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Research Progress on the Notch Signaling Pathway in the Somite
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Abstract  Somite segmentation clock is a molecular oscillation system that regulates the periodic formation
of somites during the development of vertebrate embryos. It drives the somites to generate along the anterior-poste-
rior axis of the embryo at a fixed time interval. The Notch signaling pathway plays a crucial role in this process by
regulating the oscillatory expression of genes such as Hes7 and DIlI, accurately coordinating the period of somite
segmentation clock with the formation of body segment boundaries. This process relies on the precise interaction
of various molecules, and any disturbance of these regulatory steps can lead to abnormal body axis development. In
recent years, significant progress has been made in exploring the involvement of the Notch signaling pathway in the
process and molecular mechanisms of somite segmentation clock through new research techniques such as single-
cell transcriptome sequencing, optogenetics, and live cell imaging. This review aims to clarify the role of the Notch
signaling pathway in somite segmentation clock, explore the diseases that may be caused by its dysregulation, and

based on current technological means, look forward to the issues that still need to be studied in the Notch signaling
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pathway in somite segmentation clock, in order to provide new ideas and perspectives for the research of somite de-

velopment and related diseases.
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Here, the time refers to the oscillation duration of the segmentation clock in different species.
Bl 12MFRE T 53 BT S EHC (R 1B S5 STEk[14-16] 2 L5 42 7H])

Fig.1 Duration of the somite segmentation clock in 12 species (summarize and draw based on the references [14-16])
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TEJRIG K 530, 00T (¥ 4475 32 87 AP SMI) 1iT i (anterior) & 27 J 2F (tailbud) /& A T~ IR Jif 5 3iti (posterior) i) J5U R T BB Ar, & AN W H
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TR FE BRI DT TE, AT Al AR AN il A4l ZE 4K (axis elongation). 4 [R] 25 417 % HiNocth{E 5 8 4 B 1T 5 5 KR 1£ 41 il (signal send-
ing cell)FI{E 5 H L 4M i (signal receiving cell)if4% . NotchZ K47 1E T-15 5 H i il 11 3R 11, & —Fh 5 BEE 1, fHNotch/ifl 4145 ¥ (Notch
extracellular domain, NECD). 5 % &5 #J #8{(Notch transmembrane domain, TMD)F1Notchfid P &5 #J 38 (Notch intracellular domain, NICD)#H
Féo Nocthfs 5 (& 4t = B YIHI”, Notchdse WI1F T i 11 1) 565 7 44 5 12 3 9 5T 9, 7 3 5T X A Noteh 52 4 IR EGF A 45 1) 43 (epidermal
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During early embryonic development, paired somites progressively “bud” from the anterior end of the presomitic mesoderm. The tailbud—located
at the posterior end as a site of gastrulation—continuously replenishes the PSM with progenitor cells. The periodicity of somite segmentation is
regulated by a molecular oscillator that drives cyclic gene expression from the posterior to anterior PSM. With each oscillatory cycle, the expres-
sion domain of clock genes advances anteriorly, forming an expression wave that reaches the anterior PSM to establish the somite boundary (deter-
mination front). This cyclic gene expression period matches somite formation rhythm, enabling sequential somite generation and axis elongation.
The synchronous oscillation of cells is regulated by the Notch signaling pathway through signal sending cells and signal receiving cells. The Notch
receptor is present on the surface of signal receiving cells as a transmembrane protein, consisting of the Notch extracellular domain, the Notch trans-
membrane domain, and the Notch intracellular domain. The transmission of Notch signals involves “triple cleavage.” Initially, Notch is transported
to the endoplasmic reticulum as an inactive single-chain precursor, where the epidermal growth factor-like repeats of the Notch receptor undergo
glycosylation. The glycosylated Notch single chain is then transported to the Golgi apparatus. In the Golgi apparatus, furin cleaves the S1 site in the
extracellular segment of the Notch transmembrane region, forming two distinct fragments: NECD and TMD. These fragments subsequently form a
mature Notch receptor in the shape of a heterodimer and are then transported to the cell surface. Upon reaching the cell surface, the Notch heterodi-
meric transmembrane receptor binds to the Notch transmembrane ligand (D1I1) on adjacent cells. Subsequently, the S2 cleavage site of the Notch
receptor is cleaved by an ADAM metalloprotease family member, releasing a portion of the extracellular fragment. The y-secretase then cleaves the
S3 site, leading to the release of the soluble NICD. The NICD then translocates to the nucleus, where it interacts with the transcription factor CSL,
promoting the transcription of Lfng, Hes7/HesI, and DI/1. The glycosyltransferase encoded by Lfing recognizes and glycosylates the EGF repeats on
the Notch receptor while regulating the transcription of D//1, thereby modulating the activation of Notch signaling in neighboring cells. Hes1/Hes7
form a negative feedback oscillation network, simultaneously regulating the expression level of the receptor DIl1, which controls the oscillation
rhythm of the entire cell.

[E2 NotchfsSi@ER7E M5 2 BIET§h oh 4942 O1E B (IR #2528 SCHK(8,18,22] 2 45 44H)
Fig.2 The core role of the Notch signaling pathway in the somite segmentation clock
(summarize and draw based on the references [8,18,22])



2120

APE G, TEPSMATHE, DeltaIA7KFHAIG, MM
VAT LTI ARG, & DeltaR IS 4ERF 240
MlE] [P 4R . B4k, AR BULE 2 A HE s P
BR(BES ., XGRE ., /NER)H AR BI50IE, ROV 4>
FAUERY: BLig7i

IEAER, DIASZE I FIKLEPSTADZS P iF 57 AH
GPRER T 2 I FDIRG A, SR AR I A O
“HHALUERUL. A A A AR S T S AU,
RO, (ERE R IR 464 T, PSMIXATIRE &I R
PR B v b , L3 [aliE X5 Hes/Her/Delta
FHNIRS TR . X —I RN, RIT AT 6
Jo3 b2 i 4H B ATUR 7K ) AR IR S &5 4 7E S 1t LA &%
V) 70 S5 1) b B B A e = A P ) B AR A M
AR I FLFE ISR 27, A0 AE R i e v [R5
FEARAL = LENUBR R 46 77, 7T REE T YAP/TAZ 8 %55
e SRR AR A R R S AR B i I AR, T TR AR
RERUR e NI 7 it i R = I (T - Bt il
PRI R B BRAL TR - AT 0] BE IR AR PR AR
5 35 TRV 3% T BN >, 7 2 S et 4 B AR ZE A BEAL
PN HALUT AL TRy . XS
5340 T ek B0 B AT B 2 SRR R R R A
(R 2RI, BRI A B AR BB TG R 3% 2% 1 TR 1Y
PRATTE B R AT 3 — D IRAIE .
1.4 Notch{E5BEES5ATHEILIZ

O I SEE T R 26 7 Noteh(s 5B 5 51k
o BN E R B0 RSB | Noteh k]
g% B4 /0N BRI H B S (R AR 15 R, T Deelta-like 1
FIA PIBEE U H I TR I 2 B LB RS
SEg e, I FH VR T 44 e SOV i A A o 35 5% R 4,
FN R RENS EIAA T BIR Bh RS IR, Hl it
R\ Noteh(E S ER A G701, MR [ HE KRk
PR35 B s o Jd s 7 G A 40 i H o 204 NICD,
AJ DLWLEE B i R R IA B U A B, 4 G e
SEESHE R, W] LA 3 Notch(S 5 B 5 7K 5 43 i 4
(AR LA FHEA AR BARIESE . %%, Notchfs 51l
P (1) S8 53 T AR AR T B X 3 ) 0 AT I s o
P, X5 R 45 H i i R A AR A
H X, Notch{ 5 il B (115 A& 45 /E 2 F BUA T 7 B
BRI ZREL, sEmEAR I IEE KRB, &5, R ABRE
FARN IR AR T, PRAM S0 AL A7) e WL 5%
FINotch{ 518 B A 43 F I 1 B SR

FEARTT R E H, Notehfs Tl g F LA LU T L

AT RIFEVER o OZERFRT 7331 o 52 R 1
HAMERRIR o FEMRIG B 504 X3, AR5 20 8 B b 2 A
W Hes 1. Hes 7551813 % 55 [ i 38 1% ST & A 14 3R
%o Notch{5 5l B IE L T X LK Rk, 25
YRR 3 B BP9 PE . Hes IR Hes7 M & H
FERA] LA B B S H AR AR T 4y F B e 35 DR R
ik, T NICDIE it 3% Hes I Fll Hes 7R 5 5%, i o3k
PR P 20 S 30 ) A %) (@)1 1 4t g i s A
WFTE R FEARTTE BGEFEH, Notch/F 5 18 il i
WA RIS, R TR A AR IERE . Delta
B AR 7E 30 LA i A = 2R IE T Notch 52 7R 78 4R 1 241
i 9 R BT, 33 b AN o R R kAR 3 A A i S 4H
SRAS 1 1 Noteh {5 5 & 1, At #1613 s 9 LA 41
J, T AR 4 0 A S L 4R A . 41, Notehf®
510 I S 5 U A PR AT SN M Y 3G B RN 44k, dE
— DR IR . @ PR AG Fl ) R A . 7R IR
JieHh i ZE{d R, NotehfE 5@ %5 Wnt. FGFEEH
5 S E A BAEH , LA AEKARE -
NotchfF 5 18 H i i o A B 5 . 0 AN 155
2, Z5 MRS EIER. G, EMEERE
IFEH, Notchf5 5B 5 Wnt{5 S @B FEH , 1
P25 10 20 i A 0 B R S BE RT3 BT @R 45 48 i 86 B
AT . EARTTTE OIS, 403 AT R XS Tk
JEMIER K B E5<HE B, NotchfF 538 % im i i 1540
HO B 73Tk, Rena 2 la] 088 RHE Y. thah,
Notch{& 518 ¥ 2 5 I AMUT 2 , B PR A0 H 72 I
6k B I AR A BIA TR B A7 E P

2 i ARHEFHNotchiB I8 5 T BT R
2.1 BYRAREESRABNFFEERmER A

N RNAJI 7 (single-cell RNA sequencing,
scRNA-seq) £ A I N FH A 7t Noteh{ 5 8 B 78 14
oy B e R AR SR AL TR % . VAN DEN
BRINK & MO0 jof 4 B 441 Jfa A2 ) 5 55 280 7 47
AR, AR R T PR FEAN L (allantoic cells)F
Z AR 4 SRR, JFHE R T Notehfs il %
SR BT DAL R e AR A o B Ak AHABL I, IR
ST OIRAR AT AR B TR Y 43 BB ) R
MOK %5 1 F scRNA-seq B A X IR §i 4415 i 2
X3kt 4T 43 #r, < I Notch /5 51 B AH S I [K] Foxd 1
FEPSMIX J& & 4, OlmI3 U TE {5 o 424 73Uk, 1X
Fh S E SCRF T Noteh{s 5 R AR T 20745 H (1) 45 X 1



T A% Notchf5 5 BER AR5 70 B B P BT L3t e

2121

A B Notch?E A [F] X $5fd 1 3 [7] YAP. Wnt%5
FUAth I B SL LT A M e R S AR AP . B
scRNA-seq M RNAKTZ 344K (RNA tomography)
(10 7 VA AR Bl A e o R A B b 2 7 ) e
PR T M BT i 3 2 2R TR A

CRISPRJAE: K 2 5 B AR 1) B FH i — 20 4E3) 1
Notch /& 5 18 % 75 44 75 43 F 18 o 1) Th RE B 72 o
MATSUDA % U2 i i R 4 g HoAR , &F5b 8k o
1)k [ b R B Noteh s 5 B 56 82 5L B (4
HES7. LFNG. DLL3F1 MESP2)i#4T T IR AW 5T o
TS I, X 6 5 R 1) R A8 £ S 3 5 T 43 1 PR R
Vi~ RSP R, [R5l &k FGF4. FGF18F1
DUSPZE R R _E , #575 Notchfs 518 B /£ 14
Wy ER RO ER . BhAh, BRI R,
{8 Fl CRISPR/Cas £ 4t fill £ ) NCSTNEE PR 5% AP i
BR/INER, 28R FH = AN ()55 8 ) i 5 25 RS [R] 1
27 (RSS2 NS R B VR 7 S
¥ NCSTNZE R 5 , NotchI 1 Hes 111351k B 035 N %,
AR /E AR T Noteh s 5 3 B A0 5% B2 ik w22
RGPS ] 3 — 350 5 Noteh {5 51l 7%
TE R B R Hp ) B B
2.2 NMIREEA

B A 21 AR T I 6% T BRI R 45 e 4t
WM, IESE A6 bR S I Notch /5 5B 7%
P AN ESMHEAEH . SHIMOJOZE ™| ¥
WL 2= AR T Notch e /& DIk G PEFRIL , KIIL
XA IR MR IE S e AL PR AR e M B o
T, 278 Noteh(5 5 18 2% (1 ) 25 A2 7E 40 Ml A 18 Y e
o R AR EEVE ] . YOSHIOKA-KOBAYA SHIZE 53
— I T OB R IR A R G, I e
3 RIBRAM MR DU RIE, JEFIFH Hes 1115 R4
A DB A s T i o A 7S R B, NotehfF 51l %
() BV 42 Rl 1 Lfng B8 LB IR 40 il [A] Notch 5 5 1%
IR, #67 Noteh /5 75 4H i ) 38 TH A RS 4 72
BUHIL. BEAE, SaiBt R S RARIEIESE , DI R, 14 3&
1K RE % FE AR A 40 B (] 4% 1645 8., X PP 1 ] Re [R5
5 AR T 3R A B IR 3 A 1)) Dy B
FRAA T A3 BB B ) DAL SR AR R

AT R B ISR, Notch{S 5 30 B 1S B R 428
JUREE., PR, AT RIRE T, DITF
BERIK S FEURTT S ILATED) (WE MEFI ) =
HLE, T DI 1 R0 W) 2 e 1 AR 1 43

FIOCEE, UM, TERINR &, DILRREERIE
SN PP AR A0 M (3 4, 33— PRI T Noteh(5 5
RS E  EEE  X R ISR T DIl
WG HEREEHALESREFRIER, B HERE
Notchs 5 3 # 7 15 43 EI B B b (1) hRESE AL 138
(RS A5 o
2.3 EAPERR G FI3D/AD IR IHAR

PR AT 53 B 0 B A5 FE W B ] A B Al i 4T
SNRTZE S Y T i A A% R 3D/4D SBR[
RN 9T Noteh (s 5 38 B 751X — il 72 o (19 4 i 2
BETHTET AR A IR 23 5% . MARTINSSE H71258
FIF 3DFIAD AR HAR, 7R T AT B plid F2 o A~
YRR iz S, A ) DX b Ak B R T S
YA FEHE, X SR N R AR Notch {5 538 4% 72 41 i
[F)3E AN 2 = 3 (R (R B8 5€ 1 2 Ailil. MCCOLL
26 VSTl T 5 40 MR 4D RSB B, SRR Y
IV 200 P 1) Sk ] 0 (138 ) 52 11 32 3y, R R ILIX —id
R E VU R A6 2, #2278 Noteh /(5 5 18 #% ] G
T4 2 1) I A RN 2 U AL R R SCHEE T

YOSHIOKA-KOBAYASHIZE BIJF o 1 —Ffi /)
5 AT rh I 2 (PSM)ZHL 27 114 A 40 375 400 i 15
Gt , REWs A AEAS PSMYN M (1 5% B 41 7 AH A7 e Fe TR
BREE . WK B, 758 Notchfs 53l I S 1 12
KT Ling 15 R, Hes 7194 3 16 SR 40 i /K F b
P22 A AL M8 IR, 6 B Lingif i Notch /3 538 1% 14
2 20 B[R] RO ik 2, AT 4 4R A 4 4 1 B 114 [
WE . X — RILE AR 7N T Notchfs 5 i % 7544
Iy B i E ST A, MOKZE WIZERS i
1 I ADTE AR AR H A, B UL 21445 % 7 41
U b 7 TR R AL R, S Notehs 538 14 75 14
TR KA R ReSE At T 40zl ) b . Xt
WU B, Notch{s 5 I8 B AN 4% L K R 1A 1
P A5 2 A5 43 B b, i i A S 40 i 1) 3
AN L E IS SRS R .
24 WRIEMARBEFEAR

ORI A IR R SRR B, BEE Sl
PR TEAS 5 I R AR, 38 g 2 3 B R 4 771
(12 TRV 5, TR N 3 AT 45 5 0 o 1 R AR i
PRI B0, LIUSE ORI s BACK: 2 RE 140
Jf SR 5 (1) PSMZH 23 B T o T (ks b a4
TSR, RIES 7THCKBR K B & A
IR X —HF ARG~ T R L A T2



2122

Gk -

TR R AT 1E F , 18 9 9T Noteh (5 58 %
TEAAT 43 BB A FR B 2 S A TR % TR AR AL T i 7
e

KA E B IR HOR B8 05 M T 41 Mo R A 2H 21
HEE R R A E S AT REREE I = 4
g1 AR AT B FE B AL T R B AR
YAMANSE P2id it 75 5 N 2K 2 68 140 i A= Bl ) 42
R T, RIUARTT 204 JE N MESP21F) A 11
TG TE 7 (AR B A) | 5 28 28 B PSMIT 43 1| i) b 387 A
W4, $E7~ Notch (s 530 BELE A4 23 S B o i S
YER . BEAk, SANTOSEEITE N KRB R ORI, 14
FT o E I 0 R 20 SN, ISR B WNT3 AR
FGFSEERRIE TG A EM A& LIS . Xk
W 74878 T Notchfs 518 i 5 HARAE 518 B (40 Wnt
FIFGF)TEART 43 e A (R D [FIAE F

XL AR N 7T Notch s 538 B 78 445 43 i
B ) ThEE SR AL T 9 E S TR, AR AL A
TR BN AS IR , I BERE 0 VR 42 45 5 J0 B T o)
Fik, M N7 Notch (s 5 38 #EAR T & & &M
JPBI H AR FE AL R 18 A S8 05 ), A ) B
Notchf5 58 # 7E 7R 5 75 1 i B b A% 0 42 1
PO T HEM SRR, RO R B 7R
T RIBLERI A 78 FHYE TT SRS T K B9 58 T B B AR

3 Notch{ESBESATHIENPRES
HH &R
3.1 Notchi# % 5% KK LA R BRI
Notchfs 5 18 2% I 57 2 5 BUE 7 55 F1 i) B
ZRAEL, MM 51— 58 R B AH I Je R
o JoRPEFAEMIY (congenital scoliosis, CS)J&—
sy DL ) S5 R PE MR, R 22 B SR B, Notch
55 I IR OSBRI S CS R AR DI
5o NotchfF 5 8 M 18 L 18 45 A 50 B 88 1
L AR IE R R E Y, B, DLL3. MESP2.
LFNG. HES7% Notch{s 5l B AH G R R () RAE, &
AESE 5 CSI R A <. DLL3ZRZ 1] T3 Notch
(ERspl JIpONER ha ALk &= gl Il B A
W, SECERMY . MESP2Notch{Z 51/ I (1) &
PR R, HAR o s ma ME R I IR T . LFNG
A HES7 () 5878 W) AT 3 B0 43 I8 (1) Z56L , a2k i
S MR 6 Bk R0 IE S HE A B0, B AR A
Notchf5 5 % 57 7 8 5 K75 &K B A 44E (spondylo-

costal dysostosis, SCD)H I, 1X A& —Ff LA HEF )&
KB T NRE R B8 A B RN E AL
B> BHEE RGOS RAE, FECEHS R
W, X EERER 5 AT 2 BB ) B ELA OC . AR
FrR B, KZHSCD] 2 i DLL3 % R 5% A48 Ak
W51 LI, %8 A 43 BBk 1) SR T R, HoAth
SCDY# 51 ] B 2 i HES7. LENGAI MESP2%5 3 [N %%
G| EmET,
3.2 NotchBRFEBEZRELXBHER

Notchf5 5 18 i 5 4415 4 HI o 7 8 v g 2
AN Z PR E . B, AlagilleZ# A 1iE (Ala-
gille syndrome) & — i GL U AR B4R, FLRRAIE
RIEREAEFONE,. . BHRELZHEERR
5% . WERERM, JAGIA NOTCH2%: [N 1) 5875 2
FE AlagilleZF A IE I 32 B2 R, 3 R 35 [R 4w LD (1) B
72 Notchfs 5 18 % 1 5 24 Bl 43 B 7RO IR
H 71, Noteh(E 51 #% 57 5 e R AL IEBREF (con-
genital heart defects, CHDs)H 5, U+ 55 FlCa 2 [H]
GhA . E KR 7 D, HAR O IR AN M K E
IV F 25 1 PT R 5 SO B e T AN LA e 5 % 16 Ak,
Notch(5 58 i 7 4 10 5 R anJe RYEAAUA R
(dyskeratosis congenita)FH ¢, iX & —Ff DL k. i
AR K B 7 NFHIE RS, Rz —=2&
DKCIFERIRAZ | 12 PR (1) 8 11 5 Noteh (s il i
FHEAEHICY, A2 RG0K E /71, Notch(E 582
5 K 57 J5i K B A4 (cortical dysplasia) I fI£5E
HFF (neural tube defects, NTDs)FH><, H A n] 5 S 2k
PHER TN ot 4 i ) B B AN 1) e PR 1) o

4 NESRE

X Notchfi 5 i -5 445 70 F i 8 18 5T 8RN
R~ T Ar iz v . di e e v CL R IR R R E
JE AR 25 K T B 43 F- WL, 3 T 20 P % 4 e
[B) %737 [a) = R A B EARL . BEE B R IA
Wrym L, FRATI1S LLdE— 20 5] B Notch /5 518 B 7E 4415
KB A IS ) B E AL . [RIRS, Notchfs
TOIE B AR E B S 2 RN SRR 1
RABEYIM R . XL R AR 1 FATHS
PR RO MLER I ER AR, R N R BT A2 I TR 59
J7RBE R 1 8 o Ho A HE [ Notch /5 5 8 B 1) 14
555 F O TS LE (W 25 W88 R, y- 0 WA IO 1) 551 A2
- R BT K ) — 2 Notchid % i #E =) 254, RERH



T A% Notchf5 5 BER AR5 70 B B P BT L3t e

2123

F1 Notehfs 5B ST 4 IR S E 5 8 S H M0 ILARRS

Table 1 Common diseases caused by abnormalities in the Notch signaling pathway and somite segmentation clock

R

Disease name

Main symptoms

Notch(5 5 i HAH IS IE

Genes related to Notch signaling pathway

Congenital scoliosis
Spondylocostal dysplasia
Alagille syndrome

Congenital heart defects

Spondylocostal dysostosis

Dyskeratosis congenita

Cortical dysplasia

Neural tube defects

Klippel-Feil syndrome

Adams-oliver syndrome

Lehman syndrome

Hajdu cheney syndrome

Structural deformities of the spine
Abnormalities in the number or structure of vertebrae and ribs

Incomplete development of the bile ducts and abnormalities in
multiple organ systems

Septal defects of the atria and ventricles, aortic coarctation, etc
Abnormal development of the spine and ribs, reduced number of
ribs, fusion of vertebrae

Abnormal development of the skin, bone marrow, and nails

Abnormalities in the number and arrangement of neurons and
glial cells

Abnormal neural tube closure

Abnormal development of the cervical spine, restricted neck

movement
Congenital skin dysplasia, poor development of the skull

Lateral meningocele, midfacial hypoplasia, micrognathia, de-

creased muscle tone

Abnormalities of the nervous system, craniofacial, and skeletal

DLL3, MESP2, LEFNG, HES7"

DLL3, HES7, LFNG, MESP2, MEOX]""

JAGI, NOTCH2""

NOTCHI MFNG™!

DLL3, HES7, LFNG, MESP2">)

DKC[*

HEYI, NOTCHI, HESI, PAX5"!

NOTCHI, NOTCH3, HESI, HES3!**!

MEOXI, RIPPLY2'%

NOTCHI, RBPJ, DLL4*)
NOTCH3'!

NOTCH2'*"

structures
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