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Abstract

This study aimed to establish an integrated network of DNA methylation and RNA
expression in an 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced
Parkinson’s disease (PD) model and investigate epigenetically-regulated genes involved
in PD development. In this model, MPTP impaired motor coordination as demonstrated
by the rota-rod behavioral test. MPTP also decreased the expression of tyrosine
hydroxylase (TH) positive neurons in the substantia nigra (SN) of mice. We conducted
genome-wide CpG-DNA  methylation profiling through methylated DNA
immunoprecipitation microarray and RNA sequencing using two substantia nigra samples
from mice with MPTP-induced Parkinson’s disease. We profiled genome-wide DNA
methylation using Methyl-Seq and measured the transcriptome using RNA-Seq in murine
SN in the following groups: vehicle-treated mice and MPTP-induced PD mice. In total,

280 differentially expressed genes were identified in association with the PD effect of
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MPTP. Among them, 201 were positively correlated, and 79 were negatively correlated
downregulated genes. A total of 1,773 differentially methylated regions (DMRs) were
identified between mice with control and MPTP-induced PD mice. Of these, 474 were
hypermethylated, and 398 were hypomethylated DMR. A total of three interconnected
genes, autophagy related 7 (atg7), tumor necrosis factor ligand superfamily member
12 (tnfsf12), and diglyceride kinase eta (dgkh), were identified from the integrated DNA
methylation and gene expression networks involved Parkinson’s disease development.
These results indicate that modulating just three genes can effectively control the

development of Parkinson’s disease.

Keywords:  Parkinson’s disease, Animal disease model, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine,
DNA methylation

1}71&(Parkinson’s disease)2 =P QAT-olA &3] Wstes 4173 EPY Aoz 25 Aof
EQO g it mXI&y SAto|A BEEE= I %JE D (tremor), 73 (rigidity), —Or%—
bradykinesia), % E5%(akinesia) @ A &2 (postural instability)e] E 1%l
o), mpie o) EAAQl AL B, A, B, @ 59 oy HET fAFSHH, -ri
PR, SAMMRE, SIS, RERIE WS Elo] Zb7ke] Qi) wrao] Agsta Yoy,
&l 81 F 76%7F 7129 FEXE 9 AmHE AEsHHoH, 1 F 76.6%2 A=
grejgtof| 7]ukek X85 Wokthal 3Eshs 5 Xl gk gholeh A =of thgt ¥lo] =oA|
£ AP, oo thefdt 94 7t RuE 1O, JX g g gk R0 gigt JAAT AA
2 3ol FuEE 577 wzlewo] gigt dtojet A 7o) H%e HE5H| YT A=t olojA
et

rOete] A= 7|19 ARA o] et 877 SUFetHA, A BdE &8 A=A
2 A7} s o] RojA|a O, 1A FAe 3t AYA; Aol ArgShe ey BB
242 6-hydroxydopamine (6-OHDA), 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP), ¥ 97 5o} 22 A4 54 §80] Qlt}. o] 55 RIS 44544 E40 93t =9
AzRA A =oRle] At SAZA A7FA|29 Adlof o3 I&EY AR HEE FHo=

T3 QoH?. MPTPO 23t wzley 58 mde 7Pg S5 ey s AdsE 2dg,
MPTP7} @H-+] ¥ EI5IHA] monoamine oxidase B (MAO-B)ol| 2Js]] MPP+& thAH
. MPP++ dopaminergic transporter (DAT)o Rs}4Jo] &of =HrlAg A Y2 HEs1Y
Tyl A A2ZE et AY Eubdl FAg7S BSA A AxA 0] =Rl SRS AL R
W EYAY AAAES fEg,

lEHS AR AP -7 45A-8] s 239 S8F X—1 %‘ 2 L-5}ke}
TR0l glon 3G A=) 9] gk 4 Utk SAA[AA W) &
HEAA] B2 SR AT 1S W8] #igeo] s A 7hsshH, *Hi—r x]ixﬂ 7l
Ante] g A3 4= At} e-synuclein (SNCA)S] HEse} vu|AdG 3 DRl tau 53749
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Fe TYGA-Es}t AFoA FQ51, wxlSHo] tigt 4} 7heAdo] tigt TR GHRIE A
TE AL 31‘“4’15) TS, MPTP & 31 REoA A g4 g s, S84 il
o] TA719) AWAS wefsty] et ARAA7E AFHAL AARE, MPTP # w1y 2d
°I4] DNA “ﬂaﬁ}@r T FAA EE O ATAS B A obd RESith WA, £ A=
MPTP %= o1& HdofA DNA 23t 9 RNA FA Y| JHAAE 85|, w1 ol
7Sk —?—*3%7‘1 24 QANES FAPBI= AL gz st}
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1) AgEe

857, FA 20~25 g9 =3 C57BL/6 k- 100+ & 2"4"“—‘5—3}0120117\‘1 T4sto] ARESHA
th 1379 3¢ 5= ARSACA AYste] e3idE AR F, AdE Agsinh A 2
2 23+3C, £% 50+10%, 87184 10-203]/h, 2= 150~300 Lux, 12A1%F ZHE0 2
F715 25T e 552 1R 22 A AFAA ARSSHIAL Be AR 7 A=
datoto] ARSsHth BE AY2 vl Y20 Y(National Institutes of Health)Q] 1780l wi=t
Y519, FATEEAH ZAT dddsiy sEAF AU 5A(Approval num-
ber: CNU IACUC-YB-2018-69)< ®ol A& 2gsigitt. A RH(CON)T o1&
R4 HE(MPTP) 2 FEFoto] ZF ot supejd] 27) o= o] ANstelct. wl&y
TS TE =2l &, A E FAA 74 29 3ntEs w14 U ER1E flof HIEER
I HAZRZGSIAM S Fst9 A, ZF 9] 2vte]E RNA 2 Methyl-seqe S35ttt

mIo

2) MPTPOl oJgt oi7l&y ohes g

MPTP(30 mg/kg, in saline)& 19 13 847t B Fojsto] mpFlsy fe upeA
St AYEES MPTP 35 o] 798 ¥ 950402 ey 945
AH(Fig. la).

3) FsH HAA

Open field test ¥&HA= MPTPol| 23t o1& vleA 2EofA] P dvt 42 5736}
71915t 71 &35t 5354 HAAPHolMY TruScan Photo Beam Activity System (Coulbourn
Instruments, Pennsylvania, U.S.A.)2.2 &35}t Rota-rod test= Open field test 230
SA=SoH, It AdH YolA e FeT = 876H7] el AA B35+
58S 24T 4 glol, MPTPO] 23t mxlew oA mdo] PEAA A EE RET .
Ugo Basile Rota-rod (Ugo Basile, Gemonio, Italy)Z Rota-rod 35HA} $£3=30H,
2 A¥ 3d Ao 51F 13] A-5715 7HTh 2 A YA FHE X 5~20 ipm e E A4
=9 287 SAselnh dAsks A™E YolA At AIE ARE stler 33 HHEHAL
Aa¥ 79 B MALE SHelth
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4) Tyrosine hydroxylase &d £4]

P AAF &, BE APFES 85 mg/kg 4K Alfaxan; Careside, 471%, Highel=H)z}
10 mg/ kg AL eHzl(Rompun, HfeldxiZof, A&, tigtyl=) FAZ vt & HES %’O‘H AL
SF AL, ] B tyrosine hydroxylase (TH)S] T @S &Qlsty] Hof SA4AS A&
Sto] -80T o Husgitt. o] %, APA1et 22 o s HAEEDZ 3 “01'0131'16 L A]
iy gh= 22 £4S Y HRAS 10% 54 2=20des uAsiglon, o &
4 pm FAE EESI T, EubilA A HSEE ERIsH] ¢l THEAE HY

shitt.

5) RNA-Seq £4]
23 MPTPO]| 9Jgt Jﬂr NEH oA QEALE 0] A oA S-S A&t RNA-Seq
AHESIE. RNA-Seq 2412 HYRLTSr T2 Yo

6) Methyl-Seq #4

2 MPTPO 23t o1& vheA 7ho] SARAsH HIE gIst7] sl SureSelect
Mouse Methyl-Seq kit (Agilent, California, U.S.A.)—‘;f AR8510] Methyl-Seq £40] ==
o}, DNA library+= SureSelectXT Methyl-Seq Target Enrichment System Protocol
(Agilent, California, U.S.A.)°l w2t #H]E13, Novaseq 6000 (llumina, California,
U.S.A)E AlBA =tk Methyl-Seq B4 APdTol 22 oz APsioiet'”.

7) §%7 was DNA W2ste] gaA B
A s DNA s 8st Aolol Wl AV} Sl FUAE H8S) o), oI9S
QA FH $ES 0~12 ZHAYT B, S04 @I CpG WD Aol9] JBRAS H7t

atsict.

3171 93te] Spearman’s correlation analysisE Al

_]

&

8)

g4 A2 9 mopnly §42F SR glojgHlo]AE STRING data base (PMID: 27924014;
https://www.ncbi.nlm.nih.gov/pubmed/27924014)° Y5ttt STRINGOIA FH4 A=H
2 0.4 o]l AL interaction source® A EISFITH.
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9) SAAE
BE AR A HHH £ EE2Hmean + SE.
H| W= Student’s t-testE AHESY] BAH {4

ERRE T EE R ES R REERHE
A3 € 0.05).

A3 MPTP Tl 719 d535H4 ZpolE &RIst] 3l open field test 9} rota-rod test
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£ AAISFATHFig. 1). Open field testoll Al A3t MPTP FojtollA] o]5Ae] ztol= Il
H(CON: 778.96 + 62.52 cm, MPTP: 649.40 + 91.09 cm, p=0.27; Fig. 1b), °]&= MPTP7}
upA9] 7 2EPFols FFE PIAA Y= AL FASHU rota-rod testll A= Aol v
St MPTP Fojitoll4] 3ldsh= AR oA A= AlZko] §94 A gA &= JHCON:
120.20 * 17.94 sec, MPTP: 54.68 + 9.43 sec, p<0.05; Fig. 1c). o]&3t P=3H4 Hs=
71&9] MPTP-S% &5ty Hskel Ax|gict

(a)
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Figure 1. Neurotoxic effect of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) in Parkinson's disease murine
model. () Schematic diagram of drug treatment, tissue preparation, and behavioral test. (b) MPTP treat—
ment showed no difference the total movement distance in the open field test behavior (n = 5 mice
per group). (¢) MPTP-induced PD model mice showed significantly decreased compared to saline-treated
mice in the rota-rod test (n = 5 mice per group). Values are reported as mean * SE, *p ¢ 0.05 vs.
non-treated controls.

= SAHA THY &l gt Hsks &<lst7] 9l |

E29 ¥ %253}5}5—}0‘% BAS sl HErgor TH thld 2y w2 23 TH
o] FoAUA HAaTES FJSHHTHCON: 1.00 + 0.01, MPTP: 0.49 + 0.08,
p<0.05; Fig. 2a). 2&5tH 0= RIst7] 9l TH GA A, SAH0A TH7F /94 A T4
5= Ao] WA EJTHCON: 1.00 + 0.02, MPTP: 0.74 + 0.05, p<0.05: Fig. 2c). °]& &3
MPTPel 9Jsf Z=mtal/g ABZAE7}F Haste A ERlskt
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Figure 2. Expression of tyrosine hydroxylase (TH) in the substantia nigra after MPTP treatment. (a) Immunoblotting
for TH in the substantia nigra (n = 3 mice per group). (b) Immunostaning for TH-positive dopaminergic
neurons in the substantia nigra. (c) histogram representing TH-positive cells in the substantia nigra (n
= 3 mice per group). Values are reported as mean = SE, * p ( 0.05 vs. non-treated controls.

3) MPTP #%& T1& vkl HEo] SFoA 9] mRNA 34 I Z2utd

A4 MPTP Foit 719 544 2@ vlasto] Fold A kst f-AAk= 280787F 2
Atk ol § Ao s FAGIA FAAS o] A5t A 2010, AT FHF
79787 &RI= 9 tH(Fig. 3). Gene ontology ¥4 &3l array ol £4 A3t 59 FHA=2
EAE 3HAEY 39u)st AEE A55ttt Gene ontology 4 A} -4} 749 A#A|
£ AESH 237 dgo] A% S AAE= (G0:0071679) commissural neuron axon guidance,
(GO:0032436) positive regulation of proteasomal ubiquitin-dependent protein catabo-
lic process, (GO:0006351) transcription, DNA-templated, (GO:0006355) regulation of
transcription, DNA-templated, (GO:0031065) positive regulation of histone deacethy-
lation, (GO:2001237) negative regulation of extrinsic apoptotic signaling pathway,
(GO: 0007266) Rho protein signal transduction, (GO:0050918) positive chemotaxis,
(GO:0051056) regulation of small GTPase mediated signal transduction @
(GO:0007268) chemical synpatic transmission¥ ##E o] YAt v, o] ZASH -4
A= (GO:0032543) mitochondrial translation, (GO:0033157) regulation of intracellular
protein transport, (GO:0000187) activation of MAPK activity, (GO:0016477) cell migra-
tion, (GO:0007399) nervous system development, (GO:0035556) intracellular signal
transduction, (GO:0006882) cellular zinc ion homeostasis, (GO:0061512) protein local-
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ization to cilium, (GO:0001764) neuron migration ¥ (GO:0007575) respiratory gaseus
exchange®} #EE o] ALt

Control vs. MPTP
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Figure 3. RNA-seq correlation analysis. Heatmap of differentially expressed genes between control and MPTP-in—
duced Parkinson’s disease groups (n = 2 mice per group).

4) MPTP f%= T1& uhes HHo] S04 DNA wEst Id Z2vtd

At MPTP S0l 7ke] DNA w23t Hd-S v|wsto] g-valueZt 0.01 B9t 202 Zjo]
7} 1= hypermethylation®] 47471, hypomethylation®] 397712 #& = Ath(Fig. 4a). 3]
YA A e AAA ] s WESE gHo] Wk, hypomethylation©] 3H] 7Fg =4 ¥zt
%%t} Gene ontology ¥4 B3l methylation array glo|8 ¥4 A3} hypermethylation
9 9L (GO:0007275) multicellular organism development, (GO:0035904) aorta develop-
ment, (GO:0016567) protein ubiquitination, (GO:0090090) negative regulation of can-
onical Wnt signalng pathway, (GO:0060976) coronary vasculature development,
(GO:0060707) trophoblast giant cell differentiation, (GO:0043132) NAD transport,
(GO:0007165) signal transduction, (GO:0048266) behavioral response to pain %
(GO:0009968) negative regulation of signal transduction¥ & =0 U3t HHH, hypo-
methylation® ¥ 92 (GO:0050680) negative regulation of epithelial cell proliferation,
(GO:0007275) multicellular organism development, (GO:0030178) negative regulation
of Wnt signaling pathway, (GO:0009952) anterior/posterior pattern specification,
(GO:0008284) positive regulation of cell proliferation, (GO:0048008) platelet-derived
growth factor receptor signaling pathway, (GO:003154) cell differentiation,
(GO:0048013) ephrin receptor signaling pathway, (GO:0008285) negative regulation of
cell proliferation, @ (GO:0060048) cardiac muscle contraction® &=o] ALt
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Figure 4. Methyl-seq correlation analysis. (a) Stacking bar graph showing percentage of hypermethylated and hypo-
methylated CpGs for each chromosome. (b) Heatmap of differentially methylated DNA between control
and MPTP-induced Parkinson’s disease groups (n = 2 mice per group).

5) Genome-wide analysis of DNA methylation and gene expression changes H|il
RNA-Seq 239} Methyl-Seq ZIE H|moto] A& T2 AP Hol, 594 UA HId
A= autophagy related 7 (atg7), tumor necrosis factor ligand superfamily member
12 (tnfsf12), and diglyceride kinase eta (dgkh)® A¥EAcHTable 1).

Table 1. Intersection of DNA hypomethylation changes with gene expression changes

Gene Transcript name DMR_diff fc
1 Atg7 NM_028835.4 -19.50 12.03
2 Tnfsf12 NM_011614.3 -25.65 10.05
3 Dgkh NM_001081336.1 -44.61 5.32

3. 2

1) MPTP-312 $8ude] 43

# A7 ALY SEURZD B LR %ﬂ% sl 9tol 44 o
EH91 MPTP £0i 53] 32 SusI9ith. MPTP Rojt & o Esbel 4342
BAe zdst] TIE 94 BERONE LoD, MPTP] o3 Wk wisks T
o5

J;
i)
mlo
DSI!
)
&
L

open field test®} rota-rod test& 5Tt open field testollA] PF9-29] & o]FA g
HSFeFA] AL, rota-rodollA] ART oA At AlZte] FASASS FRIstA. ol

=
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3 & AdolM MPTP= Ed&Eole TS vIAA AT, sl 72 AR d8-54%
TFsHo| FAsIPoRE, o] M AA Hole A Sl wEE S s
o B9 wIEY Sxpe] SRABZACNA Eubgl 2 vle- F89 A HoER, ddsE LA
STFAAACNA =utnl ol a3 a4l TH B skt MPTP-+2 w4
dEE ZEoA SAEM TH EdZo] FAA Hdaehe aRlsile. & dd 27 shollA
MPTP-f+E A=/l 28 31&s FErdo] #EEdsS &Usiitt

2) MPTP-IX1&H SEHEOA S8{H7 Hs}

MPTP-# 3H1&0 22904 S804 RNA 9 DNA H"sl HIlE #EsH3Ith RNA
grgo] Wste |72te] A4TTAE GOTERM_BP_DIRECTE &-85t0] AES oz Asdd
42 %, Rho GTPase? a2 mzley whdst #aso] 9oty Hislol 9lov'®)
Rho-GTPaseE £4&sh= Zlo] & X[ gA| 7IEe] §F So] FHof 25| A7k AP et
19.20)

FAGASA AFE Tkt AalolA AWET ok WL oA e FASATE
7)) wE gAY WA wdo] Buislo] Y, B8], DNA wgshs ok FHEA gk
A W WY AYIPY Mo the) AYT 5 om MZe AEH o] Avte
£ AEY 5 At ol AT Aol DNA v]Es} Hdo] wistel At 87170 F, YRR oI
TPt gl Ao, WIE o)A YRR Wgste] gL B Be F4 A7t

i)

¥ a3ttt DNA hypermethylation®] ##AE GOTERM_BP_DIRECTE &-83to] HES o
Y A& %, Wnt pathwayd JAl= & @81 #dEo] okal H = o] glom Ao
MPP+ £o13& 1 Wnt signalingo] JA|EE Aol E A7} Wekg Zo] Fhb??, E3F, Wnt
signaling =071 739 Z40 583 A2& 2= g17] iZol, 3x1&H X549 A
op2|7} o] of 7t AP Aok

mRNA sequencing ¥ DNA HE€3} E4H F4% 7F2dl DNA CpG region®] hypo-
methylation EHA], mRNA & $Fo] {94 YA =okd FAAE I 23 atg7,
tnfsf12, dgkh FAA7F A=EE

atg7 +37h= autophagy related gene® otg 5 stuz, @A FHAY A7 #S A At
L 598 713 7o) 2F 7152 St autophagic-lysomal pathway©ll #eigch?. atg7
FRAAS] Wdo] FASHAY AAE NS o, =xtly 7719 A, e-sunuclein®] £33} 2]
&y fAEAC] BERET .

tnfsf12 &A= tumor necrosis factor (ligand) superfamily °}% % slU=, =0y A
o)A 22 9 oA FEHAA F7IHe DESA AolEFIRI0] &30, tnfsf12 F-4A
9] Wdo] AASHAY AAENS o, MPTP-+8 =xtily wa9 &4 4 AFHSE e
SHkeH DRI QARSAo] WRELH,

dgkh(DGK7) §-4A= diacylglycerol kinase (DGK)9] o}d % sz, AARARL/ Ao E791
i AESA D 5, E, Wuhs, AE8A 9, 2 tiAb T ohgR A= evento]
A %83 4L st glo] TRt A o] #ojsta Ao, DGKE oFg %, DGKO7}F 17
&3 IS IRYE AR AE ] AL & SR AR X2 A4 DGK 79 #24
AE FE@xjo|7} FHE 0 DGK g3} Wl T o] gl et £ gyt B asih

o2, MPTP Fold theA0] S oA wpxl&d) I d ohfsh §-44= DNA WES=
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£9) 7] WolE $E51T et B9 atg?, wfsf12, dgkh 71014 DNA #€s} 20
wfet A Id 2o o] Lol F2 FANAAL, olF S FEWA] et AT} ok
B2 Agoltt. 7§44 W 2Ho] W S Wy /1A FE] P4 2
A7} o] %ol Aok & Zolct.

o

=l

S, R 5] DA W AT SRl A7oh Y 9] g

2l MPTPY] =& SEZHNA mRNA ¥ DNA methylation?] H3}LE &R1st12} sHETE

1. MPTP Fojz thgAolA AA] @85 AR 5 P4 € N =0v48 w29 AaE
Uel7] wigo] o1y sERYRE Ajtsit)

2. MPTP FofZollA o7l 83 A7 9= Rho-GTPase pathway #& F4219] &4
o] ZI=Uct.

. DNA9Q] vg3} ZZo) wlet atg8, tnfsf12, dgkh A9 ¥Hdo] Ao, o] FHAE=
&y ST Bo] 2 glskih

|ON]

L $A% wEzd ARA AL 9% 2dTEA B8E 4 Ae Ao AmHt

4
o

2 d7e d5TYedTd FoAR] T SR Z871N 75, HAI(KSN1812410)
9 orEEAAEE7E NE(KSN2012320)9] AH9oR2 FHEHASFYTH
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