IR EE A FIVKERIC K D biC B 5 = v 7 MR- DR

EXERTIMEa SR e
PR FERERE I S8R R
IR IRFEIIIEE AT

MIEEE

BEIHAS A FLKER (MeHg) MAEMEME SN T-ANMEEZEBIRT 5 2 212k b, BE~DE
BPRRE STV D, FaILTAVE TITHRR ] MeHg MREE DM HREZZE R R O 451
T Z L, ZDOZAEIZ DNA A FIALEEREEESE D DNMT %24 L7 DNA A FUfb BE5 725
Wz A M UBLT B F WLEES# O HDAC 24 Lizk A kv H3 7B F /LD 238 59 %
ZLEHLMMI LTS, AEETIT, Mgkl MeHg BREEDSHIEZEEM R o & DFRH
RN B2 METRAEER O s ) Mt 217> 72, & MRk A SE10H i
(LUHMES #fifia) 2 H TR biFE 217, kb 2 HE2 S 8 H H & T MeHg (0.1,
1nM) % 6 HRIIRETE L7=, 43k 8 A HIZBW T, 22 % IN CELLANALYZER |2 X
> T L. 40k 4, 16 H BIZBWT, #iR A/ A 7 B % MAESTRO (2 LV HIE L
7=. 73k 8 H BHIiZHB W\ .3 12:?5%fﬁa FU TN E A LART-PCRIE, Z 2737 FEBL 8T Western
blot {5 T L7z, DNA A F /ALIINRA P T 7 A For—7 = A¥E B A b AERGR X
WHRER - D7 1 —F —fHl~DOFE G RIX, 7 v~ T U hRE TN L7-, MeHg (1
nM) BREEREICIV T, MRS RME S MR A, ZBHEIIABICED Lz, Lei-> T,
MeHg (1 nM) BEIZHEE L, #RZERMESC T T 7 AKICED 5i8in1-& LT, NR4AI %
fEt L7ofE R, MeHg (1 nM) BREZIC K - THERFRIE, ¥ N7 BEELE GICHRICH
D UTce I, NR4AI DB 7 RE—F —fHEOTE Y = 27 0 7 AE AR LTZ &
Z A, kit -0.4 ~ -0.5kb ® CREB #5AHI4 (CRE) (231 5 DNA X F L4k L ~UL 73 MeHg
REEIZ LD EH LTz, 612, NA44]l B+ 7nE— % —fEkO b 2 b AEA & REt
L7z Z A, MeHg Bg#EIC KV, EX M H3 U D 14 DOT7EF LB LR A R H3 Y
T9DT BETF AL LIV O SRR S T, S I, 2B O e E—Z —iHlg O CREB
B LOCBP OfE A& S MeHg (2 K 2 A3 e ézm‘:o LUHMES #AaZ 330 TR E MeHg
(2 L D HiRR e BB B 2 5 7 & LC, NR4AI % A L7-, X512, MeHg Mgz
\ZE D NR4AI B TRBERICIE, BT 7 vE—% —fHEkD DNA A F /L {bd L5
E AR T BETFAEA R ED, BEEMHICEH 85 LB LT D Z RIS
niz,
COEAVAED
FIGRFERTFRE ERERAIIER fE b sy
LT3
[(wr7eshn]
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g B FERL R IR IR IE =
fLEVRER . RN—HE, G, KifAns . SLHZHE, BEfnk

I #FE H #Y

BUfE, ATFVKER (MeHg)ld, FIMEERZ I L7z, M« B IR~0 B A 22 KR LR R
HENRRINTVD, THVETICHFEEIL, AED D BIEHNT, FHZEERE DR
BNDHTE Y= RT 47 AZiER L, (KIRE MeHg IRERIC X DM LB L 7 ) A
fEELZ W LT & 7= (Go et al., Biochem Biophys Res Commun. 2018; Go et al., Arch Toxicol.
2021), AL, TN ETOMLERIZ, KRE MeHg BEICL 22V xT 4 7 A A
T =R L% S HICEHIICRIT 572012, OKIRE MeHg BRFRIC L 2 EHEMNZEMAR, ©
MeHg D=5 7 DAL Z T 5 FIBEFEEOMNT D 2 MIZOWTRETT 5, TV = %
T A 7 ARMTIZ BB FIRG A I = XL AT D, B e~ T A TIREEE T
TrE—F—IlBIT 5, BRSO KRIBIEY 2R E4x DD, B s
J LA T =X LOHEIZIE, & FOFERET VBLEITR D,

AFZEO HEJIE, IKIEE MeHg MRFEIC X D0 b~DEL | ZDOA = LE T
VAT 47 AIER L, &b in vitro MR O TEMICHHT 22 6 TH D, A
FREIL, @MeHg OB s ) LZEALE T 5 Pt is 1 OMFTIZ OV T, NR4AL IZVEH L
THT 21T > T2,

O ATEE T34

LUHMES #fifid OF##%3%5E 1%, basic fibroblast growth factor (bFGF), K& %A 7 U |
cyclic adenosine 3',5'-monophosphate (CAMP)., glial cell line-derived neurotrophic factor (GDNF) %
T LB E AT 8 HFEGR L72, MeHg 0.1, 1 nM BREEZ/0EFFE2 HHH 8 HHE X
TITo 72, 43k 8 H BIZEW T MeHg BR#E 1 L D MR ZEE M E 12D\ C TUJ Tt i G

12, IN CELL ANALYZER 2200 {Z X 0 f8fERICTEREZFHME L. oMk 16 H BIZBWTIX
Multi-well

10cmdish  DIEFEE | arelc @D
CEREE ACER  mes MeHg% Wash out
MeEE % % % {8\ 16
FrsH - ==
(5) [———MeHegHE—
i N
S 14 bFGF 3 s
(DMEM/F12) N )l/, + cAMP, + GDNF
RIS (X EELE. IN CELL ANALYZER 2200) EE R A 2B (Maestro)

- RS RBRIT (VTR 7 Ay k)

- MBEEENEAE T (LDH assay)
« B X b ASERERNT (ChIP assay) - mRNAZFIZERIT (RT-gPCR)

- DNA X F JL{L 4T (Bisulfite sequence)

Figure 1. MeHgBREE =14 L BEIT A%
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TR A XA 7 BEJE % Maestro MEA system, il #:ME% LDH assay CEAT L7=, S 512430k 8

H BIZBW T #5758 8 % Real time RT-PCR, # > /37 BB BAZ VT AX 71w ME,

DNA A FIULENSAL PN T 7 A b —7 T A3E B A b AERTe D ONGEE 7 2t —
—HEIC BT B R A B A 7 v~ F S TR O L7, (Fig.1)

(fi BRE ~DBCLRE)
KRNV TR Z VD8R KO P 2R e T HENAITE E20,

A ZE A
1. MeHg BREEIZ K D A /A 7 JEME & #hi 22 R D281k MeHg 1R #4531k 8 A HITIZ
BT, MeHg I nM FEIZH W T, A EZRMRZEEM B IR 2SR S 7z (Fig2A), £7o, #
A NSRS 7 IEMEIT 36 16 B BIZHE W T, MeHg 1 nM BHIZEB W CTH E 2R 235380 bz
(A)

WEREHE (D8) Scale bar = 125 pm

1T

control

Fiber \englh / cell ratio

MeHg (nM) *P<0.05

(B) BIER A VHEE (C) B R/¥A & 5AEE (Raster plot)

@
-1
3

»
&
3

control

N
-3
8

Average number of spikes
3 ]
g 2

@
S

o

Days of Differentiation

(D) imBaE1E (D16) CEmm e e e

Time (sec)

14
g 12 °
@
] 10 1; 3
£ )}
g o8 o
:; 08
8
é 04
k-]
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[§)

control 0.1 1

MeHg (nM)

Figure 2. MeHgRRE IC L AR R /¥( 7 L HEREHRROE(L
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(Fig.2B and 2C), F7=. 20k 16 H HIZH T MeHg (1 L 2 MM E I TMERE S e o 7z
(Fig.2D), LAREOFENTIZ, FIRAERE~DFENBEL SN2 MeHg 1 nM (28> TR 21T -
7=

2. MeHg IZ X DN IR NR4AL FEBL & DL E)

MR T ARy hU— 7 MR ERMEICEDDEG LT, A—7 7 VNS
{RTd % Nuclear Receptor 4A1 (NR4A1) (Z{EH L7=, MeHg 1 nM B2 L 2 58I b % fif
ril=& ZA, mRNA LUL7e B ONSH VR LoyLdhiz MeHg BRBIC L 0 B E 2B %
filesd L7= (Fig.3).

control MeHg 1 nM

NR4A1 mRNA NRAAL  guer mm o Fon W00 08
o 14 5 * B-actin e == == = S
=
m -

- |
£ 11 —g— g 14 °
= T 1.2 -
I 0.8 - o [
Q2 £ 1 4
Eé 0.6 4 ® 0.8
s° N -
= 0.4 4 :. 0.6 1
= < 04 -
e 0.2 A o
2 = 0.2 1
0
control MeHg 1 nM control MeHg 1 nM
*P <0.05 *P<0.05

Figure 3. MeHglZ & 2 B AZBAHNRIAIRIREO L E)

3. MeHg I#i#Z |2 K5 NR4AI Bin 17 0 E—H —D DNA A F/ALDZEAL,
MeHg 1 nM CTHRELDINH] S 4172 NR4AI DBInT- 7" 1 E— & —58 D DNA 2 F/UkiZ>

- MREHMREITT:T—| (:FTaE I-T—T—chE

- S -

r 000000000 0000000000
000000000 0000000000
005000000 0000000000
OOG000000 0000000000
000000000 B000030000
005000000 control | ©0000o0000
Sa%eeRns Sepsasss
control | 885383585 8858683363
OOG000000 -
000000000
co3eenas - ssseccaceo
Jlslels]s]slslels] 0000000000
000000000 060000000
OOG0Q0000 0000000
000000800 MeH Jelelelelelolelele]s)
L 000000000 eng G000000000
Jolelelslslalelslole)
_ 1nM 5000000000
000000000 5000000000
000000000 @000000000
000000000 0000000000
303000000 8388588635
000000000
008000008
BadeReead . "
MeHg | ccecoocos @ A FIL{bcpGERfu O A F N AtCpGRB{iL
O80000000
1M [ egacgacas CRE: CREB#E 4 B2
. L
#00000000 HH
28388338 SN G
#00000000 MRE: MEF2iE & B2 5 p
050000000
000000000
L 000500600

Figure 4. MeHg(Z & ZNR4IA1BIEF 7 AE— X —DDNAX FIL{LDE(L
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WTARA YNV T 7 A hor—7 o A EEHWTIIT 21T o 7o, ZOFER, 55K CREB
DOFEEDA R THS CRE LD DNA A FALD EFA, MeHg 1 nM BRFEREIZ B\ THIZE
Sz (Figd),

4. MeHg #FEIZ X 5 NR4AI BIn 7 maE—X—Dbt A L AEMDOZEAL

MeHg 1 nM CTHRELHNH] S 4172 NR4ALI DB 7 BT —F —fHEO b 2 F AEfHIZ DN
Tra~F U REREEE AT 21T o 7o, IBEIEM LD X FAEMiTHDH E A b
> H3K9 7 F /b7 5 ONZ B A b H3K14 72 F LD L)L MeHg IR IC L 0 A&
W2 L7z (Fig. 5). —77. 5O 2 NSO 5 6, B A b2 H3K9me3 L3/
MeHg |12 L % 21bid72 < . B A b > H3K27me3 L~L (X MeHg &2 L W EH L7z (Fig.5),

-0.6kb
- = -cfskb - -0.4kb E’ CRE: CREB#E = EC7
3’ = mRre =={crr Jcre f=={CRENCRE NR4A1 = 5 MRE: MEF245 & 507
AcH3K9 O Control AcH3K14
25 - - EwmeHginM 08 7 =~ — —
+ J
5 2 e o
IS 10 - ‘S 041 511
2 . | * 0.2 4
0 0
06kb  05kb  -0.4kb 0.6 kb 05kb  -0.4kb
03 - H3K9me3 s H3K27me
- -
2 8 ° 303 - * o *
c 0.2 4 a c — —
—_ - o]
s o S 02 1 o o
0.1 4 o] o] o
X 2 ; S
(o]
0 0
-0.6 kb -0.5 kb -0.4 kb 0.6 kb -0.5 kb -0.4 kb

*P < 0.05
Figure 5. MeHgIC X ANR4A1BIZF7OE—X—DE R b EEDOZE(L

5. MeHg Mg (2 X % NR4AI ﬁ{ﬁ%*fm%~&~«®$ﬁffﬁ%ﬁé\%®z§m

NR4AL Bn 17 v & — % —FHIKIC BV T, MeHg 15212 L %5 DNA * F)u{bd L5F- (Fig.3)
725 NNTHERBYEME (LD & 2 N AAEH L~V D (Figd) D3ER ST T2 NRIAL B+
TaE—F— 3T EAICHET oS ) ARETH D EEZBND, £ 2T, NR4AI
BEF 70— —IZBIT TR EE 7 1~ T B IRREIC TR 21T > 72,
T % &, NR4Al 7' 71— X —HEiE D CREB #5AE5] (CRE) ~® CREB ¥ X ' CBP Ofi &
B3, MeHg BRFZIZ X W A EICHA L= (Fig. 6A), MIBAIKIZI1T 5 CREB O U Vig{bix
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A -0.6kb . CREBYE AR5
(A) = - &= @ 04 CRE: CREB#E & AR5
3’ =] MRE = CRE [[CRE ==={CRE [[CRE NR4A1 |= 5° MRE: MEF2F5 S RCY

CREB CBP
0.16 - 041 - M
0.14 4 " © % 'O_l
0.12 4 | | 5 1 0.08 A
-
=] i -
2 o1 ° §-0.06 .
— 008 1 N o =
o o | o . ks ] g *
S 0.06 4 ID_I - 0.04 g —
0.04 A ’_é—h o
2 0.02 4
con | [
0 0 2
-0.6 kb -0.5 kb -0.4 kb -0.6 kb -0.5 kb -0.4 kb
*P < 0.05
(B) C
ontrol MeHg1nM Control MeHg1nM
p-CREB i 4 &% 58 o4 &4 CBP e e o o e
CREB &% s =& s s w8  (-actin — — — —— —
1.6 -
1.6 - %
o ! ! 2
£ 12 4 o g 121 °
[ra) X £ 5
w -
§ 0.8 - o i 0.8 -
[2a]
% 04 - S 04 A
< 3
0 0
Control MeHg1nM Control MeHg 1 nM
*P < 0.05

Figure 6. MeHgIRE (I & ANRIALEIEF 7 AE— X2 —~DEERFREEENEL
MeHg BEFZIC LV B L, CBP ZHI&EIEX MeHg PRFZIC L 0 Z(LITiB® b e - 7= (Fig
6B),

V#5452

AR DHFERIRITIBN T, MeHg 1 nM BRFZ7S 2V E TIH A 23S LT & 7o it 28
R EIHNIIN 2 T, MR SA ZIEEOME 25| & 29 2 &L BAH2ICkER S iz (Fig
1A-1C), & DKfIE MeHg M52 12 L 2 Ml sk 378® Hivie o7 (Fig. ID) DT, ffifg A X
A 7 IEVEDOINHIE MeHg M2 12 X D MlaEEICERT 5O TIERWEEZE X LD,

ZAUE OFFRRERE TAEAERD H L7 MeHg 1 nM 28~ T, LIEOfiEiT 2D 7=, i
B OMFREREIC B D D HEAEE T- & LT, NR4ALIZEA L1z, T F TIZ, NR4AL IZBIL
TIE. HDAC FHEAIKLEIZ X 0 S BN, Ak oSl RO, SLEHaeC 7 A aritt 4
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HATRT 5 (Vecsey et al., J Neurosci. 2007; Chen et al., Neuron. 2019; Tomioka et al., Neurosci Res.
2014), DNMTI FHEIC X W 3B 5 (Chen et al., Oncotarget. 2016) 72 ¥ DT E Y = %
T4 7 A& LT RBUHIEN R ST D, ARIFFTICEWT, MeHg IRFEIC L D NR4AL
FHHLEIT mRNA LL & & R LoyL b S ICHREICEA LTz (Fig.2), IRIT, 2 NR4AL
D MeHg I L HBBERIC, T3 T 4 7 ZABNRBEb> TWAENERDHT-
WIZ, FuE—Z — O DNA A FAb L b 2 R AEMORNT 24T > 72 NR4A1 BisT7
B E— 2 — OGN F O CREB 2354 % CRE 238U T, MeHg BRFZIZ L5 DNA A
F LD EF (Fig. 4). 725 NCERFEMLO e A b AERITH S B A b H3K9 7EF L
B2 BbNT e 2 by H3K14 72 F /LD L~ULAs MeHg IR I2 L 0 A2 LT~ (Fig.
5), —7J7. EEMHOE 2 FAEMID 5B, B A k2 H3K9me3 L ~ULE MeHg (2 & 5254k
I%72< . B A h2 H3K27me3 L L1t MeHg BEFEIC L 0 L5 L7= (Fig.5),
ut®%%hauwm1ﬁﬁ%ﬁu%w&wuggéé*ﬂﬁﬁéiﬁﬁ/A%%
HeEZBND, £ T, NRIAI EinF 7o —F—IlBI} 2iERAEEEL 7 n~F
Vﬁ%%%%ﬁf%ﬁ%ﬁokf?é&NMﬂ7%%%5*@@@CMB%%EW«RE
~® CREB LU CBP Ofi& &, MeHg MEEIC L W AEIZED Lo (Fig. 6A), Alflasaig
\ZH1F % CREB @ VU U fR{bix MeHg BE#EIZ L W 820 L, CBP 3 Ei% MeHg EIC L W &
{LITERD H7e v~ 7= (Fig. 6B),

LLEE D | ARIRE MeHg (2 X 2R ZEEMEMHNCEET 5 8InF & LT, NR44I & 5
H L7z, 51T, MeHg Wg#EIZ X5 NR4AI Bin B ERD I, Bl 7 nE—4%—f#E
D DNA A F LD E5. B X For T F LA 72 E O HEEIHNC@ < =85 ) L%
3 B5-3 % Z LaVRE STz (Fig. 7)o AMEEORRIL, FINHES Toxicology Letters |2
%5 L7 (Go et al., Toxicol Lett. 2023),

V ik

IR EE MeHg (& & 2R 28 E M RN BE T 58Iz & LT, NR44I Z R L, 2D
MeHg I##2 12 X 5 NRIAI EinFHBEBAITIL, Bi5F 7 v € —% —fHkd DNA 2 F 11k
DEF. XA T RBFALEA R ED BEEIENE L =85 LBREET D Z &N
TR X T,

VIA 1% O FRRE

AFEREIL, BEBEE T D1 2L LTNRIAI ZRIL, O = 3T ¢ 7 ABEEN
L7 HBLHIEI D X T = XL Z BN Lic, 5%I1F, Hx O TR FORRDOH 2 5T,
T BDUA RN T BT ) MMENT 24TV, Ry R —Z L LToOTES ) A
b EPZ D VEN S D, F7o. MeHg OEBENLIENGEMEZRR T 2 2#020 L LT,
DNMTI1, HDAC3, HDAC6 ® MeHg (Z K DHMD A H = XL A& L L 9 & LTV D,
BIfE, DNMTI1 O IR L, fiftith CTh 5.
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JELEGK) (Abstract)

Methylmercury (MeHg) is a well-known developmental neurotoxin. Our previous research showed
that the inhibition of neurite extension by exposure to a low level of MeHg (1 nM) was attributed to
the decrease of acetylation of histone H3 and the increase of DNA methylation. However, the target
molecules responsible for the neurological dysfunctions caused by MeHg exposure have not been
identified. This study focused on a nuclear receptor subfamily 4 group A member 1 (NR4A1), which
is reported to be related to synaptic plasticity and neurite extension. LUHMES cells, which are derived
from human fetal brain, were treated with 0.1 and 1 nM MeHg beginning at two days of differentiation
and continued for 6 consecutive days. The present study showed that exposure to a 1 nM MeHg during
neural differentiation inhibited neuronal spike activity and neurite extension. Furthermore, MeHg
exposure increased DNA methylation, and altered histone modifications for transcriptional repression
in the NR4A4 I promoter region to decrease the levels of NR4A 1 expression. In addition, MeHg exposure
inhibited the mobilization of cAMP response element-binding protein (CREB) and CREB binding
protein (CBP) in the NR4A I promoter region. These results suggest that MeHg inhibits the recruitment
of the CREB-CBP complex to the NR4A4 1 promoter region and impairs neuronal functions associated
with NR4A1 repression via a decrease in acetylation of histone H3 lysine 14 levels. Conclusively, this
study demonstrated that MeHg exposure during neuronal differentiation could induce neurological

dysfunctions even at a low concentration in vitro. These dysfunctions could be associated with the
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transcriptional repression of NR4A1 by the dissociation of CREB and CBP from the NR4A41 promoter

region due to the alterations of epigenetic modifications.
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