO) analysis. GO analysis was performed using the Database for Anno-
tation, Visualization and Integrated Discovery (DAVID) v6.7 (http://david.abce.nciferf.gov/)
[15-17] with GOTERM_BP_ALL and functional annotation clustering. The genes for GO
analysis were extracted according to each cut-off value given in the methylation and integrated
analysis section. For GO analysis using only gene expression data, genes exhibiting a more
than 3-fold change of expression were used due to the limited gene numbers loaded onto the
annotation tool. The top 10 represented GO terms are shown in some tables. Enrichment
scores of more than 1.3 gave p-values of less than 0.05.

To conduct GO analysis on gene feature- and CpG site-categories, the genes related to dif-
ferentially methylated CpG sites on the gene-coding region based on the probe annotation
were analyzed with GOTERM_BP_ALL and a functional annotation chart due to the small
numbers of extracted genes. The ratios of the number of genes with similar functions were cal-
culated for all gene feature- and CpG site-subcategories.

miRNA expression regulated by DNA methylation and its targeted genes. To measure
the expression level of miRNAs during replicative senescence, the Human miRNA microarray
data were analyzed using GeneSpring (Ver. 12.5). The data were normalized by a 90-percentile
shift, and then the ratios to those of the control sample (PDL 44) were obtained. The cut-off
for miRNA expression change used in this study was a £1.5-fold change. The microarray data
for miRNA expression have been deposited in the GEO (GSE90942). miRNAs exhibiting
methylation changes were obtained from HumanMethylation450 BeadChip data using the
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“MIR” keyword in the “UCSC_REFGENE_NAME” column provided by Illumina. We
searched for miRNAs with hypermethylated promoter regions and down-regulated expres-
sion, and vice versa, by comparing methylation changes (AB cut-off was +0.2) with expression
changes (fold-change cut-off, £1.5). Genes targeted by those miRNAs for which expression
seemed to be regulated by DNA methylation were picked up by TargetScanHuman Release
7.0. The resulting genes were then further filtered by more than two miRNAs and the gene
expression levels based on our microarray data.

Results

Similar biological outcomes, but different gene expression patterns were
detected in three types of senescent cells

We prepared three types of senescent cells, namely, replicatively senescent, RIS and senescent
SVits8 cells. The senescence state in SVts8 cells was rapidly induced by the inactivation of the
temperature-sensitive mutant of the SV40 large T antigen under non-permissive temperature.
Senescence was confirmed by the growth arrest, appearance (a large flat morphology), senes-
cence-associated beta-galactosidase (SA-B-Gal) activity, and protein and mRNA levels of p16
INKAA and p219PYWatl (S Fig). Gene expression data for senescent cells obtained with Sure-
Print G3 Human GE microarrays (Agilent) showed that less than 10% of the probes tended to
show similar changes in the three types of senescent cells (up-regulated: 358 of 4,355 probes in
replicatively senescent cells, 3,927 probes in RIS cells and 5,124 probes in senescent SVts8
cells; down-regulated: 278 of 4,679 probes in replicatively senescent cells, 4,557 probes in RIS
cells and 3,823 probes in senescent SVts8 cells), whereas more than 50% of the probes showed
changes specific to each type of senescent cell (up-regulated: 2,396 of 4,355 probes in replica-
tively senescent cells, 2,384 of 3,927 probes in RIS cells, and 3,408 of 5,124 probes in senescent
SVits8 cells; down-regulated: 2,561 of 4,679 probes in replicatively senescent cells, 2,750 of
4,557 probes in RIS cells, and 2,840 of 3,823 probes in senescent SVts8 cells) (Fig 1). A heatmap
also showed different patterns of gene expression among the three types of senescent cells,
even though sample clustering indicated that replicatively senescent cells and RIS cells were
closer than senescent SVts8 cells (Fig 2).

According to the GO analysis of more than 3-fold changed genes, the down-regulated
genes in the replicatively senescent, RIS and senescent SVts8 cells were mostly related to the
“cell cycle” (S1 Table). On the other hand, the up-regulated genes were related to “immune
response”, “locomotion”, and “cell migration” in all three types of senescent cells that we
examined. Both up-regulated and down-regulated genes included “developmental process”
genes. The results suggest that different genes with similar functions contributed to the senes-
cent process, although the biological outcomes were similar among the three types of senescent
cells.

Replicatively senescent cells showed DNA methylation changes

The DNA methylation profiles of senescent and proliferating cells were obtained using the
Infinium HumanMethylation27 BeadChip. Among the three types of senescent cells exam-
ined, only the replicatively senescent cells (TIG-3 at PDL 85) were notably differentially meth-
ylated compared to the proliferating control cells (TIG-3 at PDL 36), whereas prematurely
senescent cells (RIS and SVts8) were not (Fig 3, upper panels). Among the 629 and 366 CpG
sites that were hyper- and hypo-methylated, respectively, in TIG-3 at PDL 85 (Fig 3, lower
table), 565 (89.8%) and 310 (84.7%) sites showed a stepwise increase and decrease, respectively,
of DNA methylation along with the progression of PDLs (36, 49, 69, and 85) (Table 1). Genes
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Fig 1. The number of probes indicating up- or down-regulated genes in three types of senescent cells. The number of up-regulated
(A) or down-regulated probes (B) are shown in three types of senescent cells. The probes exhibiting a more than 2-fold change were
counted. Purple circles, replicatively senescent cells; yellow circles, RIS cells; green circles, senescent SVts8 cells.

doi:10.1371/journal.pone.0171431.9001

hosting the differentially methylated CpG sites detected in TIG-3 at PDL 85 were subjected to
GO analysis using DAVID. Genes associated with hypomethylated CpG sites were found to be
most enriched in the term “immune response” (enrichment score 7.86) and its related terms
(S2 Table). On the other hand, genes associated with hypermethylated CpG sites were enriched
in a wider variety of terms such as regulation of biological and developmental processes with
lower enrichment scores (4.24 or lower).

To more comprehensively examine the alteration of DNA methylation upon senescence,
we obtained the DNA methylation profiles of TIG-3 cells at PDL 36 and PDL 85, and RIS cells
using the Infinium HumanMethylation450 BeadChip. Again, replicatively senescent TIG-3
cells were differentially methylated compared to the proliferating control cells, whereas RIS
cells were not (Fig 3D and 3E). Among 484,662 probes that passed quality control procedures,
14,214 and 12,727 probes were hyper- and hypo-methylated, respectively, in TIG-3 cells at
PDL 85 as compared with TIG-3 cells at PDL 36 (Fig 3F). The ratios of differentially methyl-
ated probes were determined for each of the seven gene features and six CpG subcategories
(Fig 4). The frequency of hypermethylated CpG sites was higher than that of hypomethylated
CpG sites in TSS1500 (1.6 fold), TSS200 (2.1 fold), 5UTR (1.5 fold), 1* exon (2.0 fold) and
gene body (1.2 fold) subcategories (Fig 4A). As shown in Fig 4B, the frequency of hypermethy-
lated CpG sites was higher in CGI (16.0 fold), N_Shore (2.2 fold), and S_shore (2.4 fold) sub-
categories, but was lower in N_Shelf (0.44 fold), S_Shelf (0.39 fold), and the open sea (0.51
fold) subcategories. We applied GO analyses to genes hosting the differentially methylated
CpG sites to characterize the features of the genes that were supposed to be regulated in part
by DNA methylation in each gene feature- and CpG site-subcategories. A total of 8,114 genes
hosting the differentially methylated CpG sites were classified by GO terms into the subcatego-
ries. The GO terms obtained from functional annotation charts using DAVID were further

» <« » » o«

categorized into seven groups: “immune response”, “metabolic process”, “transport”, “cell
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Fig 2. Heatmap of gene expression in three types of senescent cells. Gene expression patterns in three types of senescent cells are shown
as a heatmap with sample clustering using uncentered correlation.

doi:10.1371/journal.pone.0171431.9g002
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adhesion”, “development”, “signal transduction”, and “transcription”, plus an additional
group, others (Figs 5A-5H and 6A-6H and S3 Table). The “immune response”-related genes
hosting hypomethylated CpG sites were enriched in all of the gene feature subcategories,
whereas a small portion of those hosting hypermethylated sites were located in the TSS1500,
5UTR, 1% exon and gene body subcategories (Fig 5A). Interestingly, in the region from — 200
bp to 0 bp upstream of TSS (TSS200), all of the classified 63 genes related to “immune
response” consisted of the hypomethylated CpG sites. Consistent with the results of GO analy-
ses using HumanMethylation27 data (S2 Table), the genes hosting hypomethylated CpG sites
were found to be markedly enriched with the genes involved in “immune response”. In sharp
contrast, the “transcription”-related genes hosting hypermethylated CpG sites were enriched
in all of the gene feature subcategories except for “1* exon”, whereas no “transcription”-related
genes hosting the hypomethylated ones were located in the gene feature subcategories except
“gene body” (Fig 5G). The results of the GO analyses conducted on the CpG site subcategories
are shown in Fig 6. Genes related to “immune response” were enriched only in the genes host-
ing hypomethylated CpG sites in the “open sea”, but not those in other subcategories (islands,
shores, and shelves) (Fig 6A). In addition, genes related to “transcript” were enriched in the
genes hosting hypomethylated CpG sites in the “CpG islands” (Fig 6G). However, genes
related to the other six groups of GO terms were enriched in the genes hosting hypomethylated
CpGs in several CpG subcategories (Fig 6B-6F and 6H). When we focused on the genes
hosting hypermethylated CpG sites, genes related to “immune response” were enriched in
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Fig 3. Comparison of DNA methylation profiles in three types of senescent cells. DNA methylation B values of senescent (x-axis) and proliferating
control (y-axis) cells in the three types of senescent models are shown in scatter plots. The data were obtained by Infinium HumanMethylation27 (upper
panels, A-C) and HumanMethylation450 BeadChip (middle panels, D-E). The correlation coefficient (%) is shown in each plot. The lower table (F)
shows the numbers of CpG sites that were hyper- (AR > = 0.2) and hypo-methylated (AB = < —0.2) upon senescence.

doi:10.1371/journal.pone.0171431.9003

“N_shore” rather than in the “open sea”. In addition, genes related to other groups were
enriched in the genes hosting hypermethlated CpG sites regardless of the CpG site locations

(islands, shores, shelves, and the open sea) (Fig 6B-6G). Thus, a certain portion of “immune

response”-related genes might be regulated in part by DNA methylation via CpG sites being
outside of the CpG islands.

PLOS ONE | DOI:10.1371/journal.pone.0171431
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Table 1. Sequential changes of DNA methylation during replicative senescence.

PDL 49 vs PDL 36 PDL 69 vs PDL 36 PDL 85 vs PDL36
Hypomethylated CpG sites Total number 64 165 366
Number of sites with sequential change - 156 (94.5%) 310(84.7%)
Hypermethylated CpG sites Total number 76 277 629
Number of sites with sequential change - 273 (98.6%) 565 (89.8%)

doi:10.1371/journal.pone.0171431.t001

Hypomethylation observed in the open sea was frequently associated
with the up-regulation of genes related to immune response

Next, we performed an integrated analysis of HumanMethylation450 BeadChip and gene
expression profiles to investigate potential functional effects of DNA methylation on gene
expression in replicative senescence. Most methylation changes were unlikely to have a signifi-
cant impact on gene expression (S2 Fig). Out of 212,885 probes located within 8 kb distance
from a TSS of RefSeq genes, 1,596 CpG sites were differentially methylated along with the
altered expression of the nearest genes to these CpG sites: 1,101 hyper- and 495 hypo-methyl-
ated CpG sites for which the nearest genes were down- and up-regulated, respectively, upon
senescence (5S4 Table). The genes nearest to these 1,596 differentially methylated CpG sites
were subjected to GO analysis using DAVID. Those genes with up-regulated expression that
were in a hypomethylated state in close proximity (within 8 kb) to their TSS were involved in
“immune response” and “cell death” as ranked in the top 10 terms (Table 2). The immune
response-related genes included MHC II, and the cell death-related genes included FAS and
oxidized low density lipoprotein receptor 1 (OLR1). In contrast, those genes with down-regu-
lated expression that were in a hypermethylated state in close proximity to their TSS were cate-
gorized into several categories such as “development” and “cell cycle”.

We also assessed the distribution of the distances between each of the 1,596 differentially
methylated CpG sites and the nearest TSS. In this analysis, we classified genes into two subcate-
gories based on promoter types, CGI and non-CGI promoters. The number of probes for all
CpG sites within CGI and non-CGI promoters on the array were 204,829 and 94,432 respectively
(Fig 7A). The number of probes located within 1 kb distance to the TSS was 186,998 (62%). The
1,101 hypermethylated CpG sites for which the nearest gene was down-regulated upon replica-
tive senescence consisted of 744 and 357 CpG sites within CGI and non-CGI promoters, respec-
tively. The hypermethylated CpG sites tended to be located more frequently in CGI promoters
than in non-CGI promoters, and located close to the TSS: 630 out of 1,101 (57%) within 1 kb dis-
tance (Fig 7B). The distribution patterns were similar between all CpG sites (Fig 7A) and 1,101
hypermethylated CpG sites (Fig 7B). In sharp contrast, 495 hypomethylated CpG sites for which
the nearest gene was up-regulated were mainly located in non-CGI promoters (Fig 7C). Within
1 kb distance of the TSS, 202 hypomethylated CpG sites, for which the nearest gene was up-regu-
lated upon replicative senescence, consisted of 36 and 166 CpG sites within CGI and non-CGI
promoters, respectively (Fig 7C). This distribution pattern was similar to that of a subset of hypo-
methylated CpG sites, for which the nearest gene was up-regulated and related to “immune
response” (Fig 7D). This result suggests the possibility that DNA methylation on the promoter
modulates the expression of a subset of “immune response” genes in replicative senescence.

DNA methylation affected the expression of mMiRNAs and the target
genes during replicative senescence

A HumanMethylation450 BeadChip includes 3,436 probes related to miRNA. In replicatively
senescent TIG-3 cells, 98 CpG sites corresponding to 66 miRNAs were hypomethylated,
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Fig 4. Rates of differentially methylated CpG sites in replicatively senescent TIG-3 cells in seven gene- feature (A) and six CpG- site (B)
subcategories. CpG sites showing AR >=0.2 and AR = < -0.2 in senescent TIG-3 cells (at PDL 85) compared to those at PDL 36 were regarded as
hyper- and hypo-methylated, respectively. Seven gene-feature subcategories: TSS1500, TSS200, 5’UTR, 15! exon, gene body, 3'UTR, and intergenic
region. Six CpG subcategories: CpG island, N_Shore, S_Shore, N_Shelf, S_Shelf, and the open sea.

doi:10.1371/journal.pone.0171431.g004

whereas 102 CpG sites corresponding to 62 miRNAs were hypermethylated (S5 Table). The
expression levels of miRNAs were examined using Human miRNA microarray (Release 21.0),
where 2,549 human miRNAs were represented. During replicative senescence, 178 miRNAs
(fold-change > = +1.5) showed up- or down-regulated (data not shown). To select miRNAs
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doi:10.1371/journal.pone.0171431.9005
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doi:10.1371/journal.pone.0171431.g006
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Table 2. GO analysis of genes showing the relationship between methylation and gene expression level in replicative senescence.

Rank Hypomethylation & up-regulated gene expression Hypermethylation & down-regulated gene expression
(n=351) (n=516)
GO term categories Enrichment GO term categories Enrichment
Score Score

1 Response to stimulus 3.20 Developmental process 7.08

2 Immune response 3.19 Organ development 5.14

3 Inflammatory response 2.73 Lung alveolus development 3.69

4 Response to hormone stimulus, Response to 2.50 Embryonic development 3.64
corticosteroid stimulus

5 Response to nutrient levels, Response to 2.30 Cell cycle 3.16
extracellular stimulus

6 Regulation of transport 1.69 Negative regulation of transcription 3.11

7 Developmental process 1.62 Epithelial tube morphogenesis 2.70

8 Cell death 1.37 Mesenchymal cell development 2.47

9 Actin cytoskeleton organization 1.26 Ear development 2.46

10 Negative/positive regulation of kinase activity 1.25 Positive regulation of transcription, DNA-dependent, positive 2.34

regulation of metabolic process

* More than 1.3 of enrichment scores gave less than 0.05 p-value.

doi:10.1371/journal.pone.0171431.t002

for which expression seemed to be regulated by DNA methylation, we compared the methyla-
tion changes of CpG sites related to miRNA with the miRNA expression changes. Among 18
miRNAs selected, seven miRNAs showed a decrease in expression accompanied with a hyper-
methylated CpG site in the promoters (56 Table). This result was consistent with a previous
report using IMR 90 cells, where the expression levels of six of the seven miRNAs were down-
regulated during replicative senescence [27]. In contrast, no miRNAs showed an increase in
expression along with a hypomethylated CpG site in the promoters. We next searched for can-
didate genes targeted by the seven miRNAs using TargetScan Human Release 7.0, and these
genes were further selected by more than two miRNAs and the targeted gene expression levels
based on our microarray data. As a result, we identified 27 genes for which expression seemed
to be indirectly regulated by DNA methylation on the promoters of targeting miRNAs

(Table 3). The genes encoding IL-6 signal transducer (IL6ST) and Zinc finger matrin-type 3
(ZMAT3) were included in the targeted genes.

Discussion

In this study, we examined DNA methylation levels in three types of senescent cells and found
that only replicatively senescent cells were differentially methylated, whereas prematurely
senescent ones (RIS and SVts8) were not (Fig 3 and Table 1). These results were in good agree-
ment with previous studies showing DNA methylation changes in aged tissues and cells [16,
21, 24, 44]. There are several reasons why the DNA methylation profile is strongly modified
during replicative senescence and not during premature senescence. Firstly, errors may accu-
mulate due to repeated cell division. Laird et al. evaluated the fidelity of transmission of the
DNA methylation state in the CpG island of the FMRI gene in normal human lymphocytes
using hairpin-bisulfite PCR [45]. Although the high fidelity of inheritance of the methylated
state of cytosine was estimated, the results clearly showed that errors in maintaining DNA
methylation occurred to some extent in every DNA replication. When culturing TIG-3 cells
from PDL 36 to PDL 85, the cells would be divided approximately 2A50 times. In contrast, as
RIS and senescent SVts8 cells were rapidly induced to a senescent state, prematurely senescent

PLOS ONE | DOI:10.1371/journal.pone.0171431
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Fig 7. Distribution patterns of the distances between CpG sites and the nearest TSS. Distribution patterns for all 299,261 CpG probes on the
HumanMethylation450 BeadChip (A), 1,101 hypermethylated CpG sites for which the nearest gene was down-regulated upon replicative senescence
(B), 495 hypomethylated CpG sites for which the nearest gene was up-regulated upon replicative senescence (C), and 90 hypomethylated CpG sites
for which the nearest gene was up-regulated upon replicative senescence and related to immune response (D) are shown.

doi:10.1371/journal.pone.0171431.g007

cells would not have enough rounds of cell division to accumulate any errors. Secondly,
reduced activity of DNA methyltransferase 1 (DNMT1), which primarily maintains DNA
methylation patterns during replication, may increase the incidence of errors. The expression
profiles in this study exhibited a marked decrease in DNMT1 in replicatively senescent cells
(0.23-fold reduction, data not shown), whereas the expression levels of DNMT1 in RIS
(0.70-fold reduction, data not shown) and senescent SVts8 (0.80-fold reduction, data not
shown) were slightly reduced. This is consistent with the results reported by Kaneda et al., who
reported that DNA methylation was not altered in RIS using methylated DNA immunoprecip-
itation (MeDIP) sequencing and bisulfite sequencing, and the Dnmt1 expression level was not
altered in RIS, or during 3 passages (passage 2 to 5) using mouse embryonic fibroblasts [16].
Thirdly, a marked decrease in Ten-eleven translocation 1 (TET1) expression could alter DNA
methylation patterns. Recent studies have suggested active DNA demethylation is mediated by
TET, the enzyme that converts 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC),
5-formylcytosine (5fc), and 5-carboxylcytosine (5caC) [46-49]. There are three TET proteins:
TET1, TET2 and TET3. The expression levels of TET1 and TET3 genes, but not TET2, report-
edly decrease along with aging, and TET3 expression is important for decreasing genomic
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Table 3. Targeted genes mediated in part by miRNAs, with miRNA expression regulated via methylation in the promoter regions.

Targeted gene symbol Gene expression (fold-change) miRNAs of regulating targeted gene
EIF4EBP2 3.0 hsa-miR-7-5p hsa-miR-193a-5p hsa-miR-335-5p
HECW2 4.2 hsa-miR-7-5p hsa-miR-25-3p hsa-miR-505-3p
CADM1 8.2 hsa-miR-7-5p hsa-miR-505-3p
CNNM2 2.9 hsa-miR-335-5p hsa-miR-505-3p
CPEB2 2.6 hsa-miR-7-5p hsa-miR-505-3p
CRY2 2.2 hsa-miR-7-5p hsa-miR-17-5p
DAAM1 2.5 hsa-miR-130b-3p hsa-miR-335-5p
DGKH 25 hsa-miR-130b-3p hsa-miR-505-3p
DOK6 2.2 hsa-miR-17-5p hsa-miR-335-5p
EGR2 2.8 hsa-miR-17-5p hsa-miR-25-3p
FAM134C 2.2 hsa-miR-17-5p hsa-miR-335-5p
GRIN2A 2.0 hsa-miR-7-5p hsa-miR-130b-3p
HPCAL4 7.6 hsa-miR-7-5p hsa-miR-335-5p
IL6ST 2.2 hsa-miR-130b-3p hsa-miR-505-3p
KLHL28 2.4 hsa-miR-7-5p hsa-miR-335-5p
MEF2D 2.7 hsa-miR-335-5p hsa-miR-505-3p
MYO1D 5.9 hsa-miR-193a-5p hsa-miR-335-5p
NR4A3 2.1 hsa-miR-7-5p hsa-miR-335-5p
OXR1 2.9 hsa-miR-7-5p hsa-miR-17-5p
PGM2LA1 4.8 hsa-miR-17-5p hsa-miR-130b-3p
PIP4K2C 2.1 hsa-miR-25-3p hsa-miR-505-3p
PPARGC1B 2.6 hsa-miR-7-5p hsa-miR-505-3p
RAB11FIP5 2.8 hsa-miR-7-5p hsa-miR-17-5p
RNF141 2.4 hsa-miR-7-5p hsa-miR-335-5p
SEMA6D 5.9 hsa-miR-7-5p hsa-miR-193a-5p
ZDHHC8 5.2 hsa-miR-17-5p hsa-miR-335-5p
ZMAT3 3.4 hsa-miR-7-5p hsa-miR-130b-3p

doi:10.1371/journal.pone.0171431.t003

5hmC during aging in human T cells [50]. In replicatively senescent TIG-3 cells, the expression
levels of the TET1 gene were drastically decreased, although we have no expression data for the
TET3 gene due to a lack of TET3 probes in the expression array. A recent study showed that
Tet1/Tet2 double-knockout mouse embryonic fibroblasts (MEFs) had defects in maintaining
hypomethylation and resulted in hypermethylation of DNA methylation canyons where devel-
opmental genes are associated [51]. Taken togather, methylation changes during senescence
would be required for many rounds of cell division and the decreased activities of DNA
methyltransferase and methylcytsine deoxygenase, such as DNMT1 and TET1, might produce
the altered methylation patterns within long-term culture.

We found that hypomethylation observed in the open sea was frequently associated with
the up-regulation of genes related to immune response. When the genes hosting hypomethy-
lated CpG sites were classified into six CpG subcategories using annotated GO terms, genes
related to “immune response” were enriched only in the genes hosting hypomethylated CpG
sites in the “open sea” (Fig 6A). Consistent with the results, the promoter types of genes cate-
gorized as “immune response” were mainly non-CGI promoters (Fig 7D). Nevertheless, the
probes in the HumanMethylation450 BeadChip covered much more CpG island promoter
genes than non-CpG island promoter genes (Fig 7A). In contrast, genes categorized into other

» o«

groups, namely “metabolic process”, “transport”, “cell adhesion”, “development”, “signal
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transduction”, and “transcription”, exhibited hypermethylation rather than hypomethylation
in the CpG sites close to the TSS (S3 Table). Furthermore, integrated analyses showed that
“immune response” was ranked in GO terms of genes up-regulated and concomitantly hypo-
methylated in close proximity to their TSS (Table 2). These results suggest that hypomethyla-
tion in the open sea may increase the expression of the “immune response”-related genes
during replicative senescence. For example, MHC IT has non-CGI promoters exhibiting hypo-
methylated CpG sites and its expression was up-regulated during replicative senescence. Sev-
eral studies also indicated the effects of DNA methylation in the promoter regions on the
expression of inflammatory genes [52-54].

Currently we cannot explain the mechanism by which hypomethylation in the non-CpG
promoter increases the expression of a certain portion of the “immune response”-related
genes during replicative senescence. We speculate that TET2 may play a role in this regulation.
As mentioned above, TET proteins contribute to active DNA demethylation. In our data, the
expression levels of one of the TET2 probes showed a 2-fold increase in replicatively senescent
cells and senescent SVts8 cells, whereas no increase in TET2 expression was detected in the
RIS cells. Unlike TET1 and TET3, TET2 does not have a CXXC domain, which is required for
binding to the CpG site [55, 56]. These results suggest that collaboration between TET2 and its
associated factor(s) may be required for DNA binding and demethylation. In fact, TET2 was
reported to need a cofactor for binding to DNA [49]. During differentiation of helper T (Th)
cells, TET2 induced DNA demethylation at the loci of key cytokine genes in a lineage-specific
transcription factor-dependent manner and promoted signature cytokine expression in Thl
and Th17 cells [57]. Depending on the cofactor, TET2 may bind to non-CGI promoters in
senescence-associated genes, and increase gene expression. Further studies are needed to
investigate the effects of TET2 on hypomethylation at the specific CpG sites and its interacting
factor(s) during senescence.

Recently, senescence-associated miRNAs (SA-miRNAs) have been reported to regulate
genes associated with senescence [27-31]. We examined the effects of DNA methylation in the
promoter regions of miRNAs on miRNA expression using human miRNA expression microar-
ray and further selected miRNAs that likely affected the predicted gene expression. As a result,
we identified seven miRNAs and 27 targeted genes (Table 3). These genes included eukaryotic
translation initiation factor 4E binding protein 2 (EIF4EBP2), which inhibits translation initia-
tion [58], and cryptochrome circadian clock 2 (CRY2), which is a key component in regulating
circadian rhythm [59]. Among the 27 genes, the IL-6 signal transducer (IL6ST) and zinc finger
matrin-type 3 (ZMAT3) are involved in immune response. IL6ST, which is supposed to be up-
regulated by decreased levels of has-miR-130b-3p and has-miR-505-3p, encodes glycoprotein
130 (gp130) [60]. The protein gp130 is a signal transducer shared by many cytokines including
IL-6, one of the SASP factors [61], IL-11, IL-27, and oncostatin-M [62-64]. In addition,
ZMATS3, a predicted gene regulated by has-miR-7-5p and has-miR-130b-3p, encodes a double-
stranded-RNA-binding zinc finger protein Wig-1 (for wild-type p53-induced gene 1). Wig-1, a
transcriptional target of p53, stabilizes p53 by binding to the 3° UTR of p53 mRNA and protect-
ing it from deadenylation [65]. A high level of p53 triggers cell cycle arrest, senescence and
apoptosis, and efficiently inhibits tumor development [7, 66, 67]. In addition to the p53 tran-
scription factor, miRNAs with expression regulated by DNA methylation via their promoter
regions may also contribute to ZMAT3 expression. MiR-34 is one of the SA-miRNAs and is
up-regulated by p53 [27, 28, 32, 33, 68, 69]. Although increased levels of miRNA-34 were
detected upon replicative senescence, the methylation changes (A cut-off was +0.2) in the pro-
moter regions of miRNA-34 were not included in our data (data not shown).

In this study, we investigated the possibility of regulation by DNA methylation during
senescence. We found that hypomethylation in the open sea may contribute to the up-
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regulation of genes related to immune response. Several miRNAs targeting genes associated
with a senescent state seem to regulate expression by DNA methylation in the promoter
regions. However, we have to consider the possibility that DNA methylation results from alter-
ation of gene expression. To investigate this possibility, we need to collect more data and
explore the mechanism of methylation and demethylation change. Moreover, in order to
reveal the whole mechanism of DNA methylation, we also need to focus on the methylation
profile in hypomethylation and outside of the TSS and CpG islands.

Conclusion

Three types of senescent TIG-3 cells showed similar biological outcomes, but the regulatory
mechanisms were different. Replicatively senescent cells showed sequential DNA methylation
changes, but prematurely senescent RIS and SVts8 cells did not. In replicative senescence,
hypomethylation with up-regulated gene expression often occurred in the open sea. Moreover,
hypomethylation was observed in non-CGI promoters of genes related to the immune
response. These results suggested that hypomethylation in the open sea regulates the expres-
sion of a certain portion of immune-related genes in replicative senescence. In addition, sev-
eral miRNAs that seemed to have expression levels regulated in part by DNA methylation may
also contribute to the expression of senescence-associated genes.

Supporting information

S1 Fig. Confirmation of senescence. Senescent cells were subjected to senescence-associated
beta-galactosidase (SA-B-Gal) staining, qRT-PCR and immunoblotting. SA-B-Gal staining of
the control A), C), E), replicatively senescent B), RIS D), and senescent SVts8 cells F). The per-
centages of SA-B-Gal-positive cells are shown at the bottom of each picture. Bar, 200 um.
Objective, x10. G) The expression levels of p16™*** and p21“"P*" W obtained with SurePrint
G3 Human GE microarrays and qRT-PCR. H) Representative western blotting of ple™KA
and p21PYWa Ras, and loading control (actin). Images of p16™<*4
shown due to different exposure time.

(TIF)

are shown separately

S2 Fig. Integrated analysis of methylation and gene expression in replicative senescence.
Each plot represents the values obtained from a single gene using integrated analyses. DNA
methylation B values and gene expression levels are plotted along the abscissa and the ordinate,
respectively. Red lines show the cut-off border. For methylation, A for hypermethylation

is > = 0.2, AP for hypomethylation is = < —0.2. For gene expression, the cut-off for increased/
decreased expression was a +2-fold change.

(TIF)

S1 Table. GO terms for up- or down-regulated genes in three types of senescent cells.
(XLSX)

S2 Table. GO terms for hypo- or hyper-methylated genes in replicatively senescent cells.
(XLSX)

S3 Table. The number of genes hosting differentially methylated CpG sites in the gene fea-
ture- and the CpG site- subcategories.
(XLSX)

S4 Table. Integrated analysis of gene expression and methylation changes in replicatively
senescent cells.
(ZIP)
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S5 Table. Hypo- or hyper-methylated miRNAs in the promoter regions of replicatively
senescent cells.
(XLSX)

S6 Table. miRNA expression regulated by DNA methylation in the promoter region.
(XLSX)
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Abstract Congenital human cytomegalovirus (HCMV) in-
fection causes sensorineural hearing loss (SNHL) and other
neurological disorders, although the neuropathogenesis of
HCMYV infection is not well understood. Here, we show that
the expression of SLITRK6, one of causative genes for hered-
itary SNHL, was robustly downregulated by HCMYV infection
in cultured neural cells. We also show that HCMV-encoded
immediate-early 2 (IE2) proteins mediate this downregulation
and their carboxy-terminal region, especially amino acid res-
idue GIn>*, has a critical role. These findings suggest that the
downregulation of SLITRK6 expression by IE2 may have a
role in HCMV-induced SNHL and other neurological
disorders.

Keywords Human cytomegalovirus - [E2 - SLITRK6 -
Hearing loss

Introduction

Congenital human cytomegalovirus (HCMV) infection is the
most common congenital viral infection, affecting 0.2 to
2.5 % of all live-born neonates (Cheeran et al. 2009; Ornoy
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and Diav-Citrin 2006). Approximately 10 % of neonates with
congenital HCMV infection are estimated to be symptomatic
at birth and often manifest severe damages in various organs
including the central nervous system (CNS) and the inner ear.
A recent large-scale screening in Japan demonstrated that ap-
proximately 30 % of congenitally HCM V-infected newborns
had some clinical manifestations at birth if abnormal findings
of brain MRI are included (Koyano et al. 2011). Although the
vast majority of neonates with congenital HCMV infection are
thus asymptomatic at birth, approximately 10 % of these
asymptomatic children will develop delayed sequelae caused
by HCMV-induced nervous system damages, such as senso-
rineural hearing loss (SNHL), vestibular symptoms, and be-
havioral abnormalities (Bernard et al. 2015; Karltorp et al.
2014). Congenital HCMV infection is the leading cause of
nongenetic congenital SNHL; 22 to 65 % of children that were
symptomatic at birth and 6 to 23 % of children that were
asymptomatic at birth develop SNHL (Fowler and Boppana
2006; Morton and Nance 2006).

Although HCMYV infection and gene expression in the in-
ner ear as well as various parts of the CNS have been analyzed
in a limited number of congenitally infected children, the ex-
act nature of HCMYV infection in the human nervous system
has not been well characterized. The mechanism of HCM V-
induced neuropathogenesis therefore remains largely un-
known. To get a new insight into HCMV-induced
neuropathogenesis, we have been analyzing the effect of
HCMYV infection on the expression of cellular genes involved
in the development and function of the CNS and/or auditory
system. In this report, we demonstrate that the expression of
SLITRK®6, an etiologic gene for a group of hereditary SNHL
(Morlet et al. 2014; Tekin et al. 2013), is robustly downregu-
lated by HCMV infection in cultured neural cells. Further, we
demonstrate that HCMV-encoded immediate-early 2 (IE2)
proteins are involved in this SLITRK6 downregulation.
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Materials and methods
Cells and viruses

The human glioblastoma-astrocytoma cell lines U373 MG and
Hs 683 were grown in Dulbecco’s modified Eagle’s medium
(DMEM; Nacalai Tesque, Kyoto, Japan) supplemented with
10 % fetal bovine serum (FBS; Biowest, France), penicillin
(200 U/mL), and streptomycin (200 pug/mL) at 37 °C in 5 %
CO, atmosphere. The human neuroblastoma cell line SH-
SY5Y was grownin DMEM/F-12 (Nacalai Tesque) supplement-
ed with 10 % FBS and the antibiotics. The human foreskin fibro-
blast cell line h\TERT-BJ1 (Clontech, Palo Alto, CA) was grown
inamedium consisting of DMEM/medium 199 (Sigma-Aldrich,
St. Louis, MO) (4:1) supplemented with 10 % FBS, 1 mM sodi-
um pyruvate (Nacalai Tesque), 2 mM glutamine (Thermo Fisher
Scientific; Madison, WI), and the antibiotics. The HCMV labo-
ratory strains Towne (ATCC VR-977) and AD169 (ATCC VR-
538) were propagated in cultured hTERT-BJ1 cells. Heat-
inactivated (HI) HCMV was prepared by heating HCMV-
containing culture mediaat 63 °C for 60 min. The Gibco episomal
human iPSC line (Thermo Fisher Scientific), an induced plurip-
otent stem cell (iPSC) line generated using cord blood-derived
CD34+ progenitors, was grown under feeder-free conditions in
complete Essential 8 medium (Thermo Fisher Scientific) on ves-
sels coated with vitronectin (Thermo Fisher Scientific). The
iPSCs were differentiated into neural stem/progenitor cells
(NSPCs) using PSC Neural Induction Medium (Thermo Fisher
Scientific) according to manufacturer’s instructions.

Antibodies and reagents

The antibodies used were as follows: sheep anti-SLITRK6 (R&D
Systems, Minneapolis, MN); mouse anti-CMV IE1/IE2 (§B1.2,
Merck Millipore, Bedford, MA); mouse anti-IE2 (5A8.2, Merck
Millipore); mouse anti-IE2 (12E2, Santa Cruz Biotechnology,
Santa Cruz, CA); mouse anti-IE1 (6E1, Santa Cruz
Biotechnology); mouse anti-CMV gB (2F12, Abcam,
Cambridge, MA); mouse anti-pp65 (3A12, Abcam); mouse
anti-nestin (10C2, Merck Millipore), horseradish peroxidase
(HRP)-conjugated mouse anti-3-actin (Wako Chemical, Osaka,
Japan); Alexa Fluor 488-conjugated goat anti-mouse immuno-
globulin G (IgG) (Thermo Fisher Scientific); HRP-conjugated
donkey anti-sheep IgG (R&D Systems); and HRP-conjugated
sheep anti-mouse IgG (GE Healthcare, Little Chalfont,
Buckinghamshire, UK). Cellstain-DAPI solution was obtained
from Dojindo Molecular Technologies (Kumamoto, Japan).

Plasmid constructs and the Flp-In/TREx expression
system

HCMV-encoded genes and deletion mutants were generated
by PCR with primers shown in Table 1. The PCR products
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were cloned into the pcDNAS/FRT/TO vector (Thermo Fisher
Scientific) to construct pcDNAS/FRT/TO-IE1 72, pcDNAS/
FRT/TO-IE2 86, pcDNAS5/FRT/TO-IE2 60, pcDNAS/FRT/
TO-IE2 40, and pcDNAS/FRT/TO-pp65. To construct
pcDNAS/FRT/FRT-IE2 (Q548R), site-directed mutagenesis
was performed using QuikChange II site-directed mutagene-
sis kit (Agilent Technologies, Santa Clara, CA) with the fol-
lowing primers: forward 5'-GGCCTACGCCGTCG
GCCGGTTTGAGCAGCCC-3', reverse 5'-GGGC
TGCTCAAACCGGCCGACGGCGTAGGCC-3' as de-
scribed previously (Petrik et al. 2006). To establish U373
MG cells expressing HCMV-encoded genes in a
tetracycline-inducible manner, pFRT/lacZeo (Thermo Fisher
Scientific) containing a Flp recombination target site and a
lacZ-Zeocin fusion gene and pcDNAG6/TR (Thermo Fisher
Scientific) containing tetracycline repressor gene were se-
quentially transduced into U373 MG cells, and transfected
cells were selected with zeocin (InvivoGen, San Diego, CA)
and blasticidin (InvivoGen), respectively, as described previ-
ously (Nakamura et al. 2003). The resultant cells were co-
transfected with pOG44 (Thermo Fisher Scientific) express-
ing Flp recombinase combined with pcDNAS/FRT/TO-IE1,
pcDNAS/FRT/TO-IE2, pcDNAS/FRT/TO-pp65, or pcDNAS5/
FRT/TO, and selected with 500 pg/mL of hygromycin B
(Wako Chemical) for 6 weeks. These cells were designated
as Flp-In/TREx U373 MG-IE1, Flp-In/TREx U373 MG-IE2,
Flp-In/TREx U373 MG-pp65, and Flp-In/TREx U373 MG-
pcDNAS/FRT/TO cells, respectively. To induce viral gene
expression, cells were treated with 3 pg/mL of doxycycline
(Takara Bio, Shiga, Japan).

Reverse transcription PCR, real-time quantitative
RT-PCR

Total RNA was extracted from cells using ReliaPrep RNA
Cell Miniprep System (Promega, Madison, WI). First-strand
complementary DNAs (cDNAs) were synthesized using a
PrimeScript II 1st strand cDNA Synthesis Kit (Takara Bio).
The resultant cDNAs were analyzed by either reverse tran-
scription (RT)-PCR or real-time quantitative RT-PCR (RT-
qPCR). RT-PCR was performed in a total volume of 50 uL
for 30 cycles using the GeneAmp PCR System 9700
thermocycler (Thermo Fisher Scientific), and then the PCR
products were analyzed by 1-2 % agarose gel electrophoresis.
RT-qPCR was performed with pre-designed TagMan probe
and primer sets specific for human SLITRK6 (TagMan Gene
Expression Assay, assay identification Hs00536106 sl;
Thermo Fisher Scientific) and human TATA box-binding pro-
tein (7BP) (assay identification Hs00427620 ml) in a
StepOne Plus System (Thermo Fisher Scientific). The relative
quantification of gene expression was calculated using the
AACt method and normalized to TBP messenger RNA
(mRNA).
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Table 1  Primers used for molecular cloning and RT-PCR analysis
Gene Forward primer Reverse primer
Cloning
IE1 72 CGCAAGCTTGCCGCCACCATGGAGTCCTCTGCCAAGAGAAAG CGCGGATCCTTACTGGTCAGCCTTGCTTCTAG
IE2 86 CGCAAGCTTGCCGCCACCATGGAGTCCTCTGCCAAGAGAAAG CGCGGATCCTTACTGAGACTTGTTCCTCAGG
pp65 CGCGGATCCAGCATGGAGTCGCGCGGTCGC CGCCTCGAGTCAACCTCGGTGCTTTTTGGGC
IE2 (1-550) CGCAAGCTTGCCGCCACCATGGAGTCCTCTGCCAAGAGAAAG CGCGGATCCTTACTCAAACTGCCCCACGGCGTAG
IE2 (1-547) CGCAAGCTTGCCGCCACCATGGAGTCCTCTGCCAAGAGAAAG CGCGGATCCTTACCCCACGGCGTAGGCCTTCGC
IE2 (1-543) CGCAAGCTTGCCGCCACCATGGAGTCCTCTGCCAAGAGAAAG CGCGGATCCTTAGGCCTTCGCGGCCGTCTCGTAG
1E2 60 CGCAAGCTTGCCGCCACCATGCTGCCCCTCATCAAACAGG CGCGGATCCTTACTGAGACTTGTTCCTCAGG
1E2 40 CGCAAGCTTGCCGCCACCATGAACCACCCTCCTCTTCCCGA CGCGGATCCTTACTGAGACTTGTTCCTCAGG
RT-PCR
SLITRK6  CAGCAGCTTGCAAATGGTTA GAGCCTCTGGATGAGAGCAC
IE1 ATGGAGTCCTCTGCCAAGAG ATTCTATGCCGCACCATGTCC
1E2 ATGGAGTCCTCTGCCAAGAG CTGAGACTTGTTCCTCAGGTCCTG
ppo5 CGCAACCTGGTGCCCATGG CGTTTGGGTTGCGCAGCGGG
[3-actin ACCATGGATGATGATATCGC TCATTGTAGAAGGTGTGGTG
TBP TTCGGAGAGTTCTGGGATTGTA TGGACTGTTCTTCACTCTTGGC

Underlined letters indicate restriction enzyme recognition sites

Immunoblot analysis

Cellular proteins extracted with a sodium dodecyl sulfate
(SDS) sample buffer (50 mM Tris-HCI, pH 6.8, 2 % SDS,
10 % glycerol, 6 % 2-mercaptoethanol, 0.1 %
bromophenol blue) were subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Proteins were transferred to Immobilon-P transfer mem-
branes (Merck Millipore). Membranes were blocked with
5 % non-fat milk (Nacalai Tesque) and then incubated
with a primary antibody overnight at 4 °C in TBS-T
(20 mM Tris, pH 7.6, 137 mM NaCl, 0.1 % Tween-20).
Membranes were then incubated with a HRP-conjugated
secondary antibody, and antigen proteins were visualized
with ImmunoStar Zeta (Wako Chemicals) and detected by
the GE LAS4000 Phosphor Imager (GE Healthcare Life
Sciences).

Results

HCMV infection robustly downregulates SLITRK6
expression

A variety of cellular genes have been identified as the
causes of hereditary neurodevelopmental diseases
(Mitchell 2011), and we speculated that HCMYV infection
may affect the expression of such genes to induce
neurodevelopmental diseases. Among those genes, we

220

focused on SLITRKG, since it has been recently demon-
strated as a causative gene of hereditary SNHL and myopia
in mice and humans (Katayama et al. 2009; Matsumoto
et al. 2011; Morlet et al. 2014; Tekin et al. 2013). RT-
PCR analysis showed that the SLITRK6 mRNA expression
was clearly and robustly downregulated in HCM V-infected
SH-SYS5Y cells compared to mock-infected cells
(Fig. 1(a)). This downregulation of SLITRK6 mRNA ex-
pression was not observed following infection with heat-
inactivated HCMYV, indicating that viable HCMV is re-
quired. The downregulation of SLITRK6 mRNA was also
detected in U373 MG cells (Fig. 1(d)) and Hs 683 cells
(data not shown) following HCMYV infection. To confirm
the results and obtain more quantitative data, we performed
real-time quantitative RT-PCR (RT-qPCR) and the results
demonstrated that SLITRK6 mRNA expression in HCMV-
infected SH-SYSY cells (Fig. 1(b)) and U373 MG cells
(Fig. 1(e)) was decreased 21-183-fold and 41-46-fold,
respectively, compared to those cells infected with heat-
inactivated HCMV. Immunoblot analysis showed that the
downregulation of SLITRK6 mRNA levels was reflected at
the protein level; the SLITRK6 protein expression was
apparently abolished in SH-SY5Y (Fig. 1(c)), U373 MG
cells (Fig. 1(f)), and Hs 683 cells (data not shown) follow-
ing HCMV infection.

We previously demonstrated that neural stem/progenitor
cells (NSPCs) derived from human induced pluripotent
stem cells (iPSCs) can be infected with HCMV
(Nakamura et al. 2013). Therefore, we examined whether
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Fig. 1 HCMV infection robustly downregulates SLITRK6 expression in
neural cell lines. RT-PCR analysis of SLITRK6 mRNA expression in the
HCM V-infected cell lines SH-SYSY (a) and U373 MG (d). Total RNAs
isolated from cells infected with Towne HCMV (+), heat-inactivated
Towne HCMV (HI), or mock-infected (M, culture media from HCMV-
uninfected hTERT-BJ1 cells) at indicated days post-infection (dpi) were
subjected to RT-PCR assays with SLITRK6-specific primers. RT-PCR
assays with IE1- and IE2-specific primers were also performed. 3-actin
was used as an internal control. RT-qPCR analysis of SLITRK6 mRNA
expression in the HCM V-infected cell lines SH-SYSY (b) and U373 MG

the expression of SLITRK6 is downregulated by HCMV
infection also in NSPCs derived from human iPSCs. RT-
PCR (Fig. 2(a)), RT-qPCR (Fig. 2(b)), and immunoblot
analyses (Fig. 2(c)) showed that SLITRK6 was highly
expressed in iPSC-derived NSPCs compared to parental
iPSCs, suggesting that differentiation of iPSCs into
NSPCs induced SLITRK6 expression. In NSPCs derived
from human iPSCs, the expression of SLITRK6 was robust-
ly downregulated by HCMYV infection (Fig. 2(d—f)). These
results indicated that the SLITRK6 downregulation by
HCMYV is commonly observed in a variety of human neural
cell lines.

IE2 mediates the downregulation of SLITRK6 expression
by HCMV

To clarify the mechanism of the SLITRK6 downregulation
by HCMV, we explored which viral gene is responsible
for this downregulation. We initially examined whether
HCMV-encoded immediate-early proteins IE1 72 and
IE2 86 and viral tegument protein pp65 can affect
SLITRK6 expression. Using U373 MG cells, we
established cell lines in which these individual viral genes
were expressed in a tetracycline-inducible manner. The
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(e). RT-qPCR data was analyzed by the 2-AACt method. The mRNA
expression was normalized to that of TBP. The fold induction was calcu-
lated as the ratio of mRNA levels. Immunoblot analysis of SLITRK6
protein expression in the HCM V-infected cell lines SH-SYSY (c¢) and
U373 MG (f). Whole-cell lysates of cells infected with Towne HCMV
(+), heat-inactivated Towne HCMV (HI), or mock-infected (M) were
extracted at indicated dpi and separated by SDS-PAGE and analyzed by
immunoblotting with antibodies against SLITRK6, IE1, or IE2. Equal
protein loading was established with anti-3-actin antibody

cell lines were designated Flp-In/TREx U373 MG-IEI
72, Flp-In/TREx U373 MG-IE2 86, and Flp-In/TREx
U373 MG-pp65, respectively. Flp-In/TREx U373 MG-
pcDNAS/FRT/TO was used as a negative control. When
these cells were treated with doxycycline (Dox) for 2 or
4 days, the synthesis of IE1 72, IE2 86, and pp65 proteins
was induced (Fig. 3(B)). RT-PCR assay at 2 or 4 days
after the addition of Dox demonstrated the downregula-
tion of SLITRK6 mRNA expression by IE2 86 (Fig. 3(A-
b)) but not by IE1 72 (Fig. 3(A-a)) and pp65 (Fig. 3(A-
c)). As expected, the control Flp-In/TREx U373 MG-
pcDNAS/FRT/TO cells showed similar levels of
SLITRK6 mRNA with or without Dox treatment
(Fig. 3(A-d)). In accordance with these mRNA data,
SLITRK6 protein levels were clearly reduced by Dox
treatment in Flp-In/TREx U373 MG-IE2 86 cells
(Fig. 3(B), lanes 5-8). In contrast, SLITRK6 protein
levels were not significantly reduced in Flp-In/TREx
U373 MG-IE1 72 (Fig. 3(B), lanes 1-4), Flp-In/TREx
U373 MG-pp65 (Fig. 3(B), lanes 13-16), or Flp-In/
TREx U373 MG-pcDNAS/FRT/TO cells (Fig. 3(B), lanes
9-12) following treatment with Dox. These results clearly
indicate that IE2 86 is involved in the HCMV-induced
downregulation of SLITRK6 expression.
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Fig. 2 SLITRKS6 expression in iPSCs and iPSC-derived NSPCs. (a)
Total RNAs extracted from iPSCs and iPSC-derived NSPCs were
analyzed by RT-PCR for the expression of SLITRK6 and (-actin. (b)
SLITRK6 mRNA expression in iPSCs and NSPCs was analyzed by
RT-qPCR. RT-gPCR data was analyzed by the 2-AACt method. The
mRNA expression was normalized to that of TBP. The fold induction
was calculated as the ratio of mRNA levels. (¢) Whole-cell lysates of
iPSCs and NSPCs were analyzed by immunoblotting with antibodies
against SLITRK6 or nestin. Equal protein loading was established with
anti-B-actin antibody. (d) RT-PCR analysis of SLITRK6 mRNA
expression in the HCMV-infected NSPCs. Total RNAs isolated from

Carboxy-terminal region of IE2 86 is required
for the downregulation of SLITRK6 expression by HCMV

To address which region of IE2 86 is required for the
SLITRK6 downregulation, we compared the wild-type
IE2 86 (designated as IE2 (1-579)) and its several deletion
mutants (Fig. 4(C)) in terms of the ability of the SLITRK6
downregulation. The deletion mutants TE2 (1-550), IE2
(1-547), and 1IE2 (1-543) were expressed in Flp-In/TREx
U373 MG cells in a Dox-inducible manner as described
above. RT-PCR analysis confirmed that IE2 (1-550) sup-
pressed the SLITRK6 mRNA level markedly (Fig. 4(A-a)),
whereas IE2 (1-547) (Fig. 4(A-b)) and IE2 (1-543)
(Fig. 4(A-c)) had little or no effect. Immunoblot analyses
demonstrated that individual deletion mutants were
expressed at comparable levels, and immunofluorescence
analysis showed that these deletion mutants localize in the
nucleus. Immunoblot analyses demonstrate that the expres-
sion levels of the SLITRKG6 protein was reduced by I[E2 (1-
550) (Fig. 4(A-g)), but not by IE2 (1-547) (Fig. 4(A-h)) or
IE2 (1-543) (Fig. 4(A-1)). Collectively, these results
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4 dpi

NSPCs infected with AD169 HCMV (+) or heat-inactivated AD169
HCMV (HI) at indicated days post-infection (dpi) were subjected to
RT-PCR assays for the expression of SLITRK®6, IE1, and IE2. (3-actin
was used as an internal control. (e) RT-qPCR analysis of SLITRK6
mRNA expression in the HCMV-infected NSPCs. (f) Immunoblot
analysis of SLITRK6 protein expression in the HCM V-infected NSPCs.
Whole-cell lysates of cells infected with AD169 HCMV (+) or
heat-inactivated AD169 HCMV (HI) were extracted at indicated dpi
and separated by SDS-PAGE and analyzed by immunoblotting with
antibodies against SLITRK6 and IE1/ IE2. Equal protein loading was
established with anti-3-actin antibody

indicate that the carboxy-terminal region (548 to 550 a.a.)
of IE2 86 is critically important for the downregulation of
SLITRK6. Since these data suggested that the amino acid
residues 548 to 550 of IE2 86 is involved in the downreg-
ulation of SLITRKG6 expression, IE2 (Q548R), in which the
glutamine residue at a.a. 548 was mutated to arginine, was
expressed in U373 MG cells and SLITRK6 expression was
analyzed. Remarkably, the downregulation of SLITRK6
was not seen with IE2 (Q548R) both by RT-PCR
(Fig. 4(A-d)) and by immunoblotting (Fig. 4(A-j)). These
results clearly show that glutamine residue at a.a. 548 has a
critical role in the downregulation of SLITRK6 expression.

Internal methionine codons in the exon 5 of IE2 86
generates the IE2 isoforms IE2 60 and IE2 40 (Plachter
et al. 1993; Puchtler and Stamminger 1991; Stenberg et al.
1989). To test whether these isoforms can induce the
SLITRK6 downregulation, we established the Flp-In/
TREx U373 MG-IE2 60 and Flp-In/TREx U373 MG-
IE2 40 cells in which the individual isoforms are synthe-
sized in a Dox-dependent manner. Both IE2 60 and IE2
40 proteins were detected in the nucleus in these cells by
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Fig. 3 Downregulation of SLITRK6 expression by IE2. A Total RNAs
extracted from Flp-In/TREx U373 MG-IE1 72 (a), Flp-In/TREx U373
MG-IE2 86 (b), Flp-In/TREx U373 MG-pp65 (c), and Flp-In/TREx
U373 MG-pcDNAS/FRT/TO cells (d) were subjected to RT-PCR
analysis. RNAs isolated from the cells harvested at the indicated time
points were subjected to RT-PCR assays. TATA-binding protein (7BP)
was used as an internal control. Total RNA was isolated from the cells
treated with (+) or without (—) 3 pg/mL Dox and harvested after indicated

immunofluorescence analysis (Fig. 4(B)). Both IE2 60
(Fig. 4(A-e)) and IE2 40 (Fig. 4(A-f)) clearly downregulated
SLITRK6 mRNA expression by RT-PCR assays. Immunoblot
analyses also showed that IE2 60 (Fig. 4(A-k)) and IE2 40
(Fig. 4(A-1)) downregulate SLITRK6 protein expression.

Discussion

In this study, we demonstrate that HCMV infection ro-
bustly downregulates the expression of SLITRKG6 in cul-
tured neural cells such as SH-SYS5Y, U373 MG, Hs 683,
and NSPCs derived from iPSCs. HCMV-encoded IE2 86,
IE2 60, and IE2 40 were shown responsible for this down-
regulation. Analyses of IE2 86 mutants showed that the
carboxy-terminal region, especially GIn>**, has a critical
role in the SLITRK6 downregulation. The GIn®*® residue
of IE2 has been shown to have a critical role in its asso-
ciation with p150, a component of chromatin assembly
factor 1 (Lee et al. 2011). It is therefore speculated that
similar association of IE2 with other cellular proteins via
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periods of Dox treatment. B Flp-In/TREx U373 MG-IE1 72 (lanes 1-4),
Flp-In/TREx U373 MG-IE2 86 (lanes 5-8), Flp-In/TREx U373
MG-pp65 (lanes 13-16), and Flp-In/TREx U373 MG-pcDNAS/FRT/
TO cells (lanes 9—12) were treated with (+) or without (=) 3 pg/mL
doxycycline (Dox) and harvested after 2 days (2 d) and 4 days (4 d)
post-induction by Dox treatment. Whole-cell lysates were prepared
and used for immunoblot assays with the indicated antibodies. An anti-
{3-actin antibody was used to monitor general protein levels

GIn>*® may be involved in the IE2-mediated SLITRK6
downregulation.

Human SLITRK6 encodes a type I transmembrane protein
highly expressed in the brain of first-trimester human fetuses
(Truretagoyena et al. 2014). Homozygous nonsense mutations
of SLITRK6 were identified in Amish, Turkish, and Greek
cases of familial myopia and SNHL (Tekin et al. 2013) and
in nine cases of progressive auditory neuropathy in an endog-
amous Amish community (Morlet et al. 2014). In mice, Slitrk6
expression is detected in the thalamus, lateral geniculate nu-
cleus, and developing cochlear organs (Aruga 2003; Aruga
and Mikoshiba 2003; Beaubien and Cloutier 2009;
Katayama et al. 2009), and Slitrk6 knock-out mice showed
SNHL (Matsumoto et al. 2011). In Slitrk6 knock-out mice,
cell death in the spiral and vestibular ganglia was observed
and innervation and survival of inner ear sensory neurons
were disturbed (Katayama et al. 2009). S/itrk6 is thus consid-
ered to play critical roles in auditory and vestibular functions,
and suppression of its expression in the developing nervous
system is expected to cause serious defects in the auditory and
nervous systems.
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The exact mechanism of HCMV neuropathogenesis in-
cluding SNHL is not known. Although histological studies
of patients with congenital HCMV infection have detected
viral proteins in various parts of the nervous system, including
the inner ear (Davis et al. 1981; Gabrielli et al. 2012, 2013;
Stagno et al. 1977; Teissier et al. 2011), the exact nature and
outcome of HCMV infection in the neural tissues remain
largely unknown. The results obtained in this study imply that
the downregulation of SLITRK6 expression by HCMV-
encoded IE2 may have some role in neurological dysfunc-
tions, especially SNHL, induced by congenital HCMV infec-
tion. Abortive HCMV infection of neural cells at their critical
period of development may result in the expression of a lim-
ited number of HCMV genes including /E2 and eventually
induce a serious dysfunction of the auditory system through
downregulation of SLITRK6. It should be noted that children
with homozygous SLITRK 6 mutation, Slitrk6 knock-out mice,

— 224

and children with congenital HCMV infection exhibit not only
SNHL but also other neurological problems in common, such
as vestibular symptoms and behavioral problems, implying
that the SLITRK6 downregulation plays an important role in
these conditions. Further investigation into the effect of the
HCMV-induced downregulation of SLITRK6 expression on
the development of the nervous system may give a new in-
sight into the neuropathogenesis of congenital HCMV
infection.
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Abstract

Aim: This study aimed to clarify the genetic and epigenetic
features of recurrent hydatidiform mole (RHM) in Japanese
patients. Methods: Four Japanese isolated RHM cases were
analyzed using whole-exome sequencing. Villi from RHMs
were collected by laser microdissection for genotyping and
DNA methylation assay of differentially methylated regions
(DMRs). Single nucleotide polymorphisms of PEG3 and H19
DMRs were used to confirm the parental origin of the vari-
ants. Results: A novel homozygous nonsense mutation in
NLRP7 (c.584G>A; p.W195X) was identified in 1 patient. Ge-

notyping of one of her molar tissue revealed that it was bi-
parental but not androgeneticin origin. Despite the fact that
the RHM is biparental, maternally methylated DMRs of PEG3,
SNRPN and PEG10 showed complete loss of DNA methyla-
tion. A paternally methylated DMR of H19 retained normal
methylation. Conclusions: This is the first Japanese case of
RHM with a novel homozygous nonsense NLRP7 mutation
and a specific loss of maternal DNA methylation of DMRs.
Notably, the mutation was identified in an isolated case of
an ethnic background that has not previously been studied
in this context. Our data underscore the involvement of
NLRP7 in RHM pathophysiology and confirm that DNA meth-
ylation of specific regions is critical. ©2015 S. Karger AG, Basel

Y. Ito and K. Maehara contributed equally to this work.

© 2015 S. Karger AG, Basel
0378-7346/15/0000-0000$39.50/0

KARGER 125

E-Mail karger@karger.com
www.karger.com/goi

Kenichiro Hata, MD, PhD

Director, Department of Maternal-Fetal Biology

National Research Institute for Child Health and Development
2-10-1 Setagaya-ku, Tokyo 157-8535 (Japan)

E-Mail hata-k @ncchd.go.jp

- 226 -—

- 341308

Downloaded by: | Yuki

Jikei University

198.143.44.1 - 12/21/2015 7:47:13 AM



Introduction

Complete hydatidiform mole (CHM) is an abnormal
pregnancy that typically arises from an androgenote (dip-
loid conception without maternal chromosomes) and pre-
dominantly gives rise to the development of only tropho-
blastic tissues [1, 2]. Recent studies of rare familial cases
with recurrent molar pregnancies have shown that muta-
tions of NLRP7 and KHDC3L (C6orf221) are associated
with recurrent hydatidiform moles (RHMs) (3, 4]. Howev-
er, more than 20% of RHM cases have no mutations in these
genes [5], and the mechanism underlying the occurrence
of molar pregnancy associated with NLRP7 and KHDC3L
(C6orf221) mutation remains unknown. To clarify the ge-
netic etiology of RHMs, further comprehensive genetic
screening in various ethnic backgrounds is important.

In Japan, the incidence of CHM has become as low as
that in western countries. The incidence of CHM per
1,000 live births was 0.49 in 2,000, with a recurrence rate
0f 1.3% [6, 7]. Nonetheless, a genetic and epigenetic anal-
ysis of RHM in Japan has not been performed previously.

CHM conceptions exhibit abnormal genomic im-
printing. Although some villi of RHM possess normal bi-
parental alleles, they exhibit loss of maternal DNA meth-
ylation of differentially methylated regions (DMRs) with-
in imprinted loci, and thus have aberrant genomic
imprinting [8, 9]. Because the histopathological findings
of diploid biparental RHM are identical to those of dip-
loid androgenetic CHM, diploid biparental RHM cannot
be distinguished from typical CHM without a genetic and
epigenetic diagnosis. To clarify the molecular mecha-
nisms of RHM, we performed comprehensive genetic and
epigenetic analyses of isolated Japanese RHM cases and
in doing so, we identified a novel nonsense NLRP7 muta-
tion. The RHM tissue contained biparental alleles and
showed aloss of maternal DNA methylation of imprinted
genes. This evidence strongly supports the role for NLRP7
in maternal DNA methylation of imprinted genes and the
involvement of NLRP7 in RHM.

Materials and Methods

Study Participants and Samples

Patients with RHM (n = 5) and CHM (n = 9) were included in
this study. The profiles of the 5 RHM patients are shown in table 1.
Each sample was histopathologically diagnosed as CHM or partial
hydatidiform mole and previously genetically diagnosed as an an-
drogenote or a triploid, with the exception of Patients 1, 2, 4 and 5
[10]. All the villi of the 9 CHM conceptions were androgenote.
None of the CHM patients had a family history of the condition.
Genomic DNA was extracted from peripheral blood cells and mo-

2 Gynecol Obstet Invest
DOI: 10.1159/000441780

Table 1. Profiles of 5 patients with RHM

Patient ID  Pathological diagnosis ~ Genetic diagnosis Familial history

1 5 CHM This study No
2 2 CHM No samples No
3 PHM, NP, SA, CHM Triploid* No
4 CHM, PHM No samples No
5 SA, PHM, NP, PHM No samples No

PHM = Partial hydatidiform mole; NP = normal pregnancy; SA = spon-
taneous abortion.
! Genetic diagnosis of the first molar pregnancy (PHM).

lar tissues. This study was approved by the Institutional Review
Board Committee at the National Center for Child Health and De-
velopment, Tokyo, Japan (approval number 234), and written in-
formed consent was obtained from all patients.

Whole-Exome Sequencing

The whole-exome library was prepared from the peripheral
blood cells of 4 RHM patients (Patients 1-4 in table 1) by using
Agilent SureSelect Human All Exon V3 capture reagent (Agilent
Technologies, Inc., Santa Clara, Calif., USA), and sequenced us-
ing the Illumina HiSeq1000 platform. Data analysis procedures
are described in the online supplementary materials and meth-
ods (for all online suppl. material, see www.karger.com/
doi/10.1159/000441780).

NLRP7 Mutation Analysis

The mutations were confirmed by direct sequencing [11]. Ten
coding exons and 1 non-coding exon of NLRP7 were amplified using
primers and PCR conditions that were previously described [12].

Genotyping of Molar Tissue

The molar tissue of Patient 1 was genotyped. The villi were se-
lectively laser microdissected using an LMD7000 (Leica Microsys-
tems GmbH, Wetzlar, Germany), and genomic DNA was extract-
ed using the QIAamp DNA FFPE Tissue Kit (Qiagen, Hilden,
Germany). The refSNP(rs) numbers of the 8 genotyped loci are
shown in online supplementary table S1.

DNA Methylation Assay

The villi of a CHM from a patient with RHM (Patient 1), an
androgenetic CHM and normal placenta were examined for PEG3,
SNRPN, PEG10 and H19 gene methylation by bisulfite sequencing
[13]. Bisulfite conversion was performed using the EpiTect Bisul-
fite kit (Qiagen, Hilden, Germany) with primers listed in online
supplementary table S2.

Results

RHM is most likely caused by genetic factors, and 2
candidate genes have been previously reported [3, 4]. To
search for additional mutations in genes that have not
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Table 2. SNV detected by whole-exome sequencing

Chromosome! Position Gene Location SNV Protein  RefSNP Allele Patient Patient Patient Patient
alteration frequency 1 2 3 4
in HGVB

1 52828383 CC2DIB' Exon3 ¢.Gl05A p-M35I rs183845075 0.02 G/G G/G G/G A/A

3 10452493 ATP2B2' Exon3 ¢.C206T p.P69L N/A N/A T/T C/C C/C C/C

3 16254129 GALNTI5! Exon6 c.C1251A p-H417Q rs185944497 0.008 A/A C/C C/C C/C

9 140007466 DPP7! Exon7 ¢c.C809T p.A270V rs181036640 0.013 T/T C/C C/C C/C
11 69063476 MYEOV! Exon3 ¢.C559T p-R187W rs116926312 0.044 C/C C/C C/C T/T
13 41835028 MTRFI1! Exon2 c.T16C p-C6R N/A 0.009 T/T C/C T/T T/T
16 30735148 SRCAP! Exon 25 ¢.C4403T p.S1468L rs75035256 0.019 T/T C/T C/C C/C
17 27030713 PROCAI' Exon4 c.G874A p-E292K  rs3744637 0.043 C/C C/C C/C A/A
19 55451603 NLRP7 Exon4 c.G584A p.W195X N/A N/A A/A G/G G/G G/G
21 38439597 PIGP! Exon4 ¢.G239A p.S80N  rs114319840 0.004 A/A G/G G/G G/G

HGVB = Human Genetic Variation Browser; N/A = not available.
! Except for NLRP?, the 10 SNVs detected have no particular reported/predicted pathogenic features in the reproduction system.

Table 3. Summary of the SNVs found in ZFP57, NLRP7 and NLRP2 in 4 patients with RHM by whole-exome sequencing

Chromosome Position Gene Location SNV Protein RefSNP Patient 1 Patient 2 Patient3 Patient 4
6 29644668 ZFP57 Exon 14 «¢.G113>A p.R38Q rs142917604 G/G G/G G/A A/A
19 55441902 NLRP7 Exon 9 c.A2775>G p.A925A 15269950 G/G G/G G/G A/G
19 55441995 NLRP7 Exon 9 c.T2682>C p.Y894Y  rs269951 G/G G/G G/G A/G
19 55451050 NLRP7 Exon 4 c.G1137>A p.K379K 1rs10418277 A/A G/G G/G G/G
19 55451232  NLRP7 Exon4  c¢.G955>A p.V3191  rs775882 A/A G/G G/G G/G
19 55451603 NLRP7 Exon 4 c.G584>A p.W195X N/A A/A G/G G/G G/G
19 55451797 NLRP7 Exon 4 c.G390>A p.Q130Q 1rs775883 A/A G/G G/G G/G
19 55485899 NLRP2 Exon 4 c.G312>A  p.K104K rs2217659 G/G A/A G/G A/A
19 55494881 NLRP2 Exon 7 c.C1815>G p.L605L  rs11672113  G/G C/C G/G C/C
19 55512137 NLRP2 Exon 14 c.C3060>A p.I11020I rs12768 A/A C/A A/A A/A
19 55512232 NLRP2 Exon 14 c.C3155>A p.A1052E 1rs1043673 C/C C/C A/A C/C

N/A = Not available.

! A novel homozygous nonsense mutation of NLRP7 (c.584G>A; p.W195X) was found in Patient 1. Other SNVs are all commonly

known SNPs with RefSNP(rs) numbers.

been previously associated with RHM, we performed
whole-exome sequencing using peripheral blood cells
from 4 RHM patients (Patients 1-4 in table 1). Quality
filtering in the patients resulted in a set of 176,663 single
nucleotide variations (SNVs) in coding regions. We ex-
cluded all non-coding SNVs and SNVs with more than
5% frequency in the 1000 Genomes database (http://
www.1000genomes.org/, May 5, 2013) or the Human
Genetic Variation Browser (http://www.genome.med.
kyoto-u.ac.jp/SnpDB/). The remaining 10 SNV (table 2)
contained no particular potential pathogenic genes in-
volved in the reproduction process except for an NLRP7
mutation, as described later.

NLRP7 Mutations in Molar Pregnancy

228

Next, we focused on NLRP7, NLRP2, ZFP57 and
KHDC3L (Cé6orf221), which were previously reported as
candidate genes for RHM or were associated with DNA
methylation defects [3, 4, 14, 15]. Based on the minor al-
lele frequency information of the 1000 Genomes database
and other reports [3, 5, 9, 12, 16], the homozygous non-
sense mutation of NLRP7 (c.584G>A; p.W195X) identi-
fied in Patient 1 is considered a mutation, which was not
previously reported (table 3). Other SNVs found in
ZFP57, NLRP7 and NLRP2 are common variants. Sanger
sequencing of genomic DNA from 5 RHM patients (Pa-
tients 1-5 in table 1), 9 patients with typical androgenetic
CHM and 86 controls confirmed that the NLRP7 muta-
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Fig. 1. DNA methylation assay of DMRs. Bisulfite sequencing
was performed for 3 maternal DMRs (PEG3, SNRPN and PEG10)
and 1 paternal DMR (H19). Each line indicates a single clone, and
each circle denotes a CpG; filled and open circles represent meth-
ylated and unmethylated cytosine residues, respectively. Allele-
specific methylation was definitively diagnosed by SNPs in PEG3

tion (c.584G>A; p.W195X) was observed only in 1 RHM
(Patient 1; online suppl. table S3, fig. S1).

Previous reports have shown that the origin of a subset
of RHM is not androgenic but biparental [12-14]. To pre-
cisely confirm the genotype of the villi of RHM Patient 1,
the villi were selectively collected by laser microdissection,
and a small amount of genomic DNA was obtained. Since
the extracted DNA was fragmented and of low quality,
analysis of polymorphic DNA markers was inconclusive.
We then performed a comprehensive SNP analysis of the
biological parents to confirm the origin of the villi of RHM
Patient 1. Eightloci in which each parent (Patient 1 and her
husband) possesses the opposite major or minor homozy-
gous allele were genotyped, and all showed heterozygous
genotypes in the villi (online suppl. table S1). These results
clearly show that the villi of RHM Patient 1 contain both
parental alleles and thusitis notandrogenic, but biparental.

To clarify epigenetic abnormalities in the villi of Pa-
tient 1 RHM, DNA methylation analysis of DMRs of im-
printed genes was performed using bisulfite sequencing

4 Gynecol Obstet Invest
DOI: 10.1159/000441780

and HI19 DMRs. All maternally methylated DMRs (PEG3,
SNRPN and PEG10) showed loss of DNA methylation in the vil-
li of RHM (Patient 1). In contrast, paternal methylation of the
H19 DMR was maintained normally, even in the villi of RHM.
Methylation defects were observed only in maternally methylat-
ed DMRs.

(fig. 1). Three maternally methylated DMRs in PEGS3,
SNRPN and PEGI0 and a paternally methylated DMR in
H19 were analyzed. SNPs of PEG3 and H19 were used to
distinguish between paternal and maternal alleles, en-
abling specific estimations of allele-specific DNA meth-
ylation defects of DMRs. The villi of RHM Patient 1
showed a loss of methylation in all the analyzed maternal
DMRs and retained completely normal methylation in
the paternal DMR.

Discussion

It is currently not possible to distinguish diploid bipa-
rental RHM from typical diploid androgenetic CHM with
conventional pathological criteria. In fact, the RHM of Pa-
tient 1 and control CHM are histopathologically identical
and were both p57KIP2-negative upon immunobhisto-
chemical analysis (online suppl. fig. S2). Though striking
features of RHM are being revealed with genetic and epi-
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genetic analyses [3, 8, 17-19], there is no clear mechanistic
understanding as to why certain candidate genes are as-
sociated with the condition. Furthermore, no candidate
genes have been identified in approximately 20% of all
cases [5]. Thus, there is a clear need to explore genetic mu-
tations and epigenetic aberrations in different genetic
backgrounds. Additionally, whole-exome sequencing is a
potentially promising approach to identifying unknown
genetic factors [20]; however, to our knowledge, this is the
first report of whole-exome sequencing in RHM patients.

To clarify the features of these Japanese isolated RHM
cases, we performed comprehensive genetic and epigen-
etic analyses. We successfully detected a novel pathogen-
ic homozygous nonsense NLRP7 mutation (c.584G>A;
p.-W195X). Since we could not obtain genomic DNA to
confirm the mutation in the parents of Patient 1, the pa-
rental origin of the mutation is unknown. The approxi-
mate 1-Mb region around the NLRP7 mutation
(c.584G>A) shows copy neutral loss of heterozygosity
(data not shown). Although the parents of the Patient 1
do notappear to be consanguineous, we speculate that the
NLRP7 region of Patient 1 most likely has alleles identical
by descent.

The examination of DNA methylation abnormalities is
indispensable for a definitive diagnosis of epigenetic muta-
tions specifically observed in diploid biparental RHMs. In
this study, the parental origin of the PEG3 and H19 DMRs
were definitively confirmed by SNP analysis. The villi of
RHM Patient 1 clearly showed complete loss of DNA meth-
ylation of maternally methylated DMRs (PEG3, SNRPN
and PEG10) but retained methylation of a paternally meth-
ylated DMR (H19). Although the villi of the RHM were ge-
netically normal, they showed abnormal DNA methylation
and their DNA methylation profile was quite similar to that
in a typical androgenetic CHM. This is in contrast to previ-
ous studies, in which patterns including hypermethylation
of HI9 DMR [21] and retention of methylation at PEG10
DMR were observed [12]. These differences are likely due
to the multifactorial nature in which the DNA methylation
machinery is regulated; this would account for the variable
methylation changes within DMRs, as we previously re-
ported in our study of Dnmt3L knockout mice [22].

RHM patients with NLRP7 mutations are most likely
to have failed in the establishment of methylation of ma-
ternal DMRs during oogenesis. The p.W195X mutation
in Patient 1 is located upstream of the known nonsense
mutations in RHM patients [5]. It is, therefore, expected
that RHM from Patient 1 would exhibit the typical phe-
notype, and indeed this patient had 5 molar pregnancies.
Some reported missense mutations could be hypomorph-

NLRP7 Mutations in Molar Pregnancy

icand show stochastic effects on the methylation of DMRs
[9, 12]. If DMR methylation defects are partial, they may
cause ordinary abortion or may be sufficiently mild so as
to allow normal pregnancy rather than cause molar preg-
nancy [21]. In fact, patients with NLRP7 missense muta-
tions have a mixed reproductive history of molar preg-
nancy and abortion or normal pregnancy [23]. Thus,
some unexplained cases of infertility might be attributed
to such stochastic epigenetic aberrations.

The NLR family proteins have roles in inflammation
and apoptosis [24]. NLRP7 is involved in the secretion of
IL-1P [25-27], but there is no direct evidence that pertur-
bations to the NLRP7-IL-1 axis cause loss of DNA meth-
ylation and molar pregnancy. Since NLRP?7 is present in
oocytes [16] and preimplantation embryos [28], it could
be involved in the hypomethylation of DMRs observed in
the villi of RHMs. However, because NLRP7 has no or-
tholog in mice [24], evaluation of its function in oogen-
esis and early embryogenesis is challenging. Therefore,
identification of genetic and/or epigenetic mutations in
isolated cases and in different genetic backgrounds re-
mains an important aspect of studies designed to unravel
the mechanisms underlying RHM pathogenesis.

In conclusion, we have, for the first time, identified a
novel nonsense homozygous mutation of NLRP7 in a
Japanese RHM patient. Our study is the first to report an
isolated RHM case in a previously unreported ethnic
background. This comprehensive genetic and epigenetic
analysis approach can facilitate the definitive molecular
diagnosis of diploid biparental RHM in isolated cases and
can be performed using fragmented DNA extracted from
formaldehyde-fixed and paraffin-embedded tissue sam-
ples. NLRP7 mutations cause abnormal DNA methyla-
tion in DMRs [21]. However, the mechanisms underlying
region-specific DNA methylation remain unknown. Fur-
ther analysis of RHM will shed light on the unknown eti-
ology of infertility and the mechanisms that control re-
gion-specific DNA methylation.
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Augmenting effects of gestational arsenite
exposure of C3H mice on the hepatic tumors of
the F, male offspring via the F; male offspring

Keiko Nohara®*, Kazuyuki Okamura®, Takehiro Suzuki®, Hikari Murai®,
Takaaki Ito®, Keiko Shinjo©, Shota Takumi?, Takehiro Michikawa?®,
Yutaka Kondo® and Kenichiro Hata®

ABSTRACT: Gestational exposure can affect the F, generation through exposure of F, germline cells. Previous studies reported
that arsenite exposure of only F, females during their pregnancy increases hepatic tumors in the F; males in C3H mice, whose
males are predisposed spontaneously to develop hepatic tumors later in life. The present study addressed the effects of gesta-
tional arsenite exposure on tumorigenesis of the F, males in C3H mice. Expression analysis of several genes in the normal livers
at 53 and 80 weeks of age clearly showed significant changes in the F, males obtained by crossing gestational arsenite-exposed
F, (arsenite-F;) males and females compared to the control F, males. Some of the changes were shown to occur in a late-onset
manner. Then the tumor incidence was assessed at 75-82 weeks of age in the F, males obtained by reciprocal crossing between
the control and arsenite-F, males and females. The results demonstrated that the F, males born to arsenite-F, males developed
tumors at a significantly higher rate than the F, males born to the control F; males, irrespective of exposure of F, females. Gene
expressions of hepatocellular carcinoma markers p-catenin (CTNNB1) and interleukin-1 receptor antagonist in the tumors were
significantly upregulated in the F, males born to arsenite-F,; males compared to those born to the control F; males. These results
show that arsenite exposure of only F, pregnant mice causes late-onset changes and augments tumors in the livers of the F,
males by affecting the F; male offspring. Copyright © 2015 John Wiley & Sons, Ltd.

Keywords: arsenic; gestational exposure; hepatic tumor; transgenerational; gene expression
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(Klein et al,, 2007). The results obtained by Waalkes et al. (2003) also
indicate that gestation is a vulnerable period for arsenic carcinoge-
nicity. Epidemiological studies have reported that gestational
exposure to arsenite is associated with increased cancers in adult-
hood (Smith et al., 2006; Yuan et al., 2010). These findings on the
sensitivity of gestational period against arsenic imply the possibil-
ity that gestational arsenic exposure may also affect F; germline
cells and have an impact on late-onset tumorigenesis in the F,

Introduction

Gestation is known to be vulnerable to a variety of environmental
conditions, including chemical exposure and nutritional imbal-
ances, and the adverse effects of environmental conditions in this
period can lead to a number of adult-onset diseases in the F; off-
spring and in subsequent multiple generations (Aiken and Ozanne,
2014; Guerrero-Bosagna and Skinner, 2012; Perera and Herbstman,

2011). A possible causative route of the effects on the F, and sub-
sequent generations by gestational chemical exposure is through
direct exposure of germline cells in the F, fetuses and the respon-
sible germ cells can be those of male, female, or both (Aiken and
Ozanne, 2014; Guerrero-Bosagna and Skinner, 2012; Perera and
Herbstman, 2011).

Naturally occurring inorganic arsenic, which is known as a hu-
man carcinogen, is causing serious health problems, including can-
cer, in many areas in the world (Hughes et al, 2011). Although
animal models are pivotal to elucidate the mechanism of arsenic
toxicity, it has been difficult to verify the carcinogenicity of arsenic
in rodents (Rossman et al., 2002). Pioneering studies by Waalkes
and colleagues showed that exposure of pregnant C3H mice (F)
from gestational day (GD) 8-18 to inorganic arsenite results in an
increase in tumors in the liver and adrenal gland of their F; male
offspring at 74 weeks of age (Waalkes et al., 2003). As male C3H
mice are predisposed to spontaneously develop hepatic tumors
in adulthood (K&hle et al,, 2008; Maronpot et al., 1995), the finding
by Waalkes and colleagues supports the notion that arsenic acts in
combination with other tumor promoting factors or dispositions

and subsequent generations, while those issues have not been
addressed.
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We previously investigated the causal factors of hepatic tumor
augmentation in the F; male offspring by gestational arsenite
exposure in the experimental model reported by Waalkes et al.
(2003) Nohara et al., 2012). The results showed several characteris-
tic changes, such as late-onset gene expression changes in the
normal livers and an increase in hepatic tumors, particularly those
having a C to A somatic mutation at codon 61 in oncogene Ha-ras,
in the F; offspring by gestational arsenite exposure (Nohara et al,,
2012). In the present study, we addressed the effects of gestational
arsenite exposure on the F, males of C3H mice by investigating
gene expression changes in the normal livers, the hepatic tumor
incidence, and the incidence of Ha-ras mutation at codon 61 in
the tumors. In the assessment of tumor incidence, we performed
a reciprocal crossing experiment between the control and
arsenite-F; males and females to clarify the F, sex responsible for
the tumor augmentation in the F, males. We also measured gene
expression of several human hepatocellular carcinoma markers in
the tumors of the F, males for confirmation of the tumor augment-
ing effects of gestational arsenite exposure.

The results of the present study made the novel findings on the
tumor augmenting effects of gestational arsenite exposure on the
F, generation.

Materials and methods

Design of Animal Experiments

Pregnant C3H/HeN mice (Fy) were purchased from CLEA Japan
(Tokyo, Japan) and given free access to a standard diet (CA-1; CLEA
Japan) and tap water (control mice) or tap water containing
85 ppm sodium arsenite (Sigma, St. Louis, MO, USA) from day 8
to 18 of gestation as described previously (Nohara et al., 2012).
Throughout the experiments, arsenite was only given to Fy preg-
nant mice and not to F; or F, mice. To assess the tumor incidence
and the F,; sex responsible for the F, tumor augmentation, we did a
reciprocal crossing experiment among the control F; males and fe-
males and arsenite-F; males and females, which originated from
22 control Fy females and 29 arsenite-F, females. Male and female
mice were mated at 10 weeks of age. The resulting F, males were
reared until 75-82 weeks (17.5-19 months) of age and used for the
assessment. Hepatic tumors were examined macroscopically
(Nohara et al., 2012) and some were subjected to histological anal-
ysis as described below.

The animals were handled in accordance with the National Insti-
tute for Environmental Studies guidelines for animal experiments.

Histological Analysis

Sections prepared from paraffin-embedded liver tissues were
stained with hematoxylin and eosin as previously described
(Nohara et al,, 2012). The histology of the liver neoplasms was
classified as hepatocellular adenoma or hepatocellular carcinoma.
Briefly, hepatocellular adenoma is characterized by a well-
circumscribed lesion composed of well-differentiated hepatocytes,
and hepatocellular carcinoma is characterized by an abnormal
growth pattern and both cytological and nuclear atypia (Harada
etal, 1999).

cDNA Preparation and Real-Time Polymerase Chain Reaction

Total RNA of individual livers was prepared with an RNeasy Mini Kit
(Qiagen, Valencia, CA, USA). After checking the quality of the RNA
by electrophoresis, reverse transcription reactions were performed
with an AMV Reverse Transcriptase XL (TaKaRa Bio, Shiga, Japan)
using 100 ng of total RNA. Quantitative real-time polymerase chain
reaction (PCR) analysis was performed on a LightCycler 480 instru-
ment, version 1.5 (Roche Diagnostics, Basel, Switzerland) as
described previously (Nohara et al,, 2006). The primer sequences
and annealing temperatures used for real-time PCR are shown in
Table 1.

Ha-ras Mutation

Ha-ras mutations at codon 61 were analyzed by the pyrosequenc-
ing method (Ogino et al., 2005). The DNA region containing the se-
quence coding codon 61 in the Ha-ras gene was amplified by PCR
using the biotinylated primers (5-cggaaacaggtggtcattgat-3' and
biotin-5-tgatggcaaatacacagaggaag-3') and a PyroMark PCR kit
(Qiagen). Amplification was achieved by heating at 95°C for
5min, cycling at 95°C for 30s, 55°C for 30s and 72°C for 455,
and was followed by extension at 72 °C for 10 min after the final cy-
cle. The biotinylated PCR product was captured on streptavidin-
coated beads (GE Healthcare Bio-Science, Little Chalfont, UK),
denatured and washed. The sequence primer for codon 61
(5"-ggacatcttagacacagca-3') was annealed to the biotinylated PCR
product and pyrosequencing analysis was performed by using a

Table 1. Primers for real-time polymerase chain reaction analysis
Gene Forward primer Reverse primer Annealing temp. (°C)
5!_3! 51_3l

Creld2 gcagacagcagaaggcaaa tgcccgtcacaaatcctc 60
Slc25a30 gaacgcccagaagatgaaac ctgttctgtgcttgcattcg 60
ElI3 ccagaaacgcctggacaa cttgaggctagaggcagagc 64
Fabp4 cagcctttctcacctggaag ttgtggcaaagcccactc 60
Gpat-1 agcaagtcctgcgctatcat ctcgtgtgggtgattgtgac 64
Afp cccaaccttectgtctcagt tggctctcctcgatgtgttt 64
-1 tgcacaacactagaggctga agtgatcaggcagttggtga 64
Ctnnb1 ccctgagacgctagatgagg tgtcagctcaggaattgcac 64
Cpb agactgttccaaaaacagtgga gatgctctttcctectgtge 64
rRNA tgcgaatggctcattaaatcagtt ccgtcggcatgtattagctctag 64
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PyroMark Q96 ID system (Qiagen) and PyroMark Q96 ID Software
2.5 (Qiagen) according to the manufacturer’s instructions.

Western Blotting

Tissues were homogenized in ice-cold lysis buffer (1% Triton
X-100, 0.1% sodium dodecyl sulfate [SDS], 0.5% deoxycholic
acid, 1Tmm EDTA, 1mm EGTA, 25mm sodium pyrophosphate,
1mm B-glycerophosphate, Tmm sodium orthovanadate, 1 mm
phenylmethylsulfonyl fluoride, 50mm Tris-HCl [pH7.5] and
150 mm NaCl) with a pellet mixer and then with a Bioruptor
UCD-200TM (Cosmo Bio, Tokyo, Japan). The supernatant was
boiled with the same volume of x 2 SDS sample buffer (100 mm
Tris-HCl [pH6.8], 4% SDS, 20% glycerol, 200mm DTT, 0.002%
bromophenol blue), and subjected to SDS-polyacrylamide gel
electrophoresis. The first antibodies used were anti-p44/42
MAPK (Cell Signaling Technology, Danvers, MA, USA; 9102), anti-
phospho-p44/42 MAPK (Cell Signaling Technology; 9101) and
anti-B-actin (Sigma; A5441). The second antibodies were horserad-
ish peroxidase-conjugated anti-rabbit IgG (Sigma) and antimouse
IgG (Sigma). The membranes were developed using the ECL Prime
Western Blotting Detection System (GE Healthcare) and the im-
ages were captured using a VersaDoc imaging system (Bio Rad,
Hercules, CA, USA).

Statistical Analysis

The difference in the tumor incidence between the two groups
was analyzed by a chi-squared test. The difference in gene expres-
sion between the two groups was analyzed by Student’s t-test.
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Those analyses were conducted with Statal1 (Stata Corporation,
College Station, TX, USA).

Results

Late-Onset Gene Expression Changes Detected in the Normal
Liver of the F, Generation

Analyses of mouse livers with Affymetrix GeneChips in our previ-
ous study showed that expression of two genes, Creld2 and
Slc25a30, was upregulated more than twofold and expression of
another two genes, Fabp4 and Ell3, was downregulated more than
twofold in the normal livers of arsenite-F; males in comparison
with those of the control males at 74 weeks of age (Nohara et al.,
2012). The expression changes of these genes were found to occur
in an adult-onset manner (Nohara et al, 2012). To examine
whether arsenite exposure of Fy pregnant mice has any effect on
the F, offspring, we measured the expression of these four genes
in the normal livers of the control F, males and the F, males
obtained by crossing arsenite-F; males and females (arsenite-F,)
at 53 weeks and 80 weeks of age.

The results of the measurements showed significant downregu-
lation of Creld2 from 53 weeks of age and late-onset downregula-
tion of Slc25a30 at 80weeks of age in arsenite-F, males in
comparison with the control F, males. On the other hand, those
genes were upregulated in arsenite-F; males in comparison with
the control F; males at 49 and/or 74 weeks of age. Thus, direction
of the changes by gestational arsenite exposure in the arsenite-F,
and arsenite-F, males was the opposite (Fig. 1). Expression of Ell3
was significantly upregulated in arsenite-F, males in comparison
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Figure 1. The changes in hepatic gene expression in the arsenite-F; males and arsenite-F, males in comparison with their control males. The expressions of
five genes in the livers of the control F, males and arsenite-F, males were measured by real-time polymerase chain reaction at 53 weeks of age (n =4 in each
group) and 80 weeks of age (n = 6 in each group) and normalized to expression of Cpb. For the gene expressions in the F; generation, data obtained at
49 weeks of age (n = 4 in each group) and 74 weeks of age (n = 8 in each group) in our previous study (Nohara et al., 2012) were used. The graphs show
the ratios of the expression in the arsenite-exposed group normalized to the expression in the control group. The error bar shows the standard error. *Sig-
nificant difference (P < 0.05) between the offspring of the control females and the offspring of the arsenite-exposed females.
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with the control F, males also in a late-onset manner. The effect of
gestational arsenite exposure on Ell3 expression in the F, males
was again the opposite of its effect in the F; males. Downregula-
tion of Fabp4, which was detected in the arsenite-F; males, was
not detected in the F, generation (Fig. 1).

In our previous study, we also observed downregulation of a
lipid metabolism-related gene Gpat-1 at 74 weeks of age in the
normal livers of arsenite-F; males in comparison with the control
males (Nohara et al, 2012). This gene was downregulated in
arsenite-F, males in comparison with the control F, males at
53 weeks of age (Fig. 1).

These changes in gene expression clearly showed significant
effects of gestational arsenite exposure on the F, males, and the
effects on the F; and the F, were varied.

Increased Hepatic Tumors in the F, Males Born to the
Arsenite-F, Males

We performed the reciprocal crossing experiment with the control
and arsenite-F; males and females as shown in Fig. 2 to assess the
effects of gestational arsenite exposure on tumorigenesis in the F,
males and determine the F; sex responsible for the F, tumor
augmentation.

The tumor incidences in each F, group were 33.8% in CC, 34.3%
in CA, 49.2% in AC and 43.6% in AA (Fig. 2A). Comparison of the tu-
mor incidence between the F, male offspring of arsenite-F, males
(AC and AA) and the control F; males (CC and CA) showed a signif-
icantly higher tumor incidence in the F, offspring of arsenite-F,
males (45.9% in AC and AA vs 34.1% in CC and CA) (Fig. 2B). On
the other hand, the tumor incidence of the F, male offspring of
arsenite-F; females (39.9% in CA and AA) and the control F,
females (41.1% in CC and AC) were not different (Fig. 2B). These
results showed that the tumor-augmenting effect of gestational
arsenite exposure is transmitted to the F, males via the F; male
offspring, but not via the F, female offspring.

Pathological examination of tumor tissues from the control F,
and arsenite-F, males (10 samples from each group) showed that
hepatocellular adenoma was the predominant histological tumor
type (Fig. 3). This finding was consistent with the observation of
the hepatic tumors of the control mice and arsenite-F; mice in
our previous study (Nohara et al., 2012).

Ha-ras Mutation in the Tumors of the F, Generation

Our previous study showed that gestational arsenite exposure par-
ticularly increased the percentage of hepatic tumors containing
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Figure 2. Increase in the tumor incidence in the F, male offspring born to arsenite-F, males but not to arsenite-F, females. (A) The F, males were obtained
by reciprocally crossing the control and arsenite-F, males and females as shown in the figure. The F, mice were macroscopically examined for hepatic tumors
at 75-82 weeks of age | n an age-matched manner. Small lesions (<1 mm in diameter) were omitted. The number in parenthesis is that of mice bearing he-
patic tumors/the number of mice investigated. (B) The difference between the tumor incidences in the two groups was analyzed by chi-squared test. GD,
gestational day.
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Figure 3. Histological analysis of the hepatic tumors of the control and arsenite-F, males. (A) Representative sections of hepatocellular adenoma and he-
patocellular carcinoma of the control F, males and arsenite-F, males. (B) Occurrence of hepatocellular adenoma and hepatocellular carcinoma.

the Ha-ras C61A somatic mutation in the F; males (Nohara et al,
2012). Ha-ras mutation is thought to be involved in carcinogene-
sis by activating several signaling pathways, including the
RAF/MEK/ERK cascade (Pylayeva-Gupta et al., 2011). The investi-
gation in the present study confirmed that the Ha-ras mutations
increase the activating phosphorylated forms of ERKs, ERK1
(p44 MAPK) and ERK2 (p42 MAPK) in the tumor tissues harboring
codon 61 Ha-ras mutations in both the control F, males and
arsenite-F, males (Fig. 4A). p44/p42 MAPK was shown to be
hypophosphorylated in the non-tumor tissues of tumor-bearing
livers, which do not contain mutated Ha-ras (Fig. 4B).

On the other hand, Ha-ras C61A mutation or the total Ha-ras mu-
tations in codon 61 in the tumor tissues was shown not to be in-
creased in the F, males born to arsenite-F; males (AC and AA) in
comparison with the F, males born to the control males (CC and
CA) (Table 2). Thus, the existence of Ha-ras mutations seems not
to be the major causation of the increased hepatic tumor inci-
dence in the F, males born to arsenite-F; males.

Upregulation of Cancer Related Genes in the Tumor Tissues of
F, Males Born to the Arsenite-F,; Males

In an effort to establish early diagnostic markers for detecting hu-
man hepatocellular carcinoma, increases in several serum proteins,
including a-fetoprotein, p-catenin (CTNNB1) and interleukin-1 re-
ceptor antagonist (IL1-RN), were shown to be closely associated
with hepatocellular carcinoma (Sun et al, 2008). The expression
of those genes was shown to be higher in the tumor tissues com-
pared to the normal tissues or the non-tumor tissues of tumor-
bearing livers, while the expression of Afp is varied widely among
samples (Fig. 5). The expressions of Ctnnb1 and Ill1rn genes were
significantly higher in the F, males born to arsenite-F; males (AC
and AA) than those born to the control males (CC and CA) (Fig. 5).
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Figure 4. p44/42 MAP kinases activation as a result of Ha-ras mutation in
the hepatic tumors of C3H males. Western blots of hepatic tumor tissues (A)
and non-tumor tissues in the tumor-bearing livers (B) of the control F, and
arsenite-F, males were prepared as described in the Materials and methods

section. Labels in (B) are R1, normal tissue and R2, tumor tissue with a Ha-ras
mutation.

Interestingly, when the gene expression was assessed separately
in tumor tissues with and without Ha-ras mutation, the expression
of Il-1r seemed to be upregulated by Ha-ras mutation (Fig. 5).
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Table 2. Spectra of Ha-ras codon 61 mutations in the hepatic
tumors of the F, males

Ha-ras codon 61 type (%)

F, group (n) CAA wild-type AAA CTA CGA
CcC (29) 31 41 7 7
CA (33) 61 18 3 3
AC (34) 38 35 3 3
AA (49) 39 45 6 6

The hepatic tumor tissues were obtained in the reciprocal
crossing experiment (Fig. 2) and analyzed for mutations in
Ha-ras codon 61 by a pyrosequencing method.

Discussion

The earliest studies carried out primarily in the middle 1900s
reported that maternal exposure or germ cell exposure to
radiation and some carcinogenic chemicals transgenerationally
affect the susceptibility of the progeny to cancer (Tomatis,
1994). The transgenerational effects of radiation, chemicals and
nutritional imbalances on cancers and other disorders have been
reported to be transmitted paternally, maternally, or both pater-
nally and maternally (Aiken and Ozanne, 2014; Anway et al,
2005; Barber et al, 2002; Mohamed et al., 2010; Tomatis, 1994).
The individual molecular mechanisms of the transmission are
yet to be clarified.
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The present study showed that gestational arsenite exposure of
pregnant C3H mice from GD8 to GD18 increases the incidence of
hepatic tumors in the F, males born to arsenite-F; males (AC and
AA in Fig. 2) compared to the F, males born to the control males
(CC and CA in Fig. 2), irrespective of exposure of the F; females.
These results showed that tumor augmenting effects by gesta-
tional arsenite exposure is transmitted to the F, males through
the F; males. We also detected significant late-onset changes in
gene expression in the normal livers of arsenite-F, (AA F,) males
compared to those of the control F, males (Fig. 1), indicating that
transient gestational arsenite exposure of pregnant females causes
a significant impact on the F, generation. Furthermore, the cancer-
related genes Ctnnb1 and IlTrn were shown to be upregulated
in the hepatic tumors of the F, males born to arsenite-F; males
(AC and AA) compared to those born to the control males
(CC and CA) (Fig. 5). These results show the augmenting effects
of gestational arsenite exposure on the hepatic tumors of the F,
male offspring.

The F; male fetuses in the present study were exposed from
GD8 to GD18, when the primordial germ cells appear and differen-
tiate into the sperm precursor cells (Sasaki and Matsui, 2008). The
epigenetic profile of the primordial germ cells undergoes dynamic
alterations, including imprint erasure, during the development
stage, and disruption of the epigenetic profile during this stage
has been implicated in transgenerational effects of Fy gestational
exposure (Aiken and Ozanne, 2014; Guerrero-Bosagna and
Skinner, 2012; Perera and Herbstman, 2011). A previous study
(Devesa et al., 2006) reported the concentrations of inorganic arse-
nic and methylated arsenic at GD18 in the fetus organs, including
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Figure 5. Expression of cancer-related genes in the hepatic tissues in the F, mice. The expressions of Afp, Ctnnb and /I-1rn were measured by real-time PCR
for the normal livers (n = 6), non-tumor tissues from tumor-bearing livers (n = 6) and tumor tissues (n = 9-11) from the F, males and normalized to the
expression of rRNA. The difference in the gene expressions in the tumor tissues between the F, males born to the control F; males (CC and CA) and those
born to arsenite-F; males (CA and AA) was analyzed by Student’s t-test. **P < 0.01.
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the liver and blood in the same gestational arsenite exposure
model of C3H mice we used. The study showed that fetus organs
are directly exposed upon gestational arsenite exposure. As arse-
nic has been reported to induce epigenetic changes, particularly
DNA methylation changes (Reichard and Puga, 2010; Ren et al,
2011; Suzuki et al., 2013), the gestational arsenite exposure may al-
ter the phenotype of the F, generation by affecting the epigenetic
profile of genes, possibly including imprinted genes, in the F; male
germ cells.

Arsenic has been thought to be a weak mutagen or not a muta-
gen based on the results of assays using bacteria and mammalian
cells in vitro (reviewed by Rossman, 2003). Our recent study using
gpt delta transgenic mice clarified that arsenite exposure greatly
increases the incidence of G:C to T:A transversion in vivo (Takumi
et al, 2014). Thus, mutation in the proliferating and differentiating
primordial germ cells might be another possible causation of the
F, effect by arsenite exposure of Fy pregnant mice.

In the present study, we found that gestational arsenite expo-
sure significantly affects hepatic expression of Creld2, Slc25a30
and El3 even in the F, generation, but the effect of the exposure
was the opposite of its effect on the F, generation (Fig. 1). The dif-
ference seems to be attributable to the fact that exposure of the F,
and F, mice occurred in a different manner, e.g., the fetal liver is di-
rectly exposed in the F; and F; is exposed at the germ cell stage.
On the other hand, Gpat-1 was significantly downregulated in
the liver of the F, generation, as was also observed in the F; gen-
eration (Nohara et al, 2012) (Fig. 1). Gpat-1 is one of the target
genes of sterol regulatory element-binding protein 1, a member
of the central transcription factors that control intracellular choles-
terol and fatty acid levels (Raghow et al.,, 2008; Wendel et al., 2010).
Lipid accumulation in the liver has been implicated in hepatic
carcinogenesis through an increase in oxidative stress (Ziech
et al, 2011). The change in Gpat-1 expression in the liver of the
F,; and F, mice may indicate involvement of lipid metabolism
changes in the increase in hepatic tumors.

We previously found a higher proportion of C61A Ha-ras muta-
tion in the hepatic tumors of arsenite-F; males (Nohara et al.,, 2012).
In the present study, we confirmed that Ha-ras mutation increases
activated forms of ERKs in the hepatic tumors of C3H mice (Fig. 4).
However, the percentage of Ha-ras mutation in the tumors was not
increased in the F, males born to arsenite-F, males (Table 2), which
indicated that the tumor increase in the exposed F, males could
not be attributed to the increase in Ha-ras codon 61 mutation 1.

In summary, we demonstrated the novel finding that gesta-
tional arsenite exposure of Fy pregnant mice increases hepatic tu-
mor incidence in the F, male offspring through the impact on the
Fi males. Further studies will be required to identify the factors
that cause tumor augmentation in the liver of the F, generation
by arsenite exposure of Fy pregnant mice and to explore changes
in the F; male germ cells that induce such tumor-augmenting
factors in the liver of the F, generation.
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