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GRARAS , SZAE O 5 B T IR G K 752 (Embryo rea-
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Bractin W] mRNA KPR NS LR A B A
XFRIB R,

at f40 SIFES IR . F: GGTGTCTCTGCCCTG-
GTTAC; R: ACAAAAACAATGCGGGTCGG, B-ac-
tin SIWFEH AT : F: GATGGTCCAGACTCATCG-
TACTC;R: ATTGCTGACAGGATGCAGAAG, acol
SIS 40 R . F: TCTTAAAGATGGTGACTGGATT-
GA ; R: GCACACTCTTATACTTCCCGTTG , aco? 3l
Y ¥ %) F: F: CGTCATCATGGTTCGTCCA; R:
CCACCTCCAAACACCATGAGAT, sicl3a5a 51
FHF : F: CTGAGAGCCCGGTGGTACT; R: TA-
ACACACGCACAGGGTCAG,
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W, VIGEL 5328 SDT 2 (4% SDS, 100 mmol/L
Tris-HCl, pH=7. 6) H & JF ¥ it fb &b 1, >k H] BCA ¥
(3K, CAS No. : P0009) #4745 A FUE B Hr. I
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1. 7 &Rk DNA # 0 E

A 20 MO (ARG (5 100 pg/mL IR K
B SZL 28 #p (50 mmol/L KCl,2. 5 mmol/L MgCl, ,
10 mmol/L Tris (pH =8.3),0.45% NP40, 0.45%
Tween-20) #H1T7IHAL (60 CHEF 2 h. Bfi)5 95 °C AbH
15 min) . BlJ5 . B FEAS IR IENR 3 . I 7E 4 “C &ML
16 000g &0 10 min, £ HAY DNA ¥ 5 g 7 3% 2
200 ng/pL, H-AE N PCR B, R F 550 2 ) 5 &
PCR 776X DNA #4743 B, A% Zebii& DNA
(mtDNA) K337 5 mRNA AT R IK KF- 1)
HEITE—8 Lhilk DNA bR&E51I 9 FE T F.
CAAACACAAGCCTCGCCTGTTTAC; R: CACTGA-
CTTGATGGGGGAGACAGT, Z0MiA%Hr551 4% )
IR :F: ATGGGCTGGGCGATAAAATTGG; R: AC-
ATGTGCATGTCGCTCCCAAA,
1. 8 BREERMB LIS

14 24 hpf WBED fafRAIGHCE T 12 FLAR I A
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1 019 A1 1 277 bp, 4wt 339 A1 425 PR IEFRH R Y
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JP O AT 4R LU R INBE D) . Atfda F1 Atfab J¥511Y
FEE AR 4k 495 FT ATF4 755 1Y b X 575 4

35; FI B ATF4 J37 5 /9 L X AL 4543 31, BE 4 fa
Atfab JPHIFIN ATF4 J7 51 1 HL X 54543k 285 AR
ATF4 JFH 0 L X A% 534 28, N ATF4 J7 5 Fl
ATF4 JFHI R X 845500 86 (WL 1A B) . 7E45HY
ARSI T N St 95 R L AR AR T R i 4 A e B-
TrCP PTG R SFPE L 25 . (3 DNA 2545 45 F4 S8 fn 52
RIRTIBE LS PR ST RS
2.2 atf10 BERRBHRDERANEE

HRAE CRISPR/Cas9 JE K g i B A A58 £ X B
ol ar f4b FEFIYEE A S8 F 5T 10 2k Ry v
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GTGAG-3" (WL 10, FF i s DA T 82k 20 Mk
M ar f4b A5 RASRBE L B RY Car f46°%) , 18
1 SnapGene ST R ZEARE) ar f4b F R B 3 7
G KB TR at f40 FEHBRE T 20 HE,
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A
zf_atfda ~  --—-- MSLCVGDAGALLLGPWPLTADPQGPLLDQDEESSVLEGSWSPSS----SSLSSFSELLSLSWQPSDVLLTEQSTAG----DVFP
zf_atf4b MSLMSSRFGLDDMEVLLWDPSSPMADPLRSILDKDEEVLPLGGRAESPLSSFSSSSLPSLSPPCTPPSPQRGEKAGLDPVSLPWLPSDEL
Human ATF4  --—---—==-=- MTEMSFLSSEVLVGDLMSPFDQSG----~ LGAEESLG----- LLDDYLEVAKHFKPHGFSSDKAKAGSSEWLAVDG-
Mouse ATF4  —----—---—--- MTEMSFLNSEVLAGDLMSPFDQSG----~- LGAEESLG----- LLDDYLEVAKHLKPHGFSSD--KAGSSEWPAMDDG
: .. L ok, *e L . * .. * L * Kk &
N-terminal domain
zf_atfla GMDWMTEKLDLNDFD-~-—-—==========~ LDSLIGSCDSEDSPGSPEDLLACLDSSMDLD-—-========—==--—-- LDSLPFGS
zf_atf4b CLDNRGTDSGEDHSFSGMDWMTERIDLSEFDLESLIDSYDSEDPPSSPEELIASLESQIDLESLPVASDNTSPSPSASVPEIDQLSNLS
Human_ATF4 LVSPSNNS--KEDAFSGTDWMLEKMDLKEFDLDALLGIDDLETMP- - ~DDLLTTLDDTCDLFAP-~-—========~ LVQETNKQPPQT
Mouse ATF4 LASASDTG--KEDAFSGTDWMLEKMDLKEFDFDALFRMDDLETMP- - -DELLTTLDDTCDLFAP-~-—==-====-~ LVQETNKEPPQT
Lok ko kkk ko ookk ckko o ok * %  * sokes ko * ¥k ks :
‘N-terminal domain
zf_atfla ADLDLPLGLDLPLP-----—===========~ EEIKSEPLSPAPSVPSPPEEAPQD--—---——===~~ EHTEVPVLHPAGIMLSLSPS
zf_atfdb FTLNTPVTTHLIPPSPCEILDSSSVVPEPQAEFETKSEPASPVPSPSVLPPESPTDTLELGCEVDIAEVQSPSPVELRVPKFVLSLSPT
Human_ATF4 VNPIGHLPESLTKP-----—=—=--——==--- DQVAPFTFLQPLPLSPGVLSSTPDHSFSLELG---SEVDITEGDRKPDYTAYVAMIPQ
Mouse ATF4 VNPIGHLPESLIKV-----—=========-= DQVAPFTFLQPFPCSPGVLSSTPEHSFSLELG-—-SEVDISEGDRKPDSAAYITLIPP
* * * s %
oxygen-dependent degradatlon domain

zf_atfla HIVVLLTPKEEQNISDCSDSDSGISVSGSPAHQSDLEP-----— SSRAKPYSRPDPEAS-—----- PALKGRVKTSSG--APKVEKKLK
zf_atf4b RIVFVLAPKEEVNAMATHSGEVVVESSPSPTFSEPKTPSCPPSRSSRAKPYLSHDFKTTKNQOSESPTLTGRVKSASGSKVVVEKKKLK
Human_ATF4 CIKEEDTPSDNDSGICMSPESYLGSPQHSPSTRGSPNRSLPSPGVLCGSARPKP- - - -~ -------YDPPGEKMVAAKVKGEKLDKKLK
Mouse ATF4 CVKEEDTPSDNDSGICMSPESYLGSPQHSPSTSRAPPDNLPSPGGSRGSPRPKP- -~~~ ——————— YDPPG-VSLTAKVKTEKL.DKKLK
. Sk E L ok P * ****
ﬁ-TrCP recognltlon motif Basic domain

zf_atfla KMEQNKTAATRYRQKKRVEQESLNSECSELEKKNRELSEKADSLSREIQYLRDLLEEMRTAKQRKSKR~

zf_atfdb KMEQNKTAATRYRQKKRAEQETLLSECAVLEERNQELAEKAESLTKETQYLKELMEEVKRARENRSSRT

Human ATF4 KMEQNKTAATRYRQKKRAEQEALTGECKELEKKNEALKERADSLAKETQYLKDLIEEVRKARGKKRVE -
Mouse ATF4 KMEQNKTAATRYRQKKRAEQEALTGECKELEKKNEALKEKADSLAKEIQYLKDLIEEVRKARGKKRVP—

KRRk kR hkhkhkdkk kohk ok kk ko ok Kk Kok kko o kkkkky kokk . K.
Basic domain Leucine zipper Short basic domam
B ¢
Aligned. Score atf4b gene structure:
zf-Atfda | zf-Atfdb |Human-ATF4| Mouse-ATF4 Exont Exon2 Exon3
] Intron1 - Intron2
Zf-Atfda - a9 35 3 - '7
zf-Atfab 5 s 28 28 Tar gel $ita
Human-ATFe - - - g TGCAATGGCTACCCATTCAGGTC

D wt: AATGCAATGGCTACCCATTCAGGTGAGGTGGTT P 15
atf4b™ > AATGCAA- - - - === o= oo oo e oo o GTGGTT =
N-terminal domain B-TrCP recognition motif Leucine zipper HI]B{-H §
¢ - it - . _ 1.0
E wt: 425 aa ® %
ODDD Basic domain Short basic domain =
N-terminal domain B-TrCP recognition motif é é
atf4p™er: — — — 293 aa E &
oDDD = S 0.54
<
°
[a%
0 -
x 5
B 9@9
&

(A, BEH L Adlda, Ad4b FIN ATF4 /N ATF4 BEEERRFFIXT L. FRIZKAREAN ATF4 B DI AELSH9 3. N-terminal domain: N 3£ 4 4 (1~ 85
aa) ,oxygen-dependent degradation domain ; 4K i P R 25 #4380 (154 ~ 183 aa) , B-TrCP recognition motif: B-TrCP iR 5l G4 (218 ~ 224 aa) , Basic do-
main: BEPELE 5 (280~299 aa) . Leucine zipper: 5% 2 8 F74% (305~333 aa) » Short basic domain: 1445458, (342~351 aa), B. BFHfa Atfda, Atfdb
FIN ATF4 /N ATFA B ESERRF IR VCEC A . C. BEIh A ar f40 F RSG5 46 7R 72 T B 36 TH) 24 4 L 0, Cas9 B 7 S 7E BE D 0 (1) 55 — AP T,
HE TR CORP) , FIHE - JEBHIEIX (UTR) . PAM FESI LLGE (AR 1 5 D. B AR B @ £40°%° 52 BETh 407 ar f40 glmgrw,g@mﬂﬁﬂmrﬁu

E. BRI ar (6™ BT Atfdb B AT F. BPAERUR ar 46 BED A ar f4b mRNA Rk, HUE AT AR R8BS0,
3WKEE , IR EE A 20 B4, wwwx, P<0.000 1, A. Alignment of amino acid sequences of zebrafish Atf4a, Atf4b, human ATF4, and murine
ATF4 structure. The functional domains of human ATF4 are underlined. N-terminal domain: 1~85 aa, oxygen-dependent degradation domain: 154~183 aa, -
TrCP recognition motif: 218~224 aa, Basic domain: 280~299 aa, Leucine zipper: 305~333 aa, Short basic domain: 342~351 aa. B. The aligned score of ze-
brafish Atf4a, Atf4b, human ATF4, and murine ATF4 structure. C. Schematic diagram of the zebrafish az f4b gene structure and gene editing target sites. The
Cas9 target sequence is located in the second exon of the zebrafish. Black boxes represent the open reading frame (ORF), and white boxes represent the untranslat-
ed regions (UTRs). The PAM sequence is highlighted in green. D. Nucleotide base sequences of the at f4b gene in wt and at f16°2*/*?° zebrafish. The red word is
the target site. E. The predicted Atf4b protein domains in wt and az f46°2"/**° zebrafish. F. Relative expression levels of az f46 mRNA in wt and at f46*2/2%° ze-
brafish. Data shown are mean+SEM, each experiment was performed in triplicate, with 20 larvae per treatment group in each replication, ##x*x; P<Z0. 000 1.)

1 I CRISPR/Cas9 HiARXBEE 1 ar f46 He DK 1R
Fig. 1 The knockout of the zebrafish atf46 gene using CRISPR/Cas9 technology
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sfe ofe o 3k al:f4bAZU/AZU

37w

(SN
Body length/mm
e

24 hpf 48 hpf 72 hpf
A} [E] Time
al:f4bAZU/AZ[I

24 hpf

48 hpf

72 hpf

(A, BFETVRN ar f4b%25% BE D07 24,48 1 72 hpf ALK, B. #E7
F at 46220 BET A AE 24 .48 #1172 hpf BUMIOLIA . BE LLEBIE + 47
WEZER/R AN 3 WEE IR EE B 15 B4, oo
P<C0.000 1, A. Body length of wt and a/f4/1320"ﬁ20 at 24, 48 and
72 hpf. B. The profile view of wt and az f46°*"/** at 24, 48 and 72 hpf.
Data shown are mean+ SEM, each experiment was performed in tripli-
cate, with 15 larvae per treatment group in each replication, #*##%, P <
0.000 1.)
Bl 2 R arfab HEEEE @ R L F 152
Fig. 2 The effects of atf46 knockout on the early

development of zebrafish
F5 RGN Z R KA = TR A4y 2 iR AL
BE7LC LT RO AR R AN B, W R b
AR PN R A E 7 R A CIE 7 A T R AR

I (UL 3B) . X Se4h RIRIR ar f4b 8B RBE R
R REAEAE BB . X b, & T ATP K, & BL%E
Ak ATP & i Z R TEPA AL (LA 30) .,
2.5 atf41b BEERBRIIDES 2 = REREIA R IHHIZ2MI

at 46~ BRI R EEE T =
FRIRAG PR B AR DA 38 2% v B L X =R W 1) B4 v
BRI P R AT T B 1) 43 B, X SE AR ) L 4 A A
R ST EIR I ERR oW G 102 DR FAMR L 3 SR R
BE R . S5 R, ar f46°"* BE T Ah iy 16 R A
X TR AR AL, AR 6 B R 34 I 2R
TR ERIBE DA (K AA—G) . ar f40™* BE LA
M5 3k PR A WL R acol aco2 FIFFHE R 5 iz 18 18 &
FEH sicl3a5a WIARXT 2% 3K & i 35 1% 57 A 80 (L &)
AH—)), XS5 SRR, = FRIRIG AR ) i Az B, &
B H AR,
2.6 atf40 BEERIBR X BE D £ 2 {4 75 25 70 R B 1B
SR RN

U T O R R =R TR G PR Y OC B 3 B, 4 I
at 460 BEE 0 R AR TR AR AT BE R . 3R
AR, X} BT AR TR ar f40 98 AR BE T 40 AT T £R kL
& DNA KA, & B at 402/ BE I 40 1) 28 k7 AR
DNA JK- 5 3 TR AR BE S (WL E 5A) . i F
at f4b FEARURRE 5t AQ W D) BE A2 B 1 78 2 1Y fig it
N7 A2 O X 6 A DG R A A 000 G 368 i 37 R g ml g
FEAG . KR R T CELHEIR 7K DR R Y S 3 B3 53R 1 iR
RN TR AL IR G ) J™ 52 ) T K A= sl P i ik g, o
PRI WP A5 RN 58 A8 VR (9 2 B Thf A2 8 ) 1) 22 57, AT
PR B2 W30 AE 15 SR 0, 25 SRR ae f40 FRABKTE IR IR 5
YA R E AR TR AR (P =0.048 9) (I
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Fig. 3 The effects of atf4b gene knockout on metabolic function in zebrafish
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Fig. 4 The effect of atf4b gene knockout on the function of the tricarboxylic acid (TCA) cycle in zebrafish
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Fig. 5 The effect of atf4b gene knockout on mitochondrial homeostasis and acid stress tolerance in zebrafish
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Atf4b Regulates Tricarboxylic Acid Cycle and Early
Embryonic Development in Zebrafish

Xia Weiyi, Wang Xuan, Zhou Huihui, Mai Kangsen, He Gen, Liu Chengdong
(Key Laboratory of Mariculture (Ocean University of China), Ministry of Education, Qingdao 266003, China)

Abstract:
response, It exerts essential regulatory effects on cellular metabolism. Zebrafish genome contains two

ATF4 paralogs, atf4a and at f40. The function of Atf4a has been documented previously while that of

Activating transcription factor 4 (ATF4) is a critical transcription factor involved in stress

Atf4b remains elusive. To investigate the impact of Atf4b on zebrafish development and metabolism,
we generated an atf4b knockout zebrafish using CRISPR/Cas9. Sequence alignment revealed that
zebrafish Atf4b shares conserved domains only in the leucine zipper and DNA-binding regions with
mammalian ATF4. Morphological examination showed no apparent deformities in atf46 '~ embryos
while body length was significantly reduced. Metabolomic profiling demonstrated the elevated citrate
level accompanied by reduced downstream metabolites like oxoglutarate, malate and succinate in the
tricarboxylic acid (TCA) cycle with a marked decrease in ATP production. Atf4b deficiency induced
mitochondrial damage and significantly compromised survival under acidic stress conditions. These
findings evidenced the crucial role of Atf4b in zebrafish growth., energy metabolism and stress
adaptation, and provided novel insights into the integrated mechanism coupling developmental
processes, metabolic homeostasis and stress response.

Key words: activating transcription factor 4b; tricarboxylic acid cycle; zebrafish; CRISPR/Cas9
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