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ABSTRACT Objective:To investigate functions of proteins and signaling pathways involved in epilepto-
genesis during the chronic stage of temporal lobe epilepsy in mouse models. Methods: Kainic acid-in-
duced temporal lobe epilepsy models were conducted, when reaching stage 4 using racine scale, the mice
of experimental group were supposed to be successfully established. Pentobarbital sodium was injected to
stop epileptic seizure in case of death. Twenty-eight days after the kainic acid injection, when the experi-
mental group generally turned into chronic spontaneous seizures, mice hippocampal tissues were extracted
from the control and the experimental groups respectively for phosphoproteomic. Enriched phosphorylated
proteins were detected using mass spectrometry, only the proteins whose density was greater than 10° were
analyzed by matching the Gene Ontology (GO) database, Kyoto Encyclopedia of Genes and Genomes
(KEGG) database and STRING database to detect proteins involved in epileptogenesis in protein func-
tions, signaling pathways and protein-protein interaction respectively. After that, literatures were re-
viewed about the key proteins. Results: (1) Total of 12 697 phosphorylation sites of enriched proteins
were detected by mass spectrometry, and there were 159 sites whose phosphorylation levels were signifi-

cantly different from the control (P <0.001). (2) GO database showed that 35.7% of the 159 sites

BE&WA . B HESIEMIIIE &R R (973 #%1,2015CB559200 ) F1 [ K [ 2Bk 34> (81371432,31400695 ) Supported by the National
Basic Research Program of China (973 Program, 2015CB559200) and National Science Foundation of China (81371432, 31400695 )
A Corresponding author’ s e-mail, huangz@ hsc. pku. edu. cn, zhao-xu-yang@ 163. com

P 48 HH R B 18] :2019-3-11  9:28.04 4% H hintthik : hitp : //kns. cnki. net/kems/detail /11.4691. R.20190308. 1506. 004. html



SIS SN - SRR T

- 198 - JOURNAL OF PEKING UNIVERSITY (HEALTH SCIENCES) Vol.51 No.2 Apr. 2019

were about “catalytic activity” , 39.5% were about “binding” and 20. 8% were about “cell communica-
tion” , and the 159 proteins also participated in many biological processes, such as “primary metabolic
process” “response to stimulus” “developmental process” “localization” and “ phosphate-containing
compound metabolic process”. (3) KEGG database showed that the 159 protein sites mainly involved in
10 signaling pathways: glutamatergic synapse, Ras signaling pathway, African trypanosomiasis, Cocaine
addiction, Circadian entrainment, Amyotrophic lateral sclerosis ( ALS), Long-term potentiation, Endo-
cytosis, Gap junction, Nicotine addiction. (4) STRING database showed that the protein-protein interac-
tion network formed by the 159 proteins was focused on Grinl/Dlg3, Arhgef 2/Arhgap33/Tiaml and
Sptnb1/3/4/Add3/Ank2 protein group respectively. (5) Phosphorylation levels of Grinl, Arhgef 2,
Arhgap33, Tiaml, Spthnl/2/4 and Ank2 in experimental group were significantly higher than in the
control (P <0.001). Conclusion; Phosphoproteomic illustrated integral distribution of phosphorylated
proteins at the chronic stage of temporal lobe epilepsy in the mouse model. Literatures showed that most
key proteins were closely related to epileptogenesis, suggesting that some proteins or signaling pathways

may play a role in epileptogenesis, such as dopamine and Kir3. 1.
KEY WORDS Temporal lobe epilepsy; Phosphoproteomic; Epileptogenesis
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Table 2 Summary of signaling pathways involved in epileptogensis

Signaling pathways Number of genes Percentage/ % P value Benjamini
Glutamatergic synapse 7 4.7 <0.001 0.03
Ras signaling pathway 8 5.4 <0.001 0.11
African trypanosomiasis 4 2.7 <0.001 0.08
Cocaine addiction 4 2.7 <0.001 0.17
Circadian entrainment 5 3.4 <0.001 0.15
Amyotrophic lateral sclerosis (ALS) 4 2.7 <0.001 0.13
Long-term potentiation 4 2.7 <0.001 0.21
Endocytosis 7 4.7 <0.001 0.26
Gap junction 4 2.7 <0.001 0.31
Nicotine addiction 3 2 <0.001 0.35

i 3
3.1 BHRALE LR F M
60

Number of genes
~
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20
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Group

A, biological adhesion; B, biological regulation; C, cellular process; D,
cellular component organization or biogenesis; E, developmental process;
F, immune system process; G, localization; H, locomotion; I, metabolic
process; J, reproduction; K, multicellular organismal process; L, re-
sponse to stimulus; M, binding; N, catalytic activity; O, receptor activi-
ty; P, signal transducer activity; Q, structural molecule activity; R,
translation regulator activity; S, transporter activity.
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Figure 2 Summary of protein-protein interactions by searching STRING database
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Figure 3 Changes of phosphorylation level of proteins
involved in epileptogenesis
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AR S I PN T P A e 0o T, AR R, R
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TS R I Jo 200 B 4 2 33k 28 BT IR o 40 e v 1Y)
A T M P PR 3K S, (0 R 4 R 1) 1
TR s, (AN SRR S T, M 2
T R RN o Ao, 48 S I e £ 1l 2 file e
REBGE OERIBBR L . REARSEN2
128 J5T ) A 2 00 P 2 T T RE 77 AR EE S, A DG HE
F1 5 A D BE -5 IR A 5 2R AN 2R D — MRS B A
FIT I

R, G 1) T/ 8 ey e R 28 A L AR
1R R T ) B AR Ak, B I A SR 1 Y D RS
A RT RE 24 75 3 I 14 AR AL o [RDInS, ff 25T
FAE.Z [H] (445 5 A% 128 S 0 22358 o P 4 Rl S
23 55 RSR 14 A 7 A IR
3.2 JERAH OGS S id B% oA

SCHRE R 25 2R B, B AL A N A 3R 1Y
FASE 10 2505 5 38 % 1T RE 5 500 14 2 AL 1 225 U1 AH
7, “Glutamatergic synapse” {55 I REE I T A&
PR RE S it , X S 2 fish T LR 28 2 v 1k i 22368 o A
PR )BT, 76 R SR A L v | T EL IR S MR R i it
i, DR M TT A R N, A S BURR 1 S
2RAE" . Glul /&7 Glutamatergic synapse” {5 &
0 R A 2 ), 5 A R AR B SG , B
MBEIR LK V-2 EHEE A ZIR BB AL DI RE . 7]
APl LWL 3] ” Glutamatergic synapse” {5 5 i i 77
Gkap s i %) 28 fih J5 7K 1 ( postsynaptic scaffold ) Fl
NMDAR #RR A K- & Az 2728 A4, 3 WA B Jo
5 M T SRR 5C Y R TE U TP k45 AR
i Girk Zgt5 p¢ Kir3. 2 438 38 2 55 — FP A" Gluta-
matergic synapse” {5538 % H i IR Ak 7K 7 A A= B 3
PRSI 1 5T, B W] A GABA &2 (3T , X #if
Zeo bk TR

Ras-GRF1 ( Ras-guanine nucleotide-releasing fac-
tor 1) J& Ras {5538 % 55 22 (9 2 LR 4, REAE A 15
AT AT RES S & T X4 MR . Ras-
GRF1 G5 1) /N R 28 70 26wy P o vy, HL/IN RO
SN H '™, W Ras-GRF1 3£ a] LI #1 NMDA
324K NR2B WEHEAHZS &, i Ras-ERK 5538 # %]
P TTI] SR PEEAT VRS o FERBU B A R LI
B SR AR RS rh S REAG I 2] Ras-GRF1 (45K &
AR BRI A S R R L 7E Ras (55
g, NF1 Hl Ras GAP B R ALK B 284k, &
fi15 Ras-GRF #fJ2& Ras {5 5@ f HE RN,
{EJFEAERIAS . Tiaml 5 Ras {55 B Hh 85 R 1k
K2 2 U B (A ) 2 —, B i Y

T-lymphoma invasion and metastasis-inducing protein 1

FEREHE IR 4% Rho FEHE [, W& RACL,CDC42 Fi
RHOA 4§ Rho GTPase ZZJ5 8 [, XoF 2 i 285 o 0 248
T IAT . 5558, Tiaml I8 GBS % B2 LM 5
E IR S USr o

“ Long-termpotentiation ” ( LTP ) & 5 8 % Xt
AMPASZ K NMDA Z 1A mGlu 52 iR 5543 242 52 AR ik
TT4s, NMDA 57 {449 8 10 950 & A2 A A 1 Bl
LTP {422 o BEIGTE SV & B AEAS 5 F schaf-
fer collateral-CA1 [a] 28 fih i) LTP r= A=, M 5 B0
W', #E LTP {% 538 f% v NMDAR Fl PLC ( phos-
pholipase C) B8R k7K & 4B B M2k, 7R/
BRI 27 S i 00 A5 78 v, /N BRUve 25 A o (] b 485
PLC &A%, PLC (YT RE W] fig S5 W0 Rr g RS
AeFEAR R, AR 2 & B, PLC B Bk
FL RGO B 7= A A 5

DA A5 38 (6 FIORE G 28 1 A s 1 T i R b 2
[T 427 I R 0 0T 98 EL A — 2 1 T Sk
3.3 HEAFAHEAEH ML ST

Xif 25 -2 R LA FH 0 2% 1 A% 0 2 1 kA ok
— W SCERRL R 1 45 R 7R, Grinl 4775 NMDAR1
( N-methyl-D-aspartate receptor subunit NR1) 2 [, &
—REFRIBEIRZAR, 524 A 2 FR e 58 firh v]
IRPEBUIAASC . H AR T 3 A9 BRI 26—
AR 18 1, A8y o A R P 00 s 1R o
HG IS Grind JE K ) 5848, S AZ T pre-M1 helix
(D552E) M3 gk (M6411 F1 N650K) F1 M4
EEEEE R IR (G815R ) , UIEHH] Grinl W] figJ2& L & 1 4
TR R 2 — Y 2 E LB, T2 Bk
YA 5 H NMDAR2A/B 3R 3k 7 1 75 < S iR 15 1%
W 5% M Je 3 T, R T B R A A
(MFs) 20 BRELT Ak H 25 2 300 S0 =22 14 g B
bz — IEFAEFRET 8 SR [ (dentate
gyrus, DG) JURLZA 14l 28 H ] [T XA CA3 XA 2850
PEATHE , (L AE R R 1o o8 i 493 40 i 2 ) g B
ARASTT UL el 28 17) 9 20 2 0L JBORL 2 0617
I, T B 28 % 2, H 32 IR R,
fef i S i 2 B % v A PR AR 5 BOIOR , e & BU
TR S A . NMDA2A/B 7R b 23k 7 it
FhiE, HakFp AR fb W B e LR 2 28, OB A
NMDAR2A/B )& i 28 Ak AT G T LA A 80 - 95
Yo K R ERE A — S XRIN R B o PR 8 1A AR )
ATLAES] (B 2), Grinl F1 Grin2 A A1 B /E H B 2% .
Y2 7, Grinl I Grin2 A (1) R 16 7K SF- 76 985
S b S TR (L 3) , R4 A ) NMDARI il
NMDAR2A BRR AV KF-AER H i & P e . WhiR
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TR A BRI A T NMDAR2A 25 1 M) BB TR
iR TP R R P IR 1 W TR G P L A R
PR AT SEE

Arhgef 2 % % #J Rho guanine nucleotide ex-
change factor 2 & [ RE#% 147G Rho GTPase, Rho GT-
Pase Z it 45 Rho (A/B/C) Rac(1/2/3) ,Cdc42
Rnd ,RhoD .RhoBTB #l1 RhoH , ZE 40 1T 5% H K £ 5
TAEM . Gilfl 4% AY Rho GTPase activating protein
35 BEE 45 Rho GTPase & [ /Y GTP HI GDP fj4H
AR, I 25 SRC MR E B T 40 i 2 I &H B
THE ST e 2 oGR A K, TR A K
SIS H A4, X 40 B AR R Y Arh-
gef2  Arhgap33 Al Tiaml KK (% [ ) #8 ¥ M 3
Rho GTPase [{JJ##5 . Rho GTPase F&E&E W 3 >
51 Cded2 Rac il RhoA ) 12 5%, ‘& {11 7F 41
Ak EV R TIE 4T e SR 200 2 % o e A
Mo TEPIXRIZE RGP, B BRSO RTE 5 1%
SR B IR OG . 2445 2 il ik NMDA 32 {43
AMEN G, 558 7 585 )0 8 B AHSS & #0E CaMK
1L, 3401 Racl/Cded2 1 PEIFREAR RhoA 35 1, {2 i
Mg L T RELT i 2R AR 1Bl
A R S Al AT B, X 50 P iE S 2L Rho GTPase #H
KAEERTIRENRT R, MRERR L 24 e e
WE T IX— 8o F380, 8 R fil 9T B SR 1 Bt 2 400 i
B AE BRI AL AE B (] 3) REAE I
ZZF|LL Spnb1/3/4 H1 Ank2 FE (ZEH BT) WZ0HY
AN B ZRAH G TR ALK B T

Spnbl/3/4 Zt% ) 5 52 I 52 25 A 40U
3, Ank2 DU 4 A8 o 2 o Add3 g B ) Y WCER
(adducin-like protein 70 ) J&—Fh -2 1 B 2E4H 5 85
H L SIS E B E A 2SS Sl 55
A SR 200 M B SR R AR T, X LR R B By
SN E RV OC . BRI B A B B,
XU EL R (B ) B RR ALK T (1 3)
BTN 0 1 6 A S0 200 L S0 P 1 i

DSk S TR N 7 A o S Ry il U
g e A Y G
3.4 AIRERPTIGIN BT 5T 07 In)

KEGG {5 5l B G it 45 R 7w, “ Cocaine ad-
diction” {555 8 75 0 HP i R AL K1 B 2 A8 1k,
X IR EF NI AR S ] BES S50 1 70 74E
YAk, B IR 2 TR 22 L R RE S i, R
PRI AT R PR B A 23 % 22 0 i 52 AR T BB 7 2E 52
“Cocaine addiction” {5 5 18 J& i R 1k 7K F- 1 25 b 12
T EWE 2 B Z AR RE R 221k, 22 LR 2% fil i A5

S 550 0 R R A SCRRARGE | 355
BEWZZ ORI R S (HJE 2 O R A 1 S ik
T RE LA S5 3 ) A i AL A S 1 AN B
1, I BT A — 2 22 A 22 T iR R
RS H T SR A TE R R o

“Circadian entrainment” {5 518 [ I 2022 ¥ M 5|
NMDA Z 2846 LA e i Kenj3 b i) G 2 F0E
FIR) DAY 1) 2R 30 P IR Kin3. 1 9 B R A KT 19 22 Ak
Kir3. 1 /] I 2 Fh G 3 IR Z AR B0E i 2 B
Jiie D2 5244 (GABA, SZARSE S il J5 1Y GABA 52 {4
ATLL O Kird. 1, DT R AR i 2 70 2% A Y
Kir3. 1 fEAEXS #2224 A Ve e AT IR 4%, I8 4 Bl v]
RES 5 BB 1 A LR R b, Kinr3. 1 #fiiiE
P A2 T AR IR 2R, XL P R R o F 5 1Y
Tz —,

“ Amyotrophic lateral sclerosis (ALS)” {55 1@ }%
ST S i Nefh Ziifith 1) fif 28 £ 2 411 22 ( neurofila-
ment heavy polypeptide ) £ F 8 R fL A U , T X 4>
HH BN SIS RE B VIAI O . Endocytosis {5 538
BRI AE W M Asapl ZiS ) ARF GTPase-activa-
ting protein 1 2 FH BB 1L A 222, X A4~ B 5
B A A L AR IHAR G . X (E S
SR B A AT RE A S BB BT RT 42

25 E PR TR 1P & et fE h, K e
a2 5 H A SRR AL AR 1 2 2 R A5 D 0 AR B A R
PR A SR A B 5 2 1 S S REAE IR, X AL
PRI AHOCHE TR AL 7 — AR BRIk
FH 1 27 X B P A TR /DN BR AT A, O 3] —
FRIVHIAH OG5 538 A0 2 1 BT R T /K F-
FEARA, 2 AR, Bk T BERR b 142
XoF SR A S AL Tl 0T 58 1 AT S [ I 4 i 22 1
Je D REFN Kir3. 1 $ i 36 B e FT A i A 300 M 16
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