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FRAE: (1) ME10.58IE14.5K, 3LNYL L E AR, BRI
IRHE SRR K HAB Ui R Ry 25578 Ry K Gk B B ok
EAL (LR Pl WEFRHMEREER; (2) RerkH
B T IHRENCCOME AR 2 IeAb, 3812 2 510 58 Fdn
JOAT R AR . KES 3) FIE AL A C
F%) e A DR SRR AR T WP ENS (4 2 B B DG S A 1,
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Figure 2 Schematic figure showing the main biological pathways implicated in Hirschsprung disease (HSCR). HSCR causal genes were converged
into several biological pathways. Different types of receptors expressing on the surface of neural crest cells were combined with their corresponding
ligands, mediating signaling activities to regulate gene expression and the contraction, secretion, proliferation, differentiation and other features of the

cell
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Table 2 The list of 24 genes with disease-associated variants and pathogenic alleles reported in HSCR mutation databases and references

FE L RMAR ORGEGE LR HIEHHSCRAA wieise  BHAIE sy
1 RET 10q11.21 RET:# gy W LSBT [8]
2 EDNRB 13q22.3 EDNRBidij  WaardenburgZi A ik, 424(WS4) W, HER RABIESY [9]
3 ZEB?2 2q22.3 FESEIN T Mowat WilsonZzt & fIE(MWS) ) A [37]
4 PHOX2B 4p13 BRI e RMARI S L7 A E(CCHS) W NI [10]
5 SOXI0 22q13.1 TSR T WaardenburgZE 51k, 4%(WS4) o RPBEFE [38]
6 GDNF 5pl13.2 RETIE Bzl i LSBT [39]
7 GFRAI 1025.3 RETIE #% Pzl EZ2 400 NS [40]
8 NRTN 19p13.3 RETIE gl ZH RIS [41]
9 ECEI 1p36.12 EDNRB:# gAY W AR [42]
10 EDN3 20q13.32 EDNRBi@  WaardenburgZi 5 1F, 45I(WS4)  #1, HE NI [43]
11 SEMA3C 7921.11 SEMA3E <k g EZ2 35 USRI [34]
12 SEMA3D 7q21.11 SEMA3:ii j# k2 i) ZHEH NS [34]
13 NRG1 8pl12 NRG L # g o ESBTTE [33]
14 TCF4 18q21.2 SR T Pitt Hopkins&# 44 (PHS) W RPIBEIE [44]
15 ogan NSRBI Goldbers StorinendirE e AR )
16 LICAM Xq28 MM R L1ICAMZHE1E(LLS) X g e LSBT [46]
17 IKBKAP 9g31.3 IEE;J’:HB%%&[% Riley-DayZ £+ {IE(RDS) W TRNBIFgE [47]
18 ACSS2 20q11.22 B gl ZHH RN [36]
19 ADAMTSI7 15¢26.3 B EE A LAY EZ 9| HAMIFFE [36]

20 ENO3 17p13.2 B FER Pzl EZ2 400 NS [36]
21 vy 1031 HEEILA By EZ kobBFE (3]
22 SH3PXD2A 10q24.33 Bl SE A ALY EZ2 97| RPBESE [36]
23 SLC2744 9g34.11 i CSnEn | gy E2 1 WA FE [36]
24 UBR4 1p36.13 B R gl EZ 9 N [36]

ST ol i 0 2 SV I 767 AT P8 50 o 1T A 4 7S <o i
()35 1% 177 (hidden heritability) 42 LT 22 A fE.

23 EMAPPRRE . AT R LI RER) 2 i) P &
WL

HSCRJ& T LA I ENSSE R A& B S5 PESOR. ENS
A H A2 B 2T S R AR AL AR, R Ast 5 1) 72 5
A RN Mo L Rz A0 MR RS 40 0 AR A
(niche), FL[ZEHE BRSSO & 20 Th g
HB 5 BEAR L X M 28 R GE AR, ENSHERIZ R/
ANFRNBh 2, AR 4%, o H A DI RE T 24
T 22 SO R R, [ s 38 e B AR5 T W e o i A
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KL ERBB2. ERBB3Y, % SiiEmMZ TR & A
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FREEAN R E TRARM ML, S HR T 58 28 20 M AE AR
PIZHLRRRE PR 5 LU, (3) R G VR R 3
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TER Z BB B st 7 ST e AT & da fl R 1A
AL (4) AR F-BE T, RETEER fix G AR AS e Af
FERE ™ EARA R TTRE, TS IS Bes i st 44 5 1 Fa BiF
ATREREZA0; (5) BT X" FEBUR R A5 5 S HAC RN
ZER AR B U G e TR I . BE,
ADSE % R B FPCR (droplet  digital PCR, ddPCR)
S5, DAMERR DT 12 2 8 952005 1 RURS: R 3 T A Y
PSR, (6) HAHSCRAAFCEURFEH 2B
FETESAL iR A R AR 5 5 K B GATS A T — 2P A 5~
LA .

AR — A PP 2 A R e Jr KR i 1o
R GEAS TS A AR AR A R, SRR IR 2 50
i EAREE BRI B 5 SRR e I R T o
PEAES. MooreF1Zaahl' % 53/ HSCR & 3% FIIE %
XL R A A S SR AR IODNA A TR, ik

U P~ SNPA i 3 R B (R R [l £ 2538, A 414t
SRR AR BES 5 THSCRINA . LA, A
[ b e AR rP HS CR R 3 10 RE THE R 4 AR 75 St J28
TLARTE ST IR 7E 1 HSCR A H AL R 2N
FEAS ARSI BN RS R A RETHE A A8 5 Hook v vp
B AR S R B R AN I AR, 53 4%
1%+ 3%, dIAT UL, AQRE—7 B A B A R A R
AT R P BURE B & A — ARG ALE], N
TERAEE P AT R EE

3 AFER TR R S R

M HT, HSCREGWHLHIBTE T AATE 1 =2 ) A LA
T (1) “i#f% J1 %25 (missing heritability)[n] 1.
R 229595 AH A8 S 1) B B0 PR IR ik = R B8RSR,
HRAEEMRN AT BE = . A S s
5O A AE SN Y BRIAE 5T IR 5 0T LAE S AR NS
HSCREHFER ), (A% 2K AR, [F—%
P S AE AR AT AE W BN 52 AN BASAE' ooyt
1 1 ZR LG PR T2 B 0 R TR A R
kL. ) WA ST TFEEIBIIA RN, 552
HA S T NPT, S DRI B 1)
TF 5T 285 5% SR B A T LA B E PR A SO VB FR R AL T35
AR ST 0 B U 2 R R BB R
RIET H AT 2 A SRS, BRARGWASHFF A T
— I 5 L R3] 45 (susceptibility loci), {HELIF AIEUR
PEAR 5 KOS AE A WU R i . G 22
B AR S SO B 2R A A TR R B (3)
Bl 2 B XN (R B 20 M T AEXTENS & & 52 VR F i 3T
MFB. BRI b, <t P B A5 ik
A T WA TR TR WL AR S 3l A B8 I &L
1), AR S RN BN A BEROR. ITAER T
H 40z 5 ] 3% K575 (omnigenic model)" 7 BRI, 7E
PRI A G LH LB ML, %0 FE ] (core gene) 5
AMNEFEH (peripheral gene)F4) R FME IR 4% A& 3 ZUwAE .
XPRAIETT 52 2% 0 A0 A AR BRI X T ENSHY &
B BT R B EEEEEA, B R Z A
AR TN 53 A1 T BOR X 52 03X — D) e 11 248 S5 S He
ANRAE T 2T EIIER. (4) LA R B FE
b N, ZHERRBSEPE5 (polygenic risk score,
PRSP i TR AT B 1 i L2 h o iR
TRy 75 8, {5 HRTZEHSCR AT RN FH I 20 i A k.
WEAb, G PRP SR B ME RStk B A LA J7 T, ARG
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S AR AAR IR R e R B = R RN N (2
X A AR B TTHR ) L kDY 5 PR 058 S8 BLAE )t L)
L2 R A S A TE RS s PR AL PR B B o A Y 52
W ] L4

4 FETHENGREEOR TR I 7R it e
TR LG Y I ik oA

2 IR g 2 AR R — ol a4 A 4 i B 9 AR Y
DNAJTHIANE AR s 8 SEH AR, Horh o3
IR T E/ZCRISPR/Cas9 R4, il iX—HAR, A
BT AR SR B V) TR sl e e LN, AT
AR A TR DR Y, ST IR R
ARG A AR TR A, HS CRIGTF ST B AL T 4 A A
T R R B 2 e P AR A 191 TC A B 25 14 B Ik 2T 4
Y, AT HRE A Z etk T4 (induced plur-
ipotent stem cells, iPSCs), #XJ5#]HCRISPR/Cas9 Z 4t
B AN B RETHRN 58738, 48 FAIESLPSCoR IR AYENCC
iR MBS S T BEBE. S, 258
XJ 25 S-HSCR 8 4N i FE A S iPSCoR IR ENCC
(R S AL 2D P A5 1L, R 9T 3R 3 T — 3 B Al
KHLF %A VCL p.Met209Leul™. 20234F, % HIFA M
HSCREFH FHE S T 7NPSCRE R I FERSN R I T 5w
AHSEFRAY, A A XHPSCR IR A ENCCHEA 7% 5k 4l 27
Fe b, R R B AE AR AL DI e Bl S ph ot
R AL BB = BEAR O, JIE S Hedgehog /s 5 15 &
PRy 48 A B8 2 A Tl 5 3 S R A0 L 4 A7 T RN oL e
J1TO ARSI FE A1 K S A AR R BT
P % HE WL RN IF & SFXTHS CRER 3 19N 1B YT 7
LR Z ] e

s, TR AR PR U T —
IR, 5, PR AU R B, /N HSCR B 1)
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Research progress, problems, and prospects in the genetic study
of Hirschsprung disease
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Hirschsprung disease (HSCR), also known as aganglionosis, is the most common cause of colonic obstruction in children.
It is a neurocristopathy characterized by the absence of enteric ganglia along a variable length of the intestine, and when the
gut fails to be innervated, it loses motility. The disease was named after Dr. Harald Hirschsprung, who comprehensively
described two unrelated infants who died from abdominal distension as a consequence of the dilatation and hypertrophy of
the colon in 1888. In clinical practice, HSCR patients often present with delayed meconium passage, abdominal distension,
vomiting, severe constipation, predisposition to bowel inflammation (enterocolitis), and even early death. According to the
extent of aganglionosis, HSCR can be classified into four main types: Short-segment HSCR (S-HSCR), in which the
aganglionic segment is limited to the rectal and distal sigmoid colon; long-segment HSCR (L-HSCR), in which the
aganglionosis extends proximal to the sigmoid colon; total colonic aganglionosis (TCA), in which the entire colon is
affected; and total colonic and small-colon aganglionosis (TCSA). HSCR has an incidence of approximately 1 in every
5000 newborns of European ancestry and is twice as common in Asians, with a high heritability (>80%) and marked sex
differences (male:female ratio, 4:1). Although the disease occurs as an isolated disorder in approximately 70% of patients,
it can also manifest with chromosomal abnormalities, additional congenital anomalies, or recognized syndromes.

Over the last several decades, surgical treatment has effectively decreased the mortality and morbidity of HSCR,
allowing for the emergence of familial cases. As a classic developmental disorder of the enteric nervous system (ENS),
HSCR is attributed to defective proliferation, migration and differentiation of enteric neural crest cells resulting from
dysregulated gene functions and gene—environment interactions. Genetic defects play a major role in HSCR pathogenesis,
including gene mutations, cytogenetic abnormalities, and abnormal gene expression. In addition, smoking, obesity and
maternal use of selective serotonin reuptake inhibitors during pregnancy have been suggested to be associated with the
development of HSCR in newborn children. Recent developments in genetic tools and techniques and the implementation
of population screening have provided new insights into the causal genes and genetic architecture of most familial cases
and some sporadic cases. Here, we outline the latest progress in genetic studies in HSCR, mainly focusing on gut-specific
gene—gene interactions and gene regulatory networks, the synergetic effects of common noncoding variants and rare coding
mutations, molecular defects related to ENS development and mosaic mutations. Furthermore, we discuss the major
problems in this area, including the “missing heritability”, insufficient statistical effectiveness, lack of appropriate
detection models for combined variants with moderate effects and clinical transformation and application. Finally, we
summarize the future research directions and application prospects of gene editing-based disease model construction, stem
cell transplantation therapy and multiomics integration studies.

hirschsprung disease, heritability, penetrance, gene regulatory network, mosaic mutation,
stem cell transplantation
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