REF@EFFHEEmbE

tFMEIVRIE

REX

REHICH T HBENE
EFEMESESRIEORFAE
(H28-1E%F-—#&-003)

TRk 28 FEEHE - HHEPIRBEE

MRAKRE =RE R

¥RE 29 (2017) &£ 3 A



I1.

III.

IV.

PR ZE R T
FEEWNZ IS DH A BRI AR FE R BR A O BR 7E

A 2K

SyHRMT RS

b~ O I X B A S O B3
B 2Rk

RN DO SRERRAT I 2 5 SR OB R

TR

WE=a—n AN ERR Yy MU — 212X DRHliEO B
185N 53}

AR /IR O AR RS OBRBER BRI K 5 FHliE DB %
HH T

AT MRS O AR R ESFRREIC X 2 RHITE D B

¥

BFEOoBET —2B L0 hTF—% L ORGEE

® R

TR EOFATICRET 2 &

WRFER R D TIATHY - HllJil)----

(LW ) 2 2 TR - BERH B K hnnm

Rk 28 429 H 2 HBHf#E

13

20

32

40

52

57

59

240



I.

o

i M H R

H
=]



JEA GBI E R A BB (L Y A 7 W de2E)

KT 2 46
SEHIH 1T SMANTEREHESERBEORS
W ftEE [P TR AT P R R
W R
<BlEE >

VAR, BEEZR EREREENZGEICHEM L, 28 E > T0 D, &
DIFR D —DIFFEELNIB T DALFIE OBREE & S D, FEEHOMRR
(TR & el U TR BTk T 2 B D s < | REFREBE S R I & 2
?ggﬁﬁméué:kﬁ%i%h\%5%@@%%%@%%@%ﬁﬁﬁ
=2 Do

HI{E, OECDXCEPAIZ X » T, {HIET v b & H D SR i ik 7 A
RZ A VINHIE SN TWD P, iR ENEHET, SRR I35 00 . )
WEIIT20IC b RO E LR TH D, SHIZ, HRTIZZOL Y2 A R
TA IRERTH D, £ I TRAIE, FEHICI T 2 MIaERE R & af
PRIEIRE FH DFMEAE A U = X DIEESWT, BT lZ A —T  MEDS
NIRRTV E R A — A 2 ERL L | BHlFEIR OB ES T 1 k2L D
B ZAT 9 2 LI K D AR EmR R BRIE DB R 21T > TV D,

b hiPSHiiE (AT 7 VI ORHER) 7 v MM ERS LU
v MRS (CERYIENC T 2B MIERIERHER) 2 AT, LFEmE DR
BRI R T DM R O Kb 21T -T2, F72. T v MEE=a2—1o
AW, Z0—TFy MEOEWRA 7 ) —=0 T ZRORBEICETF L, Hi-
12, HESI NeuTox & EEANY 55— g o OiamaBits L7,

F/o, VT DA = AL EET 5 BT HERT OREBA~D
BEEEDORESCKEBRSDRVICL > TIBEOZEHF ) LB L A%
DIEHLHRBOFIEIZF 5T 5, L5 DoHaDIZ SV TRRERFFE 21T > 72,

StR1E, Bk SNTCRHEFEE A b LA IR BRI G R O~
2 N UEEE ATV RN B, [EHESEEO S L RRIERR 2 HiE T,

<WFIeifE—E >
R 2R (E L)
[t MOS0 X 2 3 EmE OB

e Rk (FESZAHE) )
[ SR R O FERERFATIZ X 2 FHlE O
B 7 |

LIRS RS (ST
M=o —a WM Ry D
— 71 X BEHmE DB % |

A (BHEERR)
(2R % /1N b oD A ] S D B HE OS2 28R 1 K
% aHmlTE DB |

LI (EEER) ]

[ 25 110 5 o> A ek [ B A R L2 K 2 AT
EDBAZE )

Rl —H8 (REERE 2 —)
%gﬁ®%@?~&ﬁiwtb?—&&@
Al

A HFEER
AT, IR B ORpRR 2R £ 7 LAl
WA ) —= 0 72470 GRaEEff 2~
=) S DAL ORI BT 5B
PEARRE R O B T HEHmE (PR > R Y
— VM7 —7) ERGEE L., FEA e HTEL
MBRE L LCBRE BIET, BIEETTO
HESI NeuTox & OERSEEEE & &I2, HESI
U R OH ) GRECHHE L 72t 'E & E
FH D 870 D BEPEXT PR E 35 K O xR )
B AT L THRIET 5,

b5 2 I —T I EwET — A RREE S L —
TEMZT 3 FTA—FOEREEICLY .
xR Lz mERIckhh L b= e
DHEEAPRR MBI T 2 R BRIE L LT
R % BT, ARBRIEIC L L E IR
ITEA~DISHANHIRE SN D,

B. HFZE 5
RIS HREEESRBOZ L,



C. iR

PAFIC, & arsesd oM 2 5td 3 5,
[@tk%%w@ HMEIZ X 5]

b b iPS flfE A VT, AL E O RERT
B % S o @b 21T o T2, D
FEOL. BRI @ﬂWAéhéh%f%
6713/1/12)1‘2&% b b iPS flfa

#5@%\M®mﬁﬂ w%mto ok
mﬁxﬁ XL LT, Minl %N Lz

R har R TOREREIZLD ATP FEA
@ﬁ?%%wﬁbko:@%%m¢fmﬁ
ELTHEFRETHS, LEXDY, B RIPS ﬁéﬁi

IBIAI bar R THEREEREIC
T, EHIC 7ém%%E@%$%ﬁﬂr

% RN T & B ATREME DS R X T,
(@ > b U —271C X 5]

AN—T o MEB X OFHEMEO SRR ==
— % W A A 7\ LD R T Eh T
iR DBREEATHT=8, KE EPA @ Timothy J
Shafer ##% &0 L FRIMFFEIRHI 25 LA Fl SR
O 21T -7, £7-. HESI NeuTox D% .
B AT A (MEA) 7 F—AZ& L, 7L
NYT —ar Oz R LTz, ZIVETIZH
BMEOEWERPNELNTWDLIENS, A4tk
VB < B IR S A& R L L fth O REAR SR T
BOHITWDHAE R E T 52 TR R D%
MPEARRET D,

(@LXUN Rk EY

RN E ZDNDHILEWE TH
Hoovrak, 7ae ViR A% IR AEOEIC
FEH- L Atk DR RT3 D 22 b 2% /| i faf
R D 22 L A i &/ NI 1E O 2L B D
ITENEALDS E B ORLIZ, 2L afgic
B2 1%, BR5E T O IR TS it
L7z, /NI TERETE R I A 7 B D 3 e 75
Pz AT RE/RFRIE L 2209 D ZE DRI E N
77
(@@E%@%@@%@%%

PR PEM R M ERER FIE O R Y M2~
% BT, FEMREEMEOFEMA A TH -
T-FEALFME TH D 1BP IZOWTHHIL
ToAE R, AR E O TTEE b7 59 2
LD 1BP MRS EMRR A AT D FTREM:
DRI ST, LA X 0 | gttt 2 oR
TALFEWE I 2 TEEEFWEIZ DWW T
& Az 1% T HI 0D Y RS A AR [ R HA BE BTG 23 %8 2

R OREHMIEE E L CHM &2 D AEE
PEDSHERS S Tz,
(OBEfFRET — 4, b v T —% & ORGE]
Bt BRI SV 7 a g7 EOVER A A
S ALEWLNCT D728, B ERRZ L
IZ DoHaD ® A 51 = X IZ-2WC SRR %
177, £7-. E bO Vs ) L5 —Z |
LCHLREEZBAA LT, ?ﬂﬁﬁn QU 5
WS DV T AR Z T 2B LY
P BDEAF AL CAEBEICE S T
e LR Y A7 L B A[REMESRIZ S 1
776

D. %8

AWFFETIE, B b IiPS fliECT o~ B/MIMEZ
BRBIOT v MEEEZAWT AL E DO

ZEEAMIZ B3 2 R O s b 21TV, £
FHM SR IZ B W TR E O EM R i &
T & D ATBEMED W REE A TE LT,

o, Ty M =a—a BV, X
N—"T" MEDEWA T ) —= 2 7 RO
581X, HESI NeuTox (28 CIEBR M FERBR D
%m# ATEY, Fx bEEEERRSHE., 5

BBRICSIN L CGEma T T 5, EFRHE
Db Lo & & MEA 7' 1 bk a L iil
ATV, TRIMEO R 72 12 H D FHTe LB
H5,

HAE, MR 5T in vivo 225 in vitro
RERIE L 72 o TV D D, KR T — X L8
'?“Fé”?fﬁﬁﬁ% KA L eigtmat L. ﬁ

FMERH R 72 EORGI O L ETH D, 4
{&ﬁiﬂﬂ—mkﬁbﬁ m@ﬁ%%ﬂ@
PR OAEGLZ AT THUY FHA T,

E. &R

JEIRI Rl wf%ﬁﬁ%kkém
UV A AT BB ORENLIZ AT TR
ﬁ%ﬁ&ﬁ%@mhtoit\7xhﬁﬁ%
22— A AW A—T"y MED BN A
IV —= T REBTAAERE LT, 1=, 7
NTafgROT —% %% L2 DoHaD O
FTEITH> T2,

. WRFEFER
/\?Eﬁﬁ BOWEFITRT LI
i%%%i@?%%%%ﬁoko

N2






AT B e R A e (L EWE Y 2 7 BFEE2E)
SrRBFFE R

b MEpia O i K D FEmTE OB %

BAeaE S AR
e

WoRE

oHE

b PSS #ifn A T AL E O 2RI B 2 R FEER O A
{bE1To 72, ZORER, BREMREFEENBESNIEETHL 7 L
U AR (CPF) BREICL V. b b iPSHINIZ 31T 2 M5k o4 A3
OO, MEIHIA I =L L LT, Minl A2 LTI haw
KU 7 ORERFIZLD ATP EEADIKTEZRW-1L7-, LEXD, E
NiPSHlEICE T DI by RY THREZFEEIC L T, lEMIICEBIT 5

(LA O FEFERRANE & AT C & 5 PTRENEASRIE S LT,

A. BFEEEEY

AR, FHE OB IEE B PAER & O ¥
FEENEML TWDR, ZDRKD—>L L
TERETOFEWE OGN ER ST
% (Landrigan et al., Environ. Health Perspect.
Med., 2012), & K iPS ffifaid b hRsERfE %
in vitro TH{E CX 5 Z &6, ALFWE D
RN E A R T & D ATREMEN B 2 b b,
UL, afiiR & LTRSS STV
AN

AW T ALFWE OREMICB T 55
P& R 272912, B b iPS Mz AW
TR NE 2 R CTE D 0 A T o T2,
R R OREZEIZIE, HEST &35 LTV 538
EEENRRIND G ED Y Ak
Nh R THDH 7 Ve Y R AEZRR LT,
AAEFEX b N IPS MR 5@ A B
= X LORES ATV, BmERHmIC B T 2 A
PEZRRFE L 72, F7-. HESI NeuTox ® £ 1
N— L0 | ERRRRRERER O & B as LT,

B. BZE5E
1. kg

t b iPS#flatk 253G1 (Nakagawa et al., Nat.
Biotechnol., 2008) %, TeSR-E8 13l (Stem
Cell Technologies) (ZC7 4 —X#—7 U —[~
kU %L (BD Biosciences) =t— R]D4ffT
B LT,
2. I bav RYToORRE

Ml 2 4%PFA TREER, X b= RUT
% 50 nM @ MitoTracker Red CMXRos (Cell
Signaling Technology) 35 & UM% % DAPI (2 &

D Yuta L, confocal BEfMEE (Nikon Al) Tl
BT, BIRD I bz B U 728 10%A5 D
FMARZL & 5 L 7= (Fan et al., Free Radic. Biol.
Med., 2010) .
3. I bav R TREN
#MA % JC10 (Life Technologies) THufh L 7=
®d % FACS ARIAII (BD Biosciences) % >
THRHAI L 7=,
4. ATP &

N7 2T —BIEICESWTCER L,
5. gPCR

TRIzol &3 (Life Technologies) % T
RNA Z 4l L 7=, QuantiTect SYBR Green
RT-PCR Kit (QIAGEN). ABI PRISM 7900HT
Z T gPCR 247572,
6. ShRNA ZFHWk /v o7 Xy v

shRNA EAlZL > F A /LA (SIGMA)
ZHWz, & FIPSHIfEIZ Y A L A% moi 1
TR SH-, &5 24 %I 2—n
~ A U ERML CEEMEOE LY Ve
VEITo T,
7. fRR bR

Dual smad PH7% (Chambers et al., Nat.
Biotechnol., 2012) % v T, BMP 7} /L
FHZ 7% LDN193189 (Wako) M O Activin > 7
FVBHE ] SB431542 (Wako) 12 &V iPS
Jlal % AR AR A AR TE 7> & AR R T BEHE B~ & 231k
SHe,

C. MEfER
1. B b iPS MifuD I b2 KU THREIC KT
3% CPF D{EH




FEEAMREENBR SIS CPF ZHWT
iPS MR ~DE A fREt Lo, CPF IRER LM
JaN ATP E&DIK T, 2 har KU TEE
MNOBKETFTBLIOI har R TIHERE %
Sl L7 (K1), LERn- T, iPS il
IZBWT CPF (X2 b RU THERERE %
FlEf o9 2 LR E T,

wIZ, 2 bz R 7 OFERIEIR DR
BUZHOWTHGET L7z, /2 &IKF (Drpl, Fisl)
BLXORAR T (Mfnl, Mfn2, Opal) OiEfx
FRBUNIEDN 72> 72 (K 2A), — 7 T,
CPF 5212 L > T Mfnl D & /R 7 5371155k
BIxhpZ xR L (K2B,C), 7Tl
WA L72 X 912 shRNA Z T Mfnl &/
I BT HEI bary R TR
DBEINDZENDL CPRIZLDI hay
FUTHBEDIKTIZI har R TG
VRNITBORRICE > THEEINS Z &N
R XN,

2. & I iPS MK DMHESKIC K2 CPE D
il

CPF 23 iPS Al D 73 (I T T B A FH A~
5 7=1Z, Dual smad PHFEEZ W T, iPS
IO LA E 21T > 7=, CPFIRER L 7=
iPS AR ISR LRI 2 G- 2 oA S, fifk
NRZE D~ — J1— T 5 PAX6 (Manuel et al.,
Front. Cell Neurosci., 2015) , FOXG1 (Shen et
al., Hippocampus, 2006) <% miBRAIAE D ~
— 1 —"T& 5 NCAM1 (Polo-Parada et al., J.
Neurosci., 2004) OFEUK T 23585 H 7z (¥
3), L7=M - T, CPFILiPS iz Dtk
BobFEERET L2 ENHLMNE 25
776

RIZ CPF IZ L DM b OHEMN I k=
VRUT OBEREFEEZNLTWDEINEHL
MZTHEHIC, Ml 2/ v o7 X2 LT
iPS MR 2 T i EaRE 217 - 72 (X
4), TOE. Mfinl /v 7 Zx o2k b,
CPF 2% & [ABEIZ. PAX6, FOXG1, NCAM1
ORBUK T 2RO 67 (K 4D), Li=h -
T, CPFIZ X ML O E X, Mfnl 4>
itz L7z by RU THERERFIZL Y
SIEEZ INDZ LRI T,

3. CPF DU 5 Erk ¥ 7 F
NDOEE

R har Y THEREOMEIL Erk OV >
fefbzsl &R+ EnmEShTuns (u
et al., Toxicol. Appl. Pharmacol., 2012), — 75,

Erk ® U U ER{KIC X - T PAX6 DOISEL N
SNHRSIEDBHESNDS LWV HE L H
% (Greber et al., EMBO J., 2011), L7223 o
T, CPF (T L oMb EF Ok & LT
Erk > 7 F Vo5 R"E 2 HbN5, £ CPF
DERIZKIT % Erk > 7 F L5 2~
572912, B b iPS Mikaic CPF ZWgHE L7
FER, Erk O U U E LUV OTLEDRTED 6
N, £72Z 0V kX Erk BEEAI U0126
LB LV E L7 (M 5BA,B), & HIZ CPF
WREE 12 K 5 PAX6 DX T3 U0126 ALERIZ L
[#E L7z (X 5C),

WIZ CPFIZX VBl & ShD BErk > 7
FAMMI b R 7 OMERE /LT
WANEIH BN T A1, Mfnl %/
7 27 LTz iPSHIIIZIB W T Erk D U iR
b=, ZORER, Minl /) v o7 X
12XV, Erk U AL L~V DOTLHENRTED 5
Nic, £V ki U0126 ALELCIH
KL= (K6A,B), EHIIMMNL /) v o7 Xy
N2 & D PAX6 DX T3 U0126 ALERZ & v [A]
WL (¥6C), Li=n->T, CPFICk D3
k= R THERER T 29 L =it b o
FHZE1T Erk v 7 F B E L TWaA D &R
RgEn (K7),

PLE XD iPS Mz BT TBT & REIEEIC,
CPF XX b RYU THERER W 25l &L 2
TZENHALMMI o7, F-, IPSHIET
ATP &, X hay RU TEENN - BREX BT
TR L E Vo T REA WS Z LT &
0 | FEEEMRE R A I T X D ATREME DS RIR
iz,

D. B8

AW CIE, B MIPSHildEHWT, 2
FCRH LI (ATPEAR, S hav
U 7 BETENL - TERE) (2 X 0 MR
REINDILTFMEORELFMMTELZ &
OGN Lz, Bz, IPSHICHER L=
CPF I FIZAFEL 9 DR (Huen et al.,
Environ. Res., 2012) 287 » & A 2 L 7= 30
UM TH Y | KT vt A RIZIEFITLHEE T
boHEEZLNT,

A Al iPS #il A FIVNT CPF O FEMEVE A
LT, Mfinl 5pfiEa L= b KU T
DHYEHNT XD ATP EADIK T & R L. TBT
ERIEED bar R T7EMERTZ %
G L GRsURE 1, 2), FErikE
P2 E OBl ic B VLT b
a2 RU 7 OWRERFIIED TH Y @A <



JICH T SRR SN 5, 4% b iPS
ARLZ W T SRR SN DB
B E et T2 LI ha v R
U7 L L@t~ — 7 — OB
MEDOBF 21T\, B THEIUED & 2 5
EORMESL % BT,

F 72, MFEAREE & L C. HESI NeuTox @
[EI B A AR DR i & BT 7= (B4R LT,
ZHY 7208 B Rk BRIE DOMESLIZEL YD LA T2,

E. e

b MNiPSHIfo X k= R U THERERS /3 E
ZIRERIC . RN T DAL E O FE =M
ka2 BT C & D ATREME D R ST,

F. WroEFE

1. FXHER

[1] Yamada S., Kubo Y., Yamazaki D., Sekino
Y. and Kanda Y. “Chlorpyrifos inhibits
neural induction via Mfnl-mediated
mitochondrial ~ dysfunction in  human
induced pluripotent stem cells.” Sci. Rep.
(2017) 7:40925

[2] Yamada S., Asanagi M., Hirata N., Itagaki
H., Sekino Y. and Kanda Y. “Tributyltin
induces mitochondrial fission through Mfnl
degradation in human induced pluripotent
stem cells.” Toxicol. In Vitro. (2016)
34:257-263

[3] Asanagi M., Yamada S., Hirata N., Itagaki
H., Kotake Y., Sekino Y. and Kanda Y.
“Tributyltin induces G2/M cell cycle arrest
via NAD(+)-dependent isocitrate
dehydrogenase in  human embryonic
carcinoma cells.”
J. Toxicol. Sci. (2016) 41:207-215

[4] Hirata N., Yamada S., Asanagi M., Sekino V.
and Kanda Y. “Nicotine induces
mitochondrial fission through mitofusin
degradation in  human  multipotent
embryonic carcinoma cells.” Biochem.

Biophys. Res. Commun.

470:300-305

(2016)

2. FRRR

[1] (s, BRHESEAL, ~FHFE, HBEZE,
BIEFH -, BREZRAK : & b iPS AfEO 3
Fay RUTEAFI 7 2%/l
fle A, 27 89 Bl H ARFEPHF2x | 2016
At

[2] Yasunari Kanda, Shigeru Yamada, Naoya
Hirata, Daiju Yamazaki, and Yuko Sekino.
Role of mitochondrial dynamics in neural
toxicity assessment in human iPS cells. 5"
Annual Meeting of the American Society
for Cellular and Computational Toxicology.
US EPA Building Research Triangle Park,
NC. 2016.9.29-30

[3] WREESGAD, LR, FEHEMH, HRIEZ,
BEPth 7. SRR - B N ZRerEE
DT EM R R O A 5
89 [A] H ACH 2> | 2016 fiife

[4] [LHEE, PaErth 1. BRHEZREL : B b iPS
MO X b=z B U 7RIS ST
7 v AR AO MR, 5 134 [5] A
ARIEPLE BRI 2016 KR

[5] HIHR, AfRtfize, REEFEES, BB A1
PR : B N iPSHIfROI v R
THEREIC X D EH ORI, 5 43
[l AT, 2016 440l =

[6] L%, BIEPpiv-. BRHEZRK : I F =
KU 7 &S L7- e b iPS Mla e EqRE
fifi % DFEET, 55 2 BIRIAREAH 5 FHF0
DL F 2T ) —H A AT F
— 7 A, 2016 HX

[7] W%, BEEPshv-. BEZREK : X b=
R U T HERE &I U 7o Bl i g A
=R L5 39 Bl HA A2 2016
M

G. FMEEOHFE - BRERE
B




>
vy

¥ *
20
5 = 2100 { =
5 g
2 15 1 g
& S
£ o«
= 10 4 =
£ S 50 4
S ®
& 51 %
X &
0 0 v
vehicle CPF vehicle CPF

=]
<
]

4
o
1

ro
<o
1

<

Cell with mitochondrial fusion (%)

vehicle CPF

K1 CPFIZXBIrarv R TOMERE

A) tB FiPSHIEIZI VT, CPF (30 uM) DEFRIZ XL » T ATP FEAIK TR0 b iz,

B) b MiPSHIICIHWNT, CPFDEZICL T hav FU TIHEMNOEK FRRD iz,
C) b MiPSHIILIZIBWT, CPF DFEFBIZEL > T b R 7TORHENHEE I,

D) C) D e % & B FEAM L 7=,




>

i 15 4 O vehicle
e WCPF
2

) 14

—

c

x

T

Iy

@

2 05

@

2

T

[

14 0 4

Mfn1 M2 Opat Fis1 Drpl

C

1.5 1

o

vehicle
CPF

* O vehicle
MINT | o— WCPF

MIN2 | s s

Opal —.d -2 0.5

Protein levels (fold)

Fis1 | M— -

Drp1 Mfn1 Min2

B-actin | s s—

2 CPFIZ &% Mfnl D453#

A) 30 uM @ CPF #lgF% L7- &t K iPS il 5 RNA Z4hH L, Mfnl, Mfn2, Opal. Fisl, Drpl
Ea+D qPCR 17> 7=,

B) 30 uM @ CPF # B L7-t b iPSHlfEA 5 cell lysate % {Ek L, Mfnl, Mfn2, Opal, Fisl,
Drpl EEHE OFBLZ 7= A& AR L > T~

C) B)® Mfnl, Mfn2 & FE DI EL % E&AIZFHMN L 7=,




x>
v

1000 - E00 -
= o
2 E
= - —a— vahicle
cC = i
g § 001 |5 o
m
o 500 - 8
g 5
% 3 200 -
o
w 3
i ;
0 & . 0 e » T 1
0 2 4 & g 0 2 4 B 8
Time course (day) Tirme coursa (day)

O

NCAMT expression (fiokd)

Time course (day)

3 CPFIZ L 2% {kFEOME

30 uM @ CPF Z I L7= b bk iPS IR bl 2 5 2 7o, Z A Lha—R%& & o THf
oAb~ — I — O\ (5 F Bl % qPCR TH~ 7=,

A) HRRIMERE~ — I —PAX6 Minf DR H LA

B) #hfsMInTE~ — h —FOXG1 & fn+ DIIEA(L

C) thRRHTEAAL ~ — 7 —NCAML & fn DI LA




>
vy
O

<L
=
1.5 - O control % 15 O control
* W WfnT shRMA E n . W1 shRNA

) E E _
£ 8 = 3
& 14 PR
m o1 [ | §
E zZ
g =
w Mn2 [woe o] §
T 05 - E 0.5
1] [N
4] [i-a(;'tin — —

a 0 T

Mfrid Ming Batfint Min2
DO controd
1.5 4 BN shRNA
*

=3 - :
=
E
't
u
[
=1
&
g 05 4
5
[

o] T T

PAXE FOXG1 MCAMI

4 Mfnl ) v 7 X7 iz & B kS OE

A) Mfnl-shRNA 25 A L7zt FiPSHaIZ 1T 2 Mfnl, Mfn2 O 8{s 7 J 8% qPCR Tl ~7z,

B) Mfnl-shRNA ZE A L7t N iPSHIfAIZI 1T D Mfnl, M2 DEARBZ T = A X 7 vy
METH AT,

C) B)DifEF % B EAVIZHE L 72,

D)Mfnl % / v 7 X7 Lick NiPS fililaz HW TS EFEZ 1TV, kb~ — 71—
(PAX6, FOXG1, NCAM1) DIB{sT-FBi% qPCR TH~7=,




p
o

3 -
vehicle L0126 25 O wehicle
= mCFF

CPF : - + -+ 3 5
o

PrErK | e c— & 1.5 1
i

T

Erk — — — — 0.5 4

0

vehicla uoize

O

Ovehick:
ECPF
1.5 4

0.5 4

FPAXE exprassion (fokd)

vehicle Uoi2e

5 CPF OMERBEREICRITS Erk 7 F L 0iE

A) 30 uM @ CPF Zig#& L7-t b iPS fifan 5 cell lysate Z1/ER L. Erk ® U VL L~ % o
T A AR > TR, Erk UV U FEOTLERRD bz, 20U Vb L)L DTL
X Erk JLEAITH 5 U0126 LRI X v ik L=,

B) A) Dt 5 A& fE A FFAM L 7=,

C)t b iPS Flf DA EFHEEIZI VT, CPF IRFRIZ L 25 PAX6 OFBUK FiE, U0126 AL
WL mEiE L,




A

vy

2.5 1
) O conirol
vehicle U126 2 W MfnT shRMA
o
Mint shRMA @ - + - + =3
?:3 1.5 4
DrEMK | c— — z
e 1
o
-
Erk = - = - 0.5 1
. [am
vehicle U026

@

LA
i3 O conitral
RN shENA

= *
h=
=l
=
B 15
g
o
S
e
L 05 o

1]

veshicla Uoiz2e

6 Mfnl /) v 7 ¥y il K5 HREFEAEICKIT S Erk Y7V DOE 5

AYMInl % 7 v 7 X7 Uizt ~iPS fifah 5 cell lysate Z1/ERk L. Erk ® U b L)L %
VT AL AR Ko THRARTZFER, Erk U U BLOTTERRBD Hitic, 20U UEkr~L
DOILHENL Erk [LERITH 5 U0126 LLERIZ X 0 i L7z,

B) A) Dt 5 A& fE BAUIZFFAM L 7=,

C)t b iPS M DA RAMEFAE LI T, Minl / v 7 X0 2 K D PAX6 DIEBUE T I,
U0126 ALEEIZ L v Bl L 7=,




-

.

VI,

)
Mint [] A

. Dysfunctional
: mitochandria

v
Erk

\

PAXE ﬂ
o

Mucleus /

4

[ Inhibition of neural induction ]

7 CPF Ot LBEER (HEXK)




AT B e R A e (L EWE Y 2 7 BFEE2E)
SrRBFFE R

PSR ML OFEREAFAT I K 2 FFAMHIE O BAZE

iRk [ N7 = S A A A AR WF S T SR 2R VU = R
TR

iR AE < N Pk

W NIT &z

et 71 HARNA FT v AWt ¥ — R
B et

2y
7 v MRS OWEEFIC KT TREBICONWT, A=A LTS

FKERELTH LRI Y VLAY = A4 OG- 2D k2R L
72o 7 v b 105 HMD B EEEH SUINEE OMRRE 2 i L CThE 2 LT, ik
B HEH T 2RI ISR Y ZRIET D 2 L2 X0 AR O
Wk ZEZT_T2, TOME, LB UEEE S FIRWOESERIR T, MR
DWEEFZDI N B R LTz, £72. RNA THEROSMEZREFTL. U
R7x27%23I2 RNAIMAX RT3 27 =73 a 3R 3EEHWS LA
N LTz, EHIT, fENL L7 RNA THERIEICEIY Rho ¥ F—E8THD
Rockl ¥ & TN Rock2 % [RIFRFIZHIH] L CHEERFR 2 B33 L2 LD, fhfg
R DOWFEEMEESIND Z L BR Lo, REERIEL, Rho /XA T = A 3
R 54 2 BB A ) = X BT FES WAL 0 38 R B M A 1

LLTAHT®D EERA BN,

A TFZERK
ITAE, Tt OB R ESC H BE 72 & O ¥
FEENHEML TWDR, ZORKEE LT

WE DB S LTV D, AR SRR T

FHEENIZ BT DR FEAEDIR v 7o Ry

\ZAEAE U RO R &2 1S3l A U 7= 18 S AR e

70 TR R E ORI & & TRk 4 T
RS b T 5 Z L2 k0 R OEERE
BILOEEEMRICEE &S 2 RI2T, D
728, SRR BRI HIAE O 5,
Wi, 43 b7 SITRIT 5 B, MRARIE &
B SN DR IFHIIRIE R & O R O R
Whalh S EIEREEEGISEZT,

F o, MR O O B, BEEHRE IZH
K % BEER AR A o0 B R T, B O A
Wi EORERRICKITTHELED BN

%o FHRRIRIEIC & DB & T & [AIRR D AT,

JRDOLF ) A o ~OBFEEEICBNTS
HEUD T ED PRI LIS &
LRk E 2B EEZBNT
W5, Lol #U)7e 2Bk fesr ST
72N T2 AL E ORI EE 12
TRHREIL, IFTEALERISN TR,

13

ARFFE CTIL, AR EEHIIE O R 7e B BE T
& D MR & F IR L 95 | FTEREI A
(CE B 7 B 2 B R R A A O RS RE
FAETACTF I E OB A T~ D FH 5 & ST
L. D REIIC BT DR E O
BEED —2E L THWLZ EA2HME
T 5, PRI SRS & LTk, WIS R
MAEFEDHTEREETDHT v NEREREL
D EBRNARETH Y | TN B S 72, 7
o AR A N 2 EBRIE O S & B
B L7,

AREBRIEZFAT S Z L2k 0 | iR
JalE BT Db FE e ED AT =X
LZFEE L, B MCBIT D 43008 x5t
THEBBEMBLOA D =X LCHET
LB THERELEATHEMED AV
A 7 LRI DT PRI O BRI @
T D LI BEREO T O
FHRERDEREHEOND Z ERHFE
Do
WEE 1T, AR OB RE IC B 545 =
EMEESILTWD Z T ) bR A
7 A Tdhb Rho /SAT =A% LIZ{bF



WEORBLFND Z LNRER, 7 v M
e b IE A SEBRIE IS SV TR L7,

B. BFE 51
1. B

74 A% —Z v b (CrljWIl, BARTF v —/1
A2 Y R—=) R\, FIFGRTHOMET >~ F &
ML FERIFE S, 4R T » &5, FE
HOREZIFNE 0 BE LCRRE L, HiRE
10.5 HIZ, WEIE T v b DI RIR & fi
L CHEBRIZHW,
2. 7 v MBI OBEE

SHE AR IR A W S AT W LT
Z v MIHERIRIN G | EfE LT % 7
AT U EHWT, ZREHE2E 0 H L, Y
BN AR A A B 0 Y U7z, IS p R B A e %
FWDA1E. BIEEDOERNL ) B ARRE % [F]

BROTGIETHY U7z, B U7 % |

¥ #% v v — L (Becton, Dickinson and
Company) (Z55#1% (10% Fetal Bovine Serum
% & ¢» Dulbecco’s Modified Eagle Medium,
GIBCO) &HLIT AN, RIET AA % 2 _—
& —NT, 5% CO,, 37CIZTH#E LT,
3. 7 v MRS OB E

B 24 WRRE KON 48 BRI | #7053l
A L To i3~ Ca B ik 2 | A7 A 22BN
#i (BZ-900 . Hh At F—= o ) THRE L.
FRFRAE D RERIN A B T~ O - 35 B OVl A&
JADIENR Y 82 LT,

4. T — 5 DFEMNT

AR DR EMGR 7 7 A V& BGfET Y 7
I Image) (Rasband, W.S. Imagel, U. S.
National Institutes of Health, Bethesda,
Maryland,  USA, http://rsb.info.nih.gov/ij/,

1997-2009) THRA X, mAMA ORI A
R Y =)L THORNWTTE LHEE M
LB LT, FDOE T A TREN D HIE
D5 FHEL U 72 18 2 Ak B e oD 3l A R
& UTERT LTz,

(fi B~ D ECRE)

B O FHIZH 7= - CRENLE K S A5
HAEMIERT O TEVSEBRICEE T 158t 2%
SFL7,

C. HokER

Z v DR AR A R T e
DEBIZETHII =L ERDHiEE L
TOREZ TS 572D, FAEE#EE T O
ELE VRO AT, TOREE, B
VR A S F R WEEERIR TR, BAET R L OVE

14

HROWT IO B BV T HilEEDN
D IRMETR D B AL, IThBLE S BT T
X, BB UEEOR I X D EITREHEIC
HE Choilo, 7 v MEOEALIZ X B phiktE
MAAOEIE L BB RO RE L ORI
HERIIRD N 0-7= (X 1),

Rho /XA 7 = A %4 LA 58 o 2
AR5 E LT RNA THERO M
WENLT DT DI FAD N T AT =27 V3
VREIZOWTHET LR, VR 727 4
I v RNAIMAX 332 B CTHW =550
MR THo7=, & 5HIZ RNAIMAX R
HEHEMREMRLI-L A, V¥ —L—KD
BEER 2ml) 720 4 112 B W T H AR R
AL O BT O B e o 72 (X12),

ez L7z RNA THERRIEIZ L Y . Rho %
F—¥TH D Rockl % BIHNH] AN Fhie LM
R DN RN T B LT ~T, EORER,
PR SRR Dl A I BT D B e o
72 (X 3), Lo L. Rockl ¥ X~ Rock2 ™
FEBL A RIRF LI LT, B52% 48 BRI S 72
W[ & CHIZE L7235 A 21T, i Ae o il
EMEEEINT (X 4),

D. %

AREFARTHWD 7 v MRIE, #E 5
MO HRMRIICE DA TH D, D0,
PR RV X —pEARTH DR R & | I
ST R NVX—FEERTHD MY HAR
feth A4 7 VOER TH D ENE VRO A M
1%, ERRAE RO EE T T RN B 2 5
iz, RIEBROFER, ©L v v ih &k
DTN PRSI OWEEN KR E N2 &
B, AT I I LN IR EER
ELTORENRRBEWEEZ BND,

RNA FUSEBRIE TR, MMz o
B 2 48~T72 KFEICIELE D Z B &
Y Rockl 3 XU Rock2 D 3&E, % [RlHF L 4|
T 52 212KV siRNA O EA2BZETSH 2
EMHRTZ, 2 OB, — XA 72 RNA
THEBRICE 1T D5 mRNA O 21 48 HERE
BREZHETLZ L LKL TEY, ffRLEm
B 5 mMRNA O X — 2 F— 3 — T —fi%
MRS ThHDHEEZBND, F7-. Rockl
B L Rock2 DFEBLZ RIRFIZHNEI L7254
(AR O DMERE ST 2 &b
Rockl & Rock2 DEEE|DE W B2V TER
RLVEND D,

PLEDREFR G ARSEERIEIL Rho /X2 T
A DBEGTLEHMERELA =X LI2HED



WAL E O FE AR R AIE & LT
FHTHLEEZABND,

E. #E#

T MR AR A O RS T R F T R
IZOWT, AT =ALICHETHIERZL LT
SR ) LR AT = A DR AR
DHEERG L, TORE, B Vs
EUREROTN, EFRE L TORENER
WwWeEZ BN, £7-. RNA THFERDOSK
1% ST LTz, WESE L7- RNA TUEERIEIC
X, Rho ¥+ —ETH5H Rockl BV
Rock2 Z [FIRFIZHNHIT- 2 Z L I12 L 0 | mhidsE
MloEEMEESNDL Z L 2R LT, AFE
BRiEIx, Rho /N A T = A BEEE-3 2 R E
AN = R DN FES WAL E O FE AR
BHRHMEE LCTHFRATH D EE X DT,

F. AFZERE
1. FRSCHE
ML

2. FERR

[1] 20 Rk, ik rafe, BEmat. s
7 a Ve Y IR ANEEE T v MR
DN RIET BT 5 #FE, 4 43
[ B AR B FRFANE S, 2016 4=

G FRRFEE D HER - BRI
ALY

15



Bl Cephalic , HE Trunk

100-. I_I_I

Neural crest cell migration
(% of control)

Present Absent
Pyruvate

X1 5 v REEER (cephalic) BELUWEE (trunk) ARSI OFEEIZRITTELE LV BD
g

Z v F 105 H OMERE N S EET HEREEMNEZ LU Re G eER (ImM) £72135
FARVERIRIL T 48 FFfEG R L7, %) ITMEIFIRAEERN L Z 2T (*p<0.05),




150
_ .
S

s

D ~ )
£ 1004
55
) '
o X ]
s Y
=}

m -
e .

Sa— 1 2 4
RNAIMAX (ul/2 ml)

X2 Jv MEREHBROBEEICRIFTIRZ = Z IV RNAIMAX N F VRT3V ay
REDE

7w b 105 H OMRAE D B ilEAE T 2 s HIID 2 48 BEREE A U7-, MRS 2 152 18 B A
WZBREL-,




150

=
o
<

Neural crest cell migration
(% of control)
(on)
DL

o > N S N
> $ - $ N
S F S P
9\0 Q(\ < Q(\ 6\0 Q& 0(\
QT T 9P

X3 T v bR OBEEIZ XIFE 3 Rockl FEBMH D8
Z v b 105 H OFEE B lEET DRI Z 48 KL U7z, “FE¥E & WA S 2 R
T, AR A 55EE 18 B B TR L,




150

100-

Neural crest cell migration
(% of control)
ol
LD,

QD g v v
AV Sy Sy F
\&5\0 '00(\;00 ’0°§0 fox ZQQ
N\ N
\‘,bg} K K (O\Q~ (,)Qx

M4 Tv bRREMEOBEEICZIE S Rockl 3 & U Rock2 FEEH M| D BB

Z v b 10.5 B OMGRRE > B ilEE T DR EE ML 2 72 BefiEsae U7z, PYME SRR 20N
T, FPRRE A REER 18 BER HICERE Uiz, [*) I XEEALERE & ik U CRGH AR A BEENH D
ZE&EmrT (*p<0.05),




JEA GBI e R A B e (L WE Y 2 7 bHES2E)
SrRBFFE R

M=o —n 2Ry U =712 X DrHliEOR %

WFFEor A
I[5N )
WHoEts A
HE &M
HE

] SZ [ 6 5t B i R JE AT SRR

TAEMEE

BERS RS RERE SRR S

AW TIH R Ry U= EREREB LRy b T — 7 A% O
L E O FMERM R OB Z HE LT LR 2 DORNFIZHEY #
AT, BT, BOEHBMEE BRI 00&MRER S LT, T L—

NDa—F 4 T A, RIS, AraC OB, BEHIAZHRO &I
DNWTHRGREZAT o T2, &% DFRUEMRFTORERNG | FEFMHZ55 2 &
NTE, ZORMICBOTHBEMEOSWERNME O, 51k, KRIF5E
TR LN TR X 0 ILEWE OEEME 2 FE T 5 TETH 5,
B ALFE OB 5 HEICOW TS L L CEICHV S5 DMSO
THEEEIT -T2, ZOFER., BIEE O DMSO 23HAEIZ % L C E Bl

THZETHENT A—=F—IZREL

WETDLZENPHLMNE R ST,

DMSO % 10 52D THG-9 2 FIEIFAE T A —F — B 5 2
RN ED SROLEWE Z T B0 G H B oW TE, E
RHEEBRATA I E LT, F4EO T b a VEBIZHT-D ., K
[E R )T O Timothy J Shafer 4% & O L RIFFZEAH| 2L LT,
512, HESINeuTox @ MEA %7 F—AICBIF AL LAY F— 3 R
BRICEBET 2aimlc 2 L CL R EICBET 2 A 2 EME S5 Z &R

T&E 7,

VL EOREZ Lo TRH%E LRI L0 . A%IIEEME - Batiod i

WE D3 MR RIS
FEADBND,

A BFFEEH)

ITHE, H PASE 72 R R E N ORI L
M E 72> TEY | ZDOREO—213TF
EHCB U LW EORE L ST 5,
HEE OMRERITARE & el LT b 'E
(X9 DR < | R E S EHIE &
HUVNTERMEICELD Z ENBLON, T8
t DEEE~D R B 5T 2 FEAf A O ML
i < BEN TN D, BUEDR MR EE M 2 5F
ftid=% HA K74 > (OECD ¥ L (N EPA) 1L,
HRZ v N RAWTEMERRBRRATHY R
BRI 2S 1L AELL B B8 720 128 L OV
HHWRTH D0, ZHE TITh Tk
LWVE LD T E TR, AW T
I, ZDEIRHA RTA U HREMTH D,
AR D Rl E ¥ O & s 1 O BRI — R 12
BRER L7-721F CAEIEIZ DT 0 MR RE 12

By
oA

20

ERREISGHEL TWT S b0 &

WEE LT3 XD RfalRie b e & E
TEHINTERET 57212 1E, B etk o B %
NBEROFE L 7o o TS, 2T, Fxix
HEEM OMIFHN R I L OVE/R VI T
DR U — 7 R R & R A
WA R 2R BT ERBRIE OB 21T > T b,

MRy MY — 7R XK v R
T — 7 AR BV T AL E O R
MATREZR R & L THIRF SN TV D DB, £
M (MEA, multi-electrode array) + A7 A%
T T = PR ORI T 5, Z 4
I, BN SR — = 7 ST A
AL AZERE L, 72 CRHMOEZE 21T 5
Ll b cpRkIEE) (A1 7 L JIEh A ER
58 ZET 5D THS,

AWFZETIE, MRy U — 7 AR
BILOR Y NI =7 % OILFEE D



MM A DO EZ BIE L, S HITiE, M
3 U723l R 2 D TEE OB « ettt
WEZF L, ZiE THxNER LT
MM OFHE R TR LN R & g L,
SN E DS & MRRET b,

B. AfFEGE

1. Mika
AT B THLBERT - HRE

BHAER O EE CIER SN 7 > b

Re A AR (SKY Neuron) % N7z,
Z O AE 18 HE DT v MRS
FOHBiSNT-bDOTH S,

2. Fv—tba—F4v7
AxionBiosystems f1:f Maestro 7L — k
(48 7 = VX A7) OF T =L 100 pl D

0.1%7R Y =F L+ I (PEI) (0.1% PEI

in 0.1 M Boric asid buffer solution (pH 8.5))
ERINL, A V& a_X—% —PNIZ 1 FRE

BL7c, TDOH, WEAKTIEY AL,
7 V= _UFNT LR S 72,

fth, 7 X L CTIVIRA L THER L,

4°C |IZRE LT=, PEl =— F L7727 L— hiE

JR R 1 B E LA AE L7z,

3. MR DR TS & UMkt
FHRE 2SN > 7o /3 A TV 2 AR 22 BARATH

#NOEY L, HRNT 37°C DIRIBIC
DR L, £0%, 71— _XUFHNT
AR 2 50 ml F=— 712 L., A
TIOVN &R (10% FBS, 1.14 mM
Pyruvic acid, 0.7% Glucose in Minimum
Essential medium) TVU > A L., HifafR#EIK
K@o KO EMTF LI, AFteml &72% X

(ZREAE S Hh 2 A R BB TR L — i D
Tﬁ?b & <IRA L7 ISR & 31
L7z, 200x g T5 4zl L, —EDHI

HEREIZ72 D &9 laminin (20 ug/ml) =y
TR AR L, 10w/ Y = LT
(ZRERE L 72, 2 BffE]f . 500 ul 153
B: #t ( 025%  GlutaMAX, 1%
Penicillin-Streptomycin, 2% B27 in
Neurobasal medium-A) Z#iNL., 1 HE X
bHHWI2 ABZICHEL, 3 BBEHD
VMT 4 I ITE A AT o T2,
4. MEA AT A
ST 1% AxionBiosystems t1:8.0> Maestro
ZRAW AL 48 7 =L L— h D%
7z UWZIE, 4 x 4 OAFE 16 E O EMA S
Z—=TEINTND, ZOF L— T
fZ 553 L72REEC MEA AT Al v

21

5 &, FEMITIBIT 2 AHBIR AL
IIAEET ITT 4 BT 4~ v I TR
TAHZENTED (M1A), MEA AT A

TIXANA 7 OFHBEEEZ 7 A XL~ ]
6~8 ZIZHETHZET /A ADKH%E
VTR, MHBEEE#BE X 72 A1 7%
FAX =Ty hELTEIND (X 1B),
A D REER & & HIZ AR, 7 DOFEARE
FEIZHEIN L, o0 TR AR D 25 Rl 28
VI T AR T DL THRER Y U —
7 REEET D, Ry MU — 7 ORI
K0 AR TN IZ R A L TN D AR
A 7 INFEHI L, BAEHNTIZ N— A R v
ND—27 AL 7 LRI AR TY =
IR OEE OB TR L7 B LA
ZhHE0Esn (X10),
5. fEMT

SR OBIRICH T . EBRSORG
%ﬁﬁi@@mmﬁ\ﬁﬁ%kﬁﬁk%@
{LEMmEE (1 M 5 FLL kD R0 7 %
%Ltﬁﬁi) D 2DDINT A —H— %Fﬁb\

o EEFEABEEIL L 7 =0T 14
Ebf_xzvr 7 B TG R CE of_
ETH 5,

C. R
1. AR DR
WE. Ty MET S EEOMRBE S B
L7-tRHlaIL, 2O FEFENouuEi L <%
FREBRICMT S, LLAans, REOR
UNHIRE & BLBES A I I3 B L 7 Bl s L
THY., F-XTDOOHEEE - B3R %
Yefig U722 nuid7e 57220, fisHiAe 2 ks
ﬁ‘é ETCR—r v FOMd A TJI/%jt
WCHERRT 2 Z &M TE, FRNCYHe v
%@% Ex VLA I UERIZHTT D BOGHE R
ECHRT A ENARERZ EnD, FHH
PEOBEWRE RN IR CE 5, —J7 T, i
DL « BRI L THE A=V 5 b
DT ENHBNTWA T, WG - mhfiE
Kié%@@éﬁ%«@%@kowfﬁﬁ
L7z, 32 1ICFE & D72 L ) ITEME & 5
M TITIEEY TH Y AFERE LU
) B0%IR T o7, = MROFEERE (fl
ROBED) \TRIFELT=EITIZE A E o
776
2. a—F ¢ VBT 5BE
Axion fENERHE L TUvD Maestro 7 o
ka2 LT, 01%PEIIC LA L —bha—
T4 T EHEREL TS, —~ T, SKY




neuron O = —7 ¢ > 71% PLL (Poly-L
lysine) = —7 4 VI RFEHIN TV D, £
ZTC, PEla—F7 47 LPLLa—F 1
THh IO T L— ML, Do 5ft:
LRI UTERZIT - 70, £ ORER,
SR KB | TEME(LEEMR & B IZ PLL 22—
T4 E0Y PEl a—F7 4 L 7ITBWT,
2 ER L CWe, R —=r7 X
NTWRWNWT L— MZ X 22 T,
B BALA 2 B2 IR O%EEE DS PLL =2 —
TA T DI THEINTWDH—J T, PEI
a—7 4 7T, MRS LTy
Z I XA EES RS o Te, IRIT
PEl 2—F 4 VIR EDORERN D%
TRD7=0, PEl a—F 4 7 EE, 3
W% L O% 4 BR%ZO 7 L— h &2 A
TEBRZEIT-T, TORER, a—TFT 47
3 EMLIED 7 L — kT, IEMALEmEL
Za—T7 4 VT EBOL O L RERNWEL
T OO, SRR KEE ORI AT
72 BRI AraC OFEIZ) Db b a—T
oA THEZIHEA_RTRVETHR T 52 &
DA LMNE RS2 (X2), IEMELEmEIC
DN, a—T 4 7B OE SITITE
BINIRhoT,

VL EX Y, Maestro 12 L5 MEA 2 AT A
IZBWTIX, PEl a—7 4 7 Ol L
TEY ., a—F ¢ 7 ORh5EIE 3 BT
52 ETIRET D 2 L AR ST,

3. MR EEE ORE

MEA ¥ X7 LAOWEE |, B4 Al
DMELE L2 T AU AN, 7 OFHNT AR AT RE
Thob, BAITHBMEOSWRERZGDH T2
W, MR E OME E21To7-, ZiE
TIZMOIFTRETIET » b KIMEE AR
BT HED TN TED . ZOBED
HRIEFRAEEE B 1T 150,000 #HME/25 pl TH B,
ARIORGTCIX, #EET 2 MR mik &%
REMNES 2L DOTEXHE/NE 10 pl &
L7z, ZHIVE CTORMITIIT 2l iafk s
FEWCBET 216 & /g 10 Wl Z#A 7 1
CHMNR AR TR B LIS O S 24 2. C 6,000,
12,500, 25,000, 50,000 /10 pl @ 4 Z:f4
I CRHAIZ T 7= & 2 A, 12,500 HEE/10 pl
LR CIREE38 KA 5 I ONE AL AR S
DWNWTHNHIFEEAEEML R T-,
25,000 AiAwE/10 pl 0O 44T, 50,000 A f2/10
wl OSAE L e LT, 3 KB O HE N
DFERLNTH Y E-EE b K- 72 (14
3A), IEME L ERMEIZ ST, 50,000 HH

22

fE/10 pul Tl 16 A CTOEMLT 2% —J5
T. 25,000 ffE/10 pl Tidfkm T 12~14 &
WAEMEE L7z (X 3B), Alfudia o7
& T 16 BMAETEMIEICE DY Z LN
BRI bOEERIND, EXY,
N HE FEAE 13, 50,000 FHAZ/10 pl 23234 &
FEEmIC B~ T,

4. AraC DM

MR REEDORS, 77V 7RIl DR AL
BT B, Fio, BEICKY 7 U T
fXEE 3 57-0, 7V THlOEIEIZ X
> LSBT 205 H 270 5 AlRetE
NEZLND,

ZF T, 7 T AR O HEEEIC K D AR R
v MU=V A~ DL 5720,
7V 7RO EEMH A TH D 0.5 uM
AraC #1552 B465 A BICHML 7 A HIZER
£3 58 (05AraC) & AraC 2L 7gu
B (0 AraC) D2 Bl O\ Tk L=, %
DOFEH, 0AraC 5 LT 0.5 AraC DWW T 1z
BWTHEEEBMG 7 B %0 D2 )5
KEEEO ERN/BEINTE (K 4A), )
B KHEE DR EEIL 0 AraC DN E Do
T2 ZAUE. 7V T AR OHEFEDN IS S
A/ESCY i e BN £ 11+ S i T (R SR
U — 7 BRI TUE L= ATREME N E 2 BT,
W RE CIEMAL BT ORI 2RI K X 72
#1372 < (K 4B), WTINORIZBWNTYH
R 12~19 H BIZBW TR A HE
FEOMHENLE L TN b, (bEWE
DEMER G FEBREITHO XA I 7 L LTI,
BB 16 H BN IETE B2 b D,

BEdh A2 R EAH TR < EED VT 13
BCAHT 52 LT AraC DOEE 1R x |
HL LTV HELH D, LvL., Maestro
T L— MIY o VB TR ORI BN R
STWDZ LD, AraC DR 21 2 |27
D 5 IFETIE, Fl— D&M & 1372 0 15780,
o TAENIESE 7 B BIC AraC ZEs#ho
ERAZHIZ L > THRE L, Mo
Bt (my b)) ZLICEORES Y TN
BALTWENIARHTHDLZ &b,
AraC FEIRIMMOGEIZ 7 U 7 HfE & Fhid i
JADENIESN EDBREROMNTIEL AT
720N, AraC DIFRINZ X > TZ U 7oy
SN & Z FREEINH] S i, B IR & 8
CTCoOZ7 U THRAIEBALTHDEIGIXE
EERELIESONRVDOTIE RV
ExbNnD, BEETEH, TEMIELD
N B CE o=, 5l & &k




BEtZfeit 2 2 ENMETH D,
5. REHh AR #A B

AWFFECTIX, KT 28 B DOR#E 21T 9
N, ZOR3AHDHVIL 4 ABEICEH#A
WEITH, TOEE, Uz /VHOTXTOR:
iz pRaE U TRz Iicis a2+ 2 &, fl
FARNEE L CLEWRERICEET S &R
TSN, £ T, HEio &z 5
HDHNVEIEED 2 FHEICO N THRE E1T-
77 FOFEHE. 0AraC OY-BELHN 2B
BT AT S @O R KBRS 72 - 7
23, 0.5 AraC TITPEARHL & 2EAZHITK
ST o7 (K 5A), IEPE(LEMmEL
2 PEASH b RS CR & R
-7= (X 5B),

3 HHDWIL 4 HBEITHHIAHREZIT
L AVFaX—F—NOWEN+/77Th
STHHET /L XD EHINZRR L T,
Lb Uz )V D EICARBENERR D8,
HE 2 —FIROZEVRESEEZ LI
%o 05 AraC DIGA | g b A
TRERDNST-ZENLREAHIZL - T
Ry o VRO E —ERICREOZ &R
RE7ZEEZBND,

6. S DB 5 HBIEDORE

FiR L7z Xk oz, {bFME oA 55
BREATH XA 2 7L LCIE, B4R 16
AEMENERETE EEZbND, Alkks
FEERTIL, ALFEWE OB G-RI%Z TD/RT R
— B —DHEITY Z b, LFEWEIC
LXAHERH OB ZHT T HoMERH Y | I
RN GHMEIZ K DT A — 2 — BTk
oW, 22T, BCRbLZE<HWLRD
B2 & DMSO TR L €. G EOKF %
17> 72, DMSO D #&RE % 0.1%IZH1 2 7=
W2, 500 pl OEFHIZRF LT 5% DMSO
Z1ou &5 L7,

10 pl OEEHIFB L TNDMSO 2 1 v = v b
TEE L72BE . B CIRE 38 k#EE D
REBREATBEINZ D S>T2 DD,
DMSO D% 512 X 0 S5 K AEE DAE A K
X B URRIZIZE o 72K A8 7 93 BlE2
EhVEEH L H 72 (K6), ZlEm
D DMSO MHPRAIIIZ xF L CIEHE1E
AL EEZ LD, RICSEHEED
DMSO ZSHIfEIC B ER T 5 2 & 2#ET 5
=%, LLTFD 4 SO H5EEHRE LT,

D10 ul ®5% DMSO % 1+ = v b Tlid7e <,

po <D ERFMZNT TY = VHITE S,
@96 7 = /L7 L— NMZELE L7210 ul D 5%

23

DMSO IZHfifd #5538 L TV A EFEDO~ = X
FaFL— D7 = b EE 50 ul $k
WTIRAL, TOY = VZET HE, @O
BT DI HEZ 100 ul 1IZ L2 H1E. @O
2B DRI E A 200 Wl (2 L7z ik, O
1 vay hTERELESRESERALT LI,
SEEPEKBEENRESEE L (K 7A),
QO TITIRNMER IR KFEERE e &7
LEFE bR SN (X 7B), O@ix v
= V9% DMSO D JE A KE 2
7o TND 2 EnG, BHICX AT
IFIEHE L. (K 7B-D), LLEXD 100 pl
UL EDRsH & 5% DMSO ZiRA& L., 7 =/L
ZET 52 ER R EEZBND,
7. Z Dt
FRLOSRIRGET AT O I2H T2 0 FEF I
NeoTe D, KERERET (EPA) O
Timothy J Shafer 4% & O S [RIFFEIAH] C 5
%o EPA ZEHRIL . FEERIZEEZIT - T
HEBRMBO T #Z2 CTHEEFEZTH &
THAN 2 MEN R cE D L L i, 7
o koot INET S Z LR TE T,
iz, 7L —bDa—7 4 7B X0
HEHEIZO>WT, a—TFT 17K ThD
Laminin ZE:HICIR G L2 2 ICHIE 2 iR
SHTHEMET DL LT, a—7 ¢ 7K
DFEHE & BB _E~DO eI 72 kil 2 5281
THIENTE, FHEMESRERICH EL
7=. F7-. HESI (Health and Environmental
Sciences Institute) @ NeuTox V7 F—AIZ
LML, LN TF—va T 5
A D TND,

D. Z%

AR TIE, MR > b U — 7 ERGERE
BLOR Y b U —7 BEE O E D
PHRHER OB EZBEL, 7L — D a—
T4 > T, RN E | AraC DS,
EHIAZHLD B OV TRAEE T T2, £ D
AER BT E B DINDRMNERIN T,
L EWEEENSE LN, 5%, (LY
FomMEiMhcE2e Y ETH D, 2, 1k
EWE OGS HIEICOWT HIREETH 5
DMSO % VW CHFE L 7=, DMSO % 10 fi%
(23D TR EGT 2 HIEITRIE T A —H —
N E B2 W LD SR
B AR B0 BRI OV TE, |k
SEHEBRRT DL & Ui, SEERRE
L7cifiiEz & &, Mk - YR E o
TR FENEIC X9 5 A 2h 3 K < R



T2 TETHD,

E. f&im

W= —a 2N THRR Y FU—
7 RGERES L OV v U — 7 Rk DAk
FVE O BRI R O 2TV, FELE
D3 < B 2 R A Le, £, &t
RWE O 5 I71EIZHONT bt e ik
R L7,

F. WoEssR

1. BCHER

[1] Yamada S., Kubo Y., Yamazaki D., Sekino
Y. and Kanda Y. “Chlorpyrifos inhibits
neural induction via Mfnl-mediated
mitochondrial dysfunction in human
induced pluripotent stem cells.” Sci. Rep.
(2017) 7:40925

2. FERRK

[1] Yasunari Kanda, Shigeru Yamada, Naoya
Hirata, Daiju Yamazaki, and Yuko Sekino.
Role of mitochondrial dynamics in neural
toxicity assessment in human iPS cells. 51
Annual Meeting of the American Society
for  Cellular  and Computational
Toxicology. US EPA Building Research
Triangle Park, NC. 2016.9.29-30

G HH M EMEDHEE - B&IRIT
L

24



ERR] B TSI
e ERREERE

489 LT L—t
o=

TL—rESSRE
1“‘“&( e R/ \47<7)ﬁ§t 1)

SA5—FAayvk

NI I
?

IN—R

[ L1
14

ARINAYH

1
]

"
)
1
)

a
]

f
FYRT—DRNALY FYRT—DANAY

1 #RMiEE VS RERY AT AIZOWNT

A BT U 16 [HOBBPHEDAEFNTNA A8 7 = LT L— MIxt L THRE T v MG (HE
ARiE A 1 7 = /L& 7= 0 50,000 A2 H#EFE - 1538 L, Axion #H#eZ SRS A7 A ITEK
B L. MRRIEE A2 5eekd 5, Wﬁ%@(xﬂ47)#7?74t747/7&LT&Uﬁ?
—FrEIND, B. 1 EMT EIZEM 7T ARBRE SN, MERELY L RERT7FE

TAH =Ty b LTERIND, TAX =Ty P LI ARKLARFIARIS Z7E2FLTEY,
ANRAL I NFE L FoTHRAELEZGAIZII A=A M EMEEND, C.1 T/ (16 EBR) DT A
X —7a vk, HEHLKX/\%?%Z/ NI =2 AL 7 LS, HDOTZAX—7 1y M
H—DANRAL T RDTAF—T 1y MINXN—ZARERELTND,

R 1 MBEBREEOAFRIZONT

% | ARt | sEARaER | AEAEE (%) TR el £
1| 0.86x10°| 0.66x 10° 56.6 | 1.52x 10°
2| 0.73x10%| 0.85x10° 46.2 | 1.58x 106
3 0.9 x 106 0.7 x 106 56.3 | 1.60 x 106
4| 1.05x10° 0.9 x 10° 53.8 | 1.95x10°
5 2.2 x 108 2.2 x 108 50.0 4.4 x 106
6 1.9 x 106 2.1x 106 475 4.0 x 10°
7| 0.78x10%| 0.69x10° 53.1| 1.47x10°
8| 156x10°| 0.78 x10° 66.7 2.34 x106
9| 053x10%| 0.68x10° 434 | 1.21x10°
10| 0.81x10%| 0.54x10° 60.0 | 1.35x10°
11 1.8 x 106 1.35 x10° 57.1| 3.15x10°
12| 1.13x10°| 0.95x10° 54.3 | 2.08x10°
13| 0.81x10°| 0.66x 10° 55.1 1.47 x106
14 | 0.98x10°| 0.68x10° 59.1 1.65 x10°
15| 0.80x10%| 0.72x10° 52.3 1.52 x108
NS 54.1




1200

0 uM AraC

=@= 1 day
1000 =@= 3 weeks
o
X 800
1
="
) 600
X
%R
if_}‘ 400
B
200
0
2 5 7 9 12 14 16 19 21 23 26 28
EEAH
1200
0.5 uM AraC
1000
o
§ 800
X
R
< 600
5
'\
400
B+
200
0
2 5 7 9 12 14 16 19 21 23 26 28
EBEAX

M2 a—7 ¢ v 7HOBRFHMOKRE

VT A a7 L— MIKLTO01%PEl 2—7 4 T &2{To7t%, 1 H (lday) DML 3
[ (3weeks) #ZIZHIfEZRERE L, 28 Hi% & CatlllZ1T 7=, AraC il L7254 (EB)
(Z1%. 3 weeks (TEHAT 1 day O A3 38 KB ITESME TH -7, —J5 T, 0.5 uM AraC D
wWH (FE) TiX, lday B EL N3 weeks IZKERZEIIRNPSTZb DD, a2—TF 4 T BI
M2RET D & TRV ER3E KB THER T D0 B - 72,




A 1200

=®= 6,000 cells/10pl 0 ;M AraC
i 12,500 cellsi 10l B 0.5 uM AraC
=0~ 25,000 cells/10 pl 3000
N =0~ 50,000 cells/10 pl
X 800 & 800
600 A 600
b X
&R #R
& 400 & 400
B+ B+
200 200
0 &—O 0 e @ @ & & & © O v _
2 5 7 9 12 14 16 19 21 23 26 28 2 5 7 9 12 14 16 19 21 23 26 28
EEAHK EEAMY
B i 16
14 14
12 12
= Eol
i 10 ﬁ% 10
'jﬂg 8 ES] 8
uﬂu 6 h}zg o
4 4
2 2
0 0
2 5 7 9 12 14 16 19 21 23 26 28 2 5 7 9 12 14 16 19 21 23 26 28
HEEAYR EEAY

3 MR E ORES
FEAE ML B 12>V T 6,000, 12,500, 25,000, 50,000 #HA@/10 pl THiES 44T >72, 0uM AraC
(7£) BEL05uMAraC (F7) ZiH L7-BEROFEER A EE (A) B X ONEM BRI (B)
[ZOWT 28 H £ TEHAIL 72, 6,000 #MAE/10 pl 35 & 08 12,500 #MAE/10 pl Ti, BEEHMA 9 H
BME L 2 ATELRABEENS ERET .28 HH £ TRMCTH - 7=, I EMEL S 12,500
HIAE/10 pl <> 25,000 AAR/10 pl TIHIE & A EDOBMHTEMEAL L2 hv-> 7=, 25,000 #A/10 ul T
I%. 50,000 FHAL/10 pl (2 THFDINTEILTHEEFKBEN EH L2 b 00, T TOEM
IEMAL LR Do e 2 MO REMEE ) ZENTERNLDEEIHND,




A 1200

-0 20161012 0 uM AraC
1000 == 20161109
=®= 20170111
L 800
P
_;% 600
® p—1
ﬁ‘ 400
B
200
0
2 5 7 9 12 14 16 19 21 23 26 28
EEAH
B 16
14
12
Eo
0
]
g 8
H o,
4
2
0
2 5 7 9 12 14 16 19 21 23 26 28
EREAH

X 4 AraCEBEOKRS

FEFEKRIARE(/5Y)

-
°

EME BB

° ~N a o o

0.5 pM AraC

12 14 16 19 21 23 26 28

BEEK

12 14 16 19 21 23 26 28

BEEAY

Day5 75 Day 7 @ 3 HFIZEEHIIZ AraC Mz 570 E 2 Ot &21T7->7, 0uM AraC (/)
FBLU05 puM AraC (fr) ZiEH L7ZBEO X AMHE (A) B X ONEMHELERE (B) 1T
WT28 HETERIIL72, ZRENFE—r v b, F—FKHFICTIENT- 7GR E R L7, AraC
DI, FERMDONFTHUTIBNT & FRJF KB Day 7 H 5T Day 9706 BH L, —H
ZFRWNT Day 21 &7 0 b FREZ bSO T2, IEHALEMENZ OV TIX, WIivh Day 12 Tl
N E CHEIEL, Day 19 £ TldZnZ#ER: Lz,

28—



g

A 1200

=®= Full change 0 uM AraC 0.5 pM AraC
1000 Half change 1000
& &
= 800 = 800
X 600 ! X 600
v
B+ 400 g_‘ 400
200 200 '/'///o—\_‘\
0 0
2 5 7 9 12 14 16 19 21 23 26 28 2 5 7 9 12 14 16 19 21 23 26 28
BEAX BEEY
B 1 16
14 1 14
=2 12
lﬂ% 10 ﬁ a9
e}
P e [
Ha
mo ﬁ .
4 4
2 2
0 0
2 5 7 9 12 14 1 19 21 23 26 28 2 s 7 9 12 14 1 19 21 23 26 28
BEAY EEEW

5 HEHASHE R DOMRET

SH®LZWI 4 HBXIZHEML TV HEHAHIZE L T, [T oo &2 28 (f) &
HVTNE (FA) M E{T-o7-, OpM AraC (Z£) B X105 uM AraC (F) #iEH L7-
BROERKBEE (A) B X ONEHEALEMRE (B) 1I22oWT 28 HE TEHMI Lz, FHF KA
JEIZDWTIEL, 0 uM AraC O P82 % RV T 3 SFIXIRIER U L 5 7efE ¢k L7,
TEPEALFEREIZ DWW T H 0 uM AraC O EAZHE D e KAIEIZEIE L7 o 7o, RSO S
ik, BRI 12D Day 23 & 72 0 » SBIEMEALEMER O TR B SL - 72,




TR MIEE(S)

200 == Medium 1
=®= Medium 2
0 H
1 11 21 31 a1 51 61 71 81
BRI (52)
1200 :
|
]
H
1000 !
i
o :
<5 800 H
T i
LS !
-:< 600 !
%R !
o i
Ef 400 0|
! f
L

200 } ' ,‘ I =@= 5% DMSO 1

i \ =@= 5% DMSO 2
0 H

1 11 21 31 71 81

a1 51
Brffl(57)

X6 ##5FEICBETIHBREL

LS E OG5 I7EICBET 2 /5, 852 30 0 OREZIC 10 ul @ medium (EER) BELW
5% DMSO (TEt) #1v a3y FNCU/VHICEEG L, &% 60 4 % KB 2 5ok L
7o 1 T L ORI KBEEEZ T 0w b Lz, SOOSBNRENENRE L2 A4
7T D, Medium Z &5 L7-fifidss2 26 H H. DMSO Z&5- L7-#inidss#% 16 HH T
%, Medium O 5 TIE, FEEPRKBEEIZRE RELIVIBIZE S e - 7253, 5% DMSO @
B 5T Ko TR PR KBEE DO TRMBIE S, £ D% 30 SRICOEICE bR o7,




A 1400 > Bnoo
1200 1000
& &
B &
LS 600
X 600 X
#R #R
;- f-
200 200

B (53)

o
§
=
§

E
5

H

TR KRR (/5Y)
H

FHFKBE(S)
]

]

°
°

Bfil(53) B (53)

X7 #&EFHEIZETHRE?2

{bFWE OG5 H T 2 F, 8852 30 2 OWERZIZ 5% DMSO % 7 = /Lilip 5 < D
EWIN (A), 96 7 =L L— MIAEELTZ 10 pl @ 5% DMSO (IZitékd 2 v =/Lh 5 50
DM Z RO TRA LEDORAKRZFLET 5 7 = VIZEIN (B), 96 7 = /L7 L— MIpTEL
7210 pl @ 5% DMSO IZFE8% T2 7 = /L) 6 100 pl DOEEH A HOCTIRE LE DR AR & fodk 9
D7z UZHEIN (C) BE96 7 = /L7 L— MIELTE 10 ul D 5% DMSO IZFLékT 5 7 =
JLnG 200 pl OEFHIZ RO TIRA LZ DIRAIRZ LSS 2 U = VI (D) Lz, #Ino
% 60 43T KIS 2 ftdk L2, 10 2 & OIS KBEE 2 7 0w b Lz, a0
BMNTNZNEE L2 A 27 Th D, 100 pl LA EDOEHIZ 5% DMSO #iEE L7ZHAIC
I X BN BRI Irolz,




JEATHBRL A e B & ((LEWE ) X 7 WFEE36)

SrHam iR
A/ MK OFRRE RIS OFERERIRZ BT K 2 RHIE D BRJE
ey BEEANRI T RT REE - A LR
aHHE T
i VA<D [E 2RISR AN e FEREE R
By thit
=1

AL, ALFEWE IR L TURZ O E W T ~ MNKEE 2 VW, b
WV NRETR T K DA R, MRREI T R~ DO E R L, b
Bl 7e e m%&%&m¢5 CERAME LTERM L, & FBEBESEN
%%émfw5NW7m@\%i@&DwHU$XKm2,ﬁ%@ﬁﬁﬁ
FARERFE 3% 2 55 SAHA, MS-275, BREEmRMEWE OF A X220\ T,
@%ﬁ%v«wkiwmﬂﬁﬁVAwf@Wm%ﬁﬁb EEb & AT,
S LTIV BEEIZOWT, B & R EIREZ 2L I ZF DR LM
P72, AREET, ALFWER G X DR EZS LT &L, /MK HRED
F—HOBFI LG OER, ITHBEOERB(LEITo T2, TO/ME., &
RN E 2 DN HILFEME CTH DL /NV T g, 7 a e U RAN,
A% DR RIS 2 D 284 b 2 /NI AR M A D S22k fif i & /)N i & D 22 1L
Y OITENE LRSI SR T2 LA ERMITR Lz, U X Eh Rk

TEVE, $ G- A
NNV TOHREMHREEDOE

A FFFEEH)

bt MEBEFBRIRE I N TND LT
afig (VPA), VPA LJEERICE X N BT &
FVILEESE (HDAC) [HERITHDH AN A

L7 =V Re Fa i3 A8 (SAHA) . MS-275,

v NEBEBEAREI LTS 7 r LY
UARA (CPF)., BXUBEEHRMEMED
T FIVARX (TBT) 51 X D/MEFEE~D
WL B LR TIEC X DO
EMEl, BLO~N~ bR -t
Yutt, (HE Yett) 12 & D/ MR ors
BB LT, S BIEEOITENC IET
AL H MR B 72012 B AR DI TENEL
BhITo T,

B. Hf%t51E

A PIEDEREA ThH D Z &3
HINTWD /R ZE TR L TR,
FALFEE HATIEE B L A O
IR ZRH L TEONREZBILE LTz, TR
16 H®DZ » hiZ.600 mg/kg @ VPAGREIH) |

PHARRIZR D . EHICEIR LV T2
BKIZORT L2 EPHREIN D,

32

EX<E LV

50 mg/kg @ SAHA (IEEN) . 4 mglkg @
MS-275 (f%0) | 10mymo>um(ﬁﬂ)\
20 mg/kg @ TBT (#H) ZExhEnfHKE L
72o VPAIZOWTIL, iz 14 H, 18 HIZZ
ALZ 4600 mglkg DFELT 5 Z L AABR LT,
F 7=, 4R 16 HIZ 200 mg/kg. 300 mg/kg.
400 mg/kg ® VPA ¥ 5-% 58k L7,

KRG8 A& L% 2 5 3 CREFRE T
. IR HE ORI A T A A ZFHEE L, ft
ANE Y PURIZ K DAt Bz 1T o 7,
EDHIZAT A AR % HE oo L, RREIED
PALEBIEE LT, -8B 5EMOMEERITR
AT B PRIZONWT, A% 4 B 10 HITH
T IREEHERF L 72BHEREE T T 340D H
HITE OB 21T > T2,

MANE DR AIZ L > T LF
v fifa ORISR R 2R E L, (b mE &
Bz L2 R A DO E R Z1T T2,

IR T A 2D VIV /NERIZH 5
primary fissure (36—%) (oW T, 7%
TEOES EHOEZOLEFHRE L, & 58)



Wy bk HRENY) & Lk U T E R 5- 05
BoEELEITo T,

ITENBIZR TIE, BA D X 9 e AR ER D
HBLRAZFHI L, E8(ba1T o7,

C. HroEtE R

VPAR: G- #¥), SAHAR: -8 CliL, 7 /L%
Ve ORI 2R R RS RE) L D B
CELL, EH%2ATLeME., A%3IETHL.3
EOMEZR LTZ, ZDOHRILCPFR 58
THEIZZ SN DM, MS-275#% 5.8%, TBT
BeHECIIBE SN o 70 (K1, [X2),
VPAR 5-B#) Tl /M RS — 24
IRREHNTE 52 ERBIE SNz, T K
D, Irxrz@nk<nn, xtREm I
Hl2EO TN X @ EFFOICE ST, T
DEAGIZCPF& 58 T HBIZ S v, 1.05(%
DT NFX o Tfgh Lz, —HMS-275, TBT
B 5B CITBIE ST, flR 2 e e i L
ERBROMER 2 7R LT, dEIR14 B IZVPAZ %
H L7831 0 7 v v o @ o
XN, RIS B % B It iR Eh &
EERIRI o T, ZOEALIZVPAD K5 &
IZIEDOME 2~ LT (X3, [X4),
ITEVBIZ OB, VPAR 581 CTlX,PAT
%< OARREEER) Z MR L=, lET 51
SN T T2 H > 72, SAHARK 5-H)
W)l 5 B EN S OVPAR G #hiy & ik L T
% < OARFEEEE) & il L, H-OP4~P8IZH
I A Em N R S 7n, MS-2758 5.5
W) ClIkRENM) K 0 AT O R EES) O
IR SN T8, LW LITER T & 72
o 7o, TBTHR 5-8hi) Tl & REM & bl L
TEL OARERESZHRTHZ LN TE
77o F T2, PA~PTITHNT CTARBEE EE) N 0
T HMEEICH -7 (45),

D. E8

AEHER LT/ MM LD EREIEIC L - T,
H PIE R N e b DL E Ot EE
DEBALDOATHENE & 7R Uiz, /MM D [
IZ R SEBIL, SHH Bn T DR B BO%
AETRIEN 7= AU L PRRSR AR IR 172 £ D3R EL
ERERELTNDLHLDEEZLND, B
% P TR BRIED D15 D - AP RRE] i X
IV ATEN L~V TCOE L 2RI L~ L D2k
WZORTTHI ZERMETHDHEEZD
b,

33

E. #&3%

AWFIENZ I T, R EN B 2 5
NHFEWE THDH NIV T alig, 7 aLe’l)
™A E A OB IS L A% OmRE]
BRI D ZEAL 2 /)N I A el oD 2k i e &
/NI TS DAL, BV OITENE LD S E AL
LT LTz, BRI LY BB, &
HEEHMRFEMESBHIRIC 20 S BIGEEF
L T2 AV VB LoV T OSSR R
DEBILICD72F 5 Z LRSI D,

F.#FEHE

1. BHER

[1] Mabuchi H., Ong HY., Watanabe K.,
Yoshida S. and Hozumi N. “Visualization of
Spatially Distributed Bioactive Molecules
Using Enzyme-Linked Photo Assay.” IEEJ
Transactions on  Fundamentals and
Materials, (2016) Vol.136, No.2, pp.99-104

2. FRRR

[1] & HEM, aARRFE, SHbLA . B8
. BEF4E1-. Roman Maev, FEFEE .
& HEE T, Alteration of cerebellar lobules
in Valproate-induced autistic model rat,
39 [A] B AR R K2, 2016 i
WIIHOA, EiEEAN. & HEY, B
s EARAE, iR, B B
. FEFEEM . &5 HEET . Interaction
between neurosphere and cultured glial cell,
5 39 [B] H AR R - R, 2016 HilT
= R R HHEERK . BB
. BErh 1. FERRIEAS . & HAEA-, Fast
glutamate release detection in normal and
valproate- administrated rat cerebellum, %5
39 [m] A AR R, 2016 AR
migfE N, BUe, EA-K LHmEFER,
Ve, BB, FEREER, HHET
Visualization of neurotransmitter release
in the developing neuroshere cells using the
enzyme-linked photo-assay, % 39 [0l H AS
FRERRLR S, 2016 AR

HIE X Vv, B HEY, mHBR &
B BAEPHG 7. EHAET. Alteration of
neuronal development by Autism-induce
drugs and recovery effects with bumetanide
in developing rat cerebellum, % 39 [a] H A
FRERRLR 2, 2016 AR

Hikaru Mabuchi, Nobuto Takahashi, Kaoru
Sato, Yuko Sekino, Naohiro Hozumi and

2]

[3]

[4]

[5]

[6]



Sachiko  Yoshida. Visualization  of
neurotransmitter released from cultured
granule cells and the neuroshere cells using
enzyme-linked photo-assay combined with
ICA. 46" Neuroscience meeting, 2016 San
Diego

[7] Sari Nakajima, Tatsuro Tomida, Koichiro
Ikai, Yukiko Fueta, Susumu Ueno, Naohiro
Hozumi, Yuko Sekino and Sachiko Yoshida.
Alteration  of  Purkinje cells by
autism-inducing drugs, and recovery effects
with bumetanide or oxytocin administration
in developing rat cerebellum. 46"
Neuroscience meeting, 2016 San Diego

[8] #eikamk, RS v, FHHEBR T, b
B, BIEPHG . S HE. PLTADA
VT RO - RERIEICL D
FEEMMR RO, 5 47 EPEE
FRRTFHEESMKTRE, 2016 &
&

G FRRFEE D HEE - BRI
1. BEFrHE

HHEET, FEAEER, KEHZ, i
S5, KA 2016-221213
2. FEHB R

AR
3. FD

AN

34



(Bar = 100pm)

(a) WT P12 (b) P13 VPA (c) P14 SAHA

Cal

(d) P14 MS-275 (e) P14 TBT (d) P12 CPF

1 HREYERSEMO/NNET X =}, Ht Calbindin D-28k Hufkfefa,
WT: X RREI) . VPA L 7 gk 58, SAHA: Ao A /L7 =Y Kb No 3 AR5 )
¥). MS-275:MS-275 & 5@y, TBT: NV 7 F /L A XL 58, CPF:Z a vl 7 + A ¥ EH)
Syl ey aWANE N

VPA 58, 3 L O SAHA B H-8) Cld, MREN—FNCIXT, BRI OELIL ) 8l52
iz,




210 r
_8 -
5 200 F
=]
- 190 |
4
%E‘ 180 |
T 170 |
=]
] -
'; 2 ' l
ﬁ 150 _ﬁ 1 1 1 1 _— 1
WT VPA u-1 Bu-2 Bu3 OT
eatment

X2 XEWEEGEMOES 21 BIZBIT D/ N F o HIaRIREROE X
WT:xfBRENY) . VPA LY b i 5804, Bu-1, Bu-2, Bu-3. OT:VPA EHEMIZT A X = K
(Bu)E 72134 b (OT) BB S L 7-8h

A% 21 HTIE, VT o GEICE LOEBHRZEE/MENBIR I, 2L 0MER,
TAHX=R, £EAFRY M UOBBINRE THEIN,



AR 16 H I HRENY /MK

Vi

¥ \
11
v
1 X
|
\./ - VPA 200 mg/kg $¢ 5-8#/MiK - (P15)
Vi Vil
\'
VALl
v
X
1
I X
| VPA 400 mg/kg #5830/ Mk (P16)
Vv Vi
A Vil
v

VPA 600 mg/kg ¢ 5-8h#)/ M (P16)

X3 KEMTVPA Z8RE LB D/INKBREROEEE DL




(@)

T B TR
1.3
e
i 1.2
g
5011
s T
-4
H 9
O
Ay
0.8 1 1 1 1
PI5VH E16P15 E16P15 E16P16 E16P16
VPA200 VPA300 VPA400 VPA600
BE5&M
(b)
B G HR T
1.3
-
i 1.2
g
5011
£
1
H 9
O
Ay
0.8 1 1 1 J
PI5VH E16P16 E14P17 E18PI5
VPA600  VPA600  VPAG00
B54&H4

X4 VPADERERE Q). #5RH0IC X2 /MBEOEHE DO




WT,VPA,CPF

Frequency / 3min

(b)

WT,TBTMS-275

50
4p [ e—T
40 [ e—)\S-275
_l:l35 © emm——TRT
E30
[~]
S L
EQO r
815 ¢
[V -
10 o
53 e el
o .
3 4 5 PD 6 7 8
(c)
Progress of Behavior
7
6
5,5
g4
g5 | T
&
9 |
11
0 . . . .
WwWT VPA CPF MS-275 TBT

X5 VPACPETBTMS-275 #5804 #% 1 0 AREOARMEEBIORAERE
(@)VPA IZxfEM) L 0 b R AEEEE O TR R o5,

(b)TBT =° MS-275 Tidie L AiIEL 72 %,

(c)EBNDBEELELE LT,




AT B e R A e (L EWE Y 2 7 BFEE2E)
SrRBFFE R

SRS O AR [ S AR RELC K 5 AFAliE D B &

Wrge s PESEERIRY:  PERARERIEOTIERT 2%
Eatoo

WHIE I #H PERERRT PERRMETE EeD
H AL

WHIE I #H SREDINRRY: BRET - M T55% READ
AT

=]

AWFEHEN R U C & LB R R FIE OS2~ H 1Y
T, EXMLFWE 1-7ae s v (1BP) Zxfge L TR L7z, 1BP T
A TETREMEOMR E M 7 E IR SN TV DAY, REMREMII AP TH Y .
bt MBI 2FEA G SN TV, £ 2 THET » MIX LT 1BP O
ANBRFZE LTV, PEENTFT v FORAMTH D 2 B, Bz THDH 50
i, PERREVE O 8 W L O 13 WER T T2 o T WEE OFRR[E] B EE %
HU7m, FOFEE. 1BP JB/AERREEIC L v 2 B TR aI R RE o Bl PE)N
TLHET D ENRBO LN, ZDZEND, ST RO A RE & R
(2. 1BP FRAEMIBRER L AR I B W TR ER B O L2 72 53
ZEMHEHA L, — ., 8B IO I3ESIZB W T, MEAREKIZ BT
HMHREIRE OWRIE L 72D 7 4 — KNy 7 MmN EET T 5 2 &80 B,
PR R BN TR R B BR S RE D IE9 12 X o THRRR[E] IR B2 M A3 28 b3 5 7]
REMEDSRIB S LT UL R ORGSR D 1BP 13RI I i a2 A+ 5 Al e
PEDSRIB S, PEEALFEME S DT b 1% B 00 Y S AR (B B A RE 0D 2T

DAFE AR TEME DR FERE & U CAH M & 72 2 wTREME SRR S L7z,

A. HFEEE
oz X 2 FE CTITIRAR - iR = DAL
PR TR N T D A% ORI

PEZFHAME9 % in vitro AERIEDPHIFEZ HIF L.

YER O R7e Dk tEwE (A BEET VE)
WERLZHW SN D L7 a g, N <
EAERZ T AR LW, A R
HO—>THDHZ7u)LEURR) ZHNT,
S Ui R A A OY N (AP SR L g =y = e B
T EM O EEF A T CT&E 2, 20
R Z S LI, KHFEREO MR, Ko
WFFEEE ClI R EM R B DS R 2R FE AL 7
WE 1-7aE 7 asxr (1BP) MW, R
7w MIWABREZEL CEENTHFT v bD
AT A AERZERILL . 3L, BEFLI%.
P pY AT O PR [E] B8 B o A IR IZ O W CE
AR TR L AR A T 12,

40

B. WFZEHE
1. 1BP DR ABRE @FEHHE HHBRK
+)

Wistar RAER T ~ b (BRSALILEY X v i
A) Zx LT, IBEF ¥ o N—HNT 1BP %
J2FE 200, 400, 700 ppm T 1 H 6 FFRE, B4R
1~20 HHET 20 HEDOKER AR Z1T
o 1o, KRB IX R DO T ¥ o/ N—THfifZE
REME Lz,

2. (REPE (BFEHHE HHBELT)

+7 v N OKREITEEZ NI 5 5K b i
BRfEEL 2%, LoT, BAWTH S A%
2. 7. 14, 18 HiZbi=» THREAHIE Lz,
3. BXAMPENTMDI-DDIMA T A A=
AOER (WHEHAHE HHBLT)

Atk 2, 5, 8, 13 EMOIENAFT v FE T
— 7 )V CIRIREE TSR L 72D HlER A 7 A
AREREANERL LT, BT v b ~OWARRER S




LFOMF T v FHHABICA T A A& ERIS 2
BRE, v 7 a RIG A IR R £ T L & /R
Lo FEER T ha Vi BT (1 1),
2L EEIG AR BN R T T L T, AR A
FEREIC AL ZE D LT O M BIRAT TH -
722 Emb, Ao 1BP A SRGE T T L
Tl & 55U o T S5k T BRI & fist
LTEY, ZOREMIRFEEHICT 5 1BP
NeAE WG TR DB IRED bV o 7o (Y
BANR B . FREHE - ZE1% 15.6 H ; 700 ppm : 15.7
H), 22T, 2 BT v MIoOWTIHE
% 13, 14 Bz BHIRATH, A% 15 Hilin a2 B
IR & 32 3D B2/ 1 THEHT L 7=,
4, FREUGEMEL 7 4 — BNy 7 ikl OEX
AL ERAE SHHEET)

VT e RRGAEINREE T T L TOME &
AR FISEER & Rk A EE A T A4 A
u&%bt%(l 2). CAL FHEF O EAHMAY
BN OITEB AL T ENE, T T ARE)N

%é%%i/%7x% FENL % F gk L C
R [E] B L2 5 L OV o S R R A
L7 (K3),

FHMIEIL, ETH— @ﬁkﬁﬁéﬁxt
E OMPRGMAL DISEVEDF I H Bib %
SEPRAEE, 200 ppm A, 400 ppm AEds OV 700
ppm BE(Z 53 1 THEAT L7,

74— RNy ZdNE 2 i TR
SNDEMERHNCEA Lz, T72bb 7 ¢
— RN 7RI S CViu, 2 [B1H
DISETLFEHDIGE LY b/hEL< 25, D
EFV,2BBOIEDORE S % LEHORE
DREZITERLEE (TR A1 K
DENSVMEE D, ZOHTFEICLY
RT7NVALR 1L LD /NS WIEAE TR M
H R DR K Z B2 20 E BRI T &
50

%%ﬁ@ﬁﬁ/h%%waﬁém
ﬁ#)BP%Eﬁ% 5 BB D HELIZ D
WTHBRFT 52 kkLt#\_mﬁﬁm@
HRERE & 700 ppm BETO IR 21T - 72,

(fELE ~DREE)

KGR DZITIC S T-» Tk, FEEER T
IZED LV, BIRT AT R R E A
e LC, HoeEEAHlo b & Pkl

OIS L7 b ZNZE N DOW5E 0N &
O,

41

C. AR

:ﬂi?@%bf%tﬂwfmﬁw%i
HIRTEIC L DR B~ DB L LT,
1BP DA AR T 1 | AR RIS O G
PEDTUHE (X 4) & B F 7 A5RE DO
g (X 5) 2BRIRATHICH H4E%L 14 HET
R bz,

BAMD 7 v S OEKREEMNZOWTIE,
PERRIIRIHEREL 700 ppm BECTHEZENAD
SN b OO, A% 18 BilinE TORMEIC
& o T LHIRREE O REHGINHNH 25 700 ppm #E
TR (X6),

BEFLP. 5 ln o B — I~ DAl a0
JEZNZ DN T, xHRRFE L 700 ppm BEICA &

ZIEROoT (K 7). Mk 8, 13
BEIZBW TS 1BP R4 AR TR O 22 138

LNy A WA IEY

L L7 B, 2 @il L 253 ENL
DAL OWTIE, MR T 1BP Jh4E
AR TE D B )N ZH w%nn(Ewoﬂ%ﬁ
Tl BHBATIIRT 2OV R 2.0 & 72
5. Wb HARENEDZED BT ns, BiEFL
#% (5 BELIFE) (2IE~7 L A3 L <
INSUMIEE 720 7 4 — RNy 7 I DS K
SNTWVWDZ ENRBOH BT, —J7, 700 ppm
BT CITRFAMICBW T, BETIEH S
bDDT 4 — RNy 7] (RTV AL
<1.0) N HIT=, 5 Wl ClIxrIREE & [
FEFE DT VA 2R L7278, 8 i LA
T b B EE DT UL R B d okt HRBE
L THEICKREL . 74— KXy 7/
HIZ2NEE LTV D 2 E AV LT,

D. Z%&

PESALF WY 1BP ORAEWIEFE T » T
BWTC, AT aiEoRARREE T v B TR
U788 LR U7, 1% 2 8, F7icBE
AR AT C oD M F5 e AR ] B BL 8 2 D TUHE 23 58
DO, TDOZEND, 1BP bR EMRKE
P23 HILFEWE CTH D ATRETE D R X
o, LnL7en s 1BP ORAEWRERE T »
kBRI B D W IF MRV 12N 7 R
MEAMRES » b, T hbbEMETT LT
v b EFU LTS ITEV R E 2R T 0NE A
% OMRFERE & LT, AWFE CldER AR
%%%Kié%ﬁ@%%@ﬁmﬁé%ﬁ&
L CHERGE & Tt L7, ZofE5%, 700
ppm FETIX, MHERICIERTT 4 — KAy

7 WA BICEES T A Z E I LTz, 7
o — RN 7 N OIS AR ] B Bl P



DEALZRTRNERVEDLZENE R
TAMDAET VEIZB N TORSNTND
AWFFRITEN ER TIZH D28, IR T v b
e ANBRFE S 7= 1BP 28, BEHZBDOIFT v b
JIbd D fofi % [ % B R |l S R B A T 0 D
MR AT AR ETRET D
DThHbH, SHIZZD 1BP b7~ 54
@@ﬁﬂiﬂixﬁ THW =32 D58 EEw
PERHIVAIC L 0 AL PRI CX 5]
%ﬁﬁ%@émko
1BP (2 2oWTIE H REEMAETFZTRIE
EEZE S L0 FAIRE (0.5ppm) 239 TiZ
BEENTWALOD, FOREHEBOFIC
FEEMAREMETD & L R EFEELEES
TR, —JF, KIEPEEA AT FE S
(ACGIH) 2% E L7-#F&AEE (0.1ppm)
21, B FOFEFNTERD SN2 NE ODOEY
FERT — XIS EREITEE SN T
u%w§%$W%ﬂr_omfﬁ@%énf
b\ﬁ:b\ F I RERED - O, AFEMERE e
B EALFEWE N RECT DT oL
FEE OB EE LT D [ MES ) e
%(ﬁ@%ﬂ IZBWT, BIfERSRE - T
WDHDITHT N 25 WEIZEE->T5b, H
KOFBELL TERY bt T 2L mE
1349 60,000 FEXESD D | FHK 1,200 P& ITHT
HICEHER 2 ENTWD, BEEEDH D WVIT
FEEMR AT DL EWE T RO
RIBME\Z72 VG EEZLNDMN, b
BIEDOEH B 2 VILEHl 2+ 1Tt T
D EITEWVER, FEEEA LT E DR E R
PEEEAG L & A ZE T 72 AT T35 28 i
TEAUL, l & DAL E O RIEE ORSE
B DT LRI ORI GE & L CTIRE
G 72EHilm e ST iLx\ﬁﬁ&%ﬁ%%1
XL EBHIfF SIS,
AE@%@%# waj.mP®F¥ﬁ
IZB T 2B HERRXEZEE L TR ABRTE
b\ﬁﬁﬁﬂ%&ﬁﬁ'b F7-IREE /%f%g:(}ﬂ?e
MBS\ Tk, B Tirge Gasesszk (1))
O TERLL 72 1BP JRAHIRTE T » Mk
TOREEREREREL L TILICEELK
SEE LI, FRER U LtbomZEa L
THRFEMIMIX 20 B Z®IR LT, v 7'm
%%ﬁ%XXmA%@Jﬁ%ﬁotﬁ@i

(ZHEARTR IS 8 1) 2 BEIRIRER & v O A
T%Fﬁ%ﬂ:%? HGRHETE 2708 9 2t
SROBAERETH D,

F 7o B ORI ELE M 0TI X
IR EYE GABA O k7 AR —

rj\

42

— D53 A0 DIBEE LT D FTREME A WS
NEDEBEEEPRHEL TR BAELD
FHERHZOW TR TH D,

E. &5

SRR TEIE DO FEIN R TH o - e
4t%%J“C%515PL<wv(@wﬂqu%
TR AE IR R 12 X » TR [a] % Bl 1 o TU

%%t%ﬁ s | 1BP MBI EMR N A
BT D AREME DS R STz,

F.#rZEEE

1. FCHER

[1] Ishidao T., Fueta Y., Ueno S., Yoshida Y.
and Hori H. “A cross-fostering analysis of
bromine ion concentration in rats that
inhaled 1-bromopropane vapor.” J Occup
Health (2016) 58:241-246

Fueta Y., Sekino Y., Yoshida S., Kanda Y.
and Ueno S. “Prenatal exposure to valproic
acid alters the development of excitability
in the postnatal rat hippocampus.” i SC#
F

Fueta Y., Ishidao T., Ueno S., Yoshida Y.,
Kanda Y. and Hori H. “Prenatal exposure to
1-bromopropane causes delayed adverse
effects  on hippocampal neuronal
excitability in the CALl subfield of rat
offspring.” & SCHEERA

Igarashi T., Wilson DJ. and Ueno S. “Acute
exposure to toluene and xylene decrease the
expression of connexin43 in human cardiac
myocytes.” & SCHFE

[2]

[3]

[4]

2. FERR
[1] SHHEbAF. B, FHE. L5
EHRAEM R Y TF LR X B R
ARXHEEGIZ X DM 7 v hoAT
%k% - MR OZA L, 430 H A
BIEFREMES, 2016 Al E
Sari Nakajima, Tatsuro Tomida, Yukiko
Fueta, Susumu Ueno, Yuko Sekino and
Sachiko Yoshida. Alteration of neuronal
development by autism-induce drugs and
recovery effects with bumetanide in
developing rat cerebellum. The 39™
annual meeting of the Japan
Neuroscience Society, 2016 ik
[3] Tatsuro Tomida, Saki lwamoto, Yukiko
Fueta, Susumu Ueno, Yuko Sekino,

[2]




[4]

[5]

Roman Maev, Naohiro Hozumi and
SachikoYoshida. Alteration of cerebellar
lobules in Valproate-induced autistic model
rat. The 39" annual meeting of the Japan
Neuroscience Society, 2016 £k

Yukiko Fueta, Yuko Sekino, Sachiko
Yoshida and Susumu Ueno. Novel
approaches for electrophysiological and
pharmacological evaluation of
developmental neurotoxicity of chemicals
using juvenile rat brain slices. 5th Prenatal
Programming of Toxicology, 2016 HtJL
I

Tatsuro Tomida, Yukiko Fueta, Susumu
Ueno, Naohiro Hozumi, Yuko Sekino and
Sachiko Yoshida. Alteration of Purkinje
cedlls by autism-inducing drugs, and
recovery effects with bumetanide or
oxytocin administration in developing rat
cerebellum. The 44th Annual Meeting of
Society for Neuroscience, 2016 San
Diego

G. FHIMPE D HIFE - BEARTL

(%7 L)

43



Pregnant dams

IA_
GD O

21

Pups (in lactation period)

0

1~20
vaginal - 1BP
plugs/smears inhalation
PND
Hippocampal Ry
slice [Stimulus-response
. relationship
preparatlon
Evaluation

PND 13 14 15

1 BRRAIA RV EXRAEIENFIRIC L SR EMHEEEIMMO-DD T r b o)

Z v b ORI 1-20 H o 20 HE., FEFENFWE 1BP =W AR LT-, FIRATOAER% 13, 14
HIB X OBIIRM MG E 5% 16 Ho 3 HENC, e L TR A 7 A4 AR Z VERL L TIPS
FMEOFHL 21T - 7=,

44



KEAINVER
Population spike
(PS)ERE&kd SR

[==1==]
B T2

SEREMRL T TRE
Efi(field excitatory
postsynaptic potential
(FEPSP)%ic& 9 5]
INER

RABEMBETICERSNIBERASIRLE
2A D ECSX BB LR TS (F%)

X 2 %%Wﬁﬂﬁ¢m&®tb®ﬁ%274z%mwkﬁﬁéﬁiwiﬁ

B B AT A RTET B AR E AP ERMONLE & 2 DORLER T T AUNERZ R
+. T EEBRE TR LI ADWE AT A AL HllMEmR () BLOEEAT 5
A INER () ORE,




EERINMDENR
Populationspike (PS)

SEERENSTIREE
(5B EPSP)

(Field excitatory
postsynaptic potential yz=
(fEPSP)

—

B 3 FEMHEFIERMOIEE L T DEE R/ A 7 BAL(PS)DIRIE~ Bl RE M 5 K~ &

E£EHEN LT T AR B OME X (FEPSP slope) ~BHZEM: 7 XA % Rk~ D FHHI 5 15




control 5 7
= 200 ppm
Z 4 - S
£ --A--PND13 E 4 1
S --0--PND14 I ° A-PND13
*5'_ 3 1--C--PND15 ’)", g 3 | -O-PND14
§ 1. [ g O-PND15 (}
P 2 1 /{7 g 4
o /, I 4 2 CP
SRS :
i // ,I\—‘—‘—:— 1 -
’,\/~I) ’d”"ﬁ”" 8 g
/_’__':!" ————
0 — T 0 G T T T
0 200 400 600 0 200 400 600
Stimulation intensity (uA) Stimulation intensity (uA)
5 - 5
_ 400 ppm - 700 ppm
Z 4 - E 4]
= =A-PND 13 E ——PND 13
S -0~PND 14 o 3 {®WPND14
£ 3 J-o-PNDI5 S 7 |-e-pPND15
= =
©
» 2 £ 2
o %
o
1 1
O T T T 0 T T
0 200 400 60 0 200 400 600
Stimulation intensity (nA) Stimulation intensity (nA)

K4 1 BEND 20 HEETIBP ZRMAREBLEZRT v b DOAEENZHFT v O
55 CAL fEEFICBT D ESKHNMIC KT 2HEE AL VT EMORKE X
W NRRERIREE L, 0 (xfﬁﬁﬁi) 200, 400, 700 ppm & L7z, #ilEMIT CAL sHEF~D AT

T T AD G DRI E X | ok A NER IS B s, BRI O TR X 10,
200, 400. 600 pA &;E&“fﬁ L?io MR 35 it AL 400 ppm HEF L V700 ppm BE T, BARATO PND14
IZB W THIBUSEMEO TTEN B O Hivlc, 7 — X I3 FH)ELSEM TR LTS,



control
2 5 71 --a--PND13
z , | ~O-PND14 T
5 -<=-PND15 .- T
& A7
7) 3 . ’,l I .[
o 7 et
2 | e /I"::—“lj
S-ﬂ ’ l')-i’/'::::m—
l 7 /”,’/
L
‘o
0 {_j T T T
0 200 400 600
Stimulation intensity (uA)
6 - 6 -
- 400 ppm = 700 ppm
w 5 A n 5 A
£ E
S >
E 4 - E 4 -
[<5] Q
o o
O -
2 3 7 z 3
o
n 4
g 2 5 2 —PND 13
= =A-PND13 b = PND 14
L “BFPND 14 ' -&-PND15
o -O-PND15 0
0 200 400 600 0 200 400 600
Stimulation intensity (uA) Stimulation intensity (nA)

5 MIR1HAB520 HEETIBP Z2RABRE LRI v b2 oEETNFT v O

& CAL HEFIZ 1) 5 BRAIBIC X T 5 BB T 7 RME DL

4ITBNT, REE & A THRE A A 7 BALOIRIEAN T LT/, 400, 700 ppm B
BRI DU TRERT L 72, 400 ppm #£ & 700 ppm BEIZIBUWN T, BH A 31 7 BALOTLHE & [RIERIC,
BARRATD PND14 |23\ THUEE M S 7" AR EE O HE R 2S5 H A7z, *p<0.05, repeated measure
ANOVA

I AR & GRER AN CAL SHEF ~D A VT 2D B 2 BHRINB IR\ e, T —#1%
WAELSEM THE LTV 5,




(@))
o
J

Male

@)
o
!

AN
o
|

N
o
!

Body weight(g)
w
o

R
o
!

—e—control
-<-700 ppm

0 5 10 15 20
Postnatal day

X 6 HEHE#AIC 20 HIE 1BP 2IRARBE LB T v b2 OAEFENEZFT v boRAOAEE
%1k

SHHRAE & bble LCL 700 ppm BECTITA% 2 H B TIIABEEDNRO LN -T2 b DD, £k 7
H o 18 HE TOFHMICE W TEREBIMOA B Z2ME 88D biviz, 7 — X 13 EEELSD
THLTWAD, *#p<0.01, Student’s t-test




5w Male

18 1
16 A
S 144 e
E 1 -
() e e
3 -
2 10 -
Q.
S 8 -
@
2 6
4 - ---control
2 —&— 700 ppm
0 i T T T
0 100 200 300
stimulation intensity (uA)
9 -
8 -
E 7
£ 61
& 5 1
o
2] 4
. 4
2 3 -
w
2 , -{F-control
17 —=—700 ppm
0 T T T
0 100 200 300

stimulation intensity (uA)

K7 IR 1BP #RARE LR Ty b OAENEHEMEF T v b O 5 BEICIIT 51
& CAL FEE ORISR E M

BB AL 7 BALOIRE, %E\ﬂﬁ\i% ML T 7 ABENDOBEEZ ONTIZEBN TS, xRS
700 ppm BE & OMICA BEZEITRD b7, (PS amplitude: p=0.52; fEPSP slope: p=0.22,
repeated measure ANOVA)




2.5 1

20 A
—
&) [\] --0--control
\
~ \
(fl\l) ' —i— 700 ppm
& 15 - \
(@] \
2 \
Qo \
7 \
5 10 T \
o \
ge) “
o \
'3 \
% 05 - \
\
\
\
\
\
OO T T

2W 5w 8w 13w

X 8 #EHREAIC 1BP Z2WMAREB LRI v b2 OAEENLHEFT » MZBIT 5EES CAlL
FHE DT SNV ALK DRI S Bk

RHREEICEBWL T, 2 B CIIMEEE (X7 UL R >1.0) BBO L2, 5, 8, 13 Wik
TOXT VAT 02 LN E700 FWZ2 7 0 — Ry ZHIHIOR RS "B S vz, T
(2% LT, ABP JRAEMIRERE ClE, 2B TT7 LA <10 L0 BETIIH AN T 4
— Ry ZHHINEER SN TWD Z EAVHIBH L2, S HICHERREE o 8 ik, 13 Blinlidxf
FREEL LR TRT 7LV AN ERICHEMLTEBY ., 74— Ry 74 L Tnbd 2 L
DORIB SN, BRRIIST SV Ak=1.0%270CEY . 2 2 #\Elgics32 2 >0
IS REIEEBAL) DMNLFES, T80 5 1B ORRIGE & 2 B B ORMIGE & nseeicm
ML TWDZEEERTAHETH D,




LT BRI R B A (L EWE D X 7 e E3E)
Sy RMT RS

MEOFMET —2 B Lt N F—% L ORGEE

R fE—RE

AR, SRR O REBL OB IR OREFERRE S DR D 3,
L AEZRDOFEELRLEDIIEICTHF LG5 &9 Developmental

- B IHR

/7/-5\ o=

[ SO SRR U ST A AR 9 > 5 — i %
FIBENRHER LS - Pl AR

AT
HIESS

oy

Origins of Health and Disease, DOHaD & W\ 5 &N BB SN TRV, ZD

AR = XLIZDONTHH BN

A. FFEEEY

HIZE AT O BRBE D 1% DR BIIEIC
B L T\ A 2 &3, Epfgeic L 0 IRk
RENTWD, ZOBREF D 5y FisED—
DL LT, Z Y= RT 1 v 7 D R
SINTEY, ZENEEMTLT—F HERL
TETW5, ZNbHOHA %7 52 DOHaD
( Developmental Origins of Health and
Disease) “Fal A HE"E I, TRLE M IE
FEOBLENDL BEHINLTWD, £/, ZTD
AN=ALEZN LU THRERIEASI ST
tﬂéﬁﬁ?ﬁ@fﬁefﬂtgl IOWNWTh, KBRS
T ix REROBEG BRI T
W5, AWFFETIE, DOHaD @ A 1 = X I fiF
HE B AT 2 E TOEMER D
WELY, LI EOREICER L
ﬁ%%@@ikbé:k%ﬁ%&bkoé%
2, B RERSRE LR THRESI TN D
WO v ) M2 % R HAERT% O
?F%l IOWNWTINETHLNIR-T
WHHOEEHET 5 HI TR Z 1T -
77

B. M

DOHaD i & & Lo, @ FEBRIC L A
H=ALDFRNT 24T > TWD LR ZFHE L
72, AU, FFHRICESE e hoxo s/
AT — B E T LTV A CERIZ DWW T S 3R
B EIT o 72,

C. R
TV ) AT RO 2R T 4 v IR

52

R0 ODH D, AHFIE CIZENMERR Z Fls
\Z DOHaD D A 51 = A LI DOW T LHRRE 21T -7, F7-.
J AT —ZIZB L CH AL BB LT,

=NOES /s

R R e A ANy Y [ Ah< s B N o Gl S =
RO, Lt s 7 A (DNA OERES]) %
HERNTH b b &) Téfﬁe&@
ZETHhD, EH ) AEH D REM RS
%imkbf\txﬁwa%wm-?t%
wm%\DW\@ykvV@f%wmﬁéﬁ
HID, WFLIEO YR AR TR
LDTET ) ANTA T I vy WMLT
HELEHESINDZ RO TND, B
REIZIL, ZAEEZ T 7Bk D 2 F ki
HLTHE S (BEEMINL A T u1k) . I
FHRD A F AT ZICEN, DNA #HHl
IRIFRNCHER Sl ebil T (8
Wi A FAL) ., BlHSRD DNA A F A&
BHRIZTZ DX T, K \ﬂéfﬁféh
= DB MR F T A F U RIRIEIC
%%%\%ﬂ%ﬂ®%@ﬂﬁﬁ@DMAX?
JTALEESRIZ K o T FA BB RS B D O FH AR
)72 DNA A TG & i+ 5, 2
D XN, TR OREMICBIZE SN D
T 5 AOPIMML & EEE ORI, P
PIZEATND EEZ DIV, ZORFDEREE
AFHIT LY DNA A FIURIRBEDE WA L
X, ZoEWVIZEMIChbTZ D 20 E FiE-
TWAHHAREMENRE Z b D, b EH & DNA
}%wMivW@ﬂAﬂbfﬁfﬁbfwﬁ
IZIEEA MR SN AMEE A L TR, £
@ibﬁ%@%:@ﬂ%ﬁ%i%#éﬁ?
Hb, LI=2-> T, DOHaD Fiild = Dl
DY =T 4 v 7 72flfEIZER LT
%o & 5|2, DOHaD “Fil A3 B 3 % & ki,
MR, HrAE RIS R D BRER 21T, SRR



B2 Tid7e <\ W BLE 7R E DR
B B SO DR 2R READ KGR REIZ
ERTD2NGWOEN. HEHEEND,

1) FRFPOMHENDWMBEE DOBE~DE
o AN

I DO FEAR A B LA BB RO N5 Ws%
b D8I DOTE S ) WL EHE
T 5 FIHEMEIL, MRAEER A2 D 2 & CHESEHME:
L TETWD, RIEOUKR TE — T A
— BB OMREN WS, Wibip D HPA axis
I, WEBR 22 MH XV FEEL 2 5 E TORIE
WYMERH D 2 ENHBNTWS, LizRo
T, ERFORAKRD A N L AR R D
HPA axis %z 7't 7" & LIKABIICZ DOFRE
Z B BB AReE 0 & B, Palma-Gudiel 5
IZ XKD THSCUTHAS L 97T NDOPERTE D A #
FEAT DL TLIL IEIR T O ARZEREERS H OfH]H
N, WorZrvaarFaf KL 7rx—
(GR) i 7 v E—% —fEkd DNA A F
MMEL L EREICHBET 52 & 2R LT
Wb, AT CHRE LT TMLDIH 3
B CIE 136 44, 25 44 3 D\ 74 4457 DI
. DNA A F /U LEARIE L TEY | %XV 4
oL, M (482 444y) . Atk 2 A RIE
D A FERGEE (56 4447) . 14 7> H RFRi {4 O MERR
(181 4 47) . 14 ka2 ORIE M (23 4457)
MM L T\ 5 (Palma-Gudiel H et al.
Epigenetics 2015) , = OFEIK D DNA * T /11l
N EH LTS &, GR B TORIIHENC
X7 vaanFas SRS, Bk, 2
TLET 2720 S 0HER A b L AICHETS M
R RREME SRR Z TV D,

(2) ARSI ELDE DRI, Hi4E
IRREEE~ DI OV T

FIZHR Y I —AR 3R — MR, =X M5
72 EDFEEFE LTHEH S, A BREHRICH
ETHERTZA BT DEAT = ) —)b
A (BPA) %5, SRMENZH < ELE
ThHHBERLVE 2 EDIFEWE ~D R
TN, BRAEZe EAEEEF IS I D0
FRATENE E OFEAEIZES 5 L T 5 ATEEMER
RIBENTWS, BPA X7 AU AD 93%
DRFTHRHEINTEY (Calafat et al.
Environ. Health Perspect. 2008) ., i5#% % @i 4
52 & XV BIRGEe, AP S
%, b ML LUL o BPA OIFREHR i~
U A~DZFEIL, HAERT (E185) Ol
ff~ 7 ZAD RN O DNA A F L L% Dnmtl
& Dnmt3a B & TV E I U ST AR
— % — Slclal ¥ 8l = L H = ¥ &

53

(Wolstenholme et al. PLoS One. 2011), &
N BPA 212 L - T4 28 H H DT~
7 A DOWEFS Bdnf OFEBLN RH- L, — ) Tl
ff~ o AN, T OFEIMERE L ©I2E%
60 HH F TR S, i~ 7 ADOFRBUKT
X Bdnf 72 —X O E A F A b L LT
Wiz, E5IZ, B MZBW T HIEREF oI F
D BPA BENE NS TN AEENT-B
IR OEER . DNA T BDNF @D X FLA{ba3 g <
72 - 7= (Kundakovic et al. Proc Natl Acad Sci
USA. 2014), FfO#WETIE, AMRICEE
L7V WDV TV A IREELL T COBEY I
BRIZBW T, IR O BPA ZEMNHAE(FD
N OB T FBL A 2L STV 5, 52T
PEZEDFBD LNDRERIT L TEY | Hik
MEZ v b T FIRFEICBIT D= X bl
YT S —a, B OFIE ., WEEHIKRT
EOA X b DFBN B LTz, —
FREREZ > b TIEHBREOF T D
FEEL WA LTz (Arambula et al.
Endocrinology. 2016), T4z 0> BPA #ki& D
AT RO OITEIRFE IC LR DO B
7= (Wolstenholme et al. Horm Behav. 2013) ,
() R DARMENL WA ELHERE
DS A A DAEFERRIZ RIFTREIZ OV T
R - A O AR PE N 43 i 0~ < EL)
E~DOREBVIETL DA 7V MElk DNA
AF LR E ZFESI L, Z OB TxE LT
IRIEE BN TRPE B D WOIE AT « RHEAE DR
K&z Z EREWFERTHRESNLTND
(Guerrero-Bosagna et al. Curr Opin Genet Dev.
2014), 7 bhA TV T 4 7 IFEELIE
DL T DM CTES LIEEBEEE X 0N
TWb, A7V T4V TBETEE N
BOT VIVEERIPNCHBT D85 T2 L.,
BIXzEEWEOA T T 4 v BT
DHEET D EHERI SN TN D, FET LLEE
R B A HET oEE LT A7
T 2T BT O SEIERIC T, AR OART
AF LI TS T 7 AE, T72bb,
BNED DUNIREEMEA 77V > Mk (f
IV T 4 T D THERTH LA
7 NEAET D) PR S, AT
U » NMEE TR HLH DNA A F b,
— X DBIET TRD LI D BIE T DI B
DI TIX7e < BEFHEIZ B HERET D, 1
TV T 4 T BB RBOT LV DR
MHIEBLT D Z & T BAEBREIZB W T
RRBLEL R D Z OMENBERENZE Z &
Z L TV D, Ml e REIIERRE CTH 5




ATV T4 o THEBII AT T o
VBB 2R T 4y I IR ERE RO
MDA T) MEBIICEE Y 2T 4 v
REREFFOZEEFKE T HRETHY |
e L MO AERE 2R M E T 52 &N
HHENTWD, ZHETIZ, FRERHLBZE
SN BEWRELZ R TREDOKE 7/ L
IZBWT H19 A > 7V » MEBOA E R
AF IR E S TWDS, 7 LD
H19 1 > 7 U ¥ MEKOEK A FUARIIRE
JE, ZHIE, B EDEOREICEBNTY
OB TND,

A 7V NEEEO DNA X Foufkix., &
JABREROTE T 2R T 4 v T IEROEE
Wz DT D HHIIRRE ARV T, 2k
BEDT ) NEERORBA T AL BRI D
W2 FRi> TR0 BEEMED 5 WITRBIEZ
NEHDA 7V v b AF AT R Z K
% ISR IS HERF S VD, REBUE < AQHIMEA
7Y s AFALERIZE N E NI TR
T b, AT OR AR SN D,

DNA A F/UAEEGT D 22\ IR AL 7> © |

HEMEAEFEAAE R A CIEIR R EC A 7 )
hfEIEk 2 6O A FAGERID T ) DT
HAERTOREMIE CTIEZT TIZr 7 A8k N
AT LI N TWD, —J7, MEMEAEFE R
RFNTIE, A OIIREIRA R I A F 1
BRI N AN D, LIzN-o T, D7 &b+
IZBWTIE, BRMo= v s ) MEAESN
BEL 720 | ZOEERIRE IR DT D HERF
A, GR4PRE. ¥ - Z3fERBICEE G- LT
5 RTREMED RIE S D, B H & DG R
BN, Z OO B 2 RIE L, it
RIS D AREMED R STV D,

AT O BPA ~ORFEIZL Y, H19 1
Y NEBOA BERIRA T UL L EE
FHRBEFEDRBD LI, PO DT v O
F TR LEMITERERBRLENAE LT
(Doshi et al. Mol Biol Rep. 2013), ¥ D
B ERIO Sy ThoHr ey 7ay ) Ok
¥ D EFEAR DIE AL D3 T o D R O L=
S v b ~ORFEIL RO ey
2T 4 v 7 BT T R~ —
AN I HRE E TEIET S (Anway et al.
Science. 2005) , XA X o=y = T «
7 ARFE DN DDA T v MEIRT
ELDH—FH MREBAD L IRy ICES
{k9°% (Stouder et al. Reproduction. 2010), &’
vromaV ) URERBIILAK I E Y 2 RT
oA v I SO B O T b ARG

54

M7 7 250 DNA A F AL — 3T
EIN AL TORBNIEE (Skinner et al.
PLOS ONE. 2013) Th-7-Z & kv | a4
FEARARIZ 31T D BLH kD DNA 2 F ALl
DHENIEFITITDOID 2 LN EFERE I
HETHDLH I EHRBEIN TN D,

(4) HRZE2 TERTIBEORE
BEE DT, KANDOLTITRL , L8
AT ENHY B L L ZDG 1D
BRI  ITHE SRS SN T D, D FE DI,
I ETHRARTE 2R EE O R84
U2« HSh I Tle L JREFEOBRHE N
DB, MAACRED RRER L 7o BRBE D2
HbIEFEADEE-STND,

B EIERETICHLFADT v M &
BLL3 DA AT, EIERREZ 5 2 THEH
B & BN RE R 20 R B, kT IREE
IZHARPERTE L OBE T OB EN R
S>THEY, 7axt—4%—0 DNA * F Ak
RN > TV DH BT IAE S 4172 (Ng
et al. Nature 2010), F7=, HWRFIZ X X7
BRZBEE 2 ONTA AT, F D%EE
A 52 TYH., BEOFO I CRENIT )
N 5% L OB DOFRBEANETEZZ L. 5
BER#HO~AX—1L X2 —F—ThdD
Ppara @ DNA A F AL Rz > Tz
(Carone et al. Cell 2010), Z#L5H DOHEN
2010 AT F SN TLLE, RBLOETE
RENRMRICEET 2815 & 20015
KEDOMEIZEET 2 @EN ZNE TIZHEREL
TETW5D, N BFHAMIZ IV HERA
FIEICH D~ A TIL, K+ DNA X F
IS — o PN OFNE B> TED,
Z DR AT NALRE — B EE 2T
HFORER T H MRS S i, AR oREHRE %
FlEEZ L TWD EHE SN (Wei et al.
Proc Natl Acad Sci U S A. 2014), —J57C. 1
REBZTEEOLNDOEE MDD AN
= XX, DNA A FULZFD L DO DEFKRT
TN HmELH 5, RIS L b~
A (B3 AR oA (B 2 fi{R) 23, KB
O (T 72 b BT RIS 5 /L5 &R,
511 ORENIC W D RE I e R BT iR
Ensd L, TOEHOR (52 ) o4t
FHAEIZ DNA A F AL LR X, HAEKD
FF AT AL NE — 2 DL B L, £ D
WHENRIT G (Tab b, KEARRE -T2
R~ 7 ANE 5 L FR, 53R o
BB XE I L TWARREM N R E N
(Radford et al. Science 2014), Z DX T




I, A2 (B 2 HAR) D BFHRE T A T b4
— %, A7 GFE 3HAR) ok & iFlgiciX iz
S>TELT, BEEORHET ORK TIEen
ZENTRBEND, AR L7 L DT, OFE
I IZE RO 2T 4 v T T
BRI —HEESNTHMEEIND D, =
UTBLZ )2 o TV D, & 2 AN, fRTxts:
~ 7 A DRHEREIC ;‘Vob\f,ﬁ:%&%iﬁi)\m
b oBInTI%, TS G 3 HAR) 7
FLCHEE GE 1 HAR) OREARIZHENR (%
2 AR DR CTHIZ S5 DNA A F Lk
BETEIROEHFICH A B THY , RIEY
SO REEREH 2 Z & niE RE X
5, DNA A FNALLIS D55 Mg, B 2
Xt A b AES O BE I K DIREDMEMIC
ZFonsn, EEICe 2 b AERIOELILA
HREELX Trb oAb HRE SN TE
» (Siklenka et al. Science 2015) . & % \\ME A
ADREREEDELIVHE TN D RNA 431 %I
L7oAniE% 3 5 AlREME S 7= 41 (Sharma et al.
Science 2016) ., 5 % OWFFEFREENEH S b,
ﬁf®& AL ZIVD DLy RS EM T T
BUAIRIEZE EE-oTWHAN, B RT
%H%¢>5H%%#¢7ﬂ?57 EVEIX 7
IZE 2 6hb,
_(5) MR BRI v b IR L O iR RO
ZEHREIC B b5 (AHRR, MYOI1G,
CYP1Al, CNTNAP2 72 &) DA FNALZ
L8, ZOZBIE 17 A OmETTH
fksE L7= (Richmond et al. Hum Mol Genet.
2015) .

D. &%
FREOPFHEMIRICL Y LT DZ & ARE
iz,

R - AR IO BREE IR O AN H A
Tﬁ %ﬁflhbfmu&) %hé

- & NCHIRERIC, BRI - AR
T ENEATF I v 7T DR TH
HEEZBEZ DI BREORELZITROT VW ATEE
PER I TR IND,

c FAEBBEOR TR, —@BMEORBBZE L G
RN 72 I EE R b2 ol & Z L,
IR Y = R T ¢ v 7 IR R
NEETHT-DTH 5,

< FEAEBPEORIZ BT, AMRPEN A<
ﬂ%g?ﬁ iéit/:%74/7§%
ZPE D BERE RV AL D,

%Eéhﬁ% BT HELH %K DNA A F v
m%ﬁmﬁiﬁEﬁmﬁbhézkﬁiﬁ

55

WICHETH D,

AN O ENIZ I T B BRBEEK D A
NOMDOFRZBIZIBNWTZE Y =X T 4 v 777
Hl 4 29 LB AR T D ATHEE DS R & 40T
W5,

- BLOAETRBREE N AR O =7 ) NEgy
LT, TIZEETLARERD D,

- HEEOIERF OEREEN . BAHREO - E N
TRATDEECAEMEO Y S ) A%

28, RICEET D AEEND D,
E. &35
AR LD RIS 5 TE AR

ﬂiHE/A%L CHEREFITH Y | o,
AEAMEDE W TH D720, Z O o~
v ) MIBREE D E @%xﬁ%¢<zibt
TS DEARITAEBEINCIE - TRkl L
PR A7 L7 B Al REME N /RIE ST, BREE
K+, Aoy s ) 2z L, kit
RICENZFI SR ZTEHLLROONTE
0. AFER O T e ) AHESLH], WONT AR
ﬁéﬁﬁ%@iHE/A’ﬁM%&fﬁi
I IRERBEN IR TN &2 & 0 7= ikds C
@;oﬁ%@%&iﬁﬁwmwﬁéb%#
b5,

F. Br7usER

A LFHER

[1] Kasuga Y., Hata K., Tajima A., Ochiai D.,
Saisho Y., Matsumoto T., Arata N.,
Miyakoshi K. and Tanaka M. “Association
of common polymorphisms with gestational
diabetes mellitus in Japanese women: A
case-control study.” Endocr J. (2017) in
press

Sakaki M., Ebihara Y., Okamura K.,
Nakabayashi K., Igarashi A., Matsumoto K.,
Hata K., Kobayashi Y. and Maehara K.
“Potential roles of DNA methylation in the
initiation and establishment of replicative
senescence  revealed by array-based
methylome and transcriptome analyses.”
PL0S One. (2017) 12:e0171431.

Liao H., Sato H., Chiba R., Kawai T,
Nakabayashi K., Hata K., Akutsu H.,
Fujiwara S. and Nakamura H. “Human
cytomegalovirus downregulates SLITRK6
expression through IE2.” J Neurovirol.
(2017) 23:79-86.

[4] Ito Y., Maehara K., Kaneki E., Matsuoka K.,

[2]

[3]



Sugahara N., Miyata T., Kamura H.,
Yamaguchi Y., Kono A., Nakabayashi K.,
Migita O., Higashimoto K., Soejima H.,
Okamoto A., Nakamura H., Kimura T.,
Wake N., Taniguchi T. and Hata K. “Novel
Nonsense Mutation in the NLRP7 Gene
Associated with Recurrent Hydatidiform
Mole.” Gynecol Obstet Invest. (2016)
81:353-358.

[5] Nohara K., Okamura K., Suzuki T., Murai
H., Ito T., Shinjo K., Takumi S., Michikawa
T., Kondo Y. and Hata K. “Augmenting
effects of gestational arsenite exposure of
C3H mice on the hepatic tumors of the F2
male offspring via the F1 male offspring.” J
Appl Toxicol. (2016) 36:105-112.

2. FRREK

B RINP

G FRRFEE D HEE - BRI
ML




III. WFEREOFIITICEET 2 —FEFR



WHIERR DO FATICEET % —k

HERE
FEFRE KA LA A MV FEF A B | NX—U | HREE
Yamada S., Kubo Y., Chlorpyrifos inhibits neural | Sci. Rep. 7 40925 2017
Yamazaki D., Sekino Y., induction  via  Mfnl-mediated
Kanda Y. mitochondrial dysfunction in human
induced pluripotent stem cells.
Yamada S., Asanagi M., Tributyltin induces mitochondrial | Toxicol. 34 257-263 | 2016
Hirata N., Itagaki H., fission through Mfnl degradation in | In Vitro.
Sekino Y., Kanda Y. human induced pluripotent stem
cells.
Asanagi M., Yamada S., | Tributyltin induces G2/M cell cycle | J. Toxicol. Sci. | 41 207-215 | 2016
Hirata N., ltagaki H., arrest  via  NAD(+)-dependent
Kotake Y., Sekino Y., isocitrate dehydrogenase in human
Kanda Y. embryonic carcinoma cells.
Hirata N., Yamada S., Nicotine induces mitochondrial | Biochem. 470 | 300-305 | 2016
Asanagi M., Sekino Y., fission through mitofusin | Biophys. Res.
Kanda Y. degradation in human multipotent | Commun.
embryonic carcinoma cells.
Mabuchi H., Ong HY, Visualization of Spatially | IEEJ 136 | 99-104 | 2016
Watanabe K., Yoshida Distributed Bioactive Molecules | Transactions on
S., Hozumi N. Using Enzyme-Linked Photo Assay. | Fundamentals
and Materials
Ishidao T., Fueta Y., A cross-fostering analysis of | J Occup Health | 58 241-246 | 2016
Ueno S., Yoshida Y., bromine ion concentration in rats
Hori H. that inhaled 1-bromopropane vapor.
Fueta Y., Sekino Y., Prenatal exposure to valproic acid | _, "
Yoshida S., Kanda Y., alters the development of ai LB
Ueno S. excitability in the postnatal rat
hippocampus.
Fueta Y., Ishidao T., Prenatal exposure to | ., "
Ueno S., Yoshida Y., 1-bromopropane causes delayed i SRR T
Kanda Y., Hori H. adverse effects on hippocampal
neuronal excitability in the CAl
subfield of rat offspring.
Igarashi T., Wilson DJ., Acute exposure to toluene and | ., "
Ueno S. xylene decrease the expression of i SR
connexin43 in  human cardiac
myocytes.
Kasuga Y., Hata K., Association of common | £ 4oy
Tajima A., Ochiai D., polymorphisms  with  gestational '
Saisho Y., Matsumoto T., | diabetes mellitus in Japanese | in press
Arata N., Miyakoshi K., women: A case-control study.
Tanaka M.
Sakaki M., Ebihara Y., Potential roles of DNA methylation
Okamura K., Nakabayas | in the initiation and establishment of PLoS One. 12 2(1)1714 2017

hi K., Igarashi A., Mats
umoto K., Hata K., Kob
ayashi Y., Maehara K.

replicative senescence revealed by
array-based methylome and
transcriptome analyses.




Liao H., Sato H.,

Chiba R., Kawai T.,
Nakabayashi K., Hata K.,
Akutsu H., Fujiwara S.,
Nakamura H.

Human cytomegalovirus downregu
lates SLITRKG6 expression throug
h IE2.

J Neurovirol.

23

79-86

2017

Ito Y., Maehara K.,
Kaneki E., Matsuoka K.,
Sugahara N., Miyata T.,
Kamura H., Yamaguchi
Y., Kono A., Nakabayashi
K., Migita O.,
Higashimoto K., Soejima
H., Okamoto A.,
Nakamura H., Kimura T.,
Wake N., Taniguchi T.,
Hata K.

Novel Nonsense Mutation in the
NLRP7 Gene Associated with Re
current Hydatidiform Mole.

Gynecol Obstet
Invest.

81

353-358

2016

Nohara K., Okamura K.,
Suzuki T., Murai H.,

Ito T., Shinjo K.,

Takumi S., Michikawa T.,
Kondo Y., Hata K.

Augmenting effects of gestational

arsenite exposure of C3H mice
on the hepatic tumors of the F2
male offspring via the F1 male o
ffspring.

J Appl Toxicol.

36

105-112

2016




IV.  HBrEERROTIITY - BRI



The Journal of Toxicological Sciences (J. Toxicol. Sci.) 1
Vol.41, No.2, ***-*%% 2016

Original Article

Tributyltin induces G2/M cell cycle arrest via
NAD+-dependent isocitrate dehydrogenase in human
embryonic carcinoma cells

Miki Asanagi'-2*, Shigeru Yamada'*, Naoya Hirata', Hiroshi Itagaki?, Yaichiro Kotake3,
Yuko Sekino' and Yasunari Kanda’

1Division of Pharmacology, National Institute of Health Sciences
2Faculty of Engineering, Department of Materials Science and Engineering, Yokohama National University
3Department of Xenobiotic Metabolism and Molecular Toxicology, Graduate School of Biomedical and Health
Sciences, Hiroshima University

(Received November 16, 2015; Accepted December 28, 2015)

ABSTRACT — Organotin compounds, such as tributyltin (TBT), are well-known endocrine-disrupting
chemicals (EDCs). We have recently reported that TBT induces growth arrest in the human embryonic
carcinoma cell line NT2/D1 at nanomolar levels by inhibiting NAD*-dependent isocitrate dehydrogenase
(NAD-IDH), which catalyzes the irreversible conversion of isocitrate to a-ketoglutarate. However, the
molecular mechanisms by which NAD-IDH mediates TBT toxicity remain unclear. In the present study,
we examined whether TBT at nanomolar levels affects cell cycle progression in NT2/D1 cells. Propidium
iodide staining revealed that TBT reduced the ratio of cells in the G1 phase and increased the ratio of cells
in the G2/M phase. TBT also reduced cell division cycle 25C (¢dc25C) and cyclin B1, which are key reg-
ulators of G2/M progression. Furthermore, apigenin, an inhibitor of NAD-IDH, mimicked the effects of
TBT. The G2/M arrest induced by TBT was abolished by NAD-IDHa knockdown. Treatment with a cell-
permeable a-ketoglutarate analogue recovered the effect of TBT, suggesting the involvement of NAD-
IDH. Taken together, our data suggest that TBT at nanomolar levels induced G2/M cell cycle arrest via
NAD-IDH in NT2/D1 cells. Thus, cell cycle analysis in embryonic cells could be used to assess cytotox-
icity associated with nanomolar level exposure of EDCs.

Key words: Embryonic carcinoma cells, Tributyltin, Cell cycle, Isocitrate dehydrogenase

INTRODUCTION

Organotin compounds, such as tributyltin (TBT) are
typical environmental contaminants and are categorized
as endocrine-disrupting chemicals (EDCs), which
cause neurodevelopmental defects including behavioral
abnormality and teratogenicity (Dopp et al., 2004;
Gardlund et al., 1991). Although the use of TBT has
already been restricted, butyltin compounds, including
TBT, can still be found in human blood at concentrations
between 50 and 400 nM. There is still concern about TBT
toxicity for human health (Whalen et al., 1999).

Several studies have revealed that TBT activates retin-
oid X receptor (RXR) and/or peroxisome proliferator-ac-
tivated receptor y (PPARY) (Kanayama et al., 2005). TBT

at nanomolar levels has the ability to bind with higher
affinity than the intrinsic ligands and these genomic tran-
scriptional activations have been reported to mediate neu-
rodevelopmental defects in Xenopus (Yu et al., 2011). In
contrast, TBT elicits non-genomic pathway in mature rat
neurons and brain tissues at nearly micromolar levels. For
instance, TBT induces neuronal death by inhibiting mam-
malian target of rapamycin (mTOR) in rat cortical neu-
rons (Nakatsu et al., 2010). TBT also induces neuronal
degeneration via the generation of reactive oxygen spe-
cies along with marked reduction of GSH/GSSG levels in
the rat brain (Mitra et al., 2013).

Cell stress is known to trigger a checkpoint that arrests
cells in the G1 or G2 phase (Gabrielli et al., 2012). The
cell cycle is tightly regulated by spatial and temporal
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expression of cell cycle proteins and divided into p53-
dependent and p53-independent regulations (Shackelford
et al., 1999). In the p53-independent regulations, cdc25C
phosphatase, a mitotic inducer, plays a central role in
G2/M phase regulation. Cdc25C activates cyclin Bl/cyc-
lin-dependent kinase (Cdk) 1 complex, which triggers
mitosis (Donzelli and Draetta, 2003) and cyclin B1 accu-
mulates during the S and G2 phases, followed by nuclear
translocation and association with Cdk1. Protein levels of
these cell cycle regulators are strictly regulated during cell
cycle progression. Ultraviolet irradiation or toxic drugs
are known to cause G2 arrest by the inactivation of cyclin
B1/Cdk1 via p53 induction followed by the upregulation
of p21, a Cdk inhibitor and/or cdc25C downregulation by
degradation (Chaudhary et al., 2013; Kawabe, 2004; Nam
et al., 2010; Ouyang et al., 2009).

We have previously reported that nanomolar levels of
TBT induce growth arrest of neuronal precursor NT2/D1
cells as a model of neurodevelopmental stage (Yamada et
al., 2013). We found that TBT causes growth arrest via
mitochondrial NAD*-dependent isocitrate dehydrogenase
(NAD-IDH), which catalyzes the irreversible conversion
of isocitrate to a-ketoglutarate in the tricarboxylic acid
(TCA) cycle (Yamada et al., 2014). Based on these obser-
vations, we hypothesized that nanomolar levels of TBT
could also affect cell cycle progression via NAD-IDH in
NT2/D1 cells.

In the present study, we investigated the effect of TBT
on cell cycle progression in NT2/D1 cells. We found that
exposure to 100 nM TBT reduced the protein levels of
cell cycle regulators and induced G2/M cell cycle arrest
through an NAD-IDH-dependent mechanism. Thus, cell
cycle regulation via NAD-IDH is a novel target of TBT-
induced toxicity in human embryonic carcinoma cells.

MATERIALS AND METHODS

Cell culture

NT2/D1 cells were obtained from the American Type
Culture Collection (Manassas, VA, USA). The cells
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM; Sigma-Aldrich, St. Louis, MO, USA) supple-
mented with 10% fetal bovine serum (FBS; Biological
Industries, Ashrat, Israel) and 0.05 mg/mL penicillin-
streptomycin mixture (Life Technologies, Carlsbad, CA,
USA) at 37°C in 5% CO,.

Cell cycle analysis

The cells were trypsinized and harvested in phosphate
buffered saline. Then the cells were resuspended in 70%
ethanol for 30 min at -20°C. The fixed cells were collected
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by centrifugation and resuspended in propidium iodide
(PI)/RNase Staining Buffer (BD Biosciences, San Jose,
CA, USA) followed by incubation at room temperature for
30 min in the dark. Cell cycle distribution was determined
by flow cytometric analysis of the DNA content using
the BD FACS Aria II system (BD Biosciences). Data
were analyzed by Modfit LT 4.0 (Verity Software House,
Topsham, ME, USA).

Real-time PCR

Total RNA was extracted from NT2/D1 cells using
TRIzol reagent (Life Technologies), and quantitative
real-time reverse transcription (RT)-PCR was performed
with QuantiTect SYBR Green RT-PCR Kit (QIAGEN,
Valencia, CA, USA) using an ABI PRISM 7900HT
sequence detection system (Applied Biosystems, Foster
City, CA, USA) as previously reported (Hirata et al., 2014).
The relative change in transcript amounts was normalized to
the expression levels of glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH). The following primer sequences were
used for real-time PCR analysis: human cdc25C: forward,
5'-AGGCAGCCTTGAGTTGCATAGAGA-3', reverse,
5-AGAGTTGGCTGGCTTGTGAGAAGA-3";humancyclin
Bl:forward,5'-CGGGAAGTCACTGGAAACAT-3',reverse,
5'-AAACATGGCAGTGACACCAA-3'; human GAPDH:
forward, 5'-GTCTCCTCTGACTTCAACAGCG-3', reverse,
5'-ACCACCCTGTTGCTGTAGCCAA-3'.

Western blot analysis

Western blot analysis was performed as previous-
ly reported (Kanda et al., 2011). Briefly, cells were
lysed with Cell Lysis Buffer (Cell Signaling Technology,
Danvers, MA, USA). The proteins were then separat-
ed by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and electrophoretically trans-
ferred to Immobilon-P membrane (Millipore, Billerica,
MA, USA). The membranes were probed with an anti-
c¢dc25C monoclonal antibody (1:1,000; Cell Signaling
Technology), an anti-cyclin Bl monoclonal antibody
(1:1,000; Cell Signaling Technology), and an anti-GAP-
DH polyclonal antibody (1:2,500; Abcam, Cambridge,
UK) followed by incubation with horseradish peroxidase-
conjugated secondary antibodies against rabbit or mouse
IgG (Cel Signaling Technology). The bands were visual-
ized using the ECL Western Blotting Analysis System (GE
Healthcare, Buckinghamshire, UK), and images were
acquired using a LAS-3000 Imager (FUJIFILM UK Ltd.,
Systems, Bedford, UK).

NAD-IDH activity assay
NAD-IDH activity was determined using the
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Isocitrate Dehydrogenase Activity Colorimetric Assay Kit
(Biovision, Mountain View, CA, USA), according to the
manufacturer’s instructions. Briefly, NT2/D1 cells were
lysed in an assay buffer provided in the kit. The lysate
was centrifuged at 14,000 g for 15 min, and the cleared
supernatant was used for the assay.

NAD-IDHa knockdown

Knockdown studies were performed using NAD-IDHa
shRNA lentiviruses from Sigma-Aldrich (MISSION
shRNA) according to the manufacturer's protocol. A
scrambled hairpin sequence was used as a negative con-
trol. Briefly, the cells were infected with the viruses at
a multiplicity of infection of 10 in presence of 8 pg/mL
hexadimethrine bromide (Sigma-Aldrich) for 24 hr, and
were then subjected to selection with 0.5 pg/mL puromy-
cin for 72 hr for further functional analyses.

Chemicals and reagents

Tributyltin Chloride was obtained from Tokyo
Chemical Industry (Tokyo, Japan). Tin acetate (TA),
apigenin, and dimethyl a-ketoglutarate (DMKG) were
obtained from Sigma-Aldrich.

Statistical analysis

All data were presented as mean + S.D. Analysis of
variance (ANOVA) followed by post hoc Tukey’s test was
used to analyze the data in Figs. 1C, 1D, 1E, 2A, 2B, 3C,
4E, 5A, 5B, 6A and 6B. Student's t test was used to analyze
the data in Figs. 3A, 3B, 4A, 4B and 4C. P-values less than
0.05 were considered to be statistically significant.

RESULTS

Effect of TBT on cell cycle progression

We have previously found that 100 nM TBT induced
growth arrest in NT2/D1 cells (Yamada et al., 2013).
Here we investigated whether TBT affects cell cycle
progression. Exposure to 100 nM TBT for 48 hr
decreased the proportion of cells in the G1 phase (51.9%
decrease) and increased of the proportion of cells in the
G2/M phase (79.6% increase), compared with untreated
control cells (Figs. 1A-E). In contrast, TBT did not affect
the proportion of cells in the S phase. Moreover, exposure
to tin acetate (TA), which is less toxic, did not affect cell
cycle progression. These data suggest that TBT induces
G2/M cell cycle arrest in the cells.

TBT exposure reduces G2/M cell cycle
regulators, cdc25C and cyclin B1
To examine the molecular mechanism by which TBT
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induces G2/M cell cycle arrest, we assessed the protein
levels of p53, a major cell cycle regulator. We found that
p53 protein level was reduced after 24 hr of TBT treat-
ment, whereas cisplatin, which is known to cause p53-
dependent G2/M cell cycle arrest (Pani et al., 2007),
increased p53 levels (Supplementary Fig. 1). Since we
could not observe p53-dependency in TBT-induced G2/M
cell cycle arrest, we assessed cdc25C and its downstream
factor, cyclin B1, which are also involved in G2/M pro-
gression of cell cycle. Western blot analysis revealed that
¢dc25C and cyclin B1 protein levels were reduced after
24 hr of TBT treatment (Fig. 2A). In contrast, exposure
to TA did not affect cdc25C and cyclin B1 protein levels.
Equal GAPDH protein expression levels were confirmed
as a loading control. Next, we assessed the gene expres-
sion of cdc25C and cyclin B1. However, real-time PCR
analysis showed that gene expression was not significant-
ly altered by TBT exposure for both 24 and 48 hr (Fig.
2B). These data suggest that TBT-induced G2/M cell
cycle arrest is caused by reduction of ¢dc25C and cyclin
B1 proteins.

TBT induces G2/M cell cycle arrest via NAD-IDH
To investigate the molecular mechanisms by which
cdc25C is degraded and G2/M cell cycle arrest is induced,
we examined the effect of the PPARY agonist rosiglitazone
(RGZ), which is the genomic target of TBT. We found
that RGZ did not induce G1 phase reduction and G2/M
phase increase (Figs. 3A and B). RGZ at 100 nM induced
PPARYy gene expression at similar level to 100 nM TBT in
NT2/D1 cells (Fig. 3C), confirming the agonistic effect of
RGZ on PPARYy expression described in previous report
(Benkirane et al., 2006). These data suggest that TBT
induces G2/M cell cycle arrest in NT2/D1 cells through a
non-genomic pathway. We next examined the involvement
of the non-genomic target NAD-IDH. We used an NAD-
IDH inhibitor apigenin (Arango et al., 2013) at 10 uM,
which reduced NAD-IDH activity to a level (22.4%)
(Fig. 4A). As previously reported, 100 nM TBT had a
similar inhibitory effect (24.4%; Yamada et al., 2014).
Treatment with apigenin (10 uM, 48 hr) decreased G1
phase ratio (58.6% decrease) and increased G2/M phase
ratio (98.1% increase) (Figs. 4B and C). Similar to TBT,
apigenin reduced protein expression of cdc25C and cyclin
B1 without affecting gene expression (Figs. 4D and E).
To further confirm the effect of apigenin, we performed
knockdown (KD) experiments of NAD-IDHa, the
catalytic subunit of NAD-IDH, using lentivirus-delivered
shRNAs. Real-time PCR analysis showed that KD
efficiency was approximately 40% (Yamada et al., 2014).
We could not obtain more highly KD cells because of cell
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Effect of TBT on cell cycle progression in NT2/D1 cells. Cells were exposed to 100 nM TA or TBT for 24, 48 or 72 hr.

Cells were stained with propidium iodide (PI). Cell cycle distribution was determined by flow cytometric analysis of the
DNA content on BD FACS Aria II. Representative cell cycle data in control (A) and TBT (B)-treated cells. The area ratio of
G1 (C), G2/M (D) and S (E) phases was determined by Modfit LT 4.0. Data represent mean + S.D. (n = 3). *P < 0.05.

death. Due to partial KD of the NAD-IDHa gene, NAD-
IDH activity decreased by 22%, which is comparable to
its decreased levels by TBT. In our previous studies, we
observed that NAD-IDHo KD recovered the inhibitory
effect of TBT on ATP content (Yamada et al., 2014). This
might be because the TBT target NAD-IDHo was already
inhibited by shRNA and further inhibition by TBT was not
observed in the knockdown cells. Similar to these data,
NAD-IDHa KD abolished the TBT-induced G1 phase
reduction and G2/M phase increase (Figs. 5SA and B),
suggesting the involvement of NAD-IDH on TBT effects.
NAD-IDHa KD tended to decrease the proportion of
cells in the G1 phase (24.1% + 0.55 to 23.2% + 0.34) and
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increase the proportion of cells in the G2/M phase (17.5%
+ 1.6 to 20.3% + 0.62), compared with control (Figs. SA
and B). Moreover, NAD-IDHa KD also abolished the
TBT-induced reduction of cdc25C and cyclin B1 proteins
(Fig. 5C). NAD-IDHa KD reduced the basal levels of
¢dc25C and cyclin B1 proteins, compared with control
(Fig. 5C). These data suggest that NAD-IDH mediates
TBT-induced G2/M cell cycle arrest in NT2/D1 cells.
To further confirm the involvement of NAD-IDH, we
treated the cells with dimethyl a-ketoglutarate (DMKGQG),
a cell-permeable analog of a-ketoglutarate (Willenborg
et al., 2009). Incubation with DMKG prevented TBT-
induced G2/M cell cycle arrest in NT2/D1 cells and
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recovered the ratio of G1 and G2/M phases to the basal
level (Figs. 6A and B). DMKG treatment also recovered
TBT-induced protein reduction of cde25C and cyclin B1
(Fig. 6C). Taken together, these data suggest that NAD-
IDH mediates TBT-induced G2/M cell cycle arrest via
cdc25C reduction in NT2/D1 cells.

DISCUSSION

Our data suggest that nanomolar TBT levels induce
G2/M cell cycle arrest through the protein reduction of
¢dc25C and thereafter cyclin B1 (Figs. 1 and 2). Since
the protein expression of p53 is decreased after TBT
exposure, TBT-induced G2/M cell cycle arrest seems to
be p53 independent. Consistent with our data, recent study
has reported that nearly micromolar TBT levels induce
G2/M cell cycle arrest in human amniotic cells via protein
phosphatase (PP) 2A inhibition-mediated extracellular-
signal-regulated kinase (ERK) inactivation (Zhang et
al., 2014). Since we did not observe the reduction of
phospho-ERK in NT2/D1 cells after nanomolar levels
of TBT exposure (data not shown), the mechanism of
inducing G2 arrest may differ depending on the TBT
levels and cell type. Moreover, several chemical stressors
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have been reported to cause G2/M cell cycle arrest
through the protein reduction of cell cycle regulators
(Chaudhary et al., 2013; Nam et al., 2010; Ouyang et al.,
2009). For instance, 4-Hydroxynonenal, an inducer of
oxidative stress, causes DNA damage and induces G2/M
cell cycle arrest in hepatocellular carcinoma HepG2
and Hep3B cells, following reduction of cdc25C and
thereafter cyclin B1 proteins in a p53-independent manner
(Chaudhary et al., 2013). Reduction of c¢dc25C protein
may be mediated by the ubiquitin-proteasome sys-
tem in NT2/D1 cells. Cdc25C has been reported to be
degraded via ubiquitination by BRCA1 during G2/M
cell cycle arrest in breast cancer cell lines (Shabbeer et
al., 2013). During G2/M cell cycle arrest, another cell
cycle regulators, such as Plkl, cdc25A and CDKI, are
also known to be degraded by ubiquitin ligases, such as
multi-subunit E3 ubiquitin ligases, Skp1-Cullinl-F-box
Complex (SCF) or Anaphase Promoting Complex (APC)
(Bassermann and Pagano, 2010). Further studies should
determine whether ubiquitin ligases are involved in TBT-
induced cdc25C reduction and subsequent G2/M cell
cycle arrest in embryonic cells.

Our data using apigenin showed that TBT-induced
G2/M cell cycle arrest is caused by NAD-IDH inhibition

Vol. 41 No. 2



M. Asanagi et al.

(Fig. 4) and the data were verified by NAD-IDH
knockdown and DMKG experiments (Figs. 5, 6). We used
apigenin as a NAD-IDH inhibitor. We also confirmed the
data by knockdown experiments. Since Apigenin has been
reported to inhibit not only NAD-IDH but also hnRNPA2
and NF-xB (Arango et al., 2013), we can not rule out
the possibility that apigenin-induced G2/M cell cycle
arrest was induced by other targets. Our previous report
indicates that TBT induces mitochondrial dysfunction,
such as impaired mitochondrial morphological dynamics
and reduced ATP production via NAD-IDH in embryonic
carcinoma cells (Yamada et al., 2015). Considering that
NAD-IDH is a mitochondrial enzyme, TBT-induced
G2/M cell cycle arrest is caused by mitochondrial
dysfunction through NAD-IDH inhibition. NAD-IDH
catalyzes the reduction of NAD to NADH, which is
oxidized by the electron transport chain and is required to
generate proton electrochemical gradients across the inner
mitochondrial membrane (Saraste, 1999). Thus, inhibition
of NAD-IDH by TBT may reduce the NADH supply,
thereby dissipating the proton electrochemical gradient.
Intracellular Ca?* may be also involved in mitochondrial
dysfunction. Previous reports have shown that several
anticancer drugs induce G2/M cell cycle arrest and
apoptosis by depolarizing mitochondrial membrane
potential and increasing intracellular Ca?* (Fang et al.,
2014; Guo et al., 2014). With respect to intracellular
Ca?*, there has been also reported that TBT induces
mobilization of Ca?* from intracellular stores and results
in phosphorylation of MAPKSs because its suppression by
chelation of intracellular Ca?* in human T lymphoblastoid
cells (Yu et al., 2000). Thus, Ca?* release from depolarized
mitochondria may induce G2/M cell cycle arrest after
TBT exposure. Further studies should determine how the
downstream signaling of NAD-IDH induces reduction of
the cdc25C protein and subsequent G2/M cell cycle arrest
after TBT exposure in embryonic cells.

In our previous studies, we have observed that TBT
degrades mitofusin proteins and induces mitochondrial
fission via the NAD-IDH inhibition. Moreover, we have
also shown that TBT results in growth arrest by targeting
the glycolytic systems (Yamada et al., 2014). Both mito-
chondrial fission and glycolysis have been reported to be
linked to cell cycle alterations (Yamamori et al., 2015;
Zhai et al., 2013). Thus, we are currently investigating
whether TBT-induced mitochondrial fission or glycolytic
inhibition are linked to G2/M cell cycle arrest or not.

In summary, we demonstrate that TBT mediates G2/M
cell cycle arrest through inhibition of NAD-IDH, repre-
senting a novel non-genomic pathway of TBT-induced
toxicity (Fig. 7). These negative effects of TBT on the
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Fig. 7. Proposed model of TBT toxicity through non-genomic

pathways in human embryonic carcinoma cells. Na-
nomolar TBT levels inhibit NAD-IDH activity. TBT
induces G2/M cell cycle arrest via the protein reduc-
tion of ¢dc25C and its downstream target, cyclin B1.
This TBT-induced G2/M cell cycle arrest may mediate
cell growth inhibition.

cell cycle could result in direct inhibition of cell growth.
Thus, TBT-induced G2/M cell cycle arrest via NAD-IDH
in embryonic cells may represent a novel mechanism of
cytotoxicity associated with nanomolar level exposure of
EDCs.
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Organophosphates, such as chlorpyrifos (CPF), are widely used as insecticides in agriculture. CPF
is known to induce cytotoxicity, including neurodevelopmental toxicity. However, the molecular
mechanisms of CPF toxicity at early fetal stage have not been fully elucidated. In this study, we
examined the mechanisms of CPF-induced cytotoxicity using human induced pluripotent stem cells
(iPSCs). We found that exposure to CPF at micromolar levels decreased intracellular ATP levels. As
CPF suppressed energy production that is a critical function of the mitochondria, we focused on the
effects of CPF on mitochondrial dynamics. CPF induced mitochondrial fragmentation via reduction
of mitochondrial fusion protein mitofusin 1 (Mfn1) in iPSCs. In addition, CPF reduced the expression
of several neural differentiation marker genes in iPSCs. Moreover, knockdown of Mfn1 gene in iPSCs
downregulated the expression of PAX6, a key transcription factor that requlates neurogenesis,

. suggesting that Mfn1 mediates neural induction in iPSCs. Taken together, these results suggest

. that CPF induces neurotoxicity via Mfnl-mediated mitochondrial fragmentation in iPSCs. Thus,

. mitochondrial dysfunction in iPSCs could be used as a possible marker for cytotoxic effects by
chemicals.

Growing evidence suggests the involvement of environmental chemicals in neurodevelopmental toxicity, lead-
ing to neurobehavioral outcomes such as learning disabilities, attention deficit hyperactivity disorder, cognitive
impairment, and autism"? As the fetal brain is inherently more susceptible to chemical-induced toxicity com-
pared to the adult brain, exposure to neurotoxic chemicals during early prenatal period can cause delayed neural
disorders at lower doses than in adults®*.

Organophosphates, such as chlorpyrifos (CPF), are well known to affect brain structure and neurodevel-
opmental outcome, resulting in delayed neural disorders®. In regard to this, previous studies using magnetic
resonance imaging have shown that prenatal exposure to CPF caused abnormalities in the structure, size, and
thickness of cerebral cortex, where was responsible for several higher-order brain functions such as attention,
cognition, and emotion’. Several reports indicate that CPF causes neurotoxicity in the developing brain of ani-
mals. In the developing brain of neonatal rats, CPF exposure impairs neurite outgrowth by inhibiting choline
acetyltransferase activity®. Maternal exposure to CPF suppresses neurogenesis in the hippocampal dentate gyrus
of rat offspring’. In addition to in vivo effects, there has been reported the cytotoxic effects of micromolar CPF
levels in vitro. For example, CPF inhibited mitochondrial oxidative phosphorylation!® and induced apoptosis
in human neuroblastoma SH-SY5Y cells'' or human neural precursor cells'>. As micromolar CPF levels were
detected in the blood of human newborns living in an agricultural community'?, the observations made using
micromolar levels of CPF in vitro could potentially reflect the biological reactions in a living body. However, the
effect of CPF on neurodevelopment has not been precisely elucidated.

IDivision of Pharmacology, National Institute of Health Sciences, Tokyo, Japan. 2Pharmacological Evaluation
Institute of Japan (PELJ), Kanagawa, Japan. Correspondence and requests for materials should be addressed toY.K.
(email: kanda@nihs.go.jp)
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Morphological changes of mitochondria are known to contribute to homeostasis'*'>. Under normal cir-
cumstances, mitochondria fuses together and forms excessive tubular networks (mitochondrial fusion). These
fusion is regulated by fusion factors mitofusin 1 and 2 (Mfn1, Mfn2) and optic atrophy 1 (Opal)'®!’. In contrast,
under stress conditions, mitochondrial networks convert into large numbers of small fragments with spherical
and punctate morphology (mitochondrial fission), and are regulated by fission factors, such as fission protein 1
(Fis1) and dynamin-related protein 1 (Drp1)'®'°. This morphological dynamics contributes to the maintenance
of mitochondrial functions, including energy generation'*. Moreover, several studies have shown the relationship
between mitochondrial fragmentation and cellular and neurodevelopmental defects. For example, Mfn1 or Mfn2
knockout mice die in midgestation embryo, accompanying with developmental delay. In addition, embryonic
fibroblasts from these knockout mice display distinct types of fragmented mitochondria, a phenotype due to a
severe reduction in mitochondrial fusion?’. Thus, Mfn1 is considered to be functionally different from Mfn2.
In support to this, Mfn1, not Mfn2, is reported to contribute to Opal-mediated fusion of mitochondrial inner
membrane!®.

In the present study, we investigated the effect of CPF on neural differentiation using human induced pluripo-
tent stem cells (iPSCs) as a model of human organ development. We focused on the effects of micromolar levels
of CPF on mitochondrial dynamics, examining the molecular mechanisms of the process. Our results show that
micromolar CPF levels inhibited ATP production through Mfn1 reduction, followed by mitochondrial fragmen-
tation. Moreover, Mfn1-mediated mitochondrial dysfunction suppressed early neural induction by decreasing
levels of PAX6, a key transcription factor that regulates neurogenesis. These data suggest that CPF-induced neu-
rodevelopmental toxicity is based on impairment of mitochondrial functions in human iPSCs.

Results

Effect of CPF on neural differentiation of iPSCs.  To investigate whether CPF affects early neurodevel-
opment, we examined neural differentiation capability of iPSCs, which was induced by dual SMAD inhibition
protocol®! (Fig. 1A). First, we determined the critical CPF concentration, affecting neural differentiation. At day
4 after neural induction with different concentrations of CPE, the expression of PAX6, an early neuroectodermal
marker that regulates neurogenesis?, was analyzed using real-time PCR. We found that exposure to 30 uM CPF
significantly decreased PAX6 gene expression (Fig. 1B). Next, we performed time course experiments for expres-
sion of several neural differentiation markers at days 2, 4, 6, and 8 after exposure to 30 M CPE At day 9, almost
all cells exposed by CPF (30 uM) were detached from the culture dish. Real-time PCR analysis revealed upreg-
ulated expression of PAX6 by day 4, and FOXGI, a neuroectodermal marker that also regulates neurogenesis®,
thereafter (Fig. 1C and D). Representative neural maturation marker NCAM1?* continuously increased, confirm-
ing that further neural differentiation occurred (Fig. 1E). In addition, CPF exposure reduced the expression of
these neural induction markers by day 6 (Fig. 1C-E). These data suggest that CPF has an inhibitory effect on early
neural differentiation of iPSCs.

Mitochondrial function of iPSCs exposed to CPF.  As neural differentiation process requires ATP
as a source of energy?’, we examined intracellular ATP content in iPSCs. Treatment with 30 pM CPF signifi-
cantly reduced the ATP content of the cells (Fig. 2A). We have previously shown that 0.1 pM carbonyl cyanide
m-chlorophenyl hydrazone (CCCP), which functions as a mitochondrial uncoupler?, decreased ATP levels in
iPSCs. Because CPF inhibited ATP production, we focused on several mitochondrial functions. Mitochondrial
membrane potential (MMP) was decreased by exposure to 30 uM CPF for 24 h (Fig. 2B and C). As a positive
control, exposure to 0.1 uM CCCP reduced MMP (Figure S1). In addition, CPF exposure increased the number
of cells with fragmented mitochondria displaying punctate morphology (Fig. 2D) and decreased the number
of cells exhibiting mitochondrial fusion (Fig. 2E). We have already confirmed that 0.1 pM CCCP also increased
the occurrence of fragmented mitochondria. These results suggest that CPF induces mitochondrial dysfunction,
including MMP depolarization and mitochondrial fragmentation, in iPSCs.

Expression of mitochondrial fission and fusion factors in iPSCs exposed to CPF.  To examine the
molecular mechanisms by which CPF induces mitochondrial fragmentation in iPSCs, we assessed the expression
levels of mitochondrial fission (FisI and Drp1) and fusion genes (Mfnl, Mfn2, and OPAI). Real-time PCR analy-
sis showed that the gene expression of the factors was not altered after CPF exposure (Fig. 3A). Interestingly, west-
ern blot analysis revealed that CPF significantly decreased Mfn1 protein levels. In contrast, protein expression
levels of other factors, including Mfn2, were not changed (Fig. 3B and C). These data suggest that CPF-induced
mitochondrial fragmentation is caused by reduction of Mfn1 protein levels.

Effects of CPF in iPSC-derived neural progenitor cells.  To investigate whether the effects of CPF selec-
tively occur in the early stage of neural differentiation in iPSCs, we used iPSC-derived neural progenitor cells
(NPCs), which were induced by dual SMAD inhibition protocol®! (Figure S1A). Treatment with 30 pM CPF had
little effect on ATP content (Figure S1B). Similarly, exposure to 30 pM CPF had little effect on mitochondrial
morphology (Figure S1C and D), which was confirmed by the fact that CPF did not alter the protein levels of
mitochondrial fission and fusion factors containing Mfn1 (Figure S1E). These data suggest that iPSCs, not NPCs,
are sensitive to CPF exposure.

Effect of Mfn1 knockdown on neural induction of iPSCs.  To further investigate the involvement of
Mifn1 in the effects of CPF on neural induction, we performed knockdown (KD) of Mfn1, using lentivirus-delivered
shRNAs. Real-time PCR analysis showed that KD was selective for Mfnl, not Mfn2, and that the efficiency
was approximately 70% (Fig. 4A). The KD effects were also confirmed by protein levels (Fig. 4B and C).
The Mfnl KD cells were used to perform neural induction. Real-time PCR analysis revealed that Mfn1 KD
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Figure 1. Time course studies of neural induction in iPSCs exposed to CPF. (A) Schematic time course of
induction from iPSCs to NPCs by dual SMAD inhibition. Neural induction was initiated after exposure to CPF
for 24 h. The cells were continuously exposed to CPF throughout neural differentiation. (B) At day 4 after neural
induction with CPF (0-30uM), expression of the neural differentiation marker PAX6 was examined using real-
time PCR analysis. (C-E) At days 2, 4, 6, and 8 after neural induction with CPF (30 M), expression of neural
differentiation markers, PAX6, FOXGI, and NCAMI was examined using real-time PCR analysis. Data are
represented as means £ SD (n=3). *P < 0.05.

decreased the expression of PAX6 (day 4), FOXGI (day 6) and NCAM1 (day 6) (Fig. 4D). These data suggest that
Mfnl is involved in CPF-mediated negative effects on neural induction of iPSCs.

Negative regulation of neural induction by CPF exposure. A previous report indicates that ERK
signaling inhibits neural induction via PAX6 silencing in human embryonic stem cells””. ERK has been reported
to be activated after depletion of Mfn1%%. We focused on ERK signaling in the effect of CPF on neural induction.
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Figure 2. Mitochondrial function of iPSCs exposed to CPF. (A) Cells were exposed to CPF (30 uM) for
24h. Intracellular ATP content was determined in the lysed cells (n = 3). (B) Cells were exposed to CPF

for 24 h and stained with JC-10 for 20 min. MMP of JC-10 labeled cells was analyzed by flow cytometry.

The histogram represents the ratio of JC-aggregate (F-590) to JC-monomer (F-535) fluorescence (n=3).

(C) Cells were exposed to CPF for 72 h and stained with MitoTracker Red CMXRos and Hoechst33342.
Mitochondrial morphology was observed by confocal laser microscopy. Bar =5 pm. (D) The number of cells
with mitochondrial fusion (<10% punctiform) was determined in each image (n =5). Data are represented as
means + SD. *P < 0.05.

We found that CPF exposure significantly increased basal ERK phosphorylation levels, which were abolished
by treatment with the ERK inhibitor U0126 (Fig. 5A and B). To further study whether PAX6 downregulation
in CPF-exposed cells occurred through ERK signaling, we examined the effect of U0126 on PAX6 expression.
Incubation with U0126 recovered the expression levels of PAX6 (Fig. 5C). These data suggest that CPF activates
ERK and prevents neural induction via PAX6 downregulation.

Effect of Mfn1 knockdown on neural induction.  To confirm the involvement of Mfn1 in the inhibition
of neural induction by CPF, we used Mfn1 KD cells. Mfn1l KD significantly increased basal ERK phosphoryl-
ation levels that were abolished by treatment with the ERK inhibitor U0126 (Fig. 6A and B). To further study
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Figure 3. Expression of mitochondrial fission and fusion factors of iPSCs exposed to CPFE. (A) After
exposure to CPF (30 uM) for 24 h, expression of mitochondrial genes was analyzed by real-time PCR. (B) After
exposure to CPF for 24 h, expression of mitochondrial proteins was analyzed by western blotting using anti-
Drpl, anti-Fis1, anti-Mfn1, anti-Mfn2, anti-Opal, or anti-3-actin antibodies. (C) Relative densities of bands
were quantified with Image] software. Relative changes in expression were determined by normalization to
B-actin. Data are represented as means = SD (n=3). *P < 0.05.

whether PAX6 downregulation in Mfn1 KD cells occurred through ERK signaling, we examined the effect of
U0126 on PAX6 expression. Mfnl KD decreased PAX6 by 64% by in the vehicle-treated cells. In contrast, Mfn1
KD decreased PAX6 by 30% in the U0126-treated cells. Thus, incubation with U0126 partially recovered the
PAX6 expression in the Mfn1 KD cells (Fig. 6C). Taken together, these data suggest that Mfn1 reduction by CPF
exposure activates ERK and prevents neural induction via PAX6 downregulation.

Discussion

In the present study, we demonstrated that exposure to micromolar CPF targeted mitochondrial quality control
in human iPSCs. We showed that CPF induced Mfn1 reduction, thereby promoting mitochondrial fragmenta-
tion. These negative effects of CPF on mitochondrial quality control could suppress ATP production and neural
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Figure 4. Effect of Mfn1 knockdown on neural induction of iPSCs. Cells were infected with lentiviruses
containing a vector encoding a shRNA directed against Mfn1 or a scrambled sequence shRNA (control) for 24 h.
The infected cells were subjected to selection with puromycin (1 pg/ml) for 24 h and cultured for an additional
72h prior to functional analyses. (A) The expression of Mfn1 and Mfn2 genes was analyzed by real-time PCR.
(B) The expression of Mfn1 and Mfn2 proteins was analyzed by western blotting using anti-Mfn1, anti-Mfn2, or
anti-B-actin antibodies. (C) Relative densities of bands were quantified with Image] software. Relative changes
in expression were determined by normalization to 3-actin. (D) Expression of neural differentiation markers

PAX6 (day 4), FOXGI (day 6), and NCAM1 (day 6) was examined with real-time PCR. Data are represented as
means & SD (n=23). *P < 0.05.

differentiation. Based on the data observed in our study, Fig. 7 shows a proposed mechanism of CPF cytotoxicity
via mitochondrial dysfunction.

Our studies showed that treatment with micromolar CPF levels caused mitochondrial dysfunction of human
iPSCs (Fig. 2). We observed that iPSCs were sensitive to CPF exposure, unlike iPSC-derived NPCs (Figure S1).
Previous reports support this difference in CPF sensitivity. The inhibitory effect of CPF on DNA synthesis in
undifferentiated C6 glioma cells is found to be much higher than in differentiated cells®. In vivo studies indicate
that immature organisms are more susceptible to CPF-induced toxicity compared to adults due to lower levels of
CPF metabolizing enzymes®. Thus, the difference in CPF sensitivity between iPSCs and NPCs may be dependent
on the maturation of CPF detoxification pathways. We are currently conducting experiments to determine the
mechanism causing the differences in sensitivity to CPFE.

We showed that CPF induced mitochondrial fragmentation via Mfn1 reduction (Figs 2 and 3). Consistent
with this, our previous knockdown studies indicated that Mfn1 reduction was sufficient to promote mitochon-
drial dysfunction®. CPF-induced Mfn1 reduction might mediate mitochondrial fragmentation, decrease ATP
levels, and inhibit iPSC growth. Although Mfn2 is also involved in mitochondrial fission and energy supply
processes®>?, our results indicated that CPF specifically targeted Mfn1, not Mfn2. Regarding this apparent CPF
specificity, E3 ubiquitin ligase membrane-associated RING-CH 5 (MARCHS5) has been reported to selectively
bind to Mfn1 dependent on its acetylation, and degrade among all mitochondrial proteins, including Mfn234,
In addition, we have reported that organotin compounds induced Mfnl degradation through MARCHS5,

SCIENTIFIC REPORTS | 7:40925 | DOI: 10.1038/srep40925
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Figure 5. Negative regulation of neural induction by CPF exposure. (A) Cells were exposed to CPF (30 uM)
or CPF 4+ U0126 (5pM) for 24 h. ERK phosphorylation was analyzed by western blotting using anti-phospho-
ERK antibodies. (B) Relative densities of bands were quantified with Image] software. Relative changes in
expression were determined by normalization to total ERK protein level. (C) At day 4 after neural induction
with CPF or CPF + U0126, the expression of PAX6 gene was analyzed by real-time PCR. Data are represented
as means = SD (n=23). *P < 0.05.

thereby promoting mitochondrial fragmentation in iPSCs*'. Thus, CPF may specifically target Mfn1 protein via
MARCHS in iPSCs without affecting mRNA levels. Furthermore, the difference in CPF sensitivity between iPSCs
and NPCs may be dependent on Mfnl and MARCHS5 expression levels or MARCHS5 activity. Further studies
should determine whether CPF reduces Mfn1 via MARCHS5-mediated degradation in iPSCs.

We demonstrated that ERK phosphorylation mediated the negative effects of CPF on early neural differentia-
tion (Figs 1,4 and 5). A previous report indicates that Mfn1 directly binds Ras and Raf, resulting in the inhibition
of Ras-Raf-ERK signaling by the biochemical analysis***. Mfn1 reduction by CPF or shRNA may reverse this
ERK signaling inhibition. Mobilization of Ca®* from intracellular stores, including mitochondria was reported to
result in phosphorylation of MAPKSs, as the process was suppressed by chelation of intracellular Ca*" in human T
lymphoblastoid cells*”. As mitochondria are known to uptake into the matrix of any Ca*" that has accumulated in
the cytosol, dependent on MMP*, mitochondrial dysfunction by CPF exposure may cause an overload of Ca**,
resulting in ERK activation. Moreover, ERK signaling was reported to inhibit neural induction by PAX6 silenc-
ing via upregulation of stemness factors NANOG/OCT4 and downregulation of homeobox transcription factor
OTX2¥ . NANOG and OCT4 act as repressors of PAX6 induction, whereas OTX2 is a positive inducer of PAX6”.
Therefore, ERK signaling evoked by CPF could affect the expression of these transcriptional network, including
NANOG, OCT4 and OTX2, by regulating PAX6. In future studies, we should further investigate the mechanisms
of CPF-induced negative regulation of neural induction via ERK.
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Figure 6. Negative regulation of neural induction by Mfn1 knockdown. The cells were infected with
lentiviruses containing a vector encoding a shRNA directed against Mfn1 or a scrambled sequence shRNA
(control) for 24 h. The infected cells were subjected to selection with 1pig/ml puromycin for 24h and

cultured for an additional 72 h prior to functional analyses. (A) After incubation with U0126 for 24h, ERK
phosphorylation was analyzed by western blotting using anti-phospho-ERK antibodies. (B) Relative densities of
bands were quantified with Image]J software. Relative changes in expression were determined by normalization
to total ERK protein level. (C) At day 4 after neural induction with U0126, the expression of PAX6 gene was
analyzed by real-time PCR. Data are represented as means & SD (n=3). *P < 0.05.

We further demonstrated that Mfn1 reduction mediated cytotoxic effects of CPF on iPSCs via PAX6 down-
regulation (Figs 5 and 6). FOXG1 was downregulated, along with PAX6, during neural differentiation of iPSCs
exposed to CPE. PAX6 and FOXGI act as transcriptional regulators during forebrain development in verte-
brates®. Targeted disruption of PAX6 and FOXGI in rodents led to the loss of anterior neural tissues, suggesting
the central role of these genes in forebrain development**>. CPF causes various defects in the development of
hippocampus and cortex of rodents*. Thus, CPF-induced defects of forebrain architecture may be caused by
transcriptional silencing of anterior neural markers during early neurogenesis. As NCAM1 was downregulated
during neural differentiation of iPSCs exposed to CPE, further studies using NPCs are required to reveal how CPF
affects neural maturation processes.

In summary, our results demonstrate a novel mechanism underlying cytotoxicity, including neurodevelop-
mental toxicity of CPF in iPSCs. Recently, significant progress has been made in the induction of differentiation of
pluripotent stem cells into a variety of cell types*. Further studies are needed to evaluate the developmental effects
of CPF on various types of iPSC-derived cells. Moreover, we show that CPF toxicity is caused by Mfn1-mediated
mitochondrial dysfunction, which is involved in the cytotoxicity of organotin compounds®. Thus, mitochondrial
functions influenced by Mfnl might be a good starting point for investigating toxic mechanisms induced by
exposure to other chemicals.
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Figure 7. Proposed mechanism of CPF cytotoxicity in human iPSCs. CPF exposure causes Mfn1 reduction,
which induces mitochondrial dysfunction, including mitochondrial fragmentation and decreased ATP levels.
Mitochondrial dysfunction in turn evokes ERK phosphorylation, leading to the suppression of PAX6, which is
an early marker of neurogenesis.

Methods

Chemicals. Chlorpyrifos (CPF), Y-27632, SB431542, and LDN193189 were obtained from Wako (Tokyo,
Japan). Penicillin-streptomycin mixture (PS) was obtained from Thermo Fisher Scientific (Waltham, MA, USA).
U0126 was obtained from Enzo Life Sciences (Farmingdale, NY, USA). Poly-L-ornithine, 2-mercaptoethanol
(2-ME), and carbonylcyanide m-chlorophenylhydrazone (CCCP) were obtained from Sigma-Aldrich (St. Louis,
MO, USA). All other reagents were of analytical grade and obtained from commercial sources.

Cell culture. Human iPSC line 253G1 (Riken BRC Cell Bank, Tsukuba, Ibaraki, Japan) was established
through retroviral transduction of OCT4, SOX2, and KLF4 into adult human dermal fibroblasts*. The cells
were cultured under feeder-free conditions using human embryonic stem cell (ESC)-qualified Matrigel (BD
Biosciences, San Jose, CA, USA) and TeSR-E8 medium (Stemcell Technologies, Vancouver, BC, Canada) at
37°C in an atmosphere containing 5% CO,. For passage, iPSC colonies were dissociated into single cells using
Accumax (Innovative Cell Technologies, San Diego, CA, USA) and cultured in TeSR-E8 medium supplemented
with Y-27632 (ROCK inhibitor, 10 pM). The NPCs derived from iPSCs were cultured on poly-L-ornithine and
Laminin (Thermo Fisher Scientific) coated dishes at 37°C in an atmosphere containing 5% CO,. The culture
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medium was Neural maintenance medium [NMM; a 1: 1 mixture of DMEM/F12 (Thermo Fisher Scientific) and
Neurobasal (Thermo Fisher Scientific) containing N2 (Thermo Fisher Scientific), B27 (Thermo Fisher Scientific),
GlutaMAX (Thermo Fisher Scientific), non-essential amino acids (NEAA; Thermo Fisher Scientific), 2-ME, PS].
For passage, NPCs were dissociated into single cells using Accumax and cultured in NMM supplemented with
EGF (20 ng/ml), FGF2 (20 ng/ml) and Y-27632.

Neuvral differentiation procedure. For the induction of neuronal lineages, dual SMAD inhibition protocol
was used as previously described?" with modifications. Briefly, iPSC colonies were dissociated into single cells
with Accumax. The cells were seeded at a density of 7 x 10*cells/cm? in TeSR-E8 medium on Matrigel-coated
plates in order to reach nearly confluent within two days after seeding. The initial differentiation medium
was knockout serum replacement (KSR) medium [Knockout DMEM (Thermo Fisher Scientific) containing
KSR (Thermo Fisher Scientific), L-glutamine, NEAA, 2-ME, PS] with SB431542 (TGF3 inhibitor, 10 uM) and
LDN193189 (BMP inhibitor, 1pg/ml). After 4 days, N2 medium [Neurobasal containing N2, B27, GlutaMAX,
PS] was added to the KSR medium with LDN193189 every two days.

Measurement of intracellular ATP levels. Intracellular ATP content was measured using an ATP
Determination Kit (Thermo Fisher Scientific), according to the manufacturer’s protocol. Briefly, the cells were
washed and lysed with 0.1% Triton X-100/PBS. The resulting cell lysates were added to a reaction mixture con-
taining 0.5 mM D-luciferin, I mM DTT, and 1.25 pg/mL luciferase and incubated for 30 min at room temperature.
Luminescence was measured using a Fluoroskan Ascent FL microplate reader (Thermo Fisher Scientific). The
luminescence intensities were normalized to the total protein content.

Measurement of MMP. A Cell Meter JC-10 Mitochondrial Membrane Potential Assay Kit (AAT Bioquest,
Sunnyvale, CA, USA) was used to detect MMP. Briefly, the cells were suspended in staining buffer containing
JC-10 and incubated for 20 min at room temperature. After the cells were treated with CPF, a FACS Aria II cell
sorter (BD Biosciences) was used to measure the fluorescence intensity ratio, JC-aggregate (F-590)/JC-monomer
(F-535).

Assessment of mitochondrial fusion.  After treatment with CPF (30 1M, 72 h), the cells were fixed with
4% paraformaldehyde and stained with 50 nM MitoTracker Red CMXRos (Cell Signaling Technology, Danvers,
MA, USA) and 5 pg/mL Hoechst 33342 (Sigma-Aldrich). Changes in mitochondrial morphology were observed
using a confocal laser microscope (Nikon Al). Images (n=>5) of random fields were taken, and the number of
cells displaying mitochondrial fusion (<10% punctiform) was determined in each image, as previously reported*.

Real-time polymerase chain reaction (PCR).  Total RNA was isolated from iPSCs using TRIzol reagent
(Thermo Fisher Scientific), and quantitative real-time reverse transcription (RT)-PCR was performed using a
QuantiTect SYBR Green RT-PCR Kit (Qiagen, Valencia, CA, USA) on an ABI PRISM 7900HT sequence detec-
tion system (Applied Biosystems, Foster City, CA, USA) as previously reported®’. Relative changes in transcript
levels were normalized to the mRNA levels of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The fol-
lowing primer sequences were used for real-time PCR analysis: FisI, forward, 5'-TACGTCCGCGGGTTGCT-3'
and reverse, 5'-CCAGTTCCTTGGCCTGGTT-3'; Drp1, forward, 5'-TGGGCGCCGACATCA-3’ and reverse,
5'-GCTCTGCGTTCCCACTACGA-3'; Mfnl, forward, 5'-GGCATCTGTGGCCGAGTT-3’ and reverse,
5'-ATTATGCTAAGTCTCCGCTCCAA-3’; Mfn2, forward, 5'-GCTCGGAGGCACATGAAAGT-3’ and reverse,
5'-ATCACGGTGCTCTTCCCATT-3; Opal, forward, 5'-GTGCTGCCCGCCTAGAAA-3’ and reverse,
5" TGACAGGCACCCGTACTCAGT-3'; PAX6, forward, 5-ATGTGTGAGTAAAATTCTGGGCA-3’ and reverse,
5'-GCTTACAACTTCTGGAGTCGCTA-3'; FOXGI, forward, 5'-GCCACAATCTGTCCCTCAACA-3’ and
reverse, 5’-GACGGGTCCAGCATCCAGTA-3'; NCAM1, forward, 5’-GGCATTTACAAGTGTGTGGTTAC-3' and
reverse, 5'-TTGGCGCATTCTTGAACATGA-3'; GAPDH, forward, 5'-GTCTCCTCTGACTTCAACAGCG-3' and
reverse, 5'-ACCACCCTGTTGCTGTAGCCAA-3'.

Western blot analysis. Western blot analysis was performed as previously reported*®. Briefly, the cells were
lysed with Cell Lysis Buffer (Cell Signaling Technology). The proteins were then separated by sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and electrophoretically transferred to Immobilon-P
membranes (Millipore, Billerica, MA, USA). The membranes were probed with anti-Drpl monoclonal antibodies
(1:1000; Cell Signaling Technology), anti-Fis1 polyclonal antibodies (1:200; Santa Cruz Biotechnology, Santa
Cruz, CA, USA), anti-Mfn1 polyclonal antibodies (1:1000; Cell Signaling Technology), anti-Mfn2 monoclonal
antibodies (1:1000; Cell Signaling Technology), anti-Opal monoclonal antibodies (1:1000; BD Biosciences),
anti-ERK1/2 polyclonal antibodies (1:1000; Cell Signaling Technology), anti-phospho ERK1/2 (Thr202/
Tyr204) monoclonal antibodies (1:2000; BD Biosciences), and anti-3-actin monoclonal antibodies (1:5000;
Sigma-Aldrich). The membranes were then incubated with secondary antibodies against rabbit or mouse IgG
conjugated to horseradish peroxidase (Cell Signaling Technology). The bands were visualized using an ECL
Western Blotting Analysis System (GE Healthcare, Buckinghamshire, UK). Images were acquired using an LAS-
3000 Imager (FUJIFILM, Tokyo, Japan).

Gene knockdown by shRNA. Knockdown experiments were performed using Mfn1 shRNA lentiviruses
from Sigma-Aldrich (MISSION shRNA), as previously reported®. A scrambled hairpin sequence was used as a

negative control. Briefly, the cells were infected with the viruses at a multiplicity of infection of 1 in the presence

SCIENTIFIC REPORTS | 7:40925 | DOI: 10.1038/srep40925
10



www.nature.com/scientificreports/

of 8 ug/mL hexadimethrine bromide (Sigma-Aldrich) for 24 h. After medium exchange, the cells were subjected
to selection with 1 pg/mL puromycin for 24 h and cultured for an additional 72 h prior to functional analyses.

Statistical analysis. All data are presented as means + standard deviation (SD). Analysis of variance
(ANOVA) followed by post-hoc Bonferroni test was used to analyze data in Figs 1, 3C, 4, 5, and 6. Student’s t test
was used to analyze data in Figs 2, 3A, S1, and S2. P-values < 0.05 were considered statistically significant.
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Organotin compounds, such as tributyltin (TBT), are well-known endocrine disruptors. TBT is also known to
cause various forms of cytotoxicity, including neurotoxicity and immunotoxicity. However, TBT toxicity has
not been identified in normal stem cells. In the present study, we examined the effects of TBT on cell growth
in human induced pluripotent stem cells (iPSCs). We found that exposure to nanomolar concentrations of TBT
decreased intracellular ATP levels and inhibited cell viability in iPSCs. Because TBT suppressed energy production,
which is a critical function of the mitochondria, we further assessed the effects of TBT on mitochondrial dynamics.
Staining with MitoTracker revealed that nanomolar concentrations of TBT induced mitochondrial fragmentation.
TBT also reduced the expression of mitochondrial fusion protein mitofusin 1 (Mfn1), and this effect was abolished
by knockdown of the E3 ubiquitin ligase membrane-associated RING-CH 5 (MARCH5), suggesting that
nanomolar concentrations of TBT could induce mitochondrial dysfunction via MARCH5-mediated Mfn1 degrada-
tion in iPSCs. Thus, mitochondrial function in normal stem cells could be used to assess cytotoxicity associated
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with metal exposure.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Human induced pluripotent stem cells (iPSCs), which possess
self-renewal and multipotent differentiation properties, are expected
to have applications in drug discovery and drug safety assessment
(Nakamura et al., 2014; Takahashi et al., 2007). Growing evidence sug-
gests that iPSCs can also provide a unique platform for assessing
chemical-induced toxicities in various tissues, such as the brain (He
et al., 2012; Kumar et al., 2015). Thus, it is necessary to elucidate the
mechanisms mediating the cytotoxic effects of different chemicals dur-
ing embryonic development in stem cells.

Organotin compounds, such as tributyltin (TBT), are also associated
with various developmental, neurological, immunological, and meta-
bolic effects (Kotake, 2012). Although the use of TBT has already been
restricted, butyltin compounds, including TBT, have been reported to
be still present at concentrations between 50 and 400 nM in human
blood (Whalen et al., 1999). Therefore, the mechanisms through
which nanomolar concentrations of TBT cause cytotoxicity should be
elucidated using undifferentiated normal stem cells, which is the most
suitable platform for toxicological analysis.

Several studies have revealed the cytotoxic effects of nanomolar
concentrations of TBT in stem cells. For example, nanomolar concentra-
tions of TBT activate retinoid X receptor (RXR) and/or peroxisome

* Corresponding author at: 1-18-1, Kamiyoga, Setagaya-ku, 158-8501, Japan.
E-mail address: kanda@nihs.go.jp (Y. Kanda).

http://dx.doi.org/10.1016/.tiv.2016.04.013
0887-2333/© 2016 Elsevier Ltd. All rights reserved.

proliferator-activated receptor 'y (PPARY), thereby enhancing adipocyte
differentiation in adipose-derived stromal stem cells (ADSCs) (Kirchner
etal.,, 2010). In rat mesencephalic neural stem cells, transcriptome anal-
ysis after induction of TBT-dependent apoptosis revealed changes in the
expression levels of genes involved in Ca?>* mobilization, retinoic acid
signaling, and apoptosis (Suzuki and Ishido, 2011). We previously re-
ported that nanomolar concentrations of TBT mediate mitochondrial
dysfunction and inhibit the growth of human embryonic carcinoma
NT2/D1 cells (Yamada et al, 2015). Thus, we hypothesized that
nanomolar concentrations of TBT could also affect mitochondria in
human iPSCs.

Mitochondria exhibit continuous changes in morphology through
fusion and fission (van der Bliek et al., 2013; Youle and van der Bliek,
2012). Under normal circumstances, mitochondria fuse together,
forming excessive tubular networks (mitochondrial fusion). In contrast,
under stress conditions, mitochondrial networks convert into large
numbers of small fragments with punctate morphology (mitochondrial
fission). These mitochondrial dynamics play a key role in the mainte-
nance of mitochondrial functions, such as ATP production. Mitochondri-
al morphology is strictly regulated by fission (fission protein 1 [Fis1] and
dynamin-related protein 1 [Drp1]) and fusion (mitofusin 1 and 2 [Mfn1,
Mfn2] and optic atrophy 1 [Opa1]) factors (Fischer et al.,, 2012). Several
reports have described mitochondrial fragmentation induced by chem-
ical exposure. For example, CGP37157, an inhibitor of mitochondrial
calcium efflux, mediates mitochondrial fission through Mfn1 degrada-
tion via the E3 ubiquitin ligase membrane-associated RING-CH 5
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(MARCHS5) in prostate cancer cells (Choudhary et al., 2014). Another
study showed that doxorubicin induces proteasomal degradation of
Mfn2, which facilitates mitochondrial fragmentation and apoptosis in
sarcoma U20S cells (Leboucher et al., 2012).

In the present study, we investigated the cytotoxic effects of
nanomolar concentrations of TBT in iPSCs. Our results showed that ex-
posure to 50 nM TBT decreased intracellular ATP levels and inhibited
cell growth. Moreover, TBT exposure induced Mfn1 degradation and
mitochondrial fragmentation through a MARCH5-dependent mecha-
nism. Thus, nanomolar concentrations of TBT induce toxicity through
impairment of mitochondrial quality control in human iPSCs.

2. Materials and methods
2.1. Chemicals and reagents

TBT was obtained from Tokyo Chemical Industry (Tokyo, Japan). Tin
acetate (TA), rosiglitazone (RGZ), and carbonyl cyanide m-chlorophenyl
hydrazone (CCCP) were obtained from Sigma-Aldrich (St. Louis, MO,
USA). All other reagents were of analytical grade and were obtained
from commercial sources.

2.2. Cell culture

We used the human iPSC line 253G1 (Riken BRC Cell Bank, Tsukuba,
Ibaraki, Japan), which was established through retroviral transduction
of Oct3/4, Sox2, and KIf4 into adult human dermal fibroblasts
(Nakagawa et al., 2008). The cells were cultured under feederless condi-
tions using human embryonic stem cell (ESC)-qualified Matrigel
(BD Biosciences, San Jose, CA, USA) and TeSR-E8 medium (Stemcell
Technologies, Vancouver, BC, Canada) at 37 °C in an atmosphere con-
taining 5% CO,. For passage, iPSC colonies were dissociated into single
cells using Accumax (Innovative Cell Technologies, San Diego, CA,
USA) and cultured in a TeSR-E8 medium supplemented with the Rho-
kinase (ROCK) inhibitor Y-27632 (Wako, Tokyo, Japan).

2.3. Cell proliferation assay

Cell viability was measured using CellTiter 96 AQueous One Solution
Cell Proliferation Assays (Promega, Madison, WI, USA), according to the
manufacturer's instructions. Briefly, iPSCs were seeded into 96-well
plates and exposed to different concentrations of TBT. After exposure
to TBT, One Solution Reagent was added to each well, and the plate
was incubated at 37 °C for another 2 h. Absorbance was measured at
490 nm using an iMark microplate reader (Bio-Rad, Hercules, CA, USA).

2.4. Measurement of intracellular ATP levels

The intracellular ATP content was measured using an ATP Determi-
nation Kit (Life Technologies, Carlsbad, CA, USA), according to the
manufacturer's protocol. Briefly, the cells were washed and lysed with
0.1% Triton X-100/PBS. The resulting cell lysates were added to a
reaction mixture containing 0.5 mM b-luciferin, 1 mM DTT, and
1.25 pg/mL luciferase and incubated for 30 min at room temperature.
Luminescence was measured using a Fluoroskan Ascent FL microplate
reader (Thermo Fisher Scientific, Waltham, MA, USA). The lumines-
cence intensities were normalized to the total protein content.

2.5. Measurement of mitochondrial membrane potential (MMP)

A Cell Meter JC-10 Mitochondrial Membrane Potential Assay Kit
(AAT Bioquest, Sunnyvale, CA, USA) was used to detect MMP. Briefly,
the cells were suspended in a staining buffer containing JC-10 and incu-
bated for 20 min at room temperature. After treatment of the cells with
chemicals, a FACS Aria II cell sorter (BD Biosciences) was used to

measure the fluorescence intensity ratio, that is, JC-aggregate (F-590)/
JC-monomer (F-535).

2.6. Assessment of mitochondrial fusion

After the cells were treated with TBT (50 nM, 72 h), they were fixed
with 4% paraformaldehyde and stained with 50 nM MitoTracker Red
CMXRos (Cell Signaling Technology, Danvers, MA, USA) and 5 pg/mL
Hoechst 33342 (Sigma-Aldrich). Changes in mitochondrial morphology
were observed using a confocal laser microscope (Nikon A1). Images
(n = 5) were taken of random fields, and the number of cells displaying
mitochondrial fusion (<10% punctiform) was counted in each image, as
previously reported (Fan et al., 2010).

2.7. Real-time polymerase chain reaction (PCR)

Total RNA was isolated from iPSCs using TRIzol reagent (Life Tech-
nologies), and quantitative real-time reverse transcription (RT)-PCR
was performed using a QuantiTect SYBR Green RT-PCR Kit (Qiagen,
Valencia, CA, USA) on an ABI PRISM 7900HT sequence detection system
(Applied Biosystems, Foster City, CA, USA) as previously reported
(Hirata et al,, 2014). Relative changes in transcript levels were normal-
ized to the mRNA levels of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). The following primer sequences were used for real-time PCR
analysis: Nanog, forward, 5'-CAGAAGGCCTCAGCACCTAC-3' and reverse,
5-ATTGTTCCAGGTCTGGTTGC-3’; Oct3/4, forward, 5'-ACATCAAAGCTC
TGCAGAAAGAA-3' and reverse, 5'-CCAGTTCCTTGGCCTGGTT-3'; Drpl1,
forward, 5'-TGGGCGCCGACATCA-3’ and reverse, 5'-GCTCTGCGTTCCCA
CTACGA-3’; Fis1, forward, 5'-TACGTCCGCGGGTTGCT-3’ and reverse,
5’-CCAGTTCCTTGGCCTGGTT-3; Mfn1, forward, 5'-GGCATCTGTGGCCG
AGTT-3’ and reverse, 5'-ATTATGCTAAGTCTCCGCTCCAA-3’; Mfn2, for-
ward, 5'-GCTCGGAGGCACATGAAAGT-3' and reverse, 5'-ATCACGGTGC
TCTTCCCATT-3’; Opal, forward, 5'-GTGCTGCCCGCCTAGAAA-3’ and re-
verse, 5'-TGACAGGCACCCGTACTCAGT-3'; GAPDH, forward, 5’-GTCTCC
TCTGACTTCAACAGCG-3' and reverse, 5'-ACCACCCTGTTGCTGTAGCC
AA-3.

2.8. Western blot analysis

Western blot analysis was performed as previously reported (Kanda
et al., 2011). Briefly, the cells were lysed with a Cell Lysis Buffer
(Cell Signaling Technology). The proteins were then separated by sodi-
um dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
electrophoretically transferred to Immobilon-P membranes (Millipore,
Billerica, MA, USA). The membranes were probed with anti-Drp1 mono-
clonal antibodies (1:1000; Cell Signaling Technology), anti-Fis1 polyclon-
al antibodies (1:200; Santa Cruz Biotechnology, Santa Cruz, CA, USA),
anti-Mfn1 polyclonal antibodies (1:1000; Cell Signaling Technology),
anti-Mfn2 monoclonal antibodies (1:1000; Cell Signaling Technology),
anti-Opal monoclonal antibodies (1:1000; BD Biosciences), and anti-3-
actin monoclonal antibodies (1:5000; Sigma-Aldrich). The membranes
were then incubated with secondary antibodies against rabbit or mouse
IgG conjugated to horseradish peroxidase (Cell Signaling Technology).
The bands were visualized using an ECL Western Blotting Analysis System
(GE Healthcare, Buckinghamshire, UK), and images were acquired using
an LAS-3000 Imager (Fujifilm, Tokyo, Japan).

2.9. Gene knockdown by shRNA

Knockdown experiments were performed using Mfn1 shRNA lenti-
viruses from Sigma-Aldrich (MISSION shRNA), as previously reported
(Yamada et al., 2014). A scrambled hairpin sequence was used as a neg-
ative control. Briefly, the cells were infected with the viruses at a multi-
plicity of infection of 1 in the presence of 8 mg/mL hexadimethrine
bromide (Sigma-Aldrich) for 24 h. The cells were then subjected to
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selection with 1 ug/mL puromycin for 24 h and cultured for an addition-
al 72 h prior to functional analyses.

2.10. Gene knockdown by siRNA

Double-stranded RNA oligonucleotides (siRNAs) against MARCH5
and appropriate control scrambled siRNA were purchased from
Life Technologies. The siRNAs were transfected into iPSCs using
DharmaFECT1 (Dharmacon, Lafayette, CO, USA) as previously described
(Kinehara et al., 2013).

2.11. Statistical analysis

All data were presented as means + standard deviations (SDs).
Analysis of variance (ANOVA) followed by post-hoc Tukey test was
used to analyze data involving more than two samples. For comparisons
between two samples, Student's t-tests were used. Differences with
P-values of less than 0.05 were considered statistically significant.

3. Results
3.1. Cytotoxic effects of TBT in iPSCs

To examine whether TBT was cytotoxic in iPSCs, we studied the ef-
fects of TBT on cell proliferation in iPSCs. Treatment with TBT reduced
cell viability in a dose-dependent manner (Fig. 1A and B). The LCsq for
TBT was 77 nM in iPSCs. Moreover, almost all cells were detached
from the culture dish at more than 200 nM TBT. In contrast, exposure
to TA, which is less toxic, had little effect at any concentration tested
(Fig. 1A and B). We next examined whether TBT affected pluripotency.
The expression levels of the undifferentiated markers Nanog and
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Oct3/4 were not changed by TBT (Fig. 1C). Because cell growth requires
ATP as a source of energy in iPSCs, we examined intracellular ATP con-
tent in the cells. We found that treatment with 50 nM TBT reduced
the ATP content of the cells (Fig. 1D). We confirmed that 0.1 uM CCCP,
which functions as a mitochondrial uncoupler, also decreased ATP
levels. In contrast, TA had little effect. These data suggest that exposure
to 50 nM TBT reduces cell growth without inhibiting iPSC pluripotency.

3.2. Effects of TBT on mitochondrial function in iPSCs

Because TBT inhibited ATP production, we investigated MMP, as an
important parameter of mitochondrial function, during TBT treatment
in iPSCs. MMP was decreased by 50 nM TBT for 1 h (Fig. 2A). In contrast,
TA had little effect on MMP. We further examined the generation of re-
active oxygen species (ROS), which affect MMP and are related to
mitochondrion-mediated cell damage (Park et al., 2005), using 2/,7’-
dichlorodihydrofluorescein (DCFH). TBT at 50 nM did not affect the
ROS level (Fig. S1). In contrast, hydrogen peroxide (H,0,) as a positive
control promoted the generation of ROS, which was attenuated by
N-acetylcysteine treatment. Because morphological changes in mito-
chondria are closely related to energy supply and MMP maintenance
(Youle and van der Bliek, 2012), we focused on mitochondrial dynamics
in iPSCs. After TBT exposure, we observed fragmented mitochondria
with punctate morphology (Fig. 2B). Furthermore, TBT significantly de-
creased the number of cells exhibiting mitochondrial fusion (Fig. 2C). As
expected, fragmented mitochondria were also observed following CCCP
treatment (Fig. S2). In contrast, TA exposure did not affect mitochondri-
al morphology. Taken together, these results suggest that nanomolar
concentrations of TBT induce mitochondrial dysfunction, such as MMP
depolarization and mitochondrial fragmentation, in iPSCs.
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Fig. 1. TBT induces cytotoxic effects in iPSCs. (A) Cells were seeded in 96-well plates and exposed to different concentrations of TBT for 72 h. Phase-contrast photomicrographs of iPSCs
were captured after exposure to TBT or TA at 0, 50, and 100 nM. Bar = 100 pm. (B) Cell viability in the presence of TBT or TA was examined using CellTiter 96 AQueous One Solution
Cell Proliferation Assays. (C) After exposure to 50 nM TBT or TA for 72 h, the expression of undifferentiated marker genes (Nanog and Oct3/4) was analyzed by real-time PCR. (D) The
intracellular ATP content was determined in the lysed cells. Data represent the mean 4 SD (n = 3). *P < 0.05 using ANOVA with post-hoc Tukey test.
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Fig. 2. TBT affects several mitochondrial functions in iPSCs. (A) Cells were stained with JC-10 for 20 min and exposed to 50 nM TBT or TA for an additional 1 h. The MMP of JC-10-labeled
cells was analyzed by flow cytometry. (B) Cells were exposed to 50 nM TBT or TA for 72 h and then stained with MitoTracker Red CMXRos and Hoechst 33342. Mitochondrial morphology
was observed by confocal laser microscopy. Bar = 10 um. (C) The number of cells with mitochondrial fusion (<10% punctiform) was counted in each image. Data represent the mean + SD

(n =5).*P < 0.05 using ANOVA with post-hoc Tukey test.

3.3. TBT exposure induced mitochondrial fission via the reduction of Mfn1
protein in iPSCs

To examine the molecular mechanisms through which TBT induces
mitochondrial fragmentation, we assessed the effects of TBT on the ex-
pression of mitochondrial fission (Fis1 and Drp1) and fusion genes
(Mfn1, Mfn2, and OPA1). Real-time PCR analysis showed that the expres-
sion of each gene was not altered by TBT exposure (Fig. 3A). Interesting-
ly, western blot analysis revealed that TBT significantly decreased only
Mfn1 protein levels. In contrast, the expression levels of other factors,
including Mfn2, were not changed (Fig. 3B and C). To confirm the in-
volvement of Mfn1 in the fragmentation of mitochondria, we performed
knockdown (KD) of Mfn1 using lentivirus-delivered shRNAs. Real-time
PCR analysis showed that the KD efficiency was approximately 60%
(Fig. 3D), which was similar to that reported in previous KD studies
(Son et al., 2015). Similar to TBT exposure, Mfn1 KD induced mitochon-
drial fragmentation (Fig. 3E and F). These data suggest that TBT-induced
mitochondrial fragmentation is caused by reduction of Mfn1 protein
levels.

3.4. MARCH5 KD abolished TBT-induced Mfn1 reduction in iPSCs

To investigate whether Mfn1 reduction triggered by TBT occurred
through an E3 ubiquitin ligase-dependent mechanism, we performed
KD of MARCHS5 by siRNA. Real-time PCR analysis showed that the KD
efficiency of MARCH5 was approximately 70% (Fig. 4A). Western
blot analysis revealed that MARCH5 KD increased basal Mfn1 levels
and further abolished TBT-induced Mfn1 reduction (Fig. 4B and C). In
contrast, Mfn2 protein levels were not recovered by MARCH5 KD. Be-
cause the gene expression of Mfn1 was not affected by TBT exposure,
Mfn1 reduction was thought to be caused by MARCH5-mediated degra-
dation, independent of gene downregulation. Taken together, these

data suggest that MARCH5 mediates TBT-induced Mfn1 degradation in
iPSCs.

4. Discussion

In the present study, we demonstrated that nanomolar concentra-
tions of TBT targeted mitochondrial quality control in human iPSCs.
We showed that exposure to nanomolar concentrations of TBT induced
Mfn1 degradation through the E3 ubiquitin ligase MARCHS5, thereby
promoting mitochondrial fragmentation. These negative effects of TBT
on mitochondrial quality control could inhibit ATP production and cell
growth.

Our results showed that treatment with more than 200 nM TBT
caused almost complete detachment of human iPSCs from the culture
dish (Fig. 1). Previous studies have shown that micromolar concentra-
tions of TBT induce apoptosis in various cell types, such as human amni-
on cells (Zhu et al., 2007), hepatocytes (Grondin et al., 2007), and
neutrophils (Lavastre and Girard, 2002). Compared to somatic cells, im-
mature cells tend to be highly sensitive to TBT exposure. Therefore,
analysis of TBT sensitivity using iPSCs, iPSC-neural progenitor cells,
and iPSC-neurons might provide interesting insights into the mecha-
nisms of TBT toxicity. Previous reports have shown that iPSC-derived
cells are immature compared with human naive neural cells and do
not form neural networks (Belinsky et al., 2011). Therefore, further
studies are required to elucidate the mechanisms of TBT neurotoxicity
using iPSCs and to optimize the types of iPSC-derived cells.

We also showed that the stemness properties of iPSCs were main-
tained after TBT exposure, whereas cell growth was reduced (Fig. 1).
Mitochondria have been reported to be in a morphologically and func-
tionally immature state in iPSCs, with poorly developed cristae and
more fragmented structures than those observed in somatic cells
(Wanet et al., 2015). Mfn1 and Mfn2 have been shown to constitute a
new barrier to reprogramming because Mfn1/2 ablation facilitates the
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Fig. 3. TBT induces mitochondrial fission via decreased Mfn1 protein levels in iPSCs. (A) After exposure to 50 nM TBT or TA for 72 h, the expression of mitochondrial genes was analyzed by
real-time PCR. (B) After exposure to 50 nM TBT or TA for 72 h, the expression of mitochondrial proteins was analyzed by western blotting using anti-Drp1, anti-Fis1, anti-Mfn1, anti-Mfn2,
anti-Opal, or anti-B-actin antibodies. (C) The relative densities of bands were quantified with Image] software. Relative changes in expression were determined by normalization to
{-actin. (D) After introduction of lentivirus-delivered shRNAs against Mfn1 to the cells, the expression of Mfn1 was analyzed by real-time PCR. (E) Mfn1-KD cells were stained with
MitoTracker Red CMXRos and Hoechst 33342. Mitochondrial morphology was observed by confocal laser microscopy. Bar = 10 pum. (F) The number of cells with mitochondrial fusion
(<10% punctiform) was counted in each image. Data represent the mean 4 SD (n = 5). *P < 0.05 using ANOVA with post-hoc Tukey test.

induction of pluripotency through the restructuring of mitochondrial
dynamics and bioenergetics (Son et al.,, 2015). Moreover, MARCHS5 has
been shown to be involved in maintaining the pluripotency of mouse
embryonic stem cells through protein kinase A (PKA)-extracellular
signal-regulated kinase (ERK) signaling (Gu et al., 2015). Thus,
MARCH5-Mfn1 might be involved in maintenance of embryonic
stemness through mitochondrial fragmentation in iPSCs. Previous
study has reported that Mfn1 knockout results in embryonic lethality
of homozygous mutants (Chen et al., 2003). Moreover, Mfn1-deficient
embryonic cells have dramatically fragmented mitochondria. Taken
together, these data indicate that Mfn1-mediated mitochondrial dy-
namics might regulate embryonic development. Further studies are
needed to determine whether MARCH5-mediated Mfn1 degradation
plays a role in the maintenance of stemness properties.

Our data suggest that nanomolar concentrations of TBT could induce
mitochondrial fission through MARCH5-mediated Mfn1 degradation
(Figs. 2-4). Consistent with our data, chemical stressors have been re-
ported to cause mitochondrial fission through proteasomal degradation
of Mfn1 and/or Mfn2 (Choudhary et al., 2014; Leboucher et al., 2012). In
addition, Mfn1 or Mfn2 deficiency in cells is known to result in severe
cellular defects, including decreased ATP content and poor cell growth
(Chen et al., 2005; Yue et al., 2014). Our Mfn1 KD studies indicated
that Mfn1 degradation was sufficient to promote mitochondrial
dysfunction; therefore, TBT-induced Mfn1 degradation might mediate
mitochondrial fragmentation, decrease ATP levels, and inhibit iPSC
growth. Although Mfn2 is also involved in mitochondrial fission and en-
ergy supply (Chen et al., 2005; Leboucher et al.,, 2012; Yue et al., 2014),

our results indicated that TBT specifically targeted Mfn1, not Mfn2. Re-
garding this apparent TBT specificity, MARCH5 has been reported to se-
lectively degrade Mfn1 among all mitochondrial proteins, including
Mfn2 (Park et al., 2014). This selectivity of MARCH5 toward Mfn1 was
also confirmed by our recovery studies of TBT-induced Mfn1 degrada-
tion using MARCH5-KD cells. Thus, exposure to nanomolar concentra-
tions of TBT might specifically target Mfn1 via MARCHS5 in iPSCs.
In future studies, it will be necessary to investigate the specific mecha-
nisms underlying TBT-induced Mfn1 degradation via MARCH5, a pro-
cess that results in mitochondrial fission and dysfunction.

Herein, we found that TBT targeted the mitochondrial energy supply
in iPSCs. Although mitochondrial energy production is more efficient
than glycolysis, embryonic cells such as iPSCs are known to rely mainly
on glycolysis rather than the mitochondrial system for ATP production
(Varum et al., 2011). We previously reported that nanomolar concen-
trations of TBT inhibit glucose uptake and cause growth arrest in
human embryonic carcinoma NT2/D1 cells (Yamada et al., 2013). Fur-
ther studies should determine whether glycolysis is also targeted by
TBT in iPSCs.

In summary, our results demonstrated a novel mechanism underly-
ing the cytotoxicity of nanomolar TBT levels in iPSCs. Recently, signifi-
cant progress has been made in the induction of differentiation of
pluripotent stem cells into a variety of cell types (Li et al., 2016). Thus,
further studies are needed to evaluate the toxicities and developmental
effects of TBT on somatic cells present in human adults. The chemical
sensitivity and broad utility of iPSCs in toxicological studies of TBT
may enable the discovery of versatile toxicity evaluation markers,
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Fig. 4. MARCH5 KD abolishes TBT-induced Mfn1 degradation in iPSCs. (A) Cells were transfected with siRNA targeting MARCH5 or a scrambled siRNA (control), and the relative expression
of MARCH5 was measured using real-time PCR. (B) After exposure to 50 nM TBT or TA for 72 h in siRNA-transfected cells, protein levels of Mfn1 and Mfn2 were examined by western
blotting using anti-Mfn1, anti-Mfn2, or anti--actin antibodies. (C) The relative densities of bands were quantified with Image] software. Relative changes in expression were
determined by normalization to (3-actin. Data represent the mean + SD (n = 3). *P < 0.05 using Student's t-tests (A) or ANOVA with post hoc Tukey tests (C).

which could facilitate the development of a platform for chemical vali-
dation by providing simple, reproducible, and cost-effective tools.
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membrane, where it interacts with fission protein 1 (Fis1) to pro-
mote fission |[14,15]. For example, pigment epithelium-derived
factor is reported to improve mitochondrial function by stabiliz-
ing mitochondrial fusion in retinal pigment epithelial cells [ 16]. In
contrast, the anti-tumor agent, doxorubicin, facilitates mitochon-
drial fragmentation and apoptosis by promoting Mfn2 degradation
in sarcoma U20S cells [17].

In the present study, we hypothesized a possible link between
nicotine toxicity and mitochondrial function in human mulitpotent
NT2/D1 cells, which have neural differentiation capability. Our re-
sults showed that exposure to 10 pM nicotine decreased intracel-
lular ATP levels and inhibited cell growth. Moreover, nicotine
exposure induced Mfn degradation and mitochondrial fragmenta-
tion via nicotinic acetylcholine receptors (nAChRs). Thus, nicotine
induces toxicity through impairment of mitochondrial quality
control in human NT2/D1 cells.

2. Materials and methods
2.1. Cell culture

The human multipotent embryonal carcinoma NT2/D1 cells
were obtained from the American Type Culture Collection (Mana-
ssas, VA, USA). SH-SY5Y cells were obtained from European
Collection of Animal Cell Culture (Salisbury, Wiltshire, UK). The
cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM;
Sigma—Aldrich, St. Louis, MO, USA) supplemented with 10% fetal
bovine serum (FBS; Biological Industries, Ashrat, Israel) and
0.05 mg/ml penicillin-streptomycin mixture (Life Technologies,
Carlsbad, CA, USA) at 37 °C in the presence of 5% COs.

2.2. Cell proliferation assay

Cell viability was measured using the CellTiter 96 AQueous One
Solution Cell Proliferation Assay (Promega, Madison, WI, USA), as
previously described | 18], Briefly, NT2/D1 cells were seeded into
96-well plate and exposed to different concentrations of nicotine.
After exposure to nicotine, One Solution Reagent was added to each
well, and the plate was incubated at 37 °C for another 2 h. Absor-
bance was measured at 490 nm by iMark microplate reader (Bio-
Rad, Hercules, CA, USA).

2.3. Measurement of intracellular ATP levels

The intracellular ATP content was measured using the ATP
Determination Kit (Life Technologies), as previously described | 19].
Briefly, the cells were washed and lysed with phosphate-buffered
saline containing 0.1% Triton X-100. The resulting cell lysates
were added to a reaction mixture containing 0.5 mM p-luciferin,
1 mM dithiothreitol, and 1.25 pg/ml luciferase and incubated for
30 min at room temperature. Luminescence was measured using a
Wallac1420ARVO fluoroscan (Perkin—Elmer, Waltham, MA, USA).
The luminescence intensities were normalized to the total protein
content,

2.4. Assessment of mitochondrial fusion

After treatment with nicotine (10 uM, 24 h), cells were fixed
with 4% paraformaldehyde and stained with 50 nM MitoTracker
Red CMXRos (Cell Signaling Technology, Danvers, MA, USA) and
0.1 pg/ml 4 6-diamidino-2-phenylindole (DAPI; Dojin, Kumamoto,
Japan). Changes in mitochondrial morphology were observed using
a confocal laser microscope (Nikon A1). Images (n 3—7) of random
fields were taken, and the number of cells displaying mitochondrial
fusion (<10% punctiform) was counted in each image, as previously

described [20]. The number of cells showing mitochondrial fission
was calculated by subtracting the number of cells with mitochon-
drial fusion from the total cell number,

2.5. Real-time PCR

Total RNA was isolated from NT2/D1 cells using TRIzol reagent
(Life Technologies), and quantitative real-time reverse transcrip-
tion (RT)-PCR with QuantiTect SYBR Green RT-PCR Kit (QIAGEN,
Valencia, CA, USA) was performed using an ABI PRISM 7900HT
sequence detection system (Applied Biosystems, Foster City, CA,
USA) as previously described [21]. The relative change in the
amount of transcript was normalized to the mRNA levels of glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH). The following
primer sequences were used for real-time PCR analysis: nAChRe1,
forward, 5-CTGGACCTACGACGGCICI-3' and reverse, 5'-
CGCTGCATGACGAAGTGGT-3'; nAChRe2, forward, 5'-ACACTTCA-
GACGTGGTGATTG-3' and reverse, 5'-CCACTCCTGTTTTAGCCAGAC-
3", nAChRa3, forward, 5-ACCTGTGGCTCAAGCAAATCT-3' and
reverse, 5-GCAGGGACACGCATGAACT-3'; nAChRad4, forward, 5'-

GGAGGGCGTCCAGTACATTG-3' and reverse, 5'-GAA-
GATGCGGTCGATGACCA-3'; nAChRas5, forward, 5-AGATG-
GAACCCTGATGACTATGGT-3' and reverse, 5'-
AAACGTCCATCTGCATTATCAAAC-3'; nAChRw6, forward, 5'-
GGCAGGGATTCCTTCATGGG-3' and reverse, 5’
GCCICTCCTCAGTTGCACAG-3; nAChRu?, forward, 5'-

CATGGCCTTCTCGGTCTTCA-3' and reverse, 5-CACGGCCTCCAC-
GAAGTT-3'; nAChRa10, forward, 5'-CAGATGCCTACCTACGATGGG-3'
and reverse, 5'-GGGAAGGCTGCTACATCCA-3'; nAChRS1, forward, 5/-
TGAGACCTCACTATCAGTACCCA-3' and reverse, 5-AGAACCACGA-
CACTAAGGATGA-3'; nAChR(2, forward, 5'-GGTGACAGTA-
CAGCTTATGGTG-3' and reverse, 5'-AGGCGATAATCTTCCCACTCC-3';
nAChRB3, forward, 5'-TGCTGGTTCTCATCGTCCTTG-3' and reverse,
5'-GCATCTTCATTTTCGGCGATTGA-3"; nAChRp4, forward, 5'-
CAGCTTATCAGCGTGAATGAGC-3' and reverse, 5-GTCAGGCGG-
TAATCAGTCCAT-3'; Drp1, forward, 5-TGGGCGCCGACATCA-3" and
reverse, 5'-GCTCTGCGTTCCCACTACGA-3"; Fis1, forward, 5'-
TACGTCCGCGGGTTGCT-3/ and reverse, 5'-
CCAGTTCCTTGGCCTGGTT-3'; Mfnl, forward, 5'-GGCATCTGTGGCC-
GAGTT-3' and reverse, 5'-ATTATGCTAAGTCTCCGCTCCAA-3"; Mfn2,

forward, 5'-GCTCGGAGGCACATGAAAGT-3' and reverse, 5'-
ATCACGGTGCTCTTCCCATT-3'; Opal, forward, 5.
GTGCTGCCCGCCTAGAAA-3! and reverse, 5'-TGA-
CAGGCACCCGTACTCAGT-3/; GAPDH, forward, 5'-
GTCTCCTCTGACTTCAACAGCG-3’ and reverse, 5-

ACCACCCTGTTGCTGTAGCCAA-3,
2.6. Western blot analysis

Western blot analysis was performed as previously reported
[22]. Briefly, the cells were lysed with Cell Lysis Buffer (Cell
Signaling Technology). The proteins were then separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
electrophoretically transferred to Immobilon-P (Millipore, Billerica,
MA, USA). The membranes were probed with anti-Drp1 mono-
clonal antibodies (1:1000; Cell Signaling Technology), anti-Fis1
polyclonal antibodies (1:200; Santa Cruz Biotechnology, Santa
Cruz, CA, USA), anti-Mfn1 polyclonal antibodies (1:1000; Cell
Signaling Technology), anti-Mfn2 monoclonal antibodies (1:1000;
Cell Signaling Technology), anti-Opal monoclonal antibodies
(1:1000; BD Biosciences), and anti-f-actin monoclonal antibodies
(1:5000; Sigma—Aldrich). The membranes were then incubated
with secondary antibodies against rabbit or mouse IgG conjugated
to horseradish peroxidase (Cell Signaling Technology). The bands
were visualized using the ECL Western Blotting Analysis System (GE
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Healthcare, Buckinghamshire, UK), and images were acquired using
a LAS-3000 Imager (FUJIFILM UK Ltd., Systems, Bedford, UK).

2.7. Chemicals and reagents

Nicotine was obtained from Wako Pure Chemicals (Osaka,
Japan). Mecamylamine hydrochloride (MCA) and m-chlor-
ophenylhydrazone (CCCP) were obtained from Sigma—Aldrich.

2.8. Statistical analysis

All data were presented as means + S.D. ANOVA followed by
post hoc Fisher test was used to analyze data in Fig. 1A and B and
Figs, 2—4B. Student’s t-test was used to analyze data in Fiy. 4C. P-
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Fig. 1. Nicotine inhibits cell proliferation via intracellular ATP decrease in NT2/D1 cells.
A. Cells were exposed to different concentrations of nicotine for 72 h. Cell viability was
examined using the CellTiter 96 AQueous One Solution Cell Proliferation Assay. B. After
treatment with different concentrations of nicotine for 24 h, intracellular ATP content
was determined in cell lysates. Data represent the mean + SD (n 3). *P <0.05.

>

1.2 -‘
ool
)
c 0.8 4
il
wn
S 0.6 -
g
o 04 -
(0]
=
8 0.2 -
T T T T T T 1 I T T T 1
TYTT8eHe RS
B "
1.5 - O control
M Nicotine
o)
o
£ ik
=
©
=
e}
(5]
o 0.5 4
b_
<
0 T )
vehicle MCA

Fig. 2. Nicotine reduces intracellular ATP levels via nAChRs in NT2/D1 cells. A.
Expression of AChR subtypes was analyzed by real-time PCR in NT2/D1 cells. The
relative changes were determined by normalizing with GAPDH. B. After treatment with
10 uM nicotine and/or 30 pM MCA for 24 h, intracellular ATP content was determined
in cell lysates. Data represent the mean + SD (n 3). *P < 0.05.

values less than 0.05 were considered to be statistically significant.

3. Results
3.1. Cytotoxic effects of nicotine in NT2/D1 cells

To examine the effects of nicotine on human multipotent em-
bryonic cells, we exposed the cells to different concentrations of
nicotine for 72 h and measured cell viability by MTT assay using
human multipotent embryonic carcinoma NT2/D1 cells, which
have an ability to differentiate into neuronal cells. We found that
treatment with 10 pM nicotine significantly inhibited cell prolif-
eration (Fig. 1A). Similarly, exposure to 10 pM nicotine significantly
reduced the ATP content of the cells (Fig. 1B). To further investigate
whether the nicotine effects are selective for undifferentiated cells,
we used human SH-SY5Y neuroblastoma cells. We found that
exposure to 10 pM nicotine had little effect on proliferation and ATP
content of SH-SY5Y cells (Fig. S1).

We next examined the nAChR mRNA levels by real-time PCR and
confirmed that nAChR subtypes except 9-nAChR were expressed
in NT2/D1 cells (I'ig. 2A). To examine whether the inhibition of ATP
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Fig. 3. Nicotine induces mitachondrial fission via nAChRs in NT2/D1 cells. A. Cells were
exposed to 10 pM nicotine, in the presence or absence of 30 pM MCA, for 24 h. The cells
were stained with MitoTracker Red CMXRos and DAPI and mitochendrial marphology
was observed by confocal laser micrascopy. Bar 20 pm. B. The number of cells showing
mitochondrial fusion (<10% punctiform) was counted in three independent captured
images. The number of cells showing mitochendrial fission was calculated by sub-
tracting the number of cells with mitochondrial fusion from the total cell number.
*P < 0.05.

production is mediated via the nAChRs, we tested the effect of
nAChR antagonist on the ATP content. As shown in Fig. 2B, a non-
selective nAChR antagonist mecamylamine (MCA) abolished the
nicotine-induced reduction of ATP content. MCA alone did not
affect the ATP level. These data suggest that nicotine decreases the
ATP content via its nAChR and inhibits cell proliferation in NT2/D1
cells.

3.2. Effects of nicotine on mitochondrial morphology in NT2/D1
cells

Mitochondrial function, including ATP production, are main-
tained by mitochondrial fusion and fission |11]. Since nicotine
reduced intracellular ATP levels, we next focused on the mito-
chondrial dynamics in NT2/D1 cells. Nicotine exposure (10 pM,
24 h) significantly increased the number of fragmented mito-
chondria with punctate morphology, as compared to the level
observed in untreated control cells (Fig. 3). Moreover, MCA abol-
ished this nicotine-induced mitochondrial fragmentation (Iiz. 3).
MCA alone did not affect mitochondrial dynamics. In contrast to
NT2/D1 cells, nicotine did not significantly affect the mitochondrial
dynamics in SH-SY5Y neuroblastoma cells (Fig. S1). These results
suggest that nicotine induces mitochondrial fission via nAChRs in
NT2/D1 cells.

3.3. Nicotine reduces Mfn1 and Mfn2 protein levels in NT2/D1 cells

To examine the molecular mechanism by which nicotine in-
duces mitochondrial fragmentation, we assessed its effects on
mitochondrial fission (Fis1, Drp1) and fusion genes (Mfn1, Mfn2,
Opal). Real-time PCR analysis showed that each gene expression
was not significantly altered by nicotine exposure (Fig. 4A). Inter-
estingly, western blot analysis revealed that nicotine did signifi-
cantly decrease the levels of Mfn1 and Mfn2 proteins (I'i¢. 4B and
C). In contrast, the levels of other proteins, including Fis1, Drp1, and
Opal, were not affected by nicotine. These data suggest that
nicotine-induced mitochondrial fragmentation is caused by the
degradation of Mfn1 and Mfn2 proteins.

4. Discussion

In the present study, we demonstrated that exposure to
micromolar levels of nicotine impairs mitochondrial quality control
in human multipotent embryonic carcinoma cells. Exposure to
nicotine induces nAChR-dependent degradation of Mfn1 and Mfn2,
thereby promoting mitochondrial fragmentation. These negative
nAChR-mediated effects of nicotine on mitochondrial quality con-
trol could inhibit ATP production and cell viability.

Undifferentiated embryonic cells may tend to be sensitive to the
growth inhibitory effects of nicotine, whereas proliferative and
protective effects of nicotine have been described in more devel-
oped somatic cells [23-27|. Our studies showed that treatment
with 10 pM nicotine reduces cell growth in human embryonic cells
(Fig. 1), whereas the growth of human neuroblastoma SH-SY5Y
cells is not affected (IFiz. S1). Previous study has also shown that
exposure to more than 1.8 pM nicotine inhibits cell adhesion and
induces apoptosis in human embryonic stem cells [28]. The con-
centrations of nicotine tested in our study were relevant to the
circulating levels of nicotine in cigarette smokers, which have been
reported to range from 10 nM to 10 uM |29}; these have the po-
tential to inhibit the growth of embryonic cells. In contrast to these
growth inhibitory effects, nicotine is known to stimulate the pro-
liferation of hematopoietic and neuronal progenitors |23 25]. In
addition, nicotine is reported to protect rat basal forebrain neurons
or rat hippocampal neurons from the cytotoxicity of p-amyloid
protein |26,27]. Taken together, nicotine effects in undifferentiated
embryonic cells contains different mechanisms from developed
somatic cells. Therefore, further studies are required to elucidate
the mechanism of cell stage-specific effects using embryonic and
differentiated cells.

Our data suggest that nicotine induces mitochondrial fission
through the degradation of Mfn1 and Mfn2 (Figs. 3 and ).
Consistent with this finding, chemical stressors have been reported

Please cite this article in press as: N. Hirata, et al., Nicotine induces mitochondrial fission through mitofusin degradation in human multipotent
embryonic carcinoma cells, Biochemical and Biophysical Research Communications (2016), http://dx.doi.org/10.1016/j.bbrc.2016.01.063

66

68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94

96
97
98

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130



W~ A WN —

YBBRC35180_proof m 12 January 2016 m 5/6

N. Hirata et al. / Biochemical and Biophysical Research Communications xxx (2016) 1-6 5
[

O control
=) @ Nicotine
S 15
=
e
w
w
14
o}

x
(3]
2
¢ 05 A
&)
D -

Mfn1 Mfn2 Opal Drp1 Fis1

Cc

[1}]
e £ o
e 8 8 2
(5] = (]
Mfn1 lh - ‘ =
B 15
M2 | d— — =
[}
>
1
B
Opat | T e E
[}
B
Drp1 |——— a 05
Fis1 o — — {
0

pacn | e e a-— |

DO control
* @ Nicotine

i
’.T @CCCP

:

Mfn1  Min2 Opal Drp1 Fis1

Fig. 4. Nicotine reduces Mfn1 and Mfn2 protein levels in NT2/D1 cells. A. After exposure to 10 pM nicotine for 24 h, the expression of the indicated mitochondrial genes was
analyzed by real-time PCR. The relative changes were determined by normalizing with GAPDH, B. After exposure to 10 uM nicotine or 10 pM CCCP for 24 h, the expression of
mitochondrial proteins was analyzed by western blot using anti-Drp1, anti-Fis1, anti-Mfn1, anti-Mfn2, anti-Opal, or anti-f-actin antibodies. C. The band densities were analyzed by
Image] software. Relative changes in expression were determined by normalization to B-actin, Data represent the mean + SD (n 3). *P < 0,05.

to cause mitochondrial fission via Mfn degradation. For example,
organotin compounds such as tributyltin induce proteasomal
degradation of Mfn1 and Mfn2, which facilitates mitochondrial
fragmentation and growth arrest in NT2/D1 cells |30,31]. Since
nicotine showed similar effects in NT2/D1 cells, nicotine exposure
may also degrade Mfnl and Mfn2 via proteasome. Moreover, an
inhibitor of mitochondrial calcium efflux, CGP37157, is reported to
degrade Mfn1 via E3 ubiquitin ligase and induce mitochondrial
fission in prostate cancer LNCaP cells [32]. Further studies will be
necessary to determine whether ubiquitin ligases are involved in
nicotine-induced Mfn1 and Mfn2 degradation in embryonic cells.

Our data suggest that nicotine toxicity is mediated by dysfunc-
tional mitochondrial quality control, which occurs via a nAChR-
dependent mechanism (Iigs. 2 and 3). Nicotine has been reported
to evoke extracellular calcium influx through plasma membrane
NAChRs |-1|. Moreover, a transient increase in intracellular calcium
levels is known to cause mitochondrial calcium overload, which is
followed by the depolarization of the mitochondrial membrane,
resulting in a loss of MMP [33,34]. In other cell lines, MMP reduc-
tion is reported to induce the mitochondrial translocation of the E3
ubiquitin ligase, Parkin, which targets the Mfn protein for protea-
somal degradation |35]. Therefore, nicotine may increase intracel-
lular calcium entry via nAChRs, thus reducing the MMP and

inducing mitochondrial translocation of E3 ubiquitin ligases; this
increases the proteasomal degradation of Mfn1 and Mfn2. Several
reports indicate that knockdown of Mfn1 and Mfn2 in the cells
induces mitochondrial fragmentation and shows severe cellular
defects, including decreased ATP content and poor cell growth
[36,37]. Especially, Mfn2 has been reported to be necessary for
striatal axonal projections of midbrain dopamine neurons by the
studies using dopamine neuron-specific Mfn2 knockout mice | 5],
Taken together, Mfnl and Mfn2 might be involved in several
nAChR-mediated effects of nicotine, such as the reduction of ATP
content, growth inhibition, and modulation of synaptic trans-
mission. In future studies, it will be necessary to investigate the
precise mechanism involved in nicotine-induced Mfn degradation,
which results in mitochondrial fission and impaired function.
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In this paper, we propose a new simple device for visualizing bioactive molecules with a fine spatial resolution by using a
membrane in which a specific enzyme is immobilized. The layer produces fluorescence afier association with a specific substance.
The layer, on which a biological tissue is to be mounted, is deposited on a quartz substrate that is used as a light guide to
introduce UV light to the layer. Substance release is observed by a CCD camera from the opposite side of the substrate, In order
to shorten the experiment time, we had automated the optical device. The paper also describes the reduction of background
fluorescence by means of image processing technique. Images were acquired by employing two UV-LEDs with slightly different
angle. Image processing was performed to separate background and target fluorescence by means of independent component
analysis. Finally the release of GABA (y-aminobutyric acid) and glutamate from specific layers in rat cerebellum was successfully
observed. It is expected that, using this method, both real-time transmitter release and its response to medicine can be observed.

Keywords . bioactive molecules, enzyme-linked photo assay, independent component analysis

1. Introduction

Light guide is composed of a dielectric material that can enclose
the light propagation. In addition to being applied to communication,
it is useful for sensing as well. In chemical sensing the surface of
the light guide has to be coated with some specific chemical that
may change its optical property depending on chemical reactions.
Such a function can be applied to chemical imaging, if the light
guide has a flat surface. This study proposes an application of
two-dimensional light guide, of which surface is chemically
modified, to biochemical imaging.

Neurotransmitter molecules released from neurons are not only
regulators of neuronal transduction but also indicators of neuronal
conditions, Glutamate and fy-aminobutyric acid (GABA) are
known as typical transmitters in brain cortex that play important
roles as stimulator and suppresser, respectively. Lack of balance in
the release of glutamate and GABA may lead to autism, epilepsy
or Parkinson’s disease!®.

In order to observe the spatio-temporal release in cerebellar
cortex, we have newly proposed the enzyme-linked photo assay
system, which is realized even using normal CCD camera, and
observed GABA release in developing cerebellar slice using either
new or authorized methods®’.

In this paper, we propose a new simple device for this purpose
by using a reactive layer in which a specific enzyme is
immobilized, and produces fluorescence after association with a
specific substance released from mounted slice. This layer is
bound a quartz substrate that is used as a light guide for UV light
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excitation. Fluorescence derived from a substance is observed by a
CCD camera from the opposite side of the substrate,

The paper describes the reduction of background (luorescence
by means of image processing technique. Finally it will be shown
that the release of transmitters from specific layers in rat cerebellum
was successfully observed.

2. Specimen Preparation and Photo Excitation
System

Imaging of neurotransmitter release was monitored the reaction
of oxidoreductases generating reduced nicotinamide adenine
dinucleotide (NAD') or diphosphonucleotide (NADP'). For
glutamate and GABA, we used glutamate dehydrogenase and
GABA disassembly enzyme (GABase), respectively.

Enzymes were covalently immobilized on the quartz glass
substrate using a silane coupling agent and a crosslink agent. The
substrate was as thick as 1 mm. Stoichiometrically generated
NADH or NADPH emits 480 nm fluorescence after excitation at
340-365 nm.

Existence of glutamate and GABA lead to fluorescence when
co-existing with specific enzyme and co-enzyme. A glass substrate
on which specific enzyme is coated is in contact with the biological
specimen. A chamber space is created around the specimen. The
space is filled with buffer liquid and co-enzyme. On the glass
substrate therefore, the specimen is in contact with both enzyme
and co-enzyme.

Consequently glutamate or GABA, that is released from the
tissue spontancously by stimulation, makes an oxidation-reduction
reaction on the substrate. Although both glutamate and GABA do
not produce fluorescence by themselves, NAD(P)H that is created
as the result of the above chemical reaction makes fluorescence.
As the ratio of glutamate or GABA and NAD(P)H is 1:1, the
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fluorescence can be correlated to the amount of released glutamate
or GABA.

In the experiment, rat cerebellum was sliced sagittally at 400 pm
thick and incubated in oxygen-aerated HEPES-Na" buffer for 40
min. The slice was placed on the quartz glass substrate with both
NADP" and o-ketoglutarate. Figure 1 shows the schematic diagram
of the observation system including the device. The enzyme was
immobilized covalently on the glass as shown in Fig. 2. Figure 3
shows chemical reactions taking place on the substrate. NADP"
(nicotinamide adenine dinucleotide phosphate) changes into
NADPH (reduced nicotinamide adenine dinucleotide phosphate)
just as glutamate and GABA degeneration. Synthesized NADPH
was illuminated by 360 nm surface UV-LED, and emitted the
480 nm fluorescent light observed by cooled CCD (ORCA ER,
Hamamatsu Photonics). The quartz substrate can be recognized as
a light guide to illuminate the surface of the substrate.

Tissue

Enzyme immobalized
~

Fluoresence (480 nm)

=
CCD { Memory |

I ) Trig |
i ~ Control | T J,_ Image

i‘tﬁ—ﬁ! = 3 Alkem
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Fig. 1. Schematic diagram of the observation system including
the device and its outlook
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Fig. 2. Immobilized enzyme
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Fig. 3. Chemical reaction on the substrate

3. Image Processing

The fluorescent light detected by the CCD camera is divided
into target light and background light. As significant intensity of
background light is detected, it is assumed that fluorescence is
excited by the light that is refracted on the interface between the
substrate and tissue system including the layer. The light, being
generated by LEDs and propagates though the substrate, can be
decomposed into plane waves with different angles of propagation.
Each plane wave transfers across the enzyme layer and comes into
the tissue. We assume that both target and background light were
predominantly excited by normal light. As the background light
significantly damage the quality of the image, it should be reduced
as much as possible. Making use of the evanescent light may be a
solution, however, it may make the system complicated, and the
target light may be not as significant as this case. Therefore we tried
to reduce the background by means of a simple image processing.

Assuming that the light is a plane wave and scatter can be
neglected, wave propagation and detected fluorescence can be
illustrated as Fig. 4. In the figure, fluorescence, attributed to the
layer where the enzyme is fixed, is represented as f,. This is

Plane wave
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Fig. 4. Fluorescence detected by CCD camera
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defined as to be the target. The fluorescence attributed to the tissue
is represented as ['y . This is defined as to be the background. Both
Iy and ['y depends on the incident angle 0. The thickness of the
quartz plate, which is used as a light guide, is as thick as 1 mm, As
it is much thicker than the diameter of normal optical fiber it is
relatively easy to introduce two kinds of lights of which angles of
center axes are significantly different. In addition, in practice, they
depend differently on the incident angle. As the result, the
proportion (/y/I'g) is not the same along #. This is true even if the
incident angle has distributed.

As the result, the captured fluorescence with different angle of
optical axis is composed of target and background fluorescence
with different mixture ratios. This can be represented as:

K ay ap fl)
.= B P P l)
(‘Lz] (a:u an)(ﬁe X

where /) (x,y} and £,(x,y) are captured fluorescence image, f(x.y)
and f;(x,y) are spatial distributions of fluorescence as the target
and background, a,,, @3, @y, @z, are constants. Although the image
acquisition is sequential, ICA is performed by assuming that two

images, /) (x,y) and F,(x,y) are acquired with a negligible time lag,.

Reproduced images /') (x, ) and /" (x,p) are calculated from F) and
F>. As the result of periodical acquisitions of F, and F5, time
dependent images of /7| and /%, are calculated. Eq. (1) can also be
described using a matrix expression as:

F=A-f

The target and background fluorescence distribution can be
calculated by applying A to F. In practice, only contrast of the
image would be enough to recognize the distribution. In such a
case A" can be represented as:

1 « 3

After capturing two images F; and F, by changing the angle of

Parameter for independency
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)

Probability distribution
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optical axis, the target and background images can be separated by
finding appropriate numbers for @ and B. « and # can be tuned
manually by monitoring the quality of reproduced image, however,
the theory of independent component analysis (ICA) may be
powerful for solving such a problem™,

Stochastic distribution of pixel intensity in images /) and /", are
represented as p(yy;) and p(y,;), where y, and y,; represent the
intensity.

P =P pOy ) (O, ) }

(4
PO =Py ), pyy, e p(ys, )} b

P(V1.y2;) represents the probability that the intensity of a pixel in
image /) is v, and that of the corresponding point in image /7, is
Vo In other words p(y) and p(y,) are probabilities that cases v,
and y; take place, respectively, and p(y,,y;) is the probability that
cases y) and y; takes place simultaneously. Variables y; and y; are
considered to be independent when

p(yl,yz) = p(yl )p(ﬂyz) (5)

is established. Kullback-Leibler (K-L) parameter is often employed
to indicate the independency of variables:
PWsdy))
KL ;p(yl,..v;,)lop, IR (6)

The K-L parameter is zero when two sets of variables y; and y,
are completely independent together. In practice, & and f in Eqg. (3),
which determine the prababilitics p(yy), p(v2) and p(y,,v2), can be
tuned so that the K-L parameter indicates the minimum.

The process of ICA is illustrated in Fig. 5. The equation described
in the form of matrix indicates that two images, F, and F,, derive
from linear combination of unknown original images f; and £. If
an appropriate inverse matrix can be found then the original
images can be reproduced. However as the matrix to describe the
linear combination is unknown as well, ICA algorithm is applied
to find the most appropriate matrix (as the inverse matrix). In the

Observed Origin

F, (1 a)h (E]_(HH “u]f}
FZJ_[JB IJ[FQ) I - ay,, ay \

Fig. 5. Ilustration for image processing based on independent component analysis
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ICA process K-L parameter is calculated in order to evaluate the
probabilistic independency of images /”, and f*. It can be considered
that in the reproduction algorithm the core process is the calculation
of the K-L parameter. In this preliminary study K-L parameter is
successively calculated by manually changing the inverse matrix,
and images are assumed to be reproduced when the K-L parameter
indicates the minimum.

4. Results and Discussion

4.1 Image Processing using the ICA Figure 6 (a) shows
visible light image of the cerebellum with postnatal 21 days. In
developing cerebellum, granule cells, small input neurons,
proliferate and migrate down from the external granular layer
(EGL) to the internal granular layer (IGL). As the development
proceeds, EGL turns into molecular layer (ML) whereas 1GL
remains. Purkinje cells, big output neurons, develop their dendrites
and associate neuronal connections between granule cells and
other interneurons. Neuronal circuit layer forms the ML. As the
cerebellum shown in Fig. 6 (a) is mature, ML, PL, IGL are clearly
visible. Note that ML is on the outer side of the cerebellum, and a
wrinkle surrounded by the ML is seen in Fig. 6 (a).

As for fluorescence observation, three different images were
acquired. Two were with different inclination of the excitation

e

rhal] angle (image A).

| o0
| v
)
i

400

Large angle (image B).

(b) Fluorecence images before image processing

Target

Backgi'ound

(c) Fluorecence images after image processing

Fig. 6. Cross sectional mages of cerebellar cortex: (a) Visible
light image, (b) original fluorescent images with different angle
of optical axes, and (c) fluorescent images after the image
processing. Scales are indicated in arbitrary unit. Specimen: rat
cerebellum (postnatal 21 days), target: GABA
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light source, and one was with no excitation light. Each of the two
images with excitation light was subtracted with the image with no
excitation light, in order to reduce the background light from the
outside. These two images after the subtraction were defined as
images A and B.

Figure 6 (b) shows these images for a rat cerebellum. Both
images are very unclear, because of the background fluorescence.
Figure 6 (c) shows the result of image processing. It is clearly
shown in the image entitled as “target” that the fluorescence
intensity is high in two layers, whereas that entitled as “background™
is not clear. By morphological inspection these layers are recognized
as ML and IGL. These layers are known that GABAergic
neurons distribute in mature cerebellum, Studies using HPLC and
electrophysiological method have shown that GABA is released
from the postnatal cerebellar cortex even before synaptogenesis,
and that GABA receptors act on the developing cerebellar Purkinje
cells™. However, dynamic GABA release could not be observed
unless the enzyme-linked photo assay is used. In addition. because
cytoplasmic autofluorescence becomes noisy background light, it
is useful that the image processing system extracted the image of
GABA release from the autofluorescence-contained image. Using
this method, both real-time transmitter release and its response to
medicine can be observed.

4.2  Transition after Chemical Stimulation In relatively
developed cerebellum, cells distributed in the ML and 1GL. are
only the neurons of glutamate release, so that both layers showed
fluorescent activities. Figure 7 indicates release distribution of
glutamate in comparison with normal optical image illuminated
with visible light. The fluorescent image, indicating glutamate
release, is afler the ICA processing. Figure 7 (c) indicates the
regions of interest for analysis. Regions highlighted as ML and
IGL have relatively strong intensity in fluorescence. They have a
contrast to the region highlighted as PL.. Release from white matter
(WM), which is mostly composed of fatty materials, is much less
significant.

S

(a) Visible light image

(b) Fluorescent image

(¢) Regions of interest for analysis

Fig. 7. Cerebellum with postnatal 7 days observed with visible
light and fluorescent light indicating glutamate release. 0.9 mm
% 0.9 mm. Gray scale is arbitrary. ML: molecular layer, PL:
Purkinje layer, IGL: internal granular layer, WM: white matter.
Specimen: rat cerebellum (postnatal 7 days)
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Fig. 8. Transition in fluorescence intensity in each layer
(normalized by the intensity of ML 30 s after stimulation
that 1000). Specimen: rat cerebellum
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Fig. 9. Change in fluorescence intensity before and afler

AMPA stimulation (normalized by the intensity of ML 30 s
afler stimulation that is indicated as 1000). Specimen: rat
cerebellum (postnatal 7 days), target: glutaminate

Our system can visualize both spontancous and responsive
transmitter release with about 0.2 s time resolution. Figure 8 shows
the transition of glutamate release in response to 100 pmol/(
(S)-alpha-Amino-3-hydroxy- 5 methylisoxazole-4-propionic acid
(AMPA) application in cerebellar slices. All values are normalized
by the intensity of ML 30 s after stimulation that is indicated as
1000. Fluorescence, as indication glutamate release, was intense in
both the IGL and ML, whereas the PL was indicated with lower
intensity. As shown in Fig. 8, a clear increase in fluorescence was
observed after stimulation. Transition in fluorescence was similar
for ML and IGL, suggesting that these layers arc activated.
However PL, which was not expected to release glutamate,
showed fluorescence as well although it was less intense than ML
and IGL. As this specimen was taken from relatively young rat
(postnatal 7 days), the cerebellar development was not totally
completed, and the layers were not separated enough. It is hence
considered that diffusion from ML and IGL to PL would take
place, leading to an increase in fluorescence in this layer. The
increase in fluorescence in WM suggests that glutamate might
have been diffused into WM as well, although the absolute value
was much lower than ML and 1GL.

Figure 9 compares the fluorescence in cach layer before and
after stimulation. Four different specimens were used for the
observation, in order to confirm reproducibility. It is clear that the
AMPA stimulation brought a significant glutamate release from

103

97

ML and IGL, although the increase is also seen with PL.
5. Conclusions

A new method for visualization of spatially distributed bioactive
molecules using enzyme-linked photo assay has been proposed.
It is based on fluorescent reaction assisted by an enzyme
immobilized on the substrate, however, background fluorescence
disturbs the observation. In order to reduce the background
fluorescence, two images were acquired by changing the optical
axis of UV illumination. Image processing based on independent
component analysis made the target image clear. Observation of
rat cerebellum was successfully performed and GABA and
glutamate release from two specific layers was clearly indicated.
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Abstract: Objective: Inhaled 1-bromopropane decom-
poses easily and releases bromine ion. However, the ki-
netics and transfer of bromine ion into the next genera-
tion have not been clarified. In this work, the kinetics of
bromine ion transfer to the next generation was investi-
gated by using cross-fostering analysis and a one-
compartment model. Methods: Pregnant Wistar rats
were exposed to 700 ppm of 1-bromopropane vapor for
6 h per day during gestation days (GDs) 1-20. After birth,
cross-fostering was performed between mother expo-
sure groups and mother control groups, and the pups
were subdivided into the following four groups: exposure
group, postnatal exposure group, gestation exposure
group, and control group. Bromine ion concentrations in
the brain were measured temporally. Results: Bromine
ion concentrations in mother rats were lower than those
in virgin rats, and the concentrations in fetuses were
higher than those in mothers on GD20. In the postnatal
period, the concentrations in the gestation exposure
group decreased with time, and the biological half-life
was 3.1 days. Conversely, bromine ion concentration in
the postnatal exposure group increased until postnatal
day 4 and then decreased. This tendency was also ob-
served in the exposure group. A one-compartment
model was applied to analyze the behavior of bromine
ion concentration in the brain. By taking into account the
increase of body weight and change in the bromine ion
uptake rate in pups, the bromine ion concentrations in
the brains of the rats could be estimated with acceptable
precision.
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1-Bromopropane (1-BP, CAS no. 106-94-5) is widely
used as a substitute for chlorofluorocarbons, which de-
stroy the ozone layer, The toxicity of 1-BP has been re-
viewed", and the Japan Society for Occupational Health
recommends an occupation exposure limit of 0.5 ppm®’.
Previously, we studied the effects of inhaled 1-BP vapor
in male rats on the nervous™* and immune systems™".

We also studied the effects of inhaled 1-BP vapor on
metabolism in male rats and reported that 1-BP rapidly
decomposes and releases bromine ion in the blood'", indi-
cating that bromine ion is a major index of 1-BP expo-
sure. Recently, because of the health effects reported in
female workers exposed to 1-BP*'", there is concern re-
garding the health effects of 1-BP exposure on the next
generation. Some researchers have reported results of ex-
periments in female animals'™"; however, the kinetics of
bromine ion distribution to the next generation has not
been elucidated. In this study, pregnant rats were exposed
to 700 ppm of 1-BP vapor, and the concentration of bro-
mine ion in the rat brain was measured. The distribution
of bromine in fetuses and cross-fostered pups was investi-
gated. A one-compartment model was employed to ana-
lyze the behavior of bromine ion in rats.

Methods

Animals

Female (9-week-old) and male (10-week-old) Wistar
rats were purchased from Kyudo Co., Ltd. (Saga, Japan).
After acclimation in polycarbonate cages with dry chips,
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Table 1. Experimental groups and ages of adult and fetal rats exposed to 700 ppm of
1-BP and of pups on sampling day

Age (n) on sampling day

Groups (n)
Virgin female  Exposure (5)
Mother Exposure (11)
Control (5)
Fetus Exposure
Pupt Exposure

Postnatal exposure
Geslation exposure
Control

GD21 (2)
GD20 (3)

GD20 (13)

PNDI (10), PND3 (10), PND5 (5), PND7 (5)
PND2 (5), PND4 (5), PNDS (5)

PND4 (5), PNDS (5)

PND3 (5)

1-BP: 1-bromopropane, GD: gestation
exposed pups were raised by their

day, PND: postnatal day, t: Exposure=1-BP
birth mother exposed to 1-BP, Postnatal

exposure=control pups were raised by 1-BP exposed mother, Gestation exposure=1-BP
exposed pups were raised by control mother, Control=control pups were raised by con-

trol mother

they were housed in pairs in animal rooms under 12-h
light-dark cycle conditions at 22+ 1°C and 55 £ 5% rela-
tive humidity, with free access to food and water. The
presence of sperm in the vaginal smear was defined as
day 0 of gestation (GDQ; female rats were 11 weeks old).
In the inhalation study, the female rats were divided into
three groups: 1-BP-exposed virgin female group (n=5), 1-
BP-exposed mother group (n=11), and the control mother
group (n=5). After the final exposure of mother rats on
GD?20, they were housed in an animal room for the onset
of birth. Postnatal day (PND) i.e., the day after birth, was
defined as day 0 (PND0=GD21). On PND1, a litter size
of eight pups was assembled and cross-fostering™™ of
pups was performed between mother exposure groups (n=
3) and mother control groups (n=3). The pups were subdi-
vided into four groups: (1) exposure group (1-BP-
exposed pups were raised by their birth mother exposed
to 1-BP), (2) postnatal exposure group (control pups were
raised by 1-BP-exposed mother), (3) gestation exposure
group ( 1-BP-exposed pups were raised by control
mother), and (4) control group (control pups were raised
by their control mother). The experimental groups are
summarized in Table 1. Body weight was measured peri-
odically. The experiments were conducted per the guid-
ance of the Ethics Committee of Animal Care and Experi-
mentation in accordance with The Guiding Principle for
Animal Care Experimentation, University of Occupa-
tional and Environmental Health, Japan ( AE03-065),
which conforms to the National Institutes of Health Guide
for the Care and Use of Laboratory Animals and the Japa-
nese Law for Animal Welfare and Care.

Expostre

Reagent-grade 1-BP was obtained from Kanto Chemi-
cal Co., Ltd. (Tokyo, Japan). 1-BP vapor was introduced
into a 400-/ stainless-steel exposure chamber. Details of

this apparatus and procedure have been given else-
where'”. In order to study change in bromine ion in blood
and brain when the condition of dysfunction of feedback
inhibition (i.e., disinhibition) was confirmed, exposure
concentration was designed to be 700 ppm, which was
higher than LOAEL (400 ppm) for disinhibition”. The ac-
tual concentration of 1-BP vapor in the chamber was
701.3 £5.2 ppm. In the control group, only clean air was
introduced into the chamber. The exposure period was 6 h
per day between 9 a.m. and 3 p.m. throughout gestation
or GD I-20 (virgin female group was exposed until
GD21). Table 1 displays the age of the rats on sampling
day. They were deeply anesthetized with diethyl ether and
then decapitated. The brains and the stomachs with milk
from only the exposure group on PND1 were gently re-
moved and stored in a freezer,

Measurement of bromine ion concentration

The brains (cerebrum and diencephalon) and stomachs
(0.25 g) were homogenized with water (1.5 m/) at 0C .
The sample (1 m/) was dispensed into a vial, and 0.1 m/
of dimethyl sulfate was added to convert bromine ion to
methyl bromide. Then, 0.1 m/ of an aqueous solution of
isopropyl alcohol (0.5 volume percent) was added as an
internal standard. The vial was heated at 50°C for 1 h.
The bromine ion concentration was determined by meas-
uring peak area of methyl bromide vapor in the headspace
by using a gas chromatograph mass spectrometer (GC/
MS, QP-5050; Shimadzu, Kyoto, Japan)'".

Estimation method of bromine ion concentration

As previously described, inhaled 1-BP was metabo-
lized and bromine ions were released. In this study, the
behavior of released bromine ion concentration in the
brain was analyzed by using a one-compartment model"".
We assumed the bromine ion uptake rate, i.e., the genera-
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The average body weight of mothers (W) exposed to 700 ppm of 1-BP up

to GD20 and that of pups (w) after exposure. 1-BP: 1-bromopropane; GD:
gestation day; PND: postnatal day

tion rate of bromine ion, is equal to the 1-BP uptake rate
because 1-BP is decomposed quickly'” and releases bro-
mine ion. Under this assumption, mass balance equations
of bromine ion during exposure and clearance periods re-
spectively were as follows:

dx

W =R—kx ( | )
dx _
. =—kx (2)

where x is the amount of bromine ion (ug); ¢ is time (h); R
is the generation rate of bromine ion (pg/h), which corre-
sponds to the 1-BP uptake rate; and k is the excretion rate
constant (1/h). From equations (1) and (2), the bromine
ion concentrations C (pg/g) during exposure and clear-
ance respectively were obtained as follows:

e
C= oV (I-e*) 3)

C=Coe" 4)
where V is the volume of the compartment (m/), p is the
density of the compartment (g/m/), and C, is the initial
concentration during clearance (ug/g). The excretion rate
constant k is given by the biological half-life, #» (h) or T
(days).
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2 0.693
Tt (h) T Tz (days) x24

&)

Experimental Results

Fig. 1 shows the change in the average body weight of
mother rats exposed to 700 ppm of 1-BP up to GD20 and
that of the pups after the exposure. The time, T (on the
horizontal axis), includes the GDs and PNDs. Litter sizes
of exposed mothers and control mothers were 15.0 2.8
and 14.9 = 2.5 pups, respectively. The body weight of
both mothers and pups increased rapidly. This tendency
was also observed in the control group, and there was no
significant difference between the exposure group and the
control group. For the virgin female group, body weight
did not change significantly (271.1 £17.0 g) during GD1-
20.

Bromine ion concentration in the rat brain (ug/g-brain)
exposed to 700 ppm of 1-BP on GDs is presented as sym-
bols in Fig. 2. The bromine ion concentration in mother
rats was lower than that in virgin rats, and the concentra-
tion in fetuses was higher than that in mothers. Fig. 3
shows changes in bromine ion concentration in pup brain
for PNDs. The concentration in the gestation exposure
group decreased between PND4 and PND8, whereas that
in the postnatal exposure group increased from PND2 to
PND4 and then decreased. This tendency was also ob-
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pane; GD: gestation day

served in the exposure group, although the concentration
on PND1 was lower than that on GD20 (fetus in Fig. 2).
Specifically, the concentration in the exposure group was
the highest just after birth, but decreased at PND1. The
concentration then increased from PND1 to PND3, but
decreased again with time. In the control pups, the bro-
mine ion concentration was 11.2 = 7.7 pg/g-brain on
PND3.

The bromine ion concentration in pup stomachs with
milk from the exposure group on PND1 was 830.6 %
188.8 pg/g-stomach, which was about twice as much as
that in the mother brain at GD20 (Fig. 2).

Discussion

The one-compartment model was applied to analyze
the bromine ion concentration in the brains of virgin fe-
males, mothers, fetuses, and pups. Equations (3) and (4)
have two parameters, the excretion rate constant k and the
1-BP uptake rate R. The excretion rate constant, &, can be
easily calculated from equation (5) by using the biologi-
cal half-life T (days). In our previous work'”, T\ for
male rats was 4.7-15.0 days in blood and 5.0-7.5 days in
urine. Therefore, T1,=7.0 days was used for mothers and
virgin females in this study. T\ in pups was 3.1 days, ob-
tained by experimental data. Equation (4) was applied to
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the data from PND1 for the exposure group and from
PND4 and PND8 for the gestation exposure group as
shown in Fig. 3. T\.=3.1 days was also used for fetuses.
The half-lives of between GD20 for fetuses and PND1 for
the exposure group were excluded from the calculation
because of the time lag due to birth.

As shown in Fig. 2, the bromine ion concentration in
the brains of mothers was lower than that in the brains of
virgin females. A reason for this might be that the bro-
mine ion concentration was diluted because of increasing
body weight. The average body weight of pups, w (g),
was expressed using the following equation (Fig. 1):

w=0.00028T **' (6)
The average body weight of mothers, W (g), was calcu-
lated as the sum of that of virgin females (pV=271.1 g)
and of pups, w, (interpolated value for GDs):

W=271.1+27w 7
where 27 is the constant, which was determined to give
the best fit for the experimental data as shown in Fig. 1.

For virgin females, the uptake rate, R, of 2853 ug/h
was obtained to give the best fit of equations (3) and (4)
for the experimental data on GD21 in Fig. 2, Therefore,
RiIpV=R/IW=2853/271.1=10.5 pg/(h* g) for virgin females,
and R/pV=2853/(271.1 + 27w) for mother rats was used in
equation (3). For fetuses, R (bromine ion uptake rate from
mothers) was assumed to be proportional to body weight,
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and R/pV=R/w=22.0 ng/(h- g) was applied, which was ob-
tained to give the best fit for the experimental data on GD
20 in Fig. 2. On PNDs, suckling (exposure to bromine ion
from milk) was assumed to occur at 2-h intervals. As
shown in Fig. 3, the curve of bromine ion concentration
in the brains of the postnatal exposure group is convex. In
addition, on PND 1, the concentration in pup stomachs
with milk was high, and the level was higher than that in
the mother brain, as calculated using the one-
compartment model (486.2 ug/g-brain). Therefore, we as-
sume that the uptake rate R of pups is high at first and
then decreases. In this work, R in the postnatal exposure
group can be expressed by the following equation:
R=388¢""™ ™ (8)
where 32 is the initial suckling (h) and 388 and 0.126 are
the constants determined experimentally. The bromine
ion concentration in the exposure group was calculated as
the sum of the concentrations in the gestation exposure
and postnatal exposure groups. Conditions of the one-
compartment model and the values of parameters ob-
tained are listed in Table 2. Solid, broken, and dotted
lines in Fig. 2 indicate calculated lines for fetuses, moth-
ers, and virgin females, respectively. In Fig. 3, solid, bro-
ken, and dotted lines indicate calculated lines of exposure,
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postnatal exposure, and gestation exposure groups, re-
spectively. The lines calculated using the proposed model
could be estimated from the experimental data with ac-
ceptable precision as shown in both figures.

The calculated bromine ion uptake rates per weight, R/
pV, for adults and fetuses were 10.5 and 22 pg/(h-g), re-
spectively. This result suggests that the bromine ion eas-
ily transfers from mothers to fetuses, and the concentra-
tion in fetuses was higher than that in mothers. R in post-
natal exposure group was expressed as an exponential
function, and R/pV of 55 pg/(h+ g) was obtained at initial
suckling time. This value was large compared to 22 pg/
(h-g), the calculated value at GD20, before birth. This
suggests that uptake rate of bromine ion via milk was
higher than that via the placenta, and the bromine ion
concentration in the exposure group could be explained as
the sum of that in the gestation and postnatal exposure
groups, which is shown in Fig. 3.

In summary, the results of this study suggest (1) the
concentration of bromine ion in mother rats was lower
than that in virgin female rats, (2) bromine ion easily
transferred from mothers to fetuses and accumulated be-
fore birth, (3) bromine ion was concentrated more in milk
than in the brains of the mothers, and (4) bromine ion up-



246

J Occup Health, Vol. 58, 2016

Table 2. Parameters of the one-compartment model

Groups T\ (days) Vg R (ug/) Results

GD  Virgin female 7.0 271.1 2853 Fig. 2
Mother 7.0 271.1427w 2853 Fig. 2

Fetus 3.1 w 22w Fig. 2

PND  Gestation exposure 3.1 Fig. 3
Postnatal exposure 31 w 388e 063 Fig 3
Exposure Gestation exposure+Postnatal exposure Fig. 3
Mother 7.0 Textt

f: the concentration in mother brain corresponding to PND1 (486.2 pg/g-brain),

w=0.000287"** by equation (6)

take rate in pups was high immediately after birth.
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Abstract

Prenatal valproic acid (VPA) exposure is a well-known animal model of autism

spectrum disorder (ASD) that produces alterations in embryonic and adult neurogenesis

as well as adolescent/adulthood neurobehavioral phenotypes. However, the effects of

prenatal VPA exposure on neural network excitability, especially during the

synaptogenic period around eye opening, are not fully understood. In this study, we

orally administered VPA (300 mg/kg) to pregnant Wistar rats on gestation day 15 and

subsequently performed field potential recording in the CA1 area of hippocampal slices

obtained from control (saline-exposed) and VPA-exposed rat pups between postnatal

day (PND) 13 and PND18. In control slices, we observed an abrupt enhancement of

stimulation-dependent responses including population spike (PS) amplitudes and field

excitatory postsynaptic potential (fEPSP) slopes at PND16, which coincided with the

average day of eye opening. In contrast, VPA-exposed pups exhibited delayed eye

opening (PND17) and gradual rather than abrupt increases in PS amplitudes and fEPSP

slopes over the duration of the synaptogenic period. We next investigated the

involvement of ambient GABA in PS generation using bicuculline methiodide (BMI), a

y-aminobutyric acid type A (GABA,) receptor antagonist. In control slices, BMI

enhanced PS amplitudes during PND14-15 (before eye opening) and had little effect
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thereafter during PND16-17; a subsequent regression model analysis of BMI ratios (the

ratio of PS amplitudes in the presence and absence of BMI) indicated a possible

developmental change between these periods. In contrast, almost identical regression

models were obtained for BMI ratios during PND14-15 and PND16-17 in the

VPA-exposed group, indicating the absence of a developmental change. Our results

suggest that prenatal VPA exposure accelerates the development of hippocampal

excitability before eye opening. Moreover, our experimental model can be used as a

novel approach for the evaluation of developmental neurotoxicity.

Key words:

developmental neurotoxicity; valproic acid; prenatal exposure; hippocampus; slice

preparation; electrophysiology
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1. Introduction

The impact of exogenous chemical substances on childhood neural development,

also known as developmental neurotoxicity, is an important social issue (Andersen et al.,

2000; Grandjean and Landrigan, 2006). Valproic acid (VPA) is an antiepileptic drug and

mood stabilizer that has been reported to increase the risk of autism spectrum disorders

(ASD) in children when women take VVPA during early pregnancy (Chomiak et al.,

2013). Similarly, rodent models of ASD have been established using prenatal exposure

to VPA,; in VPA exposure-based models, offspring exhibit autism-like behaviors

including impaired social interactions and repetitive behaviors (Markram et al., 2008;

Rodier et al., 1997; Roullet et al., 2013; Schneider and Przewlocki, 2005). In addition to

neurobehavioral phenotypes, ASD model animals exhibit alterations in embryonic and

adult neurogenesis (Juliandi et al., 2015). However, it is not well known whether

prenatal exposure to VPA also affects neurogenesis in developmental stages occurring

prior to adulthood, especially during the synaptogenic period.

Neural activity is a critical regulator of neural network development. It was recently

demonstrated that spine density is remarkably increased in the hippocampal CA1 area of

mice between postnatal day (PND) 11 and PND21, i.e. during the synaptogenic period

(Johnson-Venkatesh et al., 2015). Interestingly, when intrinsic neural activity was
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suppressed by overexpression of Kir2.1, an inwardly rectifying K* channel, increases in
spine density during the synaptogenic period were abolished. Thus, neural network
activity in the hippocampal CALl area is necessary for healthy neural development
during the synaptogenic period including around eye opening.

Chloride conductance due to ambient concentrations of GABA (y-aminobutyric
acid) also plays a role in regulating neural network excitability during postnatal neural
development (Cellot and Cherubini, 2013; Kilb et al., 2013). Ambient GABA originates
from the spillover of neurotransmitter escaping the synaptic cleft and from astrocytes
via a non-vesicular Ca®*-independent process and mediates tonic inhibition via
extrasynaptic GABAA, receptors. However, there is little evidence demonstrating effects
of prenatal exposure to toxicants including VPA on ambient GABA-mediated inhibition
of neural network excitability.

In the present study, we used a model of prenatal VVPA exposure and evaluated
effects on neural network activity in the hippocampal CA1 area during the synaptogenic
period using hippocampal slices from PND13-18 rat pups. We not only observed the
ability of prenatal VPA exposure to abolish development-associated enhancements in
stimulation-dependent neural responses, but also confirmed the ability of prenatal

exposure to influence ambient GABA-mediated inhibition even prior to eye opening.
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2. Material and Methods

2.1 Animals

Adult Wistar/ST rats were purchased from Japan SLC Inc. (Japan). Rats were housed

in plastic cages on paper chip bedding (ALPHA-dri, Shepherd Specialty Papers, USA)

and maintained on a 12-h light/dark cycle (light period: 07:00-19:00) in a room with

controlled temperature (23 £ 1°C) and relative humidity (50 £ 15%). Animals were

given free access to food (CE2, CLEA Japan Inc., Japan) and filtered water (TCW-PPS

filter, Advantech Co., LTD., Japan) dispensed in glass water supply bottles.

The proestrus stage was verified with an impedance checker (MK-10B, Muromachi

Kikai Co., Ltd., Japan). When the observed impedance was > 3 kQ female rats were

provided with a male rat for mating. The presence of a vaginal plug or sperm in the

vaginal smear the following morning confirmed coition, and it was regarded as

gestation day (GD) “zero” (Fig. 1). Pregnant rats were randomly divided into two

groups: a control group and a VPA exposure group.

VPA was purchased from Wako Pure Chemical Industries, Ltd. (Japan), dissolved in

physiological saline (Otsuka Pharmaceutical Co., Ltd, Japan), and orally administered

to dams (300 mg/kg) on GD15 under 5% isoflurane gas anesthesia (Pfizer Japan Inc.,

Japan).



All dams gave birth on GD21, and the date of birth was defined as PNDO. If there

were more than 10 pups in a litter, the litter size was adjusted to 10 pups on PND1.

Litters of less than 10 pups were not adjusted. All pups were housed with their dams

during the lactation period. Rat pup body weights were measured on PND1, PND7,

PND14, and PND21. The day of eye opening was determined by checking the eyes of

pups at 14:00 on each day from PND15-18.

For the electrophysiological study, the control group included pups from 16 control

dams and the VPA-exposed group included pups from 17 VPA-exposed dams. All

studies were approved by the Ethics Committee on Animal Care and Experimentation

and performed in accordance with the guidelines of the University of Occupational and

Environmental Health, Japan.

2.2 Slice preparation and recordings

Hippocampal slices (600 pum thickness) were prepared from male pups on each

postnatal day between PND13-18 as previously described (Fueta et al., 2004; Fueta et

al., 2002). Slices were perfused with artificial cerebrospinal fluid (ACSF) containing

124 mM NaCl, 2 mM KCI, 2 mM MgSOs, 2 mM CaCl,, 1.25 mM KH,PO4, 26 mM

NaHCOg3, and 10 mM glucose; saturated with an O, 95%/CO, 5% gas mixture; and
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stored in a thermostatic bath (27.6°'C). The perfusion rate of ACSF was 1 ml/min for all
experiments.

Population spikes (PSs) and field excitatory synaptic potentials (fEPSPs) were
simultaneously recorded from the CA1l area of hippocampal slices using glass
microelectrodes (Fig. 2A). For slices obtained during the period from PND13-15, PSs
were recorded from the area between the pyramidal cell layer and the alveus. The
recording positions for PSs and fEPSPs were similar between the control and
VPA-exposed groups. Bipolar stimulation electrodes made of stainless wires (50 um in
diameter) were placed on Shaffer collateral/commissural fibers at a distance of about
250 um from the fEPSP recording electrodes. Stimulation-response relationships were
observed with stimulation intensities from 10-600 pA. The stimulation interval was 2
min in order to avoid the measurement of overlapping stimulation effects.

Between PND14-17, experiments evaluated the effects of bicuculline methiodide
(BMI, Tocris Bioscience, U.K.), a GABAA receptor antagonist, on the generation of PSs.
Average PS amplitudes in response to 600 pA stimulation were recorded in triplicate
(with 2-min intervals) in the absence and presence of BMI; after PS measurements in
the absence of BMI, slices were perfused with ACSF containing BMI (1 uM) for 10 min

and subsequently tested. A total of 3—4 slices per rat pup were tested.
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2.3 Distribution analysis

Histogram distribution and nonlinear regression analyses of BMI ratios (PS

amplitude in the presence of BMI divided by that in the absence of BMI) were

conducted using GraphPad Prism software (GraphPad Software, Inc., USA).

2.4 Statistical analysis

Litter sizes and sex ratios as well as pup body weights and the day of eye opening are

expressed as the mean * standard deviation (SD). Electrophysiological results are

expressed as the mean + standard error of mean (SEM). Statistical differences between

the control and VPA-exposed groups were determined using two-sided Student’s t-tests

or Mann-Whitney U tests at a significance level of P < 0.05.
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3. Results

For the purpose of our study, the time of eye opening in our rat models was needed

to confirm. In consequence, the average day of eye opening was significantly delayed in

the VPA-exposed group compared to the control group (P<0.01, Table 1). We also

examined general toxicity induced by one-time prenatal VPA exposure at GD15, and

found that there were no significant differences between the control and VPA-exposed

groups in terms of litter size, litter sex ratio, or changes in pup body weight. Moreover,

the number of pups that died before experimentation or weaning was not significantly

different between groups (control group, 2 of 206 pups; VPA-exposed group, 4 of 195

pups).

Next, to investigate neural network excitability during the synaptogenic period, we

studied stimulation-response (S/R) relationships for fEPSP slopes and PS amplitudes

using hippocampal slice preparations, in which the cytoarchitecture and synaptic

circuits of the hippocampus are largely retained. S/R relationships exhibited two

different stages; similar degrees of stimulation-dependent responses were observed in

control pups between PND13-15. However, responses (fEPSP slopes and PS

amplitudes) were suddenly augmented on PND16, which seemed to correspond with

eye opening. Responses were maintained at an enhanced level for fEPSP slopes and

- 115 -



slightly enhanced for PS amplitudes between PND17-18 (Fig. 2B, C).

In contrast, a gradual enhancement of S/R relationships was observed between

PND13-18 in the VPA-exposed group, and did appear to correspond with eye opening.

Therefore, we reanalyzed fEPSP slopes and PS amplitudes in response to a stimulation

intensity of 600 uA, which evoked the maximal responses. PS amplitudes obtained from

the control group showed an abrupt increase between PND15-16, whereas those from

the VPA-exposed group again demonstrated a gradual increase over the period

examined, with significant differences at PND14 and PND15 compared to the control

group. A similar but smaller developmental change was observed in the fEPSP slope,

with a significant difference between the control and VPA-exposed groups on PND15

(Fig. 3).

Next we investigated the effect of BMI on PS generation in order to elucidate the

role of ambient GABA in postnatal PS generation. Fig. 4 shows the effect of BMI on PS

amplitudes in the control group before eye opening (PND14-15) and after eye opening

(PND16-17). PS amplitudes were enhanced in the presence of BMI during PND14-15

(Fig. 4A, left), but this enhancement was attenuated during PND16-17 (Fig. 4B, left).

The mean BMI ratios (ratio of the PS amplitude in the presence of BMI to that in the

absence of BMI) were 1.80 = 0.17 (n = 13) for PND14-15 and 1.14 + 0.04 (n = 10)
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for PND16-17. Histograms of BMI ratios (Figs. 4A and 4B, right) and nonlinear

regression analyses revealed a clear developmental change in the probability

distribution of BMI ratios for PS amplitudes (Fig. 6, left).

In contrast, for the VPA-exposed group, PS amplitudes generated in the presence of

BMI showed small or little increases during both the PND14-15 and PND16-17

periods (Figs. 5A and 5B, left). The mean BMI ratios were 1.34 + 0.14 (n = 17) for

PND14-15 and 1.14 + 0.05 (n = 17) for PND16-17. Moreover, histograms of BMI

ratios and nonlinear regression analyses (Figs. 5A and 5B, right) were almost identical

between the PND14-15 and PND16-17 periods, suggesting attenuation of the

developmental change observed in the control group (Fig. 6, right). We also investigated

the responses to BMI for fEPSP slopes, but minimal (non-significant) BMI responses

and alterations in developmental change were observed.
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4. Discussion

In this study, we investigated the effect of prenatal VPA exposure on the

development of neural network activity in the hippocampal CA1l area during the

synaptogenic period, including during the period of eye opening. A single dose of VPA

(300 mg/kg) was orally administered to dams on GD15 and was not noted to affect dam

maternal behavior or fetal/neonatal mortality. In animal models of ASD, VPA is often

administered repeatedly or earlier than GD11.5 prior to closure of the neural tube

(Rodier et al., 1997). Therefore, the most effective period for observing the effects of

prenatal VPA exposure as it relates to ASD may be earlier than GD15.

Brain slice preparation is a well-known laboratory technique for electrophysiology

and pharmacology research. Since local neuronal circuits remain intact in brain slices,

this neurophysiological preparation is useful for studying neurotoxicity (Fountain et al.,

1992) as well as the specific effects of neurotoxic agents on synaptic transmission and

plasticity (Varela et al., 2012; Wiegand and Altmann, 1994). The electrophysiological

strategy used in the present work has been previously implemented to study the effects

of prenatal/perinatal ethanol exposure (Puglia and Valenzuela, 2010), lead (Carpenter et

al., 2002; Sui et al., 2000), polychlorinated biphenyl exposure (Altmann et al., 1998;

Carpenter et al., 2002; Kim and Pessah, 2011), and toluene exposure (Chen et al., 2011).
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Thus, we deemed the present model to be useful for evaluating excitatory/inhibitory

function and developmental neurotoxicity after VPA exposure.

Our first main finding was that stimulation-dependent responses for fEPSPs and PSs

in the hippocampal CA1 area showed two different periods of development in normal

pups; one from PND13-15 before eye opening on PND16, and another after eye

opening from PND16-18. S/R relationships for neural excitability in the CAl area

exhibited drastic enhancements after eye opening. Alternatively, we did not observe

clear discrimination between stimulation-dependent responses before and after eye

opening in the VPA-exposed group; enhancements in stimulation-dependent CAl

excitability were observed on PND14 and/or PND15 in the VPA-exposed group

compared to the control group, and gradual changes were observed in the subsequent

postnatal days. In other words, prenatal VPA exposure appeared to accelerate

developmental changes in neural excitability that otherwise appeared in association with

eye opening in healthy pups.

Ambient GABA is a critical factor that regulates neural network excitability.

Therefore, we also investigated the involvement of ambient GABA in PS generation

using BMI, a GABAA receptor antagonist. On PND14 and PND15 before eye opening,

PS amplitudes evoked in the presence of BMI were greater than those in the control
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condition, suggesting a possible role for PS inhibition by ambient GABA. On PND 16

and PND17 on or after eye opening, BMI had little effect on PS amplitudes. These

results indicated that ambient GABA was involved in suppressing neural excitability in

the CAL area during neural development prior to eye opening. The centering of this

developmental change around the event of eye opening is consistent with a previous

report that demonstrated notable increases in spine density on PND15

(Johnson-Venkatesh et al., 2015).

In contrast, BMI had little effect on PS generation before or after eye opening in the

VPA-exposed group. Indeed, nonlinear regression models of distribution histograms

obtained during PND14-15 and PND16-17 were virtually identical. These results

suggest that prenatal exposure to VPA may eliminate ambient GABA suppression of

neural excitability prior to eye opening, and are consistent with the observation of

enhanced stimulation-dependent responses at PND14 and PND15 in the VPA-exposed

group. Accordingly, prenatal exposure to VPA may accelerate neural development in

CAL area during the synaptogenic period.

Ambient GABA-mediated tonic inhibition in hippocampal neurons is synergistically

modulated by two GABA transporters (GATs): GAT-1 located on presynaptic

membranes and GAT-3 on astrocytes (Egawa and Fukuda, 2013; Kersante et al., 2013).
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GAT-1 is predominantly responsible for GABA reuptake under resting conditions;

alternatively, GAT-3 plays an important role in controlling hippocampal cell excitability

during neural activation (Kersante et al., 2013). Therefore, our findings raise the

question of whether developmental changes in evoked PS responses to BMI were

related to alterations in the expression and/or function of GATs in the CA1 area during

development. Further investigations are in progress to address this issue.

Among several hypothetical mechanisms underlying ASD, the disruption of

excitation/inhibition (E/I) balance in neuronal circuits has been proposed as a unifying

explanation for the complexity and diversity of ASD presentations arising from genetic

(Gkogkas et al.,, 2013; Gogolla et al., 2009; Rubenstein, 2010; Rubenstein and

Merzenich, 2003) and environmental factors (Rubenstein and Merzenich, 2003).

Although the precise mechanisms of altered E/I balance after prenatal exposure to VPA

have not been fully elucidated, this effect has been replicated in several rodent studies.

Rinaldi et al. showed that prenatal injection of VPA (500 mg/kg, intraperitoneally)

increased N-methyl-D-aspartate (NMDA) receptor subunit protein expression in the

whole brains of pups and enhanced NMDA receptor-mediated synaptic currents in

neocortical slices obtained from pups during PND12-16 (Rinaldi et al., 2007). These

authors further reported that prenatal VPA exposure induced local circuits

- 121 -



hyperconnectivity and enhancements in both excitatory and inhibitory systems in the

sensory cortex (Rinaldi et al., 2008). Banerjee et al. reported that a single intraperitoneal

injection of VPA (600 mg/kg) at GD11.5 impaired postnatal GABAergic synaptic

transmission using slice preparations of the auditory cortex from PND23-45 offspring

(Banerjee et al., 2013).

To the best of our knowledge, this is the first report to describe a possible role for

GABA-mediated inhibition in the development of evoked PSs during the synaptogenic

period around eye opening. Moreover, our data suggest that prenatal exposure to VPA

and potentially other developmental neurotoxicants at specific points of the gestation

period can accelerate this developmental change. Changes in PS amplitudes evoked

from hippocampal slices during prenatal development, especially in the presence of

BMI, may be useful as an index for the normal development of neural circuits; to this

end, our assay may have utility for screening other candidate neurodevelopmental

toxicants. Studies with other known toxicants including organometallic compounds and

pesticides are in progress to determine whether similar developmental alterations can be

observed using the current experimental approach.
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5. Conclusions

In summary, we report that one-time prenatal exposure to VPA at GD 15 produced
enhancements in stimulation-dependent responses for fEPSP slopes and PS amplitudes
in the CALl area of offspring, and moreover altered offspring PS amplitude responses to
BMI. Taken together, prenatal VPA exposure may transiently alter E/I balance, resulting
in the acceleration of neural development before eye opening. This effect corresponds
with the hypothetical mechanisms underlying ASD; that is, the disruption of E/I balance
in developing brain circuits. Although further investigations are required, our results

provide an alternative approach for the evaluation of developmental neurotoxicity.
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Table 1. Litter sizes and sex ratios as well as pup weight gain and the day of eye

opening for the control and VVPA-exposed groups.

control VPA-exposed

litter size of dams 12.0+2.0 (21) 13.0+3.0 (20)

(S’n‘?])élg’}}fmo;, g“(ﬁf‘) 485+0.1 (21) 495+01  (20)
male pup weight ()

PND1 6.0+ 0.6 (55) 57+04 (53)

PND7 149+1.6 (54) 14113 47)

PND14 30.1+£1.9 (47) 28.6+£22  (45)

PND21 50.2+4.3 (20) 46.9 + 3.7 (23)

Day of eye opening 16.5+0.6 (67) 17.3+0.7** (77)

Data represent the mean = standard deviation. Numbers in parentheses are total numbers

of dams/pups examined. **P<0.01, compared to the control. Abbreviations: PND,

postnatal day; VPA, valproic acid.
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Figure legends

Figure 1. Scheme of the experimental design.

Figure 2. Stimulation/response (S/R) relationships for population spike (PS)

amplitudes and field excitatory postsynaptic potential (fEPSP) slopes recorded

from the hippocampal CA1 area of rats that were prenatally exposed to valproic

acid (VPA). (A) Illustration depicting the procedure of fEPSP and PS recordings from

CALl. Responses were evoked with a stimulating electrode placed in the stratum

radiatum. Thick lines on the left traces indicate how measurements of fEPSP slopes and

PS amplitudes were taken. (B, C) In control rats (left graphs), the S/R relationships for

both fEPSP slopes and PS amplitudes were enhanced between PND15-16. Data were

collected from 14-19 slices obtained from pups of 4-5 different litters. In VPA-exposed

rats (right graphs), these relationships were gradually enhanced between PND13-18.

Data were gathered from 10-17 slices obtained from pups of 5-6 different litters. The

x-axis is stimulation intensity and the y-axis is size of the fEPSP slope or PS amplitude.

Data represent the mean + standard error of the mean.

Figure 3. Developmental changes in population spike (PS) amplitudes and field
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excitatory postsynaptic potentials (FEPSPs) slopes in the control and valproic acid

(VPA)-exposed groups. One-time prenatal exposure to VPA (300 mg/kg) led to

postnatal increases in PS amplitude and fEPSP slope during PND14-15 and PND15,

respectively. There were no between-group differences in excitability between PND16—

18. The stimulation intensity was 600 pA. * indicates P < 0.05 using a Student’s t-test.

++ indicates P < 0.01 using a Mann-Whitney U test.

Figure 4. Development-associated changes in population spike (PS) amplitude

responses to BMI in the control group. (A) At PND14-15, application of the GABAA

receptor antagonist BMI to hippocampal slices during recording remarkably increased

PS amplitudes; the mean BMI ratio was 1.80 (95% confidence interval = 1.44-2.16).

(B) Increased PS amplitudes in response to BMI application were not observed at

PND16-17; the mean ratio was 1.14 (95% confidence interval = 1.04-1.24).

Figure 5. Development-associated changes in population spike (PS) amplitude

responses to BMI in the valproic acid (VPA)-exposed group. Hippocampal slices

from the VPA-exposed group were virtually insensitive to BMI during both the PND14-

15 (A) and PND16-17 (B) periods; the mean BMI ratios were 1.34 (95% confidence
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interval = 1.04-1.64) and 1.14 (95% confidence interval = 1.04-1.25), respectively.

Figure 6. Developmental alterations in nonlinear regression models of BMI ratios

for population spike (PS) responses. Data from right figure panels of 4 and 5 were

re-plotted and summarized for the control (left panel) and VPA-exposed groups (right

panel).
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Abstract

Objectives: Neurotoxicity of 1(bromopropane (10BP) has been reported in occupational

exposure, but whether the chemical exerts developmental neurotoxicity is unknown. We

studied the effects of prenatal 10BP exposure on neuronal excitability in rat offspring.

Methods: We exposed dams to 10BP (700 ppm, 6 h a day for 20 days), and examined

hippocampal slices obtained from the offspring at 2, 5, 8, and 13 weeks of age. We measured

the stimulation/response (S/R) relationship and paired(pulse ratios (PPRs) of the population

spike (PS) at the interpulse intervals (IPIs) of 5 and 10 ms in the CA1l subfield. Results:

Prenatal 10BP exposure enhanced S/R relationships of PS at 2 weeks of age; however, the

enhancement diminished at 5 weeks of age until it reached control levels. Prenatal 10BP

exposure decreased PPRs of PS at 2 weeks of age. After sexual maturation, however, the PPRs

of PS increased at a 50ms IPI in male rats aged 8 and 13 weeks, and at 50 and 100ms IPIs in

female rats aged 13 weeks. Conclusions: Our findings indicate that prenatal 10BP exposure in

dams can cause delayed adverse effects on excitability of pyramidal cells in the hippocampal

CAL subfield of offspring.

Keywords: 10Bromopropane, Delayed adverse effect, Electrophysiology, Excitability, Prenatal

exposure, Rat hippocampal slices
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Introduction

Social concerns have been raised regarding the developmental neurotoxicity of prenatally
absorbed environmental chemicals, which may exert delayed adverse effects on brain function
after birth. It is now recognized that some industrial chemicals (e.g., lead, methylmercury,
polychlorinated biphenyls, arsenic, and toluene) can exert developmental neurotoxicity, which
results in clinical or subclinical brain dysfunction in humans and in laboratory animals".
Many neurotoxic chemicals are present in industrial work settings, and it is not known
whether a prenatal exposure to industrial chemicals can cause developmental neurotoxicity.

10Bromopropane (CH30CH,0CH,Br; 10BP), one substitute for specific chlorofluorocarbons,
is currently used as a solvent in a variety of industrial and commercial applications. Products
containing 10BP include degreasers and cleaners, spray adhesives, spot removers, coin
cleaners, paintable mold release agents, automotive refrigerant flushes, and lubricants®.
Adverse effects on the central and peripheral nervous system have been found in industrial
workers who used 10BP3)™. Adult rats exposed to 10BP have also shown central
neurotoxicity, alteration of mRNA levels of brain neurotransmitter receptors®, and
hippocampal disinhibition caused by a decrease in y0aminobutyric acid (GABA)Omnediated
function”. In in vitro studies using rat hippocampal slices, 10BP directly suppressed the
synaptic plasticity, referred to as a long(term potentiation, in the granule cells of the dentate
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gyrus®.

Developmental toxicity is one reason for the threshold limit value set by the American
Conference of Governmental Industrial Hygienists for 1BP”. We recently reported that
prenatal exposure to 10BP suppressed the occurrence of kainite (KA)(Oinduced “wet dog shake”
behavior in 20week(old rat pupslo) . However, whether prenatal 10BP exposure can change
neuronal function at the cellular level in the brain of the offspring is unknown. We therefore
studied the effects of prenatal 10BP exposure on neuronal excitability after birth. In studying
neuronal excitability, population spikes (PS) were recorded in the CA1 subfield of
hippocampal slices. For comparison, the same inhalation concentration was used in this study.
We analyzed stimulationOdependent responses, stimulation/response (S/R) relationships, and
the ratio of responses to double(pulse stimulations, paired(pulse ratios (PPRs). PPRs have
been used as a simple method for assessing excitability in neuronal networks7)"'" In this study,

we evaluated rats at 2, 5, 8, and 13 weeks of age, to determine whether prenatal 10BP

exposure can exert delayed effects after birth.

Materials and Methods

Animals and exposure protocol
Preparation of rats and 10BP inhalation were made according to our previous study!?,

5
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Briefly, adult male and female Wistar rats were purchased from Kyudo Co., Ltd. (Tosu, Japan).

The rats were housed in plastic cages with paper(nmade chips (ALPHAri, Shepherd Specialty
Papers, Richland, MI, USA) on a 12(h light/dark cycle (light period: 7 AM—-7 PM). The
temperature was controlled at 22-23°C. The relative humidity was approximately 50—70%.
The animals had free access to food (CE2, CLEA Japan Inc., Tokyo, Japan) and filtered water
(TCWC(PPS filter, Advantech Co., Ltd., Tokyo, Japan). Female rats at the proestrus stage were
mated with male rats. On the morning of the following day, the existence of sperm in the
vaginal plug or vaginal smear was verified as gestation day (GD) 0. 10BP was purchased from
Kanto Chemical Co., Ltd. (Tokyo, Japan). Dams were exposed to 10BP vapor at a
concentration of 700 ppm (6 h/day) for 20 days from GD 1 to GD 20 in an exposure chamber,
whereas the other dams were provided fresh air in the same type of chamber. Rats were not
allowed access to food and water during the inhalation period. Until the experimental days,
male and female rat pups were housed separately after weaning. Some pups in the control and
prenatally 10BPGexposed groups were sourced from pups that were not injected with KA in
our previous study'”. The prenatally 10BPCexposed groups are abbreviated as the 10BP group.
The number of dams was 15 in the control group and 12 in the 10BP group. The total number
of pups was 34 in the control group and 25 in the 10BP group.

The experiments were conducted under the guidance of the Ethics Committee of Animal
Care and Experimentation in accordance with the Guiding Principle for Animal Care
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Experimentation, University of Occupational and Environmental Health, Japan, which
conforms to the National Institutes of Health Guide for the Care and Use of Laboratory
Animals and the Japanese Law for Animal Welfare and Care.
Hippocampal slice preparation

The electrophysiological tests were conducted in male rats at 2, 5, 8, and 13 weeks of age.
Female rats were also used for the test at the 13 weeks of age. The female rats at the proestrus
stage were deselected for the present experiment, since it is known that estradiol levels can
influence the morphology of synaptic boutons and may affect neuron excitability'”. The total
number of tested slices was 135 in the control group and 102 in the 10BP group. The slices
were made following previously reported methods”. Briefly, the rats were deeply anesthetized
with a diethyl ether vapor. After decapitation, the brain was removed and dipped in an
ice(cooled artificial cerebrospinal fluid (ACSF) (3—4°C) saturated with an O,/CO, mixture
(95%:5%). The ACSF was composed of 124 mM NaCl, 2 mM KCl, 1.25 mM KH,PO,, 2 mM
CaCl,, 2 mM MgSO,, 26 mM NaHCO,, and 10 mM glucose. The bilateral hippocampi were
separated from other brain regions. Next, transverse slices were obtained from the middle
third region of the hippocampus with a Mcllwain tissue chopper (Mickle Laboratory
Engineering, Co., Ltd., Guildford, UK). The thickness of the slice was 600 Lm for 20week(old
rats and 450 Lm for 50, 80, and 130week(old rats. The slices were transferred to an
interface(type recording chamber, which was controlled at 32 + 0.2°C, and perfused with
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ACSF saturated with a mixture of O,/CO, (95%:5%) at a flow rate of 1 ml/min.

All the chemicals used in this study were of reagent grade and purchased from commercial

sources.

Stimulation and recordings

After a stabilizing period of 1-2 h, bipolar stimulation electrodes made with stainless steel

wires (50 Lm in diameter) were placed on the stratum radiatum, where the Schaffer collateral

and commissural fibers run up in the CA1 subfield (Figure 1A). PS was recorded from the

pyramidal cell layer in the CA1 subfield using glass microelectrodes (1-2 MN). Stimulations

consisted of squareOwave pulses (200 Ls) from a stimulator (SEN7203, Nihon Koden Co.,

Tokyo, Japan) via an isolator (SS202J, Nihon Koden Co.). Stimulation intensities were 10 and

50 LA and increased by 100 LA every 2 min from 100 LA to a current of 600 LA in the slices

from the 20week(bld rats. In the slices from the 50, 80and 130week(bld rats, the stimulation

was delivered every 30 sec with intensities of 20, 40, 60, 80, 100, 140, 200, and 300 LA. The

S/R relationship in the extracellular recording configuration represents basic excitability of the

local area responding to electrical stimulation, and the responses are prefigured to increase as

the stimulation strengthens. For the paired(pulse configuration, after the S/R relationship

experiment, the current amplitude was adjusted so as to give the almostimaximum PS, 600

LA for slices from the 20week(old rats, and 300 LA for slices from the 50, 80, and 130week(Oold

rats. Interpulse intervals (IPIs) of the paired(pulse stimulation were 5 and 10 ms and delivered
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every 2 min for slices from the 20week(bld rats and every 1 min for slices from older rats.
Electrophysiological signals were amplified with a highOimpedance amplifier (Axoclamp 2B,
Molecular Devices, Sunnyvale, CA, USA). The signals were then digitized with an AD
converter (Digidata 1200, Molecular Devices) and stored on a computer using pCLAMP
software (Molecular Devices).
Electrophysiological analysis

PS amplitude was measured as described in our previous study” (Figure 1B). Calculation
of the PPRs was done as follows:

PPR of PS = second PS amplitude / first PS amplitude

In our previous inhalation studies using adult rats”, PPRs of PS evoked with paired(pulse
stimulation at IPIs of 5 and 10 ms in the CA1 subfield were less than 1 in the hippocampal
CA1 of control adult rats, representing the presence of feedback inhibition. Compared to adult
rats, PPRs of PS in immature rats can be 1 or higherm. Thus, in either case of inhibition or
facilitation, paired(pulse configuration in extracellular recordings in the slices is useful to

examine the excitability of the local area responding to double(pulse stimulations.

Statistical analysis
Statistical significance was evaluated by a repeatedOmeasure analysis of variance (ANOVA)
or an unpaired Welch’s ftest for a difference between the 10BP and control groups, when the
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data were normally distributed. Otherwise, the MannOWhitney U test was applied. p values <

0.05 (two(tailed) were considered statistically significant. Data represent mean + standard

error of the mean (SEM). Statistical tests were performed in Ekuseru0Toukei 2010 for

Windows (Social Survey Research Information Co., Ltd., Tokyo, Japan)

Results

As shown in Figure 1C, the PS amplitude was four times greater in the 10BP group than in

the control group at 600 LA of stimulation intensity in 20week(ld rats. In SOweek(old rats, the

enhancement disappeared and the levels decreased to the control level of the S/R relationship

of the PS amplitude (Figure 1D). No difference was observed either between the 10BP and

control groups at 8 and 13 weeks of age (data not shown). Increased excitability of pyramidal

neurons was a transient change.

[Insert Figure 1 here.]

Figure 2A shows examples of paired(pulse responses recorded from the hippocampal CA1

subfield of the control and 10BP groups at 2 weeks of age. As shown in Figure 2B, the

averaged PPR was approximately 2 at 2 weeks of age in the control group, suggesting a

facilitatory effect. In contrast, inhibition rather than facilitation was observed at the 50ms IPI

in the 10BP group. At the 100ms IPI, PPRs showed a slight facilitation, but significantly
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decreased compared to PPRs in the control group. At 5 weeks of age, PPRs were lower than
0.2, displaying an apparent feedback inhibition in both groups (data not shown), and the
effects of prenatal 10BP exposure on PS PPRs disappeared. At 8 and 13 weeks of age, PPRs
were still lower than 1, but increased significantly at 5 ms of IPI in the 10BP group compared
with the control group (Figures 2C and 2D). In female rats aged 13 weeks, the increase in
PPRs was observed at both 100ms and 50ms IPIs (Figure 2E).

[Insert Figure 2 here.]

Discussion

The present study found that prenatal exposure to 10BP enhanced the excitability of CA1
pyramidal neurons and caused a decrease in PPRs of PS amplitude in hippocampal slices from
20week(bld rats. The lactation period after birth is considered the period of synaptogenesis in

.14
rat brains'?

; so neuronal development during the lactation period may be sensitive to prenatal
chemical exposures. In a previous study'”, we reported that prenatal exposure to 10BP
suppressed KAOinduced “wet dog shake” behaviors in 20week(old rats. Prenatal 10BP
exposure rendered the hippocampal CA1 subfield highly responsive to a single stimulation but
suppressive to double stimulations. Prenatal 10BP exposure appears to prevent

hyperexcitability of CA1 pyramidal neurons induced by repetitive stimulation. Nevertheless,
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this is quite different from normal brain development.

Though a decrease in PPRs of PS amplitude was observed in the 10BP group at 2 weeks of
age, the difference diminished at 5 weeks of age, as did the S/R relationship. In contrast with
the 20week(old pups, the 80and 130week(old groups displayed an increase in PPRs of the PS,
termed disinhibition. Thus, prenatal exposure to 10BP can exert developmental effects linked
to the excitatory function of neurons and network excitability. Disinhibition has been reported
in relation to subclinical and clinical changes in brain excitability in epileptic patients and
animals'”, as well as in anxiety disorders'®. We did not observe any spontaneous abnormal
behaviors in the 10BP group during breeding. To date, developmental neurotoxic effects
caused by 10BP exposure have not been reported in children whose mothers were exposed
occupationally during pregnancy. However, because disinhibition can be related to the
hyperexcitable brain and to epilepsy, it should not be concluded that disinhibition is merely a
phenomenon restricted to rats. Since disinhibition is interpreted as a disturbance of the
excitation/inhibition balance in the hippocampal CA1 area, a disinhibitory effect can be
classified as an adverse effect.

The enhancement of excitability induced by prenatal 10BP exposure was observed only in
the 20week(old group, and may therefore have been only a transient effect. Alternately, one
could argue that the excess basal excitability during synaptogenesis is not coincidental with
disinhibition after maturation. If so, the PS S/R relationship can be useful as a new index

12
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marker for developmental neurotoxicity of chemicals before the appearance of
neurophysiological changes in the brain after maturation. To validate this method for
assessing the developmental neurotoxicity of industrial chemicals, we should test chemicals
that are already known to exert developmental neurotoxicity. To this end, we are currently
investigating valproic acid (VPA), an antiepileptic drug used in an established animal model
of the developmental disorder autism'”. Synaptic transmission generates action potentials; we
are also studying field excitatory postsynaptic potentials.

In conclusion, we demonstrated that prenatal 10BP exposure can cause delayed
neurotoxicity, although the underlying mechanism is not known yet, and requires further

study.
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Figure legends

Figure 1 Recording of population spike (PS) from the hippocampal CA1 field and PS

stimulus/response (S/R) relationships

(A) Stimulation electrode and recording electrode set on the CA1 subfield of the hippocampal

slice. The stimulation electrode was set in the stratum radiatum, supplying stimulation to

Schaffer collateral and commissural fibers. The PS recording electrode was set in the

pyramidal cell layer. (B) Typical PS recorded in the CA1 field of the hippocampal slice

obtained from a 20week(bld control rat. The thick line represents the PS amplitude

measurement. Stimulation intensity was 600 LA. (C) At 2 weeks of age, S/R relationships of

the PS amplitude obtained from the 10BP(exposed rats were significantly enhanced compared

to S/R relationships in control rats (p < 0.001 by repeatedOmeasure ANOVA). (D) At 5 weeks,

the enhancement observed in the 10BP(exposed rats disappeared, and the S/R relationship

decreased to control levels (PS amplitude: p = 0.5 by repeatedOmeasure ANOVA). The

horizontal axis represents the stimulation intensity; the vertical axis represents the PS

amplitude. Data from 16-19 slices were averaged.

Figure 2 Paired-pulse ratios (PPRs) of the population spikes (PSs) evoked with a double

stimulation of 5 and 10 ms interpulse intervals (IPIs) in the CA1 subfield of hippocampal
18
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slices obtained from 2-, 8-, and 13-week-old male rats and 13-week-old female rats

(A) Paired(pulse responses evoked with a 6000LA stimulation intensity at 10 ms IPI in the

hippocampal CA1 subfield of 20week(bld rats. (B) At 2 weeks of age, PPRs decreased

substantially in the 10BP group (++p < 0.01 vs. the control group at the 50ms IPI, +p < 0.05 vs.

the control group at the 100ms IPI by Welch's #(est). (C) At 8 weeks of age, PPRs were lower

than 1 in both groups, indicating an apparent inhibition. At the 50ms IPI, the PPR of the 10BP

group increased compared with that of the control group (#p < 0.05 by MannOWhitney U test).

(D) Similar to the 50ms IPI at 8 weeks of age, PPR of male rats in the 10BP group increased

compared with that of the control male rats at 13 weeks of age (+p < 0.05 by Welch’s t(xest).

(E) At 13 weeks, female rats in the 10BP group showed an increase in PPRs at 50and 100ms

IPIs compared with control female rats (##p < 0.01 by MannOWhitney U test; ++p < 0.01 by

Welch’s rltest). The horizontal axis represents the IPIs; the vertical axis represents the PPRs of

PS amplitude. Data from 16-25 slices were averaged.
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ABSTRACT

Organic solvents are widely used in various factories and their use is strictly controlled by

official guidelines. Inhalation of organic solvents can cause sudden cardiac death; however,

the detailed mechanism of their cardiac toxicity remains unclear. Connexin43 (Cx43) is a

principle gap junction protein located in the intercalated disk (IC-D) of cardiac myocytes and

associated with a susceptibility to arrhythmia. We hypothesized that acute exposure to

organic solvents could affect the expression of gap junction proteins and exposed human

cardiac myocytes to doses of toluene and xylene for different times. The cytotoxicity assay

revealed that toluene and xylene caused cytotoxicity in a dose-dependent manner. The

western blot analysis showed that the expression of Cx43 was significantly decreased after

exposure to toluene and xylene (0.56 £ 0.08 AU, p <0.05) in dose-dependent and time-

dependent manners. Furthermore, the immunohistochemical study revealed that the

expression of Cx43 in the IC-D was significantly decreased and lower in cells that had been

exposed to toluene and xylene than it was in the control cells (1.32 + 0.06AU, p < 0.05).

Toluene and xylene showed toxic effects on the human cardiac myocytes and decreased the

expression of Cx43 in the IC-D.

Keywords: connexin43; toluene; xylene; gap junction protein; cardiotoxicity.
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1. Introduction

Organic solvents are widely used in industrial factories and their use is strictly controlled

by official guidelines. Several previous studies have reported that organic solvents can affect

cardiac function and cause malformations of the heart (Kurppa et al., 1983; Kurppa et al.,

1984; Tikkanen and Heinonen, 1991). It has been reported that the early stage following

exposure to trichloroethylene is characterized by the induction of atrial and septal defects,

whereas chronic exposure to trichloroethylene leads to congestive heart failure (Makwana et

al., 2013; Rufer et al., 2010; Watson et al., 2006). Furthermore, trichloromethane

(chloroform) has been noted to shorten action potential duration and induce bradycardia and

ventricular fibrillation due to the inhibition of multiple ionic currents such as calcium,

sodium, and potassium (Tibon-Fisher et al., 1992; Zhou et al., 2011). Another study has

reported that inhalation of butane gas causes sudden cardiac death, possibly due to

myocardial hypoxia such as is found in the absence of atherosclerotic heart disease (Novosel

etal., 2011). Epidemiologic analyses have revealed that a high level of occupational exposure

to organic solvents increases the risk of myocardial infarction during at least one year of

work. The findings of the abovementioned previous studies imply that organic solvents may

affect cardiac function; however, the detailed mechanism of the cardiac toxicity caused by

organic solvents remains unclear. As a result, we developed a novel paradigm to understand

the relationship between cardiac toxicity and exposure to organic solvents.
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Gap junction proteins are expressed in the intercalated disks (IC-Ds) of cardiomyocytes

and play an important role in impulse propagation in the heart. Connexin43 (Cx43) is a

principle gap junction protein associated with susceptibility to arrhythmia. We have

previously reported that the preservation of phosphorylated Cx43 plays an important role in

the maintenance of sinus rhythm. In addition, Cx43 gene therapy was noted to recover the

cardiac conduction system and prevent ventricular tachycardia in a healed myocardial

infarction.

We hypothesized that acute exposure to toluene and xylene would affect the cardiac

conduction system in human cardiac myocytes (HCMs). Therefore, we exposed HCMs to

different doses of toluene and xylene in order to evaluate the relationship between the

cardiotoxicity of each organic solvent and the expression of gap junction proteins.

2. Materials and methods

2.1. Study design

HCMs (PromoCell, Heidelberg, Germany) were plated in a 6-mm well plate according to

the manufacturer’s instructions. The following day, the cells were exposed to different

concentrations of toluene (Nacalai Tesque, Kyoto, Japan) , xylene (Nacalai Tesque), and

dimethyl sulfoxide (DMSO), and maintained in 5% CO> at 37°C for 3h, 6h, 12h, and 24h.

The supernatants were subjected to a cytotoxicity assay, whereas the whole cells were
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subjected to western blotting and immunohistochemistry analysis. Toluene and xylene were

dissolved in DMSO immediately before use.

2.2. Cytotoxicity assay

The supernatants obtained after exposing the HCMs to the solvents were collected and
purified by centrifugation (3000x g for 10 minutes at 20°C). The cytotoxicity assay was
performed on the supernatant using ToxiLight® (Lonza, Basel, Switzerland) according to the
manufacturer’s instructions. Assay of luciferase activity showed a high extracellular level of

adenylate kinase, indicating leakage of the latter from the HCMs.

2.3. Western blot analysis

The cardiomyocytes were harvested, homogenized, and dissolved in 0.3 M sucrose/10
mM sodium phosphate buffer containing a protease inhibitor (Roche, Indianapolis, IN, USA)
and a phosphatase inhibitor (Sigma, St. Louis, MO, USA). Next, centrifugation (3000x g for
10 minutes at 4°C) was performed to obtain the cell lysates. Protein concentrations were then
determined by the bicinchoninic acid assay (Thermo Scientific, Rockford, IL, USA). The
proteins were fractionated by sodium dodecyl sulfate polyacrylamide gel electrophoresis,
transferred to nitrocellulose membranes, blocked with 3% non-fat dry milk, and blotted with

anti-Cx43 (Thermo Scientific), anti-human ether-a-go-go related gene (HERG) (Invitrogen,
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Carlsbad, CA, USA), anti-Nav1.5 (Santa Cruz Biotechnology, Dallas, TX, USA), anti-L-type
Ca’" (Santa Cruz Biotechnology), and anti-actin (Santa Cruz Biotechnology) at 4°C
overnight. The following day, the membranes were washed with blocking buffer and
incubated with secondary antibodies conjugated with horseradish peroxidase. Protein bands
were detected by enhanced chemiluminescence (Thermo Scientific) and quantified using the
Image] software (National Institutes of Health (NIH), Bethesda, MD, USA). The band

intensity for each protein was normalized to the intensity of actin in its lane.

2.4. Immunohistochemical analysis

Cover glasses were placed on the bottoms of 6-well plates before plating the HCMs.
Twenty four hours after exposing the cells to toluene and xylene, the HCMs on the cover
glasses were subjected to an immunohistochemical study. The HCMs were fixed in 2%
formalin, followed by washing with phosphate-buffered saline (3 times, 5 minutes each). The
cells were then incubated overnight with anti-Cx43 antibodies (1:400 dilution, Invitrogen) at
4°C overnight. The following day, the cells were incubated with fluorescein isothiocyanate-
conjugated goat anti-rabbit IgG (1:400 dilution; Jackson ImmunoResearch Laboratories, Inc.,
West Grove, PA) before being examined by laser microscopy (x20 magnification; Axio; Carl
Zeiss, Oberkochen, Germany). The signal intensities of the connexin proteins in the IC-D and

lateral membrane were digitized and quantified using the Image-J software.
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2.5. Statistical analysis
Statistical differences were determined by repeated measures analysis of variance. All the
analyses were conducted at a 0.05 significance level. Data are presented as mean =+ standard

deviation.

3. Results
3.1. Cytotoxic effects of toluene and xylene on HCMs

The HCMs were exposed to OuM, 3.1uM, 6.3uM, 12.5uM, 25.0uM, and 50.0uM of
toluene and xylene for 24 hours and subjected to a cytotoxicity assay as described above. The
supernatants from the HCMs were used in a cytotoxicity evaluation according to the
ToxiLight® assay. We found that the cytotoxicity of each solvent increased in a concentration-
dependent manner (Fig. 1). In addition, the two solvents were significantly and more
cytotoxic to the HCMs [xylene at 25 uM (24.3 £ 19.5 IU, p <0.01) and 50 uM (288.7 £13.5
IU, p <0.01), toluene at 50 uM (250.3 £ 8.39 IU, p < 0.01)] than DMSO was. Overall, xylene
showed a higher cytotoxic effect than toluene did (half maximal inhibitory concentration
values: xylene, 21 uM; toluene, 38 uM). Therefore, we used toluene and xylene at 10 uM and

20 puM, respectively, for the subsequent western blotting and immunohistochemical studies.
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3.2. Western blot analyses of Cx43 expression in HCMs exposed to toluene and xylene

We assessed Cx43 expression by western blot analysis using an anti-Cx43 antibody that

recognized total Cx43. The expression of Cx43 was decreased in a dose-dependent manner

after exposure of the cells to toluene and xylene (Fig. 2A). The signal intensity was

quantified using the ImageJ software and normalized to the expression of actin in the non-

treated cells. We found that there were significant reductions in Cx43 expression when

toluene was used at concentrations of 2 uM (0.58 £ 0.03 AU, p <0.05) and 20 uM (0.38 £+

0.04 AU, p <0.01) and xylene was used at 1 uM (0.59+0.12 AU, p <0.01) and 10 uM (0.49

+0.07 AU, p <0.01) (Fig. 2B). Next, we performed a time-course cytotoxic evaluation of the

organic solvents. It was observed that the expression of Cx43 decreased in a time-dependent

manner after the cells were exposed to either toluene or xylene (Fig. 3A). Furthermore, we

found that, compared to the non-treated cells, there were significant reductions in Cx43

expression after incubation of the cells with toluene for 12 hours (0.56 + 0.05 AU, p < 0.05)

or 24 hours (0.42 £ 0.03 AU, p <0.01), as well as with xylene for 12 hours (0.46 = 0.02 AU,

p <0.01) or 24 hours (0.51 £ 0.07 AU, p <0.01) (Fig. 3B).

3.3. Immunohistochemical analyses of Cx43 expression in HCMs exposed to toluene and

xylene

We evaluated the percentage expression of Cx43 in the IC-Ds using

immunohistochemistry. Representative pictures showing cells stained with Cx43 antibody are
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shown in Fig. 4A. We found that there were significant reductions in Cx43 expression in the
IC-Ds when toluene was used at concentrations of 0.2 uM (0.73 £ 0.06 AU, p <0.05), 2 uM
(0.64 £ 0.04 AU, p <0.05), and 20 uM (0.45 £ 0.14 AU, p <0.01), and xylene was used at 1
uM (0.65 £ 0.06 AU, p <0.05) and 10 uM (0.59 £ 0.07 AU, p < 0.05). This suggests that the

organic solvents possibly affect the trafficking pathway of Cx43 proteins (Fig. 4B).

3.4. Western blot analyses of HERG, Nav1.5, and L-type Ca?* channel expressions in HCMs
exposed to toluene and xylene

We also assessed the expression of major cardiac channels such as HERG, Nav1.5, and L-
type Ca>" using western blot analysis, because these channel proteins play an important role
in action potential duration. We found that the expressions of the channels before and after

exposure of the cells to toluene or xylene for 24 hours were the same (Fig. 5).

4. Discussion

The National Institute for Occupational Safety and Health has declared the criteria for the
use of organic solvents in order to prevent disease and hazardous conditions at the workplace
(https://www.cdc.gov/niosh/topics/organsolv/). The criteria include all the information on an
organic solvent, which is necessary to know at the workplace. Although the usage of organic

solvents are strictly controlled by official guidelines, workers are likely to be exposed to high
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concentrations of organic solvents, especially in a narrow space. The inhalation of organic

solvents sometimes causes sudden death. The main mechanism underling the lethality of

organic solvents is considered to be oxygen deficiency in cardiomyocytes (Harrison et al.,

2016); however, the detailed mechanism remains unknown. Butane is a typical organic

solvent used in industries and that sometimes causes sudden death (Celinski et al., 2013;

Novosel et al., 2011). According to our cytotoxicity assay, toluene and xylene showed

cytotoxic effects on the HCMs in dose-dependent and time-dependent manners, which

suggests that the organic solvents have acute cytotoxic effects on human cardiomyocytes.

Furthermore, environmental chemical contamination is a risk factor for congenital heart

disease, which indicates that exposure to chemicals poses a risk for defective heart function

during the embryonic stage (Rufer et al., 2010; Tikkanen and Heinonen, 1991). Although

several epidemiological studies have been focused on the effects of chronic or constant

exposure to organic solvents at the workplace (Kotseva and Popov, 1998; Tibon-Fisher et al.,

1992), it would also be highly important to assess acute cell damage in the human heart

caused by such exposures. The next step would then be an animal experiment to reveal how

organic solvents might affect the conduction system in the heart in vivo. Several studies have

reported that nanoparticles showed direct and indirect toxic effects on the cardiovascular

system and increased the risks of ischemic heart disease or cerebrovascular disease (Chen et

al., 2015; Nelin et al., 2012; Polichetti et al., 2009), and furthermore demonstrated that
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mortality would be decreased at workplaces where workers are constantly exposed to small

particles in the air (Stephan et al., 2014; Toren et al., 2007). However, little is known about

the mortality of workers at places where high concentrations of organic solvents are used.

According to our results, toluene and xylene are toxic to HCMs, however, it is quite

important to evaluate the mechanism of cytotoxic effects of organic solvents on HCMs.

Furthermore, we assessed the relationship between exposure to organic solvent and

connexin expression in HCMs. According to our results, toluene and xylene decreased the

expression of gap junction proteins, increased the heterogeneity of cardiac propagation, and

caused reentrant arrhythmias such as ventricular tachycardia and ventricular fibrillation.

Imbalance in autonomic nerve activities has been stated as another important factor that

increases the risk of arrhythmia (Matikainen and Juntunen, 1985; Morrow and Steinhauer,

1995; Murata et al., 1994). Since autonomic nerve activities are influenced by organic

solvents following a long-term occupational exposure (Morrow and Steinhauer, 1995), high

concentrations of organic solvents might drive sympathetic nerve activities. We have

previously shown that an altered expression of Cx43 is strongly associated with heterogeneity

of cardiac impulse propagation in atrial fibrillation (AF) in healed myocardial infarction

models (Bikou et al., 2011; Greener et al., 2012; Igarashi et al., 2012). In the present study,

we found that the expression of Cx43 was significantly decreased by toluene and xylene in

dose-dependent and time-dependent manners after exposing HCMs to the solvents. These
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results imply that a decreased expression of Cx43 slows impulse propagation in

cardiomyocytes and increases the risk of arrhythmia.

Connexin proteins are folded in the Golgi system, which are phosphorylated and

trafficked to the plasma membrane surface (Basheer and Shaw, 2016; Falk et al., 2016; Zhang

and Shaw, 2014). We have previously shown that the expression of connexin proteins is

significantly decreased in AF induced by atrial burst-pacing in animal models (Igarashi et al.,

2012). According to our immunohistochemical analyses, lateralized expression of Cx43 was

significantly increased after exposing the cells to toluene and xylene, indicating that the

organic solvents affect the intracellular trafficking of connexin proteins. Since we observed

that the expression of connexin proteins in the IC-D was decreased by the organic solvents,

there are possibilities that the organic solvents would affect the phosphorylation status of

connexin proteins. Several previous studies have reported that chemical agents affect the

trafficking of proteins such as sodium and potassium channels (Abriel et al., 2015; Basheer

and Shaw, 2016; Steffensen et al., 2015). However, no organic solvents have been reported to

affect the expression of gap junction proteins. Another concern is whether organic solvents

might affect the functions of phosphatases and/or phosphatase inhibitors in cardiomyocytes.

Therefore, further investigations are necessary to assess the relationship between exposure to

organic solvents and the phosphorylation system in cardiomyocytes.

According to official reports from the Centers for Disease Control and Prevention, nine
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sudden deaths have been caused by inhalation of hydrocarbon gases and oxygen deficiency at

specific locations such as catwalk or in front of an open hatch, where the oxygen level might

have been low (Harrison et al., 2016). Most of the reasons for sudden deaths in such places

are due to oxygen deficiency; however, a direct effect of organic solvents on HCMs can cause

sudden death especially at workplaces where organic solvents are used. We have shown that

toluene and xylene had cytotoxic effects on the HCMs in the acute phase; however, further

studies should be carried out to assess the effects of long-term continuous exposure to organic

solvents at low concentrations. Since the concentration of organic solvents in the air is strictly

controlled by official guidelines, it is highly unlikely that workers would inhale high

concentrations of organic solvents for long periods. Moreover, organic solvents can directly

decrease the expression of Cx43, as well as decrease impulse propagation and increase the

risk of arrhythmia. AF is the most common arrhythmia in clinical practice with a prevalence

rate of about 10% in individuals aged > 80 years old (Alonso and Norby, 2016; Ko et al.,

2016). The major contributing factor to AF is thought to be the age of patients; however,

other risk factors for AF include hypertension, dyslipidemia, and diabetes mellitus. In clinical

medical practice, little is known about the relationship between continuous exposure to

organic solvents and the occurrence of AF. Since the prevalence of AF is strongly correlated

with patient age, we have not assessed to the working history or working environmental

aspects when patients with AF come to the hospital. Therefore, the work history and working
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conditions of a patient who presents with AF must be evaluated. Furthermore, the direct

effects of continuous and low-dose exposure of organic solvents on the human heart have to

be evaluated in large animal models. This will allow for the investigation of exposure to low

doses of organic solvents and the resulting long-term effects on cardiomyocytes.

In conclusion, toluene and xylene showed cytotoxic effects on HCMs in dose-dependent

and time-dependent manners. In addition, toluene and xylene decreased the expression of

Cx43, especially that in the IC-Ds of the HCMs. An in vivo electrophysiological study would

be necessary to understand the mechanism underlying the toxicities of the organic solvents

and how they increase susceptibility to arrhythmia.
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Figure legends

Fig. 1. Evaluation of the cytotoxic effects of toluene and xylene on human cardiac myocytes
(HCMs).

HCMs were exposed to different concentrations of toluene, xylene, and dimethyl sulfoxide
(DMSO). Luciferase activity was used to evaluate the cytotoxicities of the solvents using

ToxiLight® assay.

Fig. 2. Western blot analysis of connexin43 (Cx43) expression in human cardiac myocytes
(HCMs) exposed to toluene and xylene.

HCMs were exposed to different concentrations of toluene and xylene for 24 hours. (A)
Whole cell lysates were then harvested and subjected to western blot analysis. (B) The
expression levels of Cx43 and actin were quantified and normalized to the expression level of

actin in control cells.

Fig. 3. Time-course evaluation of connexin43 (Cx43) expression in human cardiac myocytes
(HCMs) exposed to toluene and xylene using western blot analysis.

HCMs were exposed to toluene (20 uM) or xylene (10 uM) for 3, 6, 12, or 24 hours. (A)
Whole cell lysates were harvested and subjected to western blot analysis. (B) The expression

levels of Cx43 and actin were quantified and normalized to the expression level of actin in
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control cells.

Fig. 4. Immunohistochemical analysis of connexin43 (Cx43) expression in human cardiac
myocytes (HCMs) exposed to toluene and xylene.

HCMs were exposed to different concentrations of toluene and xylene for 24 hours. (A)
Representative images of cells stained with Cx43 antibody. The yellow boxes are magnified
images of intercalated discs (IC-Ds) located between neighboring cardiomyocytes. The red
arrow indicates Cx43 expressed in the IC-Ds. The expression of Cx43 in all fields and IC-Ds

was quantified using the ImagelJ software. (B) The expression level of Cx43 in the IC-Ds.

Fig. 5. Western blot analysis of human ether-a-go-go related gene (HERG), Navl.5, and L-
type Ca>" channel expressions in human cardiac myocytes (HCM:s) exposed to toluene and
xylene.

HCMs were exposed to toluene (20 uM) or xylene (10 uM) for 24 hours. Whole cell lysates
were then harvested and subjected to western blot analysis using primary antibodies against

HERG, Nav1.5, L-type Ca*’, and actin.
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Association of common polymorphisms with gestational
diabetes mellitus in Japanese women: A case-control study
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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.

Key words: Gestational diabetes mellitus, Single nucleotide polymorphism, Japanese women

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.
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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.

>

31 Oner HGbMm

30

Percentage of subjects (%)

il

0 1 2 3 4 5 6
Number of risk alleles

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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number of genes classified by GO terms in gene features subcategories (S3 Table shows the number of genes analyzed and classified).

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
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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
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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,
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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
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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).

wileyonlinelibrary.com/journal/jat

236 -



oLl

Journal of

AppliedToxicology

K. Nohara et al.

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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TOXICOLOGICAL SCIENCES 124(2), 460-471 (2011)
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HESI Subcommittee:
Pilot Study Protocol

Main objective: identify circulating biomarkers that predict
central & peripheral neurotoxicity resulting from exposure to
a known and well-characterized neurotoxic agent by
correlating them with behavioral, imaging, morphometric
and neuropathological endpoints.
+ US FDA NCTR contributing rats, lab space and imaging —
timeline Sept — Nov 2015.
Prototypical compound trimethyltin (TMT).
Time-course assessments of blood, CSF, CNS, urine and
imaging (MRI, MRS) compared to traditional assessment
(i.e. functional (behavioral), and histopathology)
Dosing at 8 mg/kg
Sample collection, behavioral analyses and MRI/MRS
imaging at 2, 6, 10, 14, 21 days

ILSI Health and

Environmental Sciences 9
Institute

v

Increases in Autism Spectrum Disorders
in USA
Identified Prevalence of Autism Spectrum Disorders

ADDM Network 2000-2008
Combining Data from All Sites

Surveillance | Birth Year Number of Prevalence | This is about
Year ADDM Sites | per 1,000 1inX
Reporting children...

T
Children EAD
{Range)

rKids

1in 150 1 Ki

2002 1994 14 66 1in150
(33-106)

2004 1996 8 80 1in125
Lol d

2006 1998 " 90 1in110
wzizn

2008 2000 4 113 1in88
“snn

(Data from CDC)
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HESI Translation Biomarkers of
Neurotoxicity (NeuTox) Committee

Activities and
Accomplishments

2015-2016

Institute

Additional accomplishments

» Subteam formed to explore possible
project to identify seizuregenic
compounds using microelectrode array
(MEA).

+ Session planned at the 2015 Safety
Pharmacology Society Annual Meeting
in September.

ILSI Health and
Environmental Sciences 10
Institute
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Developmental Neurotoxicity Testing .
for 2,863 Chemicals Current Status of DNT Testing

Produced Above 1 million pounds/year

+ Large numbers of chemicals identified for testing

Some Data 0.4% < 12 Tested for (e.g., pesticide) with no risk-based criteria for setting
On Developmental n testing priorities
Toxicity \ Neurodevelopmental
Toxicity . " ) )
According to EPA « Different regulatory authorities/different testing
No Data Guidelines requirements with no scientific basis for flexible

testing approach
On Developmental g app

Toxicity \

+ Current guideline testing is expensive, time
consuming and requires large numbers of animals

Environmental Health Perspectives,
117:17 (2009)

Research Challenge Research Approach - In Vitro

« Develop alternative testing approaches that are
fast and efficient
— Use in vitro cell culture or in silico models
— Use alternative species (non-mammalian)

« In vitro tests based on key events of CNS
development
— proliferation, differentiation, growth, synaptogenesis,
myelination, apoptosis
» Provide data for prioritization of chemicals for
further testing (targeted?) « Endpoints amenable to high throughput testing

- Such an approach will: — cell-based endpoints, biomarkers, molecular signaling

— Reduce costs and animal use e . . N
- Facilitate screening of large numbers of chemicals (high- + Show predictive ability based on “training set” of
throughput) developmental neurotoxicants

Key events of DNT at the cellular level 3
published July 25, 2016 5
http://dx.dol.org/10.1457 Yaltex. 1604201 e
o
sor y » Synaptogenesis 5
! D~ ) 3.
RV 4 3
i, q
. ’ \
p ] ; 4 Neurite growth .»,:,l’ eh ‘ §
4 AN R
P ) ; Drfferentiation 4 )“51 g'mﬂmi z
Proiferation * ! Myelination E g i i !l ! i
@— 4~ . @9 W sk $ | F ak ot g
Maiehos BN
Figure 1 of the key events tovel o
Sereral fncaments neurose eicEments pIOCEISes e SSSOUlE', Necessary fof nervous B stem Ceveopment and e
BRI @@f‘ foie)
e e A e e e e o e
Processes Therefors. SNIUDANCES of The DIOCESSes SHpIcied here are KE of AOP rewvant for DNT
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1. Time, Cost-consuming
2. High Throughput screening
3. Species difference

—_—

in vitro test method using human iPS cells

2-Ethoxyethyl Acetate Diazopam Naltrexone
DNT Wicotine
Acrylamide DEET Methoxyethanol. 2-
Aldicarb Deltamethrin Methylazoxymethanol
compounds Atetoin Diazinon etnytmarcury
Aluminum (c! or lactate) Dieldrin Ozone
Paraquat
Parathion (ethyl)
Amphetamine(d-) Epidermal Growth Factor PBDEs
Arsenic PCBS (generic)
Aspartame Ethylene thiourea
Benomy! Phenylacetate
Benzene Fluoride Phenylalanine (d.1)
Bioallethnn Griseofulvin Phthalate, di-(2-ethyihexyl)
Joxide Haloperiodol Propytthiouracil
Bisphenol A Halothane ‘Retinoids ivit Atsotretinoin
(5-) Heptachior Salicylate
Butylated Hydroxy Anisol Hexachiorobenzene Tebuconazole
Tellurium (salts)
Caamium Hydroxyurea Te
Cafteine.
‘Carbamazepine Ketamine THC
Carbaryl Lead Toluene
Carbon monoxide Lindane Triamcinolone
Chiordecone LSO
Chiordiazepoxide Maneb
Chiorine dioxide
Chiorpromazine Mepivacaine Triethy lead
Chiorpyrifos Methadone Triethyitin
“Tocane Methanol Trimethyitin
Colcomid Methimazole Trypan blue
Colchicine Methylparathion Urethane
Valproate.
Dexamethasone MPTP
Diamorphine hydrochloride Naloxone

From EPA database

Effect of chlorpyrifos on neural
differentiation

PAX6

—-e-vehicle
—-CPF

Gene expression (fold)

Time course (day)

Neural differentiation by dual SMAD inhibition
in human iPS cells

Day 0 4 10
| | | | | |
I 1 1 1 1 1
KSR N2
LDN193189 I I
SB431542
Ectodermal Neural
Progenitor cells
< Day 0 Day 4
O
O
<
x
©
S8 100 um 100 ym 100 pym

Effect of TBT on neural differentiation

Nanog Pax6
1.2 7
1 6
5
0.8
a4
0.6 3
\
0.4 2
0.2 1
0 o
; : i i TBT+
iPS Ecto-iPS iPS Ecto-iPS EctodPS

SNV RVT7REEEOHMH
TCAY A 5L

H* H* H*
v Pt
BEHR&HL - REATHR w % w :@mﬁ
* NAmDH ' 02 o
SRV RUTREAHER

FREHBIC LD REEE

ma %

Fis1,Drp1 @
—_—
Mfn1,2 m

2 MOV RUTMEERER- T S RIYRUTREET

il
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Mfn1, 2

VI =3
control TBT @D @@ 5= “-"
- - -
100nM TBT (hr) §
TA CCCP 03 61224°
Mfn1
-
coxv|[———==——]

prectn

Yamada et al., Metallomics, 2015

EripsHfE D fIE S EIZH TS

Mfn1(D 82 &

2 O control
| M1 (9

control
Mfn1 (-)

Min2 [s o
ﬁ-actinE

Gene expression (fold)

PAX6

FOXG1  NCAM1

Yamada et al., in preparation
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ERiPSHIBED I,V RY FREEIZKTT B
JOIERRDFE

control CPF

Bar = 10um

Yamada et al., in preparation

Summary
iPS cells Neural progenitor ~ Neuron
cells
(5\‘ ‘ /6’,'7 _%\2)(%_, S~
N/ k—— Wzt\
Oct4* T Pax6*
Tributyltin
Chlorpyrifos

1. Capability of neural differentiation of human iPS cells can
be used for assessment of chemicals with DNT.

2. This approach will reduce animal use and costs, facilitate
screening of large numbers of chemicals and might provide
data for prioritization of chemicals for further testing.
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SKY Neuron

« BE1BHDOSYMAF,NLE B MEMREHEL. RHELILO,
1 tubedr =Y #IB0FEDMAIA A>TV,

« BEXRFE-AEBLVIRHEOEZLTOS,
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MAP2 drebrin

MAP2/
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SEDHY(T15x g, 25)

4,000 cell/cmy

4,000 cell/cmy

E#)
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1. BT AE TIzmestroFL—hF£PEIHBLMNEPLLCI—T12 5

2. $IRE OO FRE 1 BRI, 5 nIDSI=Y (plating medium|ZBR) &9 )L O BWIBER
SITRE T hr /o F1R—2—R(HHRE

3.3 MBATHRE

4. A7V OMBERE (1 mD)ZE50 mIA=hNFa—TZBL. SAFPILEI ml
plating medium T~ XL, 2~5sec/1iEd DFEM

5.2 ml plating medium#2~3sec/17& ¢ DN

6. 2 ml plating medium& 4L 2 ML, B o<Y LEEBIEH - - -final vol. 6ml

7. HRABEELEN /ST V—E1 1 TRE BEE MK F R MU MRS

8. il EEEE 15 mIa=h)LF2—TIZBLMRZEERD : 0180 x g, 5Smin, EiR

9. Supl& T, #yELY 3~4EILTIECT

10. AU L= EMifasE TR b RERHL . MiaZ R

1.5 OB R AEI—FLISI=V EICRED

12. FL— D RBEICRIR &R 1L T 570 DREKE TN

13. 37°C, CO, incubate, 1 hr.

14. £ 1JLIZ500 pl®Plating mediumrp oY &N

16. Incubate, 37°C, 4days

17. Day4: Ara C%culture medium CEfELIEHh 32 %32

19. Incubate, 37°C

20. Day7 CHfH 3, FDH3-40 HBLVE7E HEI<HHIEHR

2. 0E BRH LY TObaL ERE
BRBOMBEFER
LOT # LTS tube #| living cells dead cells | Viability(%) [ total cells

REH1004 | 1.3x10° cells/tube | 3 - - - -
REH1004 | 1.3x10°cells/tube | 4 | 0.86 x 10°cells | 0.66 x 10° cells 56.6 1.52 x 10° cells
REH1004 | 1.3x10°cells/tube | 5 | 0.73 x 10°cells | 0.85 x 10° cells 46.2 1.58 x 10° cells
REH1004 | 1.3x10° cells/tube | 6 0.9x 10°cells | 0.7 x 10° cells 56.3 1.60 x 10° cells
REH1004 | 1.3x10° cells/tube | 7 - - - -
REH1006 | 1.21x10° cellstube | 5 | 1.05x 10°cells | 9.0 x 10° cells 53.8 1.95 x 10° cells
REH1006 | 1.21x10° cells/tube | 6
REH1006 | 1.21x10° cells/tube | 7 22x10%cells | 2.2x 10°cells 50.0 4.4 x10° cells
REH1006 | 1.21x10° cells/tube | 8
REH1006 | 1.21x10° cells/tube | 9 s s 6

8 1.9x 10%cells | 2.1x10°cells 475 4.0 x10° cells
REH1006 | 1.21x10° cells/tube | 10
REH1009 | 7.13x10° cellsftube | 4 | 0.78 x 10°cells | 0.69 x 10° cells 53.1 1.47 x 10° cells
REH1009 | 7.13x10° cells/tube | 5 o s 5

1.56 x 10° cells | 0.78 x 10° cells 66.7 2.34 x 10° cells

REH1009 | 7.13x10% cells/tube | 6
REH1010 | 8.1x10° cells/tube | 6
REH1010 | 8.1x10° cells/tube 7
REH1010 | 8.1x10° cells/tube | 8

-EFEERIEES%EETRELTN S,
‘BRI TOMBBEA I PEDF vy THREL,



Maestro system 1 Maestro system 2

Continuous Plots

11 J e
—0 9 0 O mm
—_ . Hippocampus neurons are

cultured in 48 well MEA plates

Plates are placed in MEA
amplifier

McConnell et al., NeuroToxicology, 2012& 8% - Spike Plots
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= —p—f—p 7 B X MaestroflliE. (#ih3cit)
- 10 K £ MaestrofllfE. (HEih3ci) 5
— Thisshold 14 A X MaestrofllE. (3EHh3THL)
O S S S S i 17 K € MaestrofilE, (ih35i#)
= 21 A X MaestrofllE. (1%ih35H#k)
24 K £ MaestrofllE. (15H#h35H#H) —
c Burst Duration ) % of Spikes in Burst 28 A X MaestroflliE. (#i35iR) .
*PLLHBVEPEID—T 427 L= R IR S B N IS .
TRFTEE
Vs *maestro/L—~BREITEMAKERALTVS -
<) 7R DIEFEEHIH S HF=HICAraCERML TS
- FEMIR R LIS LRV, IEENSERE
Burst Individual ~OBBICFHILARYI REAVTREELEE AT
Burit Spike T3 HRYIR

Mack et al., NeuroToxicology, 2014
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Shafer’s lab 8D ) 19T H=YIRFDER 31 8 TOTAT B
0000,
BN (;’:szlcalplf‘::’::‘l) (Hippocampus) | (Hippocampus) m“ - e
g

16-
= @PLL 3
s 0.05% PEI=> 0.05% PEI=> 50 pg/ml PLL=> =TT oem 3 B /_*H_H
T 50 pg/ml laminin 50 pg/ml laminin 50 pg/ml laminin WEEEEE  25x10'cells @ 6000 E
k- T g
MiafEEEE 150,000 cells/25 pl 25,000 cells/5 pl 50,000 cells/5 pl p— p ._g.. 4000 2
AraCiRE 5uM 0.5 uM 1uM — - 2 2000 34
APV £ Ei ]
HETAR  1REXA R T A T T
R RE FERH FEXH LEXH W p— DIV Div
- y . -y o . 2%
BWZBRra—)L THE 3-4B% 78E wawmrl|ooye 1BEHT-VISHEDOR /18 Eﬁiﬁl}iﬁl FELI RO
BE5%% Acute(Day 12to 22) Acute Chronic PR 5
ANTE el 2
BRI = 100 pS 200 uS =
— 400 E 400
HHEEOLE = YILTEHCELE  2YLEL PEI 3 z
BB LY v £ Ex
Mean firing rate Mean firing rate PLL g 3 ,ﬂ—m
Active electrode Active electrode(< 5 spikes/min) L =
AR (< 5 spikes/min) MFR on AE T3 = % ME T & ol R IR S
Div

MFR on AE Spike counts at stimulation
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Day24 [Day28
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AraCilBE
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144.8]
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Day14
Day17
Day21
Day24
Day28

2.5x 104 cells
. .
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191.2] 245| 1458 173.2]

APV = © FIHEE

HHXRE 2EXR

25x10°% |
PEL APV+,

1 AraC

bpiked Y 3-48%
BRAHE 100 pS
(O E=tZ
PIMEELE i
@29z)LEC

eI
\4

£2T)LRLC

RN IBHBRLTOENEREIE., AR TORLEHIEEh 3T-HRIBELTH
RISLBVEEZ OIS, 2V LITERBNE,

ANAYHBBEBORMEEEER THRIGORBEEIKEELLEA o=,
S1EEHTLEAL. AEBEICEADDERIBLOTIEIELD,

SHROTFE

CRELLEHIZT, EHROEEMEZRAVFHEZ EDH D,

FHET AL EMEDOEE - R EHE - REREEZITI.
(RIS TERDOHDLEMENSEIET DOHEEH?)
(R54F22-23, HESI NeuTox{t &R U R 51K 24, ShaferbAERALTLY

HILEMIRMLEY)

‘maestroT — AN LBLN DT = IBEIC LM EITL. &Y
RE-FALOEVBITEERET S,
(RS5M1F258 1)

*EPADDr. Timothy J. Shafer& EERRE L UEERT—4(ZDL
TORHEFEITV. BEOEET—2LOLEE1TS,
(9/30IEPAICTITHEEHEDFE)

A EEOHRELHENICBBTEILIEELTED D,

Neurotoxicants/Dev. Neurotoxicants in HESI NeuTox

1-methyl-4-phenylpyridinium iodide Dieldrin
2-Methoxyethanol Diethylstilbestrol
3,3'-Iminodipropionitrile Heptachlor

5-Fluorouracil Hexachlorophene
6-Hydroxydopamine hydrochloride Hydroxyurea
6-Propyl-2-thiouracil Lindane

Acetic acid, manganese(2+) salt Methyl mercuric (Il) chloride
Acrylamide n-Hexane

Aldicarb Parathion
Bis(tributyltin)oxide Permethrin

Bisphenol A Phenobarbital sodium salt
Captan Rotenone

Carbaryl Tebuconazole
Chlorpyrifos (Dursban) Tetraethylthiuram disulfide
Colchicine Thalidomide

Deltamethrin Toluene

Di(2-ethylhexyl) phthalate Valinomycin

Diazepam Valproic acid sodium salt
DDT
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REFHEDELD

(Hippocampus

Shafer’s lab
MR + protocol

(Cortical neuron)

(Hippocampus)

AT 0.05% PEIﬁ_ . 0.05% PEI=. . 50 pg/ml PLL_?
50 pg/ml laminin 50 pg/ml laminin 50 pg/ml laminin
MiaBEEE 150,000 cells/25 pl 25,000 cells/5 pl 50,000 cells/5 pl
AraCiltiE 5uM 0.5 uM 1M
APViEHD £ Eid "
i RE FEXH FERH 2EXH
R R T Ca—)L 7BEE1/2) 3-48HE(1/2) 7TAHE/2)
#BEHE Acute(Day14I=THIE)  Acute Chronic
ERRB R = 100 pS 200 uS
FIHEEOME = DTLSETEE  £YILEC
BRETREER 1B (Day14I=THE)
Mean firing rate Mean firing rate
A A(CBV: seplﬁ:z;?;?n) /:Athgeo z:leAcérode(< 5 spikes/min)
MFR on AE Spike counts at stimulation

HESI NueToxIZ#(+55EiI 1L &

Neurotoxicants/ Flame Polycyclic Aromatic
Unknowns
Dev. Neurotoxicants Retardants Hydrocarbons
lodde
2 methosyetranol 2214415, Hesabromodpheny ther Acensphihene
e 224,45 Penabromodphen ether Acenpyiene

Phenol, sopropylated, ph
tereButyphenyl diphery phosphate
Ticresyl phosphate

Tripheny! phosph
Tris2-chloroethyl) phosphate

[

Bisphenal 5

Negative Controls

Shafer’s lablZTHRAL TS L&MW XL

o O mEMTHEAE#SGY

cAs

BREETHEARMRGZVLS, BHTUME

Purity [

DMSO/EOH
DMSO
DMSO
DMSO

a0
86

DMSO
Hi0
H0
o DMSO
DMSO
DMSO

A
McConnell et al., NeuroToxicology, 2012




Table 1. ‘They Were Calculated.
Feature Description
MFR calculated, lus of at
active electrodes.
Burst rate. The number of bursts per minu dlated. e
thac
Burst duration
| elecxrades cha
behavior.
Fraction of A at loast one
per minute. e rumber
fraction of the total number of active electrodes on the weil
Within-burst iring rate The mean firing race within il bursts on an electrode was calculated. The well vakie was
Percentage of spkes in bursts The number of spikes

Coefficient of variation (CV) of 1B
CV of within-burst ISls
Network spike rate

Network spike duration

Network spike peak

spikes
loctrodes that exhibised bursting behavior.

1815 on an electrode.
behavior.
The ratio
an electrode.
bursting behavior,
The wall value minute of
period (see Methods section for definition of a network spike).
the
number the well (5). The well

value
recording period.
spike.

aken as the peak.
period.

calculated using the spike time tiling coeficient™® with At = 50 ms (soe Methods section
it The well value

distinee elctrodes on the well Cotterill et al., J Biomol Screen, 2016
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