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IS0 B B, R AL 5 S s 2 o 5

(=] HNY RAYLE 5 L HT5e i 4 AR ( chromatin immunoprecipitation sequencing , ChIP-
seq) ST ER 1E 5 /) B G T 21 1 ( mouse embryonic stem cells, mESCs) 5 g it = mESCs 41 55 H
H3K9 2 T Ak (H3K9er) 4 14 458 5 3%, LUIER ST IR Bk 2 2574 T mESCs H H3K9er 424k P 20 R
SN Z BIPE R B AL . J5ik mESCs 73 ) iR IE 2 (FA =4 mg/L, FA4) R Rk = 41
(FA=0 mg/L,FAO) , F| i Western blot 1435 2H 24k “7 Y (0 5 30| K6 I - 12 5k = mESCs Flbf 254 W JE
(neural tube defects, NTDs) /N RN ZH 2R Ff H3K9cr 25 [ #7K 7K 3 ; Fll i ChIP-seq £ AR N #4519 45 14
551 DNA Jr BURTF RS %08 , X 22 5 1k BE DH JEAT B AR IS (gene ontology, GO) L) K 5t #R AL ] 5
FLHH T R4 (Kyoto encyclopedia of genes and genomes , KEGG ) i@ %73 1 - 1] #lAk , 23 B MR Bk = 4%
F N mESCs RN A XS Z W FE N AT IR UE, 85  MHEREEZ mESCs F1 NTDs /) Sl JIR il 2 21 8
& H3K9cr /KF-REAK (P<0.05) , MRkt = mESCs 1 Bdnf, Pax6 ,App 454 22 K B AH G K T I (P <
0.05) ,FA4 5 FAO W2H 22 5 & R BE IR 1) KEGG S % w4 T 251 3 Vi & 05 PERCIR-32 (A0 BAE T 4%
RRBER M S ARG . g5 MR T4 b Rk = 185 H3K9er B 12 5 i p 4
REMRHER SR8 0 B BB T fE S 5 iRz 5 R A 2L B RPN
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Folic acid deficiency affects H3K9 crotonylation and neurodevelopment-related gene

expression in embryonic stem cells

CHEN Chen', HE Xuejia>, WANG Shan' "Labaratory of Biochemistry and Immunology, Capital Institute of
Pediatrics, Beijing, 100020; Labaratory of Biochemistry and Immunology, Capital Institute of Pediatrics, Peking
University Teaching Hospital, Beijing, 100020, China

[ Abstract ]| Objective To analyze the genome-wide profiles of H3K9 crotonylation ( H3K9cr) in
mouse embryonic stem cells ( mESCs ) in normal or deficient folic acid ( FA) by chromatin
immunoprecipitation sequencing ( ChlP-seq) in order to observe the genome-wide changes in H3K9cr status
and the regulated pathway genes under FA deficiency condition. Methods  The mESCs were divided into
normal FA group (4 mg/L, FA4) and FA deficient group (0 mg/L, FAO). Western blotting and
immunohistochemical (THC) assay were used to detect the protein level of H3K9cr in the FA deficient mESCs
and the embryonic brain tissues of neural tube defects (NTDs) mice, respectively. ChIP-seq technology was
carried out for sequence identification of the obtained specific binding DNA fragments. Differentially expressed

genes ( DEGs) were analyzed and visualized by gene ontology (GO) and Kyoto encyclopedia of genes and
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genomes ( KEGG) pathways, with the aim of analyzing the whole genome of mESCs with FA deficiency and
validating the regulated genes. Results  Overall H3K9cr level was significantly lower in the FA deficient
mESCs and the embryonic brain tissues of NTDs mice than in the corresponding normal FA mESCs and mice
(P<0.05). Neurodevelopmental-related genes such as Bdnf, Pax6, and App were down-regulated in the FA
deficient mESCs (P<0.05). The KEGG pathway analysis indicated that the DEGs were concentrated in axon-
guiding, neuroactive ligand-receptor interaction, glutaminergic synapses and other nervous system-related
Conclusion

pathways. FA deficiency in embryonic stem cells participates in the regulation of

neurodevelopmental genes through modification of H3K9cr, suggesting that the modification of histone

Bl 25 % R R 224, 2024, 46 (14) 1667

crotonylation may be involved in neurodevelopmental diseases induced by FA deficiency.
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FMBAL AW E LALE DNA 751847 2 AL i) 1
DU KA 1) BE K T BE Y AT st AL 28 1k, 4245 DNA HT
b B B T E Mg, HE AN E
WiZs 55 s e @ Tl I E MR FE LMY S
P SRR BB AL EHE . W A4 (RS
1A 2 8 AL SR AL B R Ak ADP-A2 R
TGz EA . BEE TSR KR, MOk £ 4l
H VB U BRI S E1) B I, e
FAb & FLBEALAE M | 2 S A 55 A R e T
AT M35 A SRR o 21 8 g 2 R 2 2 Bk
(lysine crotonylation, Ker ) & i1 4 25 H B 5. Bt 5% 5
(histone crotonyltransferases, HCTs ) L} B2 & [t %l B A
( crotonyl-coenzymeA , crotonyl-CoA ) S JEE ¥, f4L B2 &
o5 P 9 35 B R A B — Rl B . B
Ker (it UE S 5 KL PR % Sy 42 A= FH A 4% \DNA $5i 3
BRSAEYEE B . B4, HEH Ker hEL
il RIS b 2 4 2 T B AR A, b bk i 20
AR VHIV S LB 46

MRRJE THEA R B K, FEELIMGE )5S A Y Y
AMRRAIE Y INRE . AN BRAVE N —BR BN IE
AR TERERS FOMENE G 0 Z LR AN B A A S
YERL s MRS 5 L3 A 45 F TR I, 2 s I A
ANAL R ) 5T 7 Y AR A BRI FR v, PR i = 5 5[]
R e SR T v A S-IR T Y BRI e RN
LY A

e {0, J5 A 5 FLPTTE M 7 H2 AR (chromatin immun-
oprecipitation sequencing, ChIP-seq) J&iT JLAF & i K
1) PRI 20~ 5 40Ul 1 B S O, ) I b TR
WLEAL A HIWEFE o ChIP-seq AT L4 T | 7 Aff 3 A5 ]
SHE N FRH T E45 51 DNA B,

AR ZH Hi AT 5T R BR IR B 4 5 R I N T
SHUM R 259 F W% ( methotrexate , MTX) #  1IK
MR B 2 W TE (neural tube defects, NTDs) /)]s FL AR
AU SR A0 A AR LG 1E B 40, AR B2 2L NTDs /)N
SRR ZH 2L crotonyl-CoA & il -t BE 4T G A &
JI T 4 5 R R I B 2 (acyl-CoA synthetase short-chain
family member 2, ACSS2) F1yZ 5 & Btk 18 1ffi ( Ker) 3
KB R B 2 AR, B BRARCI A ZH AR 1 Ker &4
BAWMEEN, AR A R =24 (0 mg/L;
FAO) I iR 1F % 20 (4 mg/L; FA4) /N BRUIE R T 40 iy
(mouse embryonic stem cells, mESCs ) % | Z£+ ChIP-
seq HE A MK R 20 05[] 9 6 20 25 11 H3K9er 4 1 (1 2
5B, R i R ik = 8 47 20 27 1 H3K9er &M iE 47 T4
ATV A RS8R B HEPm LT 1) ik — 2 i o 4
HEIE K

1 #REFZE

1.1 3ttt

1.1.1 %  6~8 &k 32 H C57BL/6) /MR,
16 HUifE CSTBL/6J /INER A 11 b st 4 A A A Rl
ABRA ] ARBTE 19~22 g TERHE 1 T0HR AR ST
PRIFPRUER G/ RETEER .

1.1.2 40kl mESCs Sv/129 4 2k A & #F
JLRHIFSE I Em e

1.2 NTDs > AR ) &

BEMLEEE 16 HOMEPE 8 Nkt /N SLgmdl, 1
AR/INER RS RRZH S50 4 EPE /)N RO AR R AR
S 21 P 20N BRORITXF R 2 /)N ROV £ OE o TARE, Rk
4 JElo M BERRAE 2 1 EL B A R I AC L (12 h) JETE
L1 8:00 kK Ar BB FE I H22 0.5 d(E0.5) , T4
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7.5 d(E7.5) B RS 1.5 mg/kg 19 MTX #37. NTDs
/N BB, Xof 2 /) B MR 3 S 45 i T TR I S T K o
ZARRACHLIE T4 13.5 d(E13.5) 3 NTDs JiJIf A i
WG . AWFIE T T A 7 R 450 B LRI
PR32 51 234t e (L5 DWLL2021011) , ¥ % 5l
WAL BRI A5 LB S 4 B P HE R o AT
PLIE = GINR (U
1.3 A& e

R LR 3 W 1 K P i A 800 . 1Y Hypotonic
Buffer REANMEE] T JEHAA BB, DL 4 °C,18 895xg,
5 min (AL, FF BT, I UTRE A 600 WL ¥
0.2 mol/L (IR , [ FE A5 R 250, 360°JiER% 12 h )5
TRRE O, ¥ BT REE 28 EP 45, inA 198 ul
() TCA, yK FiE 30 min J5 B0, 18 895Xg,5 min,
B3, A EP FHAA 1 mL SR, R B,
B K EAUIRER EP B HUETEVK 30 min, i 2E
IK AT HS A
1.4 Western blot

HAE A SETE SDS-PAGE 5 NI It BEIE |
MR UK 4B (58 80 V JF 120 V), J5 il i 1 5% ik
(220 mA) #% 3| PVDF Ji§ |, &[4 1 h J§ TBST £,
10 min/¥K,3 Y, Bl & 7E— L (PTM-516RM , 57,
1:2.000) H1 4 Cid e, TBST 35t 3 YK B 81
liff ( horseradish peroxidase , HRP ) F1ic (1 —$1 ( ab205718,
Abcam,1:5 000) E{EMEE 1 h, B4 TBST ¥k 3 Ik, &
Ja HEAT 2R S R RS CR B
1.5 Sy

FH 4% 22 5 W [ 5 i BRI ZH 2. 48 h )5, PBS
VeV, K, AR, VIR, FRE R . B KX st
HAIHAE TP Te . AL PiERE . 5% 1L+
M yERHWT . H3K9er (# B2 1:100; 5 ) AF K —i,
4 Cb o X HIE R R AT B VAl £ 45 B X B
— P 10% 1E 5 A s A, HEBR AR R R (5 5
1.6 vhikshZ OB 4] &

il £ R Bl Z AL AN MR R 3R 3, A 44l FAO 4.
1F Dulbecco P B 1Y) Eagle 1% 7% B Fp s 15% fg 4= I
15 .0. 1 mmol/L B-#iHk Z % 0. 1 mmol/L E 0575 & Sk
fi .0. 1 mmol/L A&z .1 000 U/mL /™ ER F3 I35 11 £l
PRI o IR AT 4 200 T ) 5% 5 A o 20 S0 T ok 8
4 mg/L MR, Ay 4 h FA4 4,

¥ mESCs & I5 5 AL AT IR A WIE R 0. 2% B it
1) T25 LIS T, BCEAE 37 °C 5% CO, g% 7
R, B 2~3 RAGU 1 15 2 6 U IR A i T 42

WHE N, B 2% e 1],
L7 e EReMHEX RN

{3 ] Trizol 3 (Invitrogen , 25 [5]) BRI 12 F 7
i fig $t = mESCs ) RNA, FJ BlasTag 2 X Qper
MasterMix( ABM, il & K) #:47 RNA %] ¢cDNA ) )z 5%
o K Maxima SYBR Green/ROX qPCR Master Mix
(ABM, %K) #4T qPCR. i F 2722 i S A Xt
Fikht,
1.8 ChIP %%

fili i1 ChIP 355 £ ( CST#9005 ) - 15 & B 77 1) By
Fr LA B R S IR AR i , A H 2R LAZE AL, W vk 4
fJS A 2 mL ) PBS+PIC, L) 252xg M EEAE 4 C
TEL S min; BEEAT 1 mL A4 1xBuffer A+1xDTT+1x
PIC, 7E7K_EW# 5 10 min, DL 1 007Xxg [ 3 B 25000 J5
BT IxBuffer B+1XDTT 45 4x10° AS4HAH 0. 5 pl
A% Micrococcal Nuclease , 2 R Bl {#l ik & 1R &, 1 37 C
THEE 20 min, i DNA 4L % 150 ~900 bp i 1 Bt
A EDTA LAZ (1AL, 72 4 C R, DL 18 895xg )k
JEBSL 1 min (AL DTRE, 268 B8 KUY T
100 pL Ay 1XChIP Buffer+1xPIC HEE:, 7K [ H 10 min
S PR kb ol 3 45 7 0 A 3 D TR M, B0 JiE B
15,43 100 WL A 400 WL f#) 1XChIP 2% i, B 10 wL Y
AR AR 2%input, AR A H3K9er Hif4 4 C
TG E AR, W 7S AR & I A Protein G
Magnetic Beads Jf-7E 4 C M5 2 h, Bl & T
Magnetic Separation Rack [ fifi Protein G Magnetic Beads
UUVE R G (0 e Mt T Sk I 22k, 214k DNA
1.9 ChIP # &t fp Ao £ 4 545 & 54T

XA DNA #EA7 5 &, il 8 SO IF BEAT I ds
£ Mumina NovaSeq JIJFAX XTG4 1Y SCEHEFT 150 bp
(I . 5 clean reads J] cutadapt'™ 4} 3515
SRJE 4 clean reads {#i ] bowtie2' " # kL 3 BI /NS
AL E, SRR B R A 1 MACS ™ 4K
PRk A, 1 diffReps ™ 8K fF JE 47 22 5 & 4 0%
(differentially enriched peaks, DEPs) % &, 3+ | F
UCSC RefSeq'"* $ichin P #EAT R . HEAT DEPs 5%
B3 IAARIE (gene ontology , GO) LA K 5T %
I A A B4 (Kyoto encyclopedia of genes and
genomes , KEGG ) i B 73 3 il AL 7347
1,10 %t %

K] GraphPad Prism fFBEAT 4100, 1B
BERH xes PEATGEIHAIR , 6 FH 5 22 P PEAS 3, WO 2 1)
PSR AT S REAS ¢ 4556 5 THECHERER HIK (% ) it
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Frgeittiig . P<0.05 I N2 HA G5 L.
2 #R

2.1 H3K9cr #4545 f£ vt B2 $: 2 mESCs & NTDs s &,
Ak,

Western blot 255 i /R iR Bl = mESCs A TR
TE# mESCs, H H3KO9cr ik 12 F Pk (P<0. 05, & 1A,
B) . G Es R BRI BRE NTDs /)N ERUbF 2245 40
2 H3K9er 2R [ 515 5/ (P<0. 01,8 1C.D) .
2.2 NTDs it S A 23 oL

IR X S B T Ji BRGAEA T OREE , AT DL« T ] it
H/N BRGSO N AT BAF, e G
SE4. R EREK G MTX 5 519 NTDs 41/ RUARFL 4
MEREE & B IR, I AT LR/ NR A R 2 R T
(B 2A) o Bl T T U R 2 AE i i R A7 oy il 2258, mT
DIULEE £ NTDs 41/ R &8 K 5w MG . HE Jefa
S5 LT I, « T R MEZEL N BRI R IR R IR
H MTX 3553019 NTDs 41/ R 2588 I BT |, 25 i
Z (Kl 2B),

2.3  JiE% M B Reads 43t

Q30>80% K7~ W ¥ o i R 4o ¥ = Bl i clean
reads X 2] /N2 % FE 4] (UCSC mm10) |, 3 1
J& FAO 5 FA4 ChIP-seq I 7 75 51145

/I U T2
FA4 FAO

2.4 A A4 Peak £ oM

WA E ] MACS B #EA7TiR0, 158 FA4 445
FAO 4] Peak [{){5 ., FA4 Jt45 6 883 g &k, MK
BE 1143 749, F-HK BE 166; FAO 247 21 309 4~ 5
W, MK BE 4 574 212, 73K JE 214, DEPs ] diffReps
B AT 5508 , A R R W IRk = 20 FOAE X T R I
WA 114 253 DRI S 2 FEB A 98 387 4~
2SR A ST SR LR o AP I PN i S
e SR R R = 40 A %) 4 2R 1 H3K9er 5 4>
FERH AL, Hor J5 3 X R A AR K, o 32.10%,
N2 T X FAMNE T X 43 3115 26. 50% F1 1. 70% ,13. 50%
RAETEFE I RIFE X, 26. 209% A A= 7E e (K 3) o 43
G 2 AL AN a3+ X AR 0 Y L, iR
IE# AR S B F 5 L 35. 4% , IR Z 404 1S 3
T b 32. 8%, Z5 R R WA IRk Z 1 DL T, B PR 3Rk
KT RS

%1 FAO0 5 FA4 ChIP-seq il FE 5l %t
2415 SR LG P4 puRi =35l XS X2/ %
FAO 32,402,714 32,392,994 30,473,407 94.07
FAO-input 32,080,910 32,066,656 30,488,440 95.08
FA4 31,822,730 31,800,822 19,916,030 62.63
FA4-input 31,989,534 31,976,318 30,280,833  94.73

H3K9cr

L

* CON
H3K9cr— . - F oz z

(17x10°)

H3— | e
(17x10°) -,

2090 ™1

0.5 -

H3K9cr i X ik

0.0 - q
FA4 FA0 B

H3K9er ik [ HHx 3k

a:P<0.05;b:P<0.01
A B:Western blot #- mESCs f£ »+ B8 JE 5 Fo sk 2 15 DU F H3K9er k35 5 £ 4547;C.D: B 20/ K5 NTDs s RAP 28 m 4
H3K9cr %, 9% 4044 R 5 it 4547

B1 MEssk= mESC & NTDs /Mg H3K9er EH K FERIE

(n=3,%+s)
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M BRIBE A MTX 755 NTDs 20

IEHF AR

2 EEARAREHEKS MIX 55 NTDs A REMEY(A) R KR HE 36 (B) WRER

LNt
Lt 4
B[R] B
HEF
u SR

1
3

3 H3K9er R EHEBEERLESIENERENHE

2.5 GO sk

Xt FAO 41701 FA4 14T H3K9er 22 53 6 SRIGHI G
FER GO 2, A% 1o 35 25 R R IR b S AL AR
3 2 (biology progress, BP ) | 4 Jfg 2 43 ( cellular
component, CC) 143 T 3 §& ( molecular function, MF) ,
FR 45 fisher K5 AHMIRY) P-values , H-FR B = 41 i AH X T
R T A R R R AR 1 2% H b, AR i R R
A=A A A AR A AR A AL A
TE R A0 L2 Z3-HF 24 =L 00 2 4 M P 20 P P R
YN ; o FHIREHE A T =L 5 A R A G .

RIMEEWEEG (B 4),

IR ik = 240 BELAE O T R I A MR R A 5 pl
RGN AW R RSO E: WAERRK
[EIRL Y S L 2 W TS I L 2D v o L E 20 v, 3
B ARG KE T G2 RGN 5
HEAA T 7S I 2 2 filh A 2250 8B4y L S M o A 20Tk
5t M o (B 5) . FAO 2445 FA4 240 FRALEY)
SRS N 2 SR e 8 R AR O E B, A (B 4
AR T 2 g ) HAT I 3 25 S Al B R IR DA % 5
PEXRTR R (B 6) o S 1 A5 6% X R D 27,
FAO Hrp 5 pp &2 e & AH G By KL KR I, A48 App.
Pax6 Bdnf( [ 7) , 32 j& RT-qPCR L5 S 19519
J¥31, Lh Gapdh R3FEE(n=3, x+s)

2.6 KEGG @& ny#rsR

2 HA G L (P<0. 05) (13d B A 82 4,
VR 42 A, B RAE NI G AR R
B T RIA 40 A4, A E s g1 5 A TS PR
PR-SZ AR ELAE A SR R 23 i 55 15 1 282 R G AH DR 1)

G ([ 8) . 3R 3 BT R R EFE S
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N U’?( % log FC
s 0
GO: HMARLKLRH |§| GO: g @ GO: WETHT A
GO Terms
GOMBTERE D GO: BRGR B M |:| GO: WG T
6 HMERSFHXEYFHBEIREERBREFNSBEXNNXRZE
App Pax6 Bdnf
2_0_ 1.5- 1.5
a
I 1 b b
1.5+ . [ 1 ) — 1
- % 1.0 T 1.04
¥ ' P
< % =
Z 1.0 2 )
[ £ =
= =  0.5- & 0.5
ZE 0.5+ o z
0.0~ 0.0~ 0.0-
FA4 FAO FA4 FAO FA4 FAO

a:P<0.05; b:P<0.000 1
7 RT-gPCR #&7 FA4 5 FA0 f# 2 RGEHXEE mRNA KF  (n=3,x45)

K2 MERFEXEENASIIMFT

EILEA 1E 1] S I
Bdnf CTGAGCGTGTGTGACAGTATTAGC GGTAGTTCGGCATTGCGAGTTC
Pax6 TCTAACGGAGAAGACTCGGATGAAG GCTGCTGCTGATAGGAATGTGAC
App GCAGCGAGAAGAGCACTAACTTG TCCTCCACATCCTCATCATCATCAG
Gapdh TCCATGACAACTTTGGCATC TCCATGACAACTTTGGCATC

®3 Ko ZREEEEXEREZERHNERS

i 1D W2 R Z5IHEN B2ERIEN T PR S S PR P IR R
mmu04142 AN 48 1789 124 7810 0. 000 0 0. 009 356 551
mmu04110 41 i A 48 1789 125 7810 0.000 0 0. 009 356 551
mmu05200 S RE S 120 1789 397 7810 0.000 3 0. 029 760 28
mmu04360 LA RS 33 968 129 7 810 0.000 0 0. 008 568 267
mmu04080 gﬁﬁg%g 53 968 285 7 810 0.001 4 0. 039 906 68

mmu04724 PR BE 2R fnh 26 968 115 7 810 0.001 5 0. 039 906 68
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HSE M 1 35485 W v R DR A s 0
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REJRFEE R 7 BE R R 2 3% R BE R 1 Rk Z HE 1 Ker
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TRV LB M ZERRERE AR WAL
P A TT e M AETTRE A RGN LTI
LI 28 B AR O I, L b R R A I 2 S T 0
FE K AL 45 Bdnf. App . Pten . Pax6 , Wnt1 , Wnt16 | Sox4 .
Sox10 | Hoxd1 , Neurod2 4. M I VE #h &5 3% H +
(Bdnf) X TG A AE A K 25T 2L, Bdnf [ H 37
A R A5 5 SR S 2 fih ] 8 1 1 S SR 19 590, A 2
SJRNCAZIE D A EEAE ) Pax6 MBI
M /N B PR S A 32 Il S 00 s B 1) 6 T R 2
PLRCEAT H A R, e BB AT REXT R 22 0 245 44
e FHAMMREA TEMEY .
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2RI A4 69 R

5T K PR = M BR 2 6K - B 41 85 1 H3K4 =
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(2 o A T2 AT BT AT 9 T, M G OE R
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ACSS2 Feik [, 42 T R m Jo it PR B: 5 L vh TS 2
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methyladenosine ,m6A ) J&—Fh mRNA _F 358 77 1E B8 55
B 1T M, m6A [y eraser & [ FTOM"  m6A Y
reader 45 [ YTHDF1 #1 YTHDF?2 &4 mRNA /) /&R &
P T R e A K Y . K BE IR 4 A RNA (long
non-coding , IncRNA ) Dubr [{) m6A {& /i 4 2= 11 25 50
AR AT . ARBEFEF A ChIP-seq $ A H -
BRIEH FIF RSk = mESC 520 # 1 H3K9cr 255 19 F
T L R, O XoF VP 20 4 i 2 e o R XA OG5 IR Ay
GO 73t il KEGG 18 P& 70 #r o 45 R KRB, IR i = 41
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IR
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