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Hoxd137E BTG S 56 B R k% B 4 AP THRERR

HE x| T B ARt faksh
(T RACMERTI, T ARENRER, | REESFREBE, T 510080;
HEFE B TR 2B, M 510006; *FE /7 ERNR2EME T A8 NRER/)T KA ESRHEAGRREERL 7/ 510080;
T ERIEMIRT R AN RER) RAE EFREER S ANEL T 510080)

THZE  Hoxdl3)%THox13% % B R A BB, L4 B HMesh ik on AR X AR F 2 e
R. ZAR B AR Hoxd 3 2 HH46 0 $RAT LA B 5 B4 7 o9 R A4, it —F M LA
WEAFETOER. BLFI et WA R4S L F R BT R I, HOXDI13 R R 25 #) 3R A
TR HAMeSh M b & EART ; Hoxdl35 Hoxal 33 12 BE3R S AR BAR 3F Jh o & GA, 3 Hoxd 1357 58 B
F 7, AR B ATARAT 2 WL T LA R FAMAE 5. sbsbh, RAx 4 Rk W Hoxd135 Hoxal3
ERABALEY ZINEFRIEL, Hit—F 5WHoxd 3% 8%, ZHF 7R3 4 Hoxd 13 sgRNATF &
CRISPR/Cas9/~F¥e@) 448, ih k45 % 2 7 sgRNA1AsgRNA3 T L IR H1540 50 %, 5 5 AR S
#5189 ZKOWF 2 FO# AR, 55 4 12.3%(9/73, KO score 86.0+4.8)F714.3%(6/42, KO score 86.2+5.1).
3t ZH KO 4 FO# AR BAT AT LR B AR VLR BT A3 -3 & oSk & 4547, 4 R B 7 LA IR
HAE. FIREEZFHEMHYRLARRF. #—F4 HKOFHFO# SR AATRIE B AT
AR IF B A RS TR ETH, AR BAREFFREENTBAEIAET. FAEBRA
22 KO scoref®4F 7£84~90, & B Hoxd33k & j5 FEAR B A& FAE R FAE B ity 5. %k, %
K ¥e6) S 3 Hoxd 1378 RvA 5| A2 B 346 1 SR AT AR B AR A 69 " WL R A U, 4R = Hoxd 13T #&
AR BEMW IR E 5B A 6L F AR, K3 h 488K 7T i b Hoxal 35 Hox 13 Kk i 1 AXAE.
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Abstract Hoxdl3, a member of the Hox13 paralog group, is an important functional gene involved in the

regulation of distal appendage patterning in vertebrates. This study aimed to investigate the expression characteris-
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tics of Hoxd13 during forelimb development and regeneration in the axolotl (Ambystoma mexicanum) and to further
evaluate its role in these processes. Sequence alignment and section in sifu hybridization showed that the HOXD13
homeodomain is highly conserved among vertebrates. Both Hoxd13 and Hoxal3 were expressed in the limb buds
of axolotl larvae, with Hoxd13 exhibiting a broader distribution; in addition, distinct Hoxd3-positive signals were
detected near the spinal cord and dorsal root ganglia in tail tissues. Moreover, in situ hybridization showed differen-
tial expression patterns of Hoxd13 and Hoxal3 during limb regeneration. To further assess the function of Hoxd13,
three sgRNAs targeting Hoxdl3 were designed for CRISPR/Cas9-mediated targeted editing. Screening results
showed that sgRNA1 and sgRNA3 achieved relatively high editing efficiencies and generated relatively high pro-
portions of high-KO-score FO mosaic animals, accounting for 12.3% (9/73, KO score 86.0+4.8) and 14.3% (6/42,
KO score 86.2+5.1), respectively. Forelimb developmental phenotyping and alcian blue-alizarinred S skeletal stain-
ing of high-knockdown FO mosaics revealed no obvious abnormalities in overall forelimb morphology, digit num-
ber, or skeletal structure. Further tracking of post-amputation regeneration, together with endpoint skeletal staining,
showed no evident defects in regeneration progression or skeletal patterning of regenerated forelimbs. KO scores

in regenerated digit-tip tissues remained between 84 and 90, indicating that limb regeneration after Hoxd13 editing

was unlikely to result from the competitive contribution of unedited or low-edited cells.

Keywords

5 500 40 FB AR P S AR 0 ity — v el AT S
R R e 4 22 S S W R A Ny, L R L
IR~ B [R) YR 5 £ (homeobox, HOX) 5% jif 3 K 75 [
AR P R EZOAER, UL Hox 13X TR S
7 i JE A S i (B ) S5 R T 3 DD AE G U2 TR/ RS
FRESY T, Hoxal35 Hoxd3ZhBEB LT 5] K i
EHEmE AR E R, FERANTF/IEREER
PR Fi (HE ) T3 W T DA R M i i 5 2 B B 7 A A 2
L, T I Hox 134 5 T 28 ) 45 2 5 A 3 470 3 i
FRE A A Rl 11 B BB 1

SiFLsA IR, A R P s Y7 8k 5 e
WEEMSE®E. AN, LIS 2Ry
TEN I SEBE M T, R TR AR R B -
P %06 R E BRI, JEH R, K
A RN R BN A LU T TR %, IR Bl I
g izt I A7 LA R BT 57 . Roensch? PIAE &5 7Y
BHBE W5 B AR AR BT T R B, SRR TR ) A
BE HOXA9. HOXA11fIHOXA 1327 B A< E H
(IR 1 R0, B2~ B 288 B P A 08 R i3 i
Wi B S BB ERE. MELERNRERARESRE
BhP R, Hox 13 506 i 173 76 I B Kk B 5 7
A I B P BTS2 2060 . DL EG R D S W5
(Pleurodeles waltl) NI I 50327~ , Hox 13 KR K,
DRI 25K G TR 4 ML RS AR A e 450
(P E 5, Horh Hoxal 345 £ SAE M, TSk Hoxd13

axolotl; Hoxd13; CRISPR/Cas9; limb development; limb regeneration

TR G R IR BB A IR, $278 Hoxal 3TEA B 2R
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RESHAREAEEEM, 2 H TR0 IE
F BLAE T LB P AN LR U S, %) 2
BH W Hoxd 131 B D Re it FEA BN A IR ™. J6
FJ2, BRAT 85 7 BFAl R AT 75 58 22 5G7F HoxA/HoxD
BRI AR R L RS, R = X6 AN Hox 1355 &
FVRSE N R B 5 EA R Thagieir. Kik,
B8 Hoxd 1 37 55 76 SR 4l VW (1) 3ROBRFAE S H Th B
RN, A BTt — 20 BRAR Hox 13 5 M R A 70 2 2K Bt
JRe A R IVE ] AR LG &R - % CRISPR/Cas9
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PRSI R AL, B EVH Hoxd ] 375 55 75 &
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Hox 135 1 B 53 BIAE T B8 AE AR ML 4 AL S B0 1k
e

1 MEERE
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111 Z=3eshdy S50 P A8 78 BHA o A sk
365 B R BN d/dF=B e &R, FHERIR B & 5
BER%. AT RERUWSREFAESIGAME, 1
R R B ea K4S e gigh A s256; Ho
P AR SIS AN A T AR A B A IR DL S [F] SRS R
TR TS 2 W R A AR . T BT 2450 s s
PIREA B FEIE AL IS 26 20K 1) d/dih R, DL R AR
296 cm. 2/ AT AR FE WO SR 1) dvd i 2 P AR 2
2. A RSB IE TR K R G, KIRTE
SEFEHIE20~22 °C. BIWSLIRE ) KA NRERE S
PR A 2R S (R 35 KY-0-2022-395-03).
112 2E2RXAHHEM  AEH7H 32
10 4% 2 P REE W (15 0 P0099-500M1, Liff
HEREMEARBD AR AF ). BM Purple i 17
(TR %5 : 11442074001, Sigma/A 7] ). RNase A(T8 5 :
R4642, Sigma/y ). AR (%5 : SLBLO8SSYV,
SigmaA ] ). H FHAA] (B85 : 11096176001, Sigma
AH]). OCTEIEFA| (T85 : 1054-00, Sakura’s & ).
DIG RNAFRICIR &) (85 : 11277073910, Roche A
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AT R SRS 1 130-22-3, Ll wm Ll
BHE AT AR A ] ). 2% Phanta Max = PR LA 7R
W ($95 : P515-03, VazymeA ] ). T7 RNAE A
(#5: EPO111, NEBAA] ). 4 [KI2H DNA$HUA
& (185 EG101-01, bt A X E A MHE AR B A IR
AT PCRAEIIGAF & (B35 : EP101-01, b
EREEVEARB M ARAF ). PBSEMK (85 :
P1010-100, b ZHKEERHEARA ) BEHE (TR 5
A5027920, A TAY TREBRMARAR ). Tri-
ton X-100(5%5: A110694, FiffE TAY TR
PRATE]). 20x SSCZEM(HE5: B548110, 4T
BV TR AR A A Tween-20(585: A100777,
BT A TERMERAR ). AB 5
Cas9 2k H @ B, BkERZE I (maleic acid
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Ringer’s solution, MMR)#5 45256 % H L. MABJL
HA A L4 DK EE . NaClFI NaOH, MMR AL #3571
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ZHER A A i F= i

113 £2E AR ELE R S0
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LeicaAF] ). i@ PCRIX (A5 : C1000, Bio-Rad 2>
H). B E I E T (S Nanodrop One, Ther-
moFisher Scientific/A 7 ). HIRAYAMA /5 7575 K
Fa (15 HVA-85). B4R (L5 : Direct8, Mil-
lipore~w] ) [HIEKG# (A5 : BWS-12, Fig—1H
BREEAE AR AR ) EHAERE =M (5 : DHG-
9245A, Bl —EBIEE AR AR BT RF (B
5 :YP5002, BIAGRMXEACRARAF ). K45
PR S TS-1000, ¥ H7 HAR DR HliE A PR A
l)e

1.2 753k

1.2.1 HOXDI13%& & A3t B2 %L E oM N
I3 0T Hoxd 13[4 AR SR I . /NRR . AP LR R
P MR S8 PG ER B R R BE S 4 1) HOXD13 £
FF A AT Bt o P B EE SR F MEG A 12 544
FIMUSCLE® L 5E i, Xt A 8 HOXD13 ) [R5
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4515 (homeodomain) X 1. F 48K B WK 4R 4%
% (Neighbor-Joining, NI, & s R rpa i il
(Poisson model), H J& & ZRECN1 0007k, 7S5 HAAbHE
77 2N I BR 75 (pairwise deletion).
122 RAZEZIRAHEE WA X FE Rk
Axolotl-omicsH4fs P v 52 V4 B 4l W5 Hoxd 13 5%
K45 AMEX60DD201055612.1)F1 Hoxal3( 574
%5 AMEX60DD201021953. 1) s A T4, #it
SRR 2 S BREE B, fE RS9 55 5| N T7 )8 3§
A, 5175 IE 1. PCRY ™1 H () A BOF4ilL G,
KHI DIG RNAFRICAR RIFAT AN 5%, 4% DIGHR
1C I CRNATRES

HUREAL, J5 56 20K 1) d/d)ih 5 5 7 BB TR 444
SRR S A, £ 4%% B HFEE 4 °ClElsE
I, PBSIEVESG T 30%BE A H 4 °CIl /K,
OCTHMEH#]#4 10 umiKiG VI Fr. VIR TEE A
PBSTIEYE37K, £K5 min, Triton X-100iH;%20 min
J&, 60 °CTHIZRAE 1 h, Bl 5 AT EIEREL, 60 °Co%
AT F4 22 5 F60 °CHK R4 5% SSCL2x SSCHI0.2x
SSCZEMR 5> MIWEi 2%, X 10 min, /5% RNase
ARCFRFNE PHCE S, IIABTDIGH R4 °CHiF & it
. VIFEMABF A G, K BM Purpleiit
A ETERME T WK, SLEES RO HE
(R4 R SR Ml sh W i Ar 2% 58 T S IR R AR ARAL 70,
1.2.3 sgRNAiXit5CRISPR/Cas9 R AES 454
Axolotl-omics. NCBI. UCSC Genome Browser(#i

JEAS JE,, o 5 16 BF 4k VW Hoxd 135 R 5 /6 364 T 8 41
TERE, It SMARTZE A4 Tt A I [R5 45 #3807 T
Exon 2, T4l X % 11 32% sgRNA(sgRNA1# ] Exon
1, sgRNA2. sgRNA3 4 [ Exon 2), HARTF 71| W32,

# Cas9F [ 5% N gRNA T UK _E Bt i)y R &
W, TSR R AR 3. A Mg 30 SR 1 R
500, B T 10% FicollH 1x MMRIEWRE H#EAT 2 i3k
VRS, FEACZRE SR SRR Y5 nL. VES TERUS, %
K590 T & Ficoll (B = P A K S, B 5 4% N 0.1%
MMRIER AR S35 7%, FFIE R B BAEM B UG-
WRE TR AT . BRGNS IR i S R O g
N7 58 P RHEE TR CRISPR/Cas9%m 48 7 AT,
124 ABRALRE L ZKOFHFO#SAIHLE B
WESHE, e K 2K Z)1.5 cmi, BIHUESR
H AR EUIE K 2] DNA, PCRY™ 14 sgRNABEAT 55 1 EX,
PCR* Wik 4 MER A=W RH A IR A 7 34T Sanger il
J¥ o HT sgRNATHEAT £ )2 sgRNA2/sgRNA3SEA £
T 5 5 W4

¥ S AL A S d/dxf BRALRE A1 Sangeril] [
I & | 1% %2 EditCo ICE(Inference of CRISPR Edits,
CRISPRZw4BHEWT YEEL M- & , R1G S HEA AL
N /R RAR K (indel rate). DhREMERIEPES (KO
score, LA T HIHR KOVE4: ) AU A B R? . ICES
M id e b G A AR 5 0 B AR AR (1Y) Sangerl] U 1]
MR A I AT T AT 20, AT HHE DT AN [R) 4 N /63k 2K
(insertion/deletion, indel)ZE AR K AN Dafik. 4

=1 BT Hoxdl3F1Hoxal 3R 2 3 IR EHHIZ IS ¥ 5
Table 1 Primer sequences used for Hoxd13 and Hoxal3 RNA probe synthesis for in situ hybridization

CIE R SIFFHI(5'—3")

Primer name Primer sequence (5'—3")

Hoxd13-probe-FP
Hoxd13-probe-RP

AGC GGAGTG CACCTCTTCC
GGT AAT ACG ACT CAC TAT AGG GGG TCG GAC AGG TTG GTG GTG GC

Hoxal 3-probe-FP
Hoxal3-probe-RP

TCGAGC CCGTCATGTTCCTT

GGT AAT ACG ACT CAC TAT AGG GGT GAC CTT CTT CTC TTT GAC CCT CC

T2 FTHoxd13#BE4REHIsgRNAFF
Table 2 sgRNA sequences used for targeted editing of Hoxd13

sgRNA 4k A e [X 2k FHI(5'—3")

sgRNA name Target region Sequence (5'—3")

sgRNALI Exon 1 TGG TGT CCA GCT TCG GTG
sgRNA2 Exon 2 TCG GAC ATA TGC GTG TAC
sgRNA3 Exon 2 CTC TTC TTC CTC CCG CGC




2174 WETT I L
%3 CRISPR/CasOFSHR &R R
Table 3 Composition of the CRISPR/Cas9 injection mixture
ISIAD % TG AR
Component Volume
Cas9 protein (5 pg/uL) 1 uL
gRNA 4 g
10x Cas9 buffer 0.9 uL
Nuclease-free H20 Up to 10 uL

#4 FTHoxd13 sgRNASBAL S RS 190551
Table 4 Primer sequences used for amplification of Hoxd13 sgRNA target sites

CIEUEZ S SIFHI(5—~3")

Primer name Primer sequence (5'—3")

sgRNAI1-F CTA CCA CTT CGG TAA CGG GTAC
sgRNAI-R TGG GTG ACC GTG TGT AGC AT
sgRNA2/3-F TAT TTC GGA ACG TTG GCG GTAC
sgRNA2/3-R AGT GCG TAG AAT GAG CTG CG

N T R GEAR R SR IR f R A 4l N B 2R SR AR (1)
SR LA ; KOV Z3 F Al v I Tl vT 3 SO 2 [R]
Th e il Bk O 988 A L A, B R A A e AR B
=21 bpHindel; R*H T VFAl ICEARL B0 I 7 0 1]
ML AT, RER S ROTEE. S5 0E
CRISPR/Cas9Jk K| J 45 bt B 7 126 B 5 % ICE 73 A
SR T, G A AR R B EIL IR R
DR ) B A UM 2R 52 v PRI O R A R 1 i 4 3 2R 43
AHFFEH KO score= 80 H R2= 0.8 FORR & 14 58 XA
EKOVE A FOIR A 1A,

PRI IR TR AR i, B L ZABER 2 43 B 45
Rkl sgRNA1 R KO/ FOHR G 1K9 H . sgRNA3
H KOV FoiR &6 R, FH B d/di iBA s, HT
JE ST Rk B RGBT A S K i i A e
[EERE Y PE RN =R
125 WMAFAANRSBEHELALE 59
WAEKZERKLS om. BIERE B4, X d/dit i
SFL R pe vl o LA 1D 2 O T SRR AT A AR5, T4
MR TR R EIR . S MEL0.1% K4k
R DRUBRIE 5, T 20 R J RO B B P EAT R,
T A TR B i 20 JB A P 2B S 6, 9 [0 U B
MHLRHTREFENER, 8T ke TRE
HE BT

B G, 70 T A S 1% (1 day post amputa-
tion, 1 dpa). 4 dpa. 7 dpa. 14 dpa. 21 dpa. 28

dpa. 60 dpaW %A a0l AP IR IR, 103
AR 60 dpafd A= 26 s HURE , S P AR 1IR3 T B
gute, WL R E#ah .

1.2.6 FAFE-#HZaSEE  WEHNERGENIT
U AT S AR A S AT IS, B 4% %2 RIS
4 °Cli] € 11, PBSERHE 1A B SN /K, 23 T BARA]
FI 0 e g i 1~3 d, BKJEH IR T4 1% 30%
TR VAL EE 30 minEHZUE R, 1% KOHER: ; [
J5 FHPE R ALSYSR B Y t11~3 d, £1% KOHER %
B, BRJE CEEROK . BB R BiE, R T
100% H i o, AR NS, RERES
B0 ) T W P AT SYL L LTV, I A g A
RKANHAT A1,

127 WMBRAFEERAERAAE AN
ME2, FASFRBE R EREESER, Mtk kE
HRAERMIMTSZA A E . IEF R EbRfEl
() AT IEA . KIESXRATHEZES; 2) 4
WRFFR5EBAFAE; 3) LMEte. Bfa. JFfa. 2.
o R (4) T PR, mum AR,
IR (5) HEi 5181 B IEH; (6) JoB Bl
G Ry BRI (7) R S5 Y e 5
MRAHARIT . B AEANRBA A AR At - AR MR ) 75
W JETE PR AR AR R E AR S RS . P AR A B
B 2 AEIR

1.2.8 “itxao FrAHEEE SR LEY
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K FH GraphPad Prism 9% 5. E12C. EI2D%
T R 7R = 2% sgRNAVE S 41 4= 3 B 2h i 44 e
RFEZAR ] indel ratef1 KO score/rAfi; 3B, Kl4CH
AT IR NEHA A R IR A B w7 T A T 2 24 1)
KO score/i Ao HUR B A fARER 1 AZICE
I, BB RN RO 8. AT R & AU 5 R
AR RS, DR /R MABOHAT 0%,
HH T #2035 R UL 52 21 B B e i 3R Y, R AT 4l ) 2
F AT o

2 FR
2.1 HoxdI3EREEMIS S ERT, B 5Hoxal37E
EMEHEHEXELAFEERERIE

N Hoxd I 3WEERIAR 71, JF L /INBRL A
EE I 2 B8 G BT 1 SR BE 5 44 f HOXD13
A FR S M AT BRI 7 S o), R A0
ERGRKEN . ERER, AFEYF HOXDI13 5 H
P [ 908 455 A o ot FBE A5, 12 DX 3 57N RIE R v 04,
ZHORIEAEA R PRI R — 3 RAKE itk
— AR, SR VG R TR S B R ) SR SR —
X, WAL KA X 5y, FEEIR RS R AR
A(EN1A).

0 R M R AL, Kl Hoxd 138 Hoxal 3£
S AL S5 55 20K d/d i £ 58 76 BRI AR S 20 2L
KIEFHE. RN, KRR E 2 Hd, Hoxdl3
H Hoxal3{ 321515 5 34 3 B4y T 2E 3z i X 3, 55
Hoxal3fA ., Hoxd13WIZRIEVE T )™, Bk 2F 3 R b
RSN, TR R A X SRR AT LS5 5 A
I Hoxal3[W{5 5 EZJRR T 2 590 BT, 4> i
o H I SRR (E1B).

1R ERLLAY) Fr o, Hoxd37] K61 2 B & ) 2%
IE(E5, 1 Hoxal 3 B PHMEAS 5 . Hoxd 13Kk
FE AT T XS A4 (dorsal root ganglion,
DRG) P X 35k, J53#88OK B Hh ml 7 il L 5% 2 DR Gt
i1 1 Hoxd 1 3FHYEAS =5 (B1CFIE D).

IR GE B, Hoxd 1 310 [R5 45 M 3 AE A [F)45
MESIIHH = B ORST 5 TR, TESFRAL S 26 20 K ¥ d/d iy
Foow U BHE CVWE 1, Hoxd 135 Hoxal 37 [ R 57 5%
R RE, HEMSAREGEENREER, BR
S S AN BT KA B Hoxd 131K I FRIA S 5, $0R
Hoxd 135 Hoxal31F 55 74 BFEl VR AR B M 28
MSRALI P R A A e & — BN EY = ThRE

2.2 HoxdI3mPEFOR & ARHIME R EFEBIEE

NV Hoxd 1 34 58 P4 =14k O R AT A P i Thig
AHJF T FH CRISPR/Cas9F AR X} Hoxd 1 33547 4 7] 4
5, IFEETICE/r #r4h Ao s K OVE 7 FOlk & 44, H
TSR R B M AR . Nk, FA1E %
R 4 B2 PG B4l W5 Hoxd 13 ()3 R 454, EmA X
WL IFEIE = 2% sgRNA, H A1 sgRNA14E [\ Exon 1,
sgRNA2F1 sgRNA3#E ] £, 75 [F] 5 45 44 38 ) Exon 2.
TR S A F GG X 3, I T BN [FBE A
(19 5 R (EI2A) -

KRS AR BEAT RIS BUAF . Sangerill [3 &2 ICE
W REGEA TN A [F] sgRNA [RIHE A B RUR , A
B 7L 454 indel ratefll KO score P T2 $0 47T 7047 o
Horp | indel rate S BREEAL 25 R A 4 N BB R RA K
MR R EE 7K, KO score Tt v fg S 20 H br 3k
DK 4 B T 6 52 452 1 9738 7 B L gl — 34 Sl R AAF 2
R AR T R TE T RE AR .

Xof A 0 s D AN AR I R AR AT AT e it K
B, =5k sgRNATE S 2H 35 m] A 21 AN [F) 75 B 1) 42 [r)
Ym4E, H indel rate 2 BAN[E] ) 70 AR AE (1 2C) . 3
— 73 KO scoreZr A 1] M., sgRNA1HI sgRNA3ZH
PR 3RIF KO scorefs =i fI/MA, T sgRNA24H B A7 /E
B g R, (HR RS A5 ) SR S50 N A bR HE 1A A
(F2D). AW 7T LAKO score=80 HICEA R £ 18
R*=0.81F N KOV FOifR & 1A R i i b v, Fe 2
sgRNATZ H 8 H 9/73 MK M sgRNA3L H i ik
t 6/4240k , FT G SRR R B R A R 2 oy
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Homeodomain (57 aa)

(A) 100 Human Human YRRGRKKRVPYTKLQLKELENEY NKFINKDKRRRIS TNLSERQVTIWFQNRRVKDKK s
Mouse Mouse YRRGRKKRVPYTKLQLKELENEY NK NKDKRRRIS TNLSERQVTIWFQNRRVKDKK S
Iberian newt  [periannewt Y RR GiRKKR VP Y TKVQLKELEGE ¥ S K NKDKRRRISASTSLSERQVTIWFQNRRVKDKEK| s
63l Axolotl Axolotl YRRGRKKRVPYTKLQLKELESEY S K NKDKRRRISATTNLSERQVTIWFQNRRVKDKEK| s
Zebrafish Zebrafish - QRGIRKKRVP YTKFQLKELEREYNTTK TKENRRR SSTNLSERQVTIWFQNRRVKDKK|- - -
Q.10
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A N/ ORI B S8 S5 SRR I AN BE S R HOXD 13 8 1 RIS 45 14 48 (homeodomain) 2 & 2 /7 41 LGS e ABHVE(NT) R G 71 30 HT -
SEAE R e BE DR ST 1 [FIR 25 M 3. B: Hoxd 13(_L) A1 Hoxal 3(T1)1E 55 74 RF A FTMERE A4 28 v (R B A A2 45 2R o C: Hoxd 13(_E)F1 Hoxal3(F)7E SR
VAR W B 24 b i) SR A AR R, HEAME RN IOR [X 3. D: Crp g 2R AR X3 1) R S OR B, S e B8 BB S R 42745 (DR G) I (12
IAAE 55 T kK 7R DRGI L I Hoxd 1 3B A5 45 o

A.: amino acid sequence alignment of the homeodomain region of HOXD13 proteins from human, mouse, Iberian ribbed newt, axolotl and zebraf-
ish, together with a NJ (Neighbor-Joining) phylogenetic tree. The black box indicates the highly conserved homeodomain. B: in situ hybridization of
Hoxd13 (upper) and Hoxal3 (lower) in the limb budof axolotl. C: in situ hybridization of Hoxd13 (upper) and Hoxal3 (lower) in the tail tissue of axo-
lotl. Dashed boxes indicate the regions shown at higher magnification in D. D: enlarged views of the boxed regions in C, showing expression signals
near the spinal cord and DRG (dorsal root ganglion); the yellow arrow indicates the Hoxd3-positive signal near the DRG.

Bl HoxdI3EREHIGIRT M D47 R Hoxdl3, Hoxal37E 227 514k O WRAE K ALL R AIFRIX

Fig.1 Homeodomain conservation of Hoxd13 and expression of Hoxd13 and Hoxal3 in related tissues of axolotl

TN sgRNATZH9 R AMAFTsgRNA3ZH 6 A A SRR, d/dR IR S/SAAR L sgRNATZH 9/9 M4 AT
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SR A S AR (B3 A) . MZHZRKO scoreds)ik | il 7 1% B (KO score=80)
X = HAMA R R K B RA AT R S, (F4C); Hrr, sgRNATZH FsgRNA3ZH if Fil A5 T 241
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(A)

PAM

PAM
S'TGGTGTCCAGCTTCGGTGCGG3! 5S'TCGGACATATGCGTGTACCGG3'

Exon 1 S2RNAI Exon 2 SgRNA2

Hoxdl3
sgRNA3

S'MTCCCGCG_C_C__ G3'

PAM
I Coding region I Homeodomain I I ITarget regions 500 bp
(B) (©)
100+ 0o 000
INDEL » CONTRIBUTION ~ SEQUENCE ) o 0%80 %og
I+ 0 99% TACCTGGACATGGTGTCCAGCTTCG | 6TGCGGGGGAGCCCCEGCATGAAGCAGCCTATATCTCCATGGAGGGCTAC o\\r= 804 ogggoo R °8§°§°
< ) 8§9@ 000 o
INDEL CONTRIBUTION v SEQUENCE ‘é 604 8 ocg&BOo _ogu_
13— 24% TACCTGGACATGGTGTCCAG----- f s = GAGCCCCGGCATGAAGCAGCCTATATCTCCATGGAGGGCTAC 8o 080§§ ooooo
_ 13 - 23% TACCTGGACATG---------- -1 GTGC666GGAGCCCCGECATGAAGCAGCCTATATCTCCATGGAGGGCTAC 'g 404 oo oy 008 e
< 20 - 15% TACCTGGACA------------ Y —— GGGGAGCCCCGGCATGAAGCAGCCTATATCTCCATGGAGGGCTAC 0lo ©%ge, o
Z 13 = 9% TACCTGGACATGGTG---------- | ---C6666GAGCCCCGGCATGAAGCAGCCTATATCTCCATGGAGGGCTAC 8
Qén 113 - 8% TACCTGGACATGG------------ | -T6C6666GAGCCCCGGCATGAAGCAGCCTATATCTCCATGGAGGGCTAC
@ 13 - 8% TACCTGGACATGGT----------- | --GCG6G6GAGCCCCGGCATGAAGCAGCCTATATCTCCATGGAGGGCTAC
+1 . 4% TACCTGGACATGGTGTCCAGCTTCG] N6TGCGGGGEAGCCCCGGCATGAAGCAGCCTATATCTCCATGGAGEGCTA
~s INDEL CONTRIBUTION v SEQUENCE
S + 0 99% AGTCGGACATATGCGTGTACCGGCG | CGGGAGGAAGAAGAGGGTACCCTACACCAAGCTGCAGCTGAAGGAGCTGG
INDEL  CONTRIBUTION v SEQUENCE
“ 5 e 69% AGTCGGACATATGCGTGTACCGG-- | ---GAGGAAGAAGAGGGTACCCTACACCAAGCTGCAGCTGAAGGAGCTGG
< 34 - 8% AGTCEEA------------===--- o e——— GTACCCTACACCAAGCTGCAGCTGAAGGAGCTGG
é 31 = 7% AGTCE----------------~  ——— AGAGGGTACCCTACACCAAGCTGCAGCTGAAGGAGCTGG
on 28 3% AGTCE----------------- AGAAGAGGGTACCCTACACCAAGCTGCAGCTGAAGGAGCTGG : s
-28 1% AGTCGGACATATG------------ b GTACCCTACACCAAGCTGCAGCTGAAGGAGCTGG fes.8558

sgRNA1 sgRNA2 sgRNA3

A 257G B V5 Hoxd 1 335 R 45 1 S HEAL R B, A0 Ebr/RnPAMIT S; B: sgRNATHIsgRNA3RER TEFO R & 14 R R FE A ¥ Sanger Il 77 S ICE Sy
Wrat e, d/d IR C: = 2k sgRNATEGT AL 430 e Uil 7 MR R AR AR A I indel 5 43 A, D: = Sk sgRNAVE S 20 438 s il 5 A B ARFEAR K O
score /i, M RKO score=80, £ (0| £ /R B FJ5 Beai R & S AR R AL M. C DA R T R ZICE BT AU A,

Wik TR 8 sgRNAT, n=73; sgRNA2, n=127; sgRNA3, n=42.,

A: schematic diagram of the Hoxd13 gene structure and sgRNA target sites in axolotl, with PAM sequences shown in red; B: representative Sanger se-

quencing and ICE analysis results of tail-tip samples from sgRNA1- and sgRNA3-edited FO mosaic animals, with d/d as the control group; C: distribu-

tion of the indel rate in tail-tip samples from all successfully sequenced individuals in the three sgRNA-injected groups; D: distribution of KO scores in

tail-tip samples from all successfully sequenced individuals in the three sgRNA-injected groups. The dashed line indicates KO score=80, and red circles

indicate individuals selected for subsequent forelimb developmental and post-amputation regeneration analyses. In C and D, each dot represents one
individual analyzed by ICE, and horizontal lines indicate medians; sgRNA1, n=73; sgRNA2, n=127; sgRNA3, n=42.

[El2 Hoxd13%B[E)sgRNAR T K FOER & R R EFE B Fik 45 R
Fig.2 Design of Hoxd13-targeting sgRNAs and tail-tip genotyping-based screening of FO mosaic animals
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sgRNA3
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sgRNA1 sgRNA3

A: d/diFERAL. sgRNATREKOVE 5 FOfR & 74 flsgRNA3 R KOV 2 FOfR & 4 & & 3 7 1 i AR 1R A1 0 1 B e 1 6 R AT S YLt [, Itz 2k
Fio Ja SERULCT I B: H T B A B R S R AR R AL A (N LA R IFEARKO scored i BN miARR T A ZICE T IAME, BILFon
LA, 2R IR R i A 03 B {E. (KO score=80); sgRNA1, n=9; sgRNA3, n=6.

A representative bright-field images and alcian blue-alizarin red S-stained left forelimbs from the d/d control group, sgRNA1 high-KO-score FO mosa-
ics and sgRNA3 high-KO-score FO mosaics during forelimb development. White dashed lines indicate the subsequent amputation plane. B: distribution
of KO scores in tail-tip samples from the selected individuals used for forelimb developmental and subsequent regenerative phenotypic analyses. Each
dot represents one individual analyzed by ICE, horizontal lines indicate medians, and the dashed line indicates the screening threshold for high-KO-

score (KO score=80); sgRNAT1, n=9; sgRNA3, n=6.

El3 Hoxd3ERFEFOR SR EZ ERAMELSRERRE
Fig.3 No obvious morphological or skeletal abnormalities were observed during forelimb development

in Hoxd13 high-KO-score FO mosaic animals
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sgRNAI sgRNA3
A: d/d3T IR sgRNATEKOVE 53 FOUR & 7K FlsgRNA3 3 ki M FO i 5 1 /e 1 BB S A 5 R AR A UL I, WS BT T0) AR TR 9 B T (Pre-
amp) AR 1 44 7. 141 21, 28F160 dp; B: = ZHAMARTE AR A K 7548 5 o B B (K BT R 96 SR A0S YL € Bl C: NS MR i BB T 4 24K O
score i o AN BT HEICEA TN, BEZR R IR A 5Y, 28 3R 71 i i B4 %8 (. (KO score=80); sgRNAT, n=9; sgRNA3, n=6,
A: representative bright-field images showing left forelimb regeneration after amputation in the d/d control group, sgRNA1 high-knockdown FO mosa-

oy

Post-regeneration

ics and sgRNA3 high-knockdown FO mosaics. The time points are shown as pre-amputation (Pre-amp) and 1, 4, 7, 14, 21, 28 and 60 days post-ampu-
tation; B: alcian blue-alizarin red S-stained left forelimbs before and after regeneration in the three groups; C: distribution of KO scores in forelimb
stump tissues from the selected individuals. Each dot represents one individual analyzed by ICE, horizontal lines indicate medians, and the dashed line
indicates the screening threshold for high knockdown (KO score=80); sgRNA1, n=9; sgRNA3, n=6.
El4 Hoxd13EKOWTNFOBRAHBRERIRBEIERNAEHKTSRERRFE
Fig.4 No obvious morphological or skeletal abnormalities were observed during forelimb regeneration after amputation
in Hoxd13 high-KO-score F0 mosaic animals
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SEQUENCE

TACCTGGACATGGTGTCCAGCTTCG
SEQUENCE

IACCMGGACANGGING - - --------
TACCTGGACATGGTGTC--------
IRCCHGGACANGGIN - - ---------
TACCTGGACA---------------
TACCTGGACATGGTGTCCAGCTTCG
TACCTGGACATGGTGTCC-------
SEQUENCE

AGTCGGACATATGCGTGTACCGGCG
SEQUENCE

AGTCGGACATATGCGTGTACCGG- -
AGTCGGACATATGCGTG--------
AGTCGGACATATGCGTGTACC----
AGTCGGACATATGCGTGTA------
AGTCGGACATATGCGTGTA------
AGTCGGACATATGCGTGTACCGG- -
AGTCGGACATATGCGTGTACCGGC-

AGTCGGACATATGCGTG--------
AGTCGGACATATGCGTGTAC-----

AGTCGGACATATGCGTGTACC----
AGTCGGACATATGCGTGTACCG- - -
AGTCGGACATATGCGTGTACCGGCG
AGTCGGACATATGCGTGT-------

3d 8d

i

g

1 mm

GTGCGGGGGAGCCCCGGCATGAAGCAGCCTATATCTCCATGGAGGGCTAC

---CGGGGGAGCCCCGGCATGAAGCAGCCTATATCTCCATGGAGGGCTAC
----- GGGGAGCCCCGGCATGAAGCAGCCTATATCTCCATGGAGGGCTAC
--GCGGGGGAGCCCCGGCATGAAGCAGCCTATATCTCCATGGAGGGCTAC
————— GGGGAGCCCCGGCATGAAGCAGCCTATATCTCCATGGAGGGCTAC
NGTGCGGGGGAGCCCCGGCATGAAGCAGCCTATATCTCCATGGAGGGCTA
------ GGGAGCCCCGGCATGAAGCAGCCTATATCTCCATGGAGGGCTAC

CGGGAGGAAGAAGAGGGTACCCTACACCAAGCTGCAGCTGAAGGAGCTGG

---GAGGAAGAAGAGGGTACCCTACACCAAGCTGCAGCTGAAGGAGCTGG
---GAGGAAGAAGAGGGTACCCTACACCAAGCTGCAGCTGAAGGAGCTGG

R AAGAAGAGGGTACCCTACACCAAGCTGCAGCTGAAGGAGCTGG

————— GGAAGAAGAGGGTACCCTACACCAAGCTGCAGCTGAAGGAGCTGG
—————— GAAGAAGAGGGTACCCTACACCAAGCTGCAGCTGAAGGAGCTGG
CGGGAGGAAGAAGAGGGTACCCTACACCAAGCTGCAGCTGAAGGAGCTGG
----AGGAAGAAGAGGGTACCCTACACCAAGCTGCAGCTGAAGGAGCTGG

----AGGAAGAAGAGGGTACCCTACACCAAGCTGCAGCTGAAGGAGCTGG
——————— AAGAAGAGGGTACCCTACACCAAGCTGCAGCTGAAGGAGCTGG

-GGGAGGAAGAAGAGGGTACCCTACACCAAGCTGCAGCTGAAGGAGCTGG
--GGAGGAAGAAGAGGGTACCCTACACCAAGCTGCAGCTGAAGGAGCTGG
--GGAGGAAGAAGAGGGTACCCTACACCAAGCTGCAGCTGAAGGAGCTGG
----AGGAAGAAGAGGGTACCCTACACCAAGCTGCAGCTGAAGGAGCTGG

A: d/difh F ST R VS O T IR S0 318 dpafl Hoxd 13 Hoxa 1 3V TR A 2258 45 3, (0 Sk A8 R B IEAZ 5 . Hoxal37E0 dpafli3 dpa
PEA 512 53 A7, TWiHoxd 137E0 dpafl3 dpakf4<Hh K WA S HYE(S 55 458 dpalit, Hoxal3MHPES 5 B4 ip T W AR 2E 3R X 3, Hoxd 13
FIE A3 5 2 B0 A A6 AR 22 o, HH A e Hoxa 135 3R B: sgRNATHIsgRNA3i AR 2L 18 9 2 2 R RN ICE S W 465 51, d/d)se

FUERZ R

A: section in situ hybridization of Hoxd13 and Hoxal3 in d/d forelimbs at 0, 3, and 8 dpa (days post-amputation). Yellow arrowheads indicate posi-

tive signals. Hoxal3 signals were broadly distributed at 0 and 3 dpa, whereas no obvious Hoxd13-positive signals were detected at these time points.

At 8 dpa, both genes were detectable: Hoxal3 signals were mainly concentrated at the distal tip of the blastema, whereas Hoxd13 signals were mainly

distributed in the anterior region of the blastema and were more diffuse than Hoxal3 signals. B: representative ICE analyses of regenerated digit-tip tis-

sues from sgRNA1- and sgRNA3-edited animals, with the d/d sequence used as the reference control.
El5 AR 4T 2 P Hox 135 F 3Rk K B A 4R 4R Hoxd I 34R B ARZS BE

Fig.5 Expression of Hox13 genes during forelimb regeneration and validation of Hoxd13 editing status in regenerated tissues
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Table 5 ICE analysis of Hoxd13 target sites in regenerated digit-tip tissues

. T4 A (R
FEA fEIFIsgRNA Indel rate /% KO score BRI SR
Sample Target sgRNA Model fit (R?)
sgRNA1-1 sgRNAI 90 90 0.90
sgRNAL-2 sgRNAI 89 88 0.89
sgRNA3 sgRNA3 94 84 0.94
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Hox 1355 F [Fl 5 2E K 2 [A] ) Dy RE G R 1419,

gx b, AW I AR 55 78 BB W RN Hoxd 1333
ITTRIESHT A FOMR SR IIREIAE . 45 R BN,
Hoxd 13F1 Hoxa 1 37F 11 J i A= - 1] 5 BLAS [7] (1 B =
FORWE; BN ) Y 5 Hoxd 13K T 3Rl R &
Je A JE P AR B B LA BE B S T
A ¥R R H R 4EFF 8 5 KO score, 3 WA 4
AN K AT 6 56 4 B K g 48 BIOCR J 48 41 R Ok B 1
TP Lie LIRGR, Hoxdl 3w REFFAAT R
KPR E S HARLIERER, s a6k
BE 1 Hoxal3%5 Hox 13X IR AN . e R 540
E A W i 2R W R Hoxa134E FHE N IR HE L Bl 2k
Hoxd 1332 B4 [ ()0 FEAHIE R 41, ARHHE 5 Ayt —
SRR A RS Hox 1 3 5K MR B U4 22 1] 1 T B O & 4
BT SEEG AR .
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