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ABSTRACT
Rac1 can affect the migration of neural crest cells by regulating the polymerization of actin and 
the membrane formation process. But the role of the Rac1 signaling pathway in the pathogenesis 
of Hirschsprung’s disease (HSCR) remains unclear. In order to investigate the mechanism of the 
abnormal protein phosphorylation of Rac1, Lim-kinase 1 (Limk1) and Cofilin involved in the 
pathogenesis of HSCR. The protein phosphorylation levels of these proteins were detected by 
Western blot in 30 samples of HSCR narrow segment, 30 samples of transitional segment tissues, 
and 14 samples of normal intestinal tissues. Subsequently, in the SH-SY5Y human neuroblastoma 
cell line, a Rac1, Limk1, and Cofilin inhibitor group, a Rac1 overexpression group (PDGF-BB group), 
a Rac1 overexpression group + a Limk1 inhibitor group (P-B group), a Rac1 overexpression group 
+ a Cofilin inhibitor group (P-C group) were established. The results showed that the expressions 
of p-Rac1, p-Limk1, and p-Cofilin in HSCR narrow segment and transitional segment were lower 
than those in normal intestine (p < 0.05). The expression levels of p-Rac1, p-Limk1, and p-Cofilin in 
the relative inhibitor group were significantly lower than those in the control group (p < 0.05), and 
the proliferation and migration levels in the control group and Rac1 overexpression group were 
significantly higher than those in the Rac1, Limk1, and Cofilin inhibitor group (p < 0.05). In 
conclusion, the decreased phosphorylation of the Rac1/Limk1/Cofilin signaling pathway in HSCR 
could inhibit the proliferation and migration of SH-SY5Y cells, and this might be associated with 
the pathogenesis of HSCR.
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Introduction

Hirschsprung’s disease (HSCR), also known as 
colonic aganglionosis, is one of the most common 
congenital structural abnormalities in children, but 
its specific pathogenesis remains unknown [1]. It 

is believed that HSCR arises due to abnormalities 
in the embryonic period, differentiation, and colo-
nization, but its specific regulatory mechanism is 
still not clear [2,3]. The diagnosis and treatment of 
HSCR are still limited to barium enema, anorectal 
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manometry, and rectal mucosal biopsy [4,5], and 
sensitive genetic diagnosis and prenatal screening 
methods are lacking [6]. Therefore, there is an 
urgent need to conduct more studies on the 
mechanisms leading to the proliferation, migra-
tion, and colonization of neural ridge cells, so 
that a more accurate, simpler, and faster method 
for the early diagnosis of HSCR can be found. This 
etiological perspective will allow for better diagno-
sis and treatment of children with HSCR.

Rac1, a member of the Rho guanosine tripho-
sphate (GTP) family, is regarded as a ‘molecular 
switch’ in the signal transduction of various cells, 
and it is associated with the development of 
a variety of diseases. Studies have found that 
Rac1 can affect the migration of neural crest cells 
by regulating the polymerization of actin and the 
membrane formation process of neural crest cells 
[7,8]. Limk1 is a serine/threonine protein kinase 
component, and the phosphorylation of the 
upstream factor Rac1 can activate the phosphory-
lation of Limk1 and promote the expression and 
phosphorylation of Cofilin (the only downstream 
effector molecule), thus affecting the polymeriza-
tion of actin and the migration ability of cells [9]. 
However, there is still no research into how the 
Rac1 signaling pathway can affect the biological 
function of neural crest cells in the pathogenesis of 
HSCR. In order to further explore the mechanism 
of the Rac1 signaling pathway in the pathogenesis 
of HSCR, the expression levels of p-Rac1, 
p-Limk1, and p-Cofilin in narrow segment tissues 
and transitional segment tissues of HSCR tissue 
were detected, and the effect of regulating 
p-Rac1, p-Limk1, and p-Cofilin on the prolifera-
tion and migration of neural crest cells (SH-SY5Y) 
was evaluated to observe the effect of Rac1 signal-
ing pathway and explore the key factors and reg-
ulatory network in the pathogenesis of HSCR.

Materials and methods

Materials

The following materials were used: the SH-SY5Y 
human neuroblastoma cell line (Shanghai Zhong 
Qiao Xin Zhou Biotechnology Co., Ltd., http:// 
www.zqxzbio.com, sample No.: 20,161,116–02); 
Phospho-RAC1 (Ser71) antibody (Thermo Fisher); 

Phospho-Limk1-T508 Rabbit Polyclonal Antibody 
(pAb) (ABclonal); Phospho-Cofilin (Ser3) (77G2) 
Rabbit mAb (Cell Signaling Technology, USA), 
Goat Anti-Rabbit IgG (Abcam); Fetal Bovine 
Serum (FBS) (Gibco, USA); Cell Counting Kit-8 
(CCK-8) (Shanghai Dongren Chemical Technology 
Co., Ltd.); a Transwell well plate (Corning, USA); 
Rac1 inhibitor (nsc23766); Rac1 agonist (PDGF-BB) 
; Limk1 inhibitor (BMS-3); and Cofilin inhibitor 
(Cytochalasin D) (MCE).

Subjects

A total of 30 samples of narrow segment tissues and 
30 cases of transitional segment tissues were selected 
from children undergoing surgical treatment after 
being pathologically diagnosed as having HSCR in 
the Pediatric General Thoracic and Urinary Surgery 
Department of the Affiliated Hospital of Zunyi 
Medical University between January 2018 and 
January 2021. Fourteen samples of normal intestinal 
tissues were taken from the intestinal canals of chil-
dren without HSCR at the posterior fistula closure 
(all incarcerated hernia and intussusception fistula). 
This study was conducted in accordance with the 
Declaration of Helsinki and was approved by the 
Ethics Committee of the Affiliated Hospital of Zunyi 
Medical University (Ethics Review Approval No.: 
KLLY-2019-038).

The construction of cell models

SH-SY5Y cells were cultured under 37°C and 5% 
CO2 in DMEM medium supplemented with 10% 
FBS, 100 U/mL penicillin, and 100 μg/mL strepto-
mycin [10]. Cell models were constructed by the 
addition of inhibitors and agonists: a Rac1, Limk1, 
and Cofilin inhibitor group; a Rac1 overexpression 
group (the PDGF-BB group); a Rac1 overexpres-
sion group + a Limk1 inhibitor group (the 
P-B group); and a Rac1 overexpression group + 
a Cofilin inhibitor group (the P-C group).

Western blot assay

The assay was conducted following the steps of 
sample preparation (the extraction and quantifica-
tion of proteins using radioimmunoprecipitation 
and bicinchoninic acid assays), electrophoresis, 
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membrane transfer, sealing, primary antibody 
incubation, secondary antibody incubation, and 
development.

CCK-8 assay

Cells from the Rac1, Limk1, and Cofilin inhibitor 
group, the Rac1 overexpression group, the 
P-B group, and the P-C group were added to the 96- 
well plate (100 uL/well, 5,000 cells/well), and they 
were placed in a CO2 incubator for incubation. Ten 
microliters of CCK-8 reagent was added to each well 
2 h before the assay. Then, the absorbance value of 
each well at 450 nm was measured using a micro-
plate reader at 24 h, 48 h, 72 h, and 96 h [11].

Transwell assay

Cells from the Rac1, Limk1, and Cofilin inhibitor 
group, the Rac1 overexpression group, the 
P-B group, and the P-C group were added to the 
upper chamber of the Transwell plate, and 20% 
FBS complete medium was added to the lower 
chamber. The cells were fixed in the tissue fix 
solution for 20 min, and then they were stained 
in the crystal violet staining solution for 5 min, 
after which they were sealed with neutral balsam. 
Finally, the number of cells is counted in five 
random visual fields (200×) [12].

Statistical method

The experimental data were statistically analyzed 
using SPSS18.0 software and mapped using the 
GraphPad Prism 6. The measurement data were 
expressed as mean ± standard error (SEM), and 
for the measurement data of normal or near normal 
distribution, two independent sample t tests were 
used to compare the two groups of data. A one-way 
analysis of variance was used for the comparison 
between multiple groups of data, and a corrected 
threshold values or Tamhane’s T2 test was used in 
the case of heterogeneity of population variance.

Results

It has been found that the phosphorylated Rac1 
can activate the phosphorylation of Limk1, which 
promotes the expression and phosphorylation of 

Cofilin, and finally affect the biological function of 
cells. Therefore, we here further explored the 
phosphorylation levels of Rac1, Limk1, and 
Cofilin in HSCR tissues, as well as the effect of 
regulating phosphorylation of Rac1, Limk1, and 
Cofilin on the biological function of neural crest 
cells and the pathogenesis of HSCR.

The expression of p-Rac1, p-Limk1, and p-Cofilin 
proteins in the HSCR narrow segment and 
transitional segment and the normal intestine 
canal

The protein expression levels of p-RAC1 and 
p-Cofilin were as follows: p-Rac1 0.39 ± 0.04 vs. 
0.55 ± 0.05 vs. 1.08 ± 0.07 and p-Cofilin 0.39 ± 0.04 
vs. 0.66 ± 0.06 vs. 1.43 ± 0.11, and the differences 
between the groups were statistically significant 
(F = 42.47 and 44.60, p < 0.05); the expression level 
of p-Limk1 protein in the HSCR narrow segment 
and transitional segment was significantly lower 
than that in the normal intestine canal (p-Limk1 
0.33 ± 0.03 vs. 0.33 ± 0.03 vs. 1.15 ± 0.05), and the 
difference was statistically significant (F = 163.74, 
p < 0.05). However, there was no statistically signifi-
cant difference between the narrow-segment and the 
transitional segment (p > 0.05) (Figure 1).

The expression of p-Rac1, p-Limk1, and p-Cofilin 
proteins in the control group and the Rac1, 
Limk1, and Cofilin inhibitor group

The expression levels of p-Rac1, p-Limk1, and 
p-Cofilin in the Rac1, Limk1, and Cofilin inhibitor 
group were significantly lower than those in the 
control group (p-Rac1: 0.73 ± 0.06 vs. 1.16 ± 0.06; 
p-Limk1: 1.12 ± 0.10 vs. 0.36 ± 0.07; p-Cofilin: 
1.36 ± 0.05 vs. 0.68 ± 0.06), and the differences 
were statistically significant (T = 5.17, 6.39, and 
8.38, p < 0.05) (Figure 2).

Cell proliferation in the control group and the 
Rac1, Limk1, and Cofilin inhibitor group

The absorbance values of the control group at 24 h, 
48 h, 72 h, and 96 h were significantly higher than 
those of the Rac1, Limk1, and Cofilin inhibitor 
group (24 h: 21.68 ± 0.36 vs. 20.88 ± 0.23 vs. 
17.13 ± 0.17 vs. 18.40 ± 0.21; 48 h: 25.12 ± 0.48 vs. 
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20.83 ± 0.71 vs. 19.60 ± 0.47 vs. 22.63 ± 0.47; 72 h: 
27.70 ± 1.44 vs. 18.71 ± 0.26 vs. 15.50 ± 0.25 vs. 
17.37 ± 0.41; and 96 h: 25.80 ± 0.43 vs. 21.48 ± 0.37 
vs. 10.81 ± 0.16 vs. 11.18 ± 0.21), and the differences 
were statistically significant (F = 70.53, 19.54, 42.55, 
and 576.23, p < 0.05) (Figure 3).

Cell migration in the control group and the Rac1, 
Limk1, and Cofilin inhibitor group

The amount of cell migration in the control group was 
significantly higher than that in the Rac1, Limk1, and 
Cofilin inhibitor group (51.77 ± 1.92 vs. 32.08 ± 2.67 
vs. 31.15 ± 2.16 vs. 14.08 ± 1.07), and the difference 
was statistically significant (F = 57.18, p < 0.05) 
(Figure 4).

The relative expression levels of p-Rac1, p-Limk1, 
and p-Cofilin proteins in the PDGF-BB group, 
control group, P-B group, and P-C group

The expression levels of p-Rac1, p-Limk1, and 
p-Cofilin proteins in the PDGF-BB group were 

significantly higher than those in the control group, 
the P-B group, and the P-C group (p-Rac1: 1.22 ± 0.09 
vs. 0.84 ± 0.06 vs. 0.52 ± 0.08 vs. 0.49 ± 0.10; p-Limk1: 
1.34 ± 0.08 vs. 0.50 ± 0.05 vs. 0.20 ± 0.03 vs. 0.28 ± 0.07; 
and p-Cofilin: 1.25 ± 0.09 vs. 0.70 ± 0.08 vs. 0.66 ± 0.06 
vs. 0.60 ± 0.07), and the differences were statistically 
significant (F = 16.82, 68.53, and 17.21, p < 0.05) 
(Figure 5).

Cell proliferation in the PDGF-BB group, control 
group, P-B group, and P-C group

The absorbance values of cells in the PDGF-BB group 
at 24 h, 48 h, 72 h, and 96 h were significantly higher 
than those in the control group, P-B group, and 
P-C group (24 h: 23.37 ± 0.35 vs. 21.68 ± 0.36 vs. 
17.43 ± 0.22 ± vs. 18.35 ± 0.22; 48 h: 32.03 ± 1.01 vs. 
25.11 ± 0.48 vs. 14.03 ± 0.16 vs. 14.95 ± 0.21; 72 h: 
42.81 ± 1.62 vs. 29.00 ± 0.74 vs. 13.75 ± 0.26 vs. 
17.80 ± 1.13; and 96 h: 53.83 ± 1.95 vs. 25.80 ± 0.43 
vs. 10.98 ± 0.08 vs. 11.27 ± 0.10), with the differences 
being statistically significant (F = 90.24, 222.07, 
151.64, and 405.62, p < 0.05) (Figure 6).

Figure 1. Expression of p-RAC1, p-Limk1 and p-Cofilin proteins in HSCR narrow segment, transitional segment, and normal intestine 
canal.
Note: a: relative expression level of p-RRAC1, b: relative expression level of p-Limk1, c: relative expression level of p-Cofilin, * 
compared with the control group, P < 0.05. 
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Cell migration in the control group, PDGF-BB 
group, P-B group, and P-C group

The amount of cell migration in the PDGF-BB 
group was significantly higher than that in the 

control group, P-B group, and P-C group 
(107.93 ± 5.54 vs. 51.77 ± 1.92 vs. 
15.57 ± 1.75 vs. 16.54 ± 1.31), with the differ-
ence being statistically significant (F = 176.64, 
p < 0.05) (Figure 7).

Figure 2. Relative expression levels of P-RAC1, P-Limk1 and P-Cofilin proteins in the control group and the Rac1, Limk1 and Cofilin 
inhibitor group.
Note: a: relative expression level of p-RRAC1, b: relative expression level of p-Limk1, c: relative expression level of p-Cofilin, * 
compared with the control group, P < 0.05. 

Figure 3. Absorbance values of the cells in the control group and the Rac1, Limk1, Cofilin inhibitor group.
Note: Control: control group, nsc23766: Rac1 inhibitor group, BMS-3: Limk1 inhibitor group, Cytochalasin: Cofilin inhibitor group. 
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Discussion

As one of the most common congenital intestinal 
structural malformations in children, HSCR has an 
incidence rate of about 1/5000 [13]. Although its 
exact cause remains unknown, it is generally con-
sidered to be connected with the halt of the 

development of neural crest cells in the ectoderm. 
Between weeks 5–12 of the embryonic period, the 
neuroblasts of neural crest cells migrate to the wall 
of the digestive tract from head to tail, forming 
ganglia cells and glial cells and eventually contri-
buting to the formation of intermuscular plexus 
and submucosal plexus [14]; the developmental 

Figure 4. Number of cell migrations in the control group and the Rac1, Limk1, and Cofilin inhibitor group.
Note: Control: control group, nsc23766: Rac1 inhibitor group, BMS-3: Limk1 inhibitor group, Cytochalasin: Cofilin inhibitor group, * 
compared with the control group, P < 0.05 

Figure 5. Relative expression levels of p-Rac1, p-Limk1 and p-Cofilin proteins in the control group, PDGF-BB group, P-B group and 
P-C group.
Note: a: relative expression level of p-RRAC1, b: relative expression level of P-Limk1, c: relative expression level of P-Cofilin, Control: 
control group, PDGF-BB: Rac1 agonist group, P-B: Rac1 agonist group + Limk1 inhibitor group, P-C: Rac1 agonist group + Cofilin 
inhibitor group, * compared with the control group, P < 0.05. 
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disorder of neural crest cells before the 12th week 
of the embryonic period can lead to the decrease 
or absence of intestinal ganglion cells, resulting in 
the developmental disorder of the enteric nervous 
system [15], which will lead to the occurrence of 
HSCR. Nevertheless, HSCR is a very complex dis-
ease, and it is considered to be the result of the 
joint action of gene polymorphism and the envir-
onment [16]. Although some susceptibility genes 
related to the incidence of HSCR have been iden-
tified, such as RET, GDNF, END3, NRTN, and 
SOX10, only certain cases can currently be 
explained, and there are a large number of factors 

associated with the incidence of HSCR that still 
have to be determined [17,18]. Therefore, there is 
still a long way to go in investigating the etiology 
and pathogenesis of HSCR.

Protein phosphorylation refers to the transfer of 
adenosine triphosphate groups to the amino acid 
residues of proteins through the action of protein 
kinases or the binding to GTP via signaling, and it 
is one of the most common regulatory modes 
in vivo [19]. Abnormal protein phosphorylation 
can lead to the abnormal migration and prolifera-
tion of cells [20,21]. In HSCR studies, some scho-
lars have found the abnormal phosphorylation of 

Figure 6. Absorbance values of the PDGF-BB group, control group, P-B group and P-C group.
Note: Control: control group, PDGF-BB: Rac1 agonist group, P-B: Rac1 agonist group + Limk1 inhibitor group, P-C: Rac1 agonist 
group + Cofilin inhibitor group. 

Figure 7. Number of cell migrations in the control group, PDGF-BB group, P-B group and P-C group.
Note: Control: control group, PDGF-BB: Rac1 agonist group, P-B: Rac1 agonist group + Limk1 inhibitor group, P-C: Rac1 agonist 
group + Cofilin inhibitor group, * compared with the control group, P < 0.05. 
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RET, ERK, and other proteins in HSCR [22,23], 
indicating the presence of abnormal protein phos-
phorylation in the pathogenesis of HSCR, but 
there are few related literature reports.

Rac1, a member of the RAC subfamily of the 
Rho family, is one of the small G proteins of 
the Rho family. Rac1 is involved in GTP 
enzyme activity, and the basic biological role 
of this activity is binding and hydrolyzing gua-
nylate. In other words, it plays the biological 
role of binding with GTP through phosphoryla-
tion [24–26], and it is considered to be 
a ‘molecular switch’ in the signal transduction 
process of various cells, participating in cell 
migration, proliferation, and other processes 
[27,28]. Rac1 phosphorylation can promote the 
expression and phosphorylation of Limk1 and 
Cofilin, thereby affecting the rearrangement of 
cytoskeleton and promoting cell migration and 
invasion [29]. It has been found in recent stu-
dies that abnormal Rac1 activity is associated 
with a variety of disorders in neural crest devel-
opment, such as cardiac outflow tract formation 
defects, melanoma, and neuroblastoma [30,31]. 
Moreover, Goto et al. [32] found that Rac1 was 
involved in the migration of mouse intestinal 
neural crest cells, and Limk1 was a component 
of serine/threonine protein kinase. It was seen 
that the phosphorylation of upstream factor Rac 
l could activate the phosphorylation of Limk1 
and promote the expression and phosphoryla-
tion of Cofilin (the only downstream effector 
molecule), thus affecting the polymerization of 
actin and cell migration ability. However, it has 
not been possible to determine how the Rac1/ 
Limk1/Cofilin signaling pathway is involved in 
the pathogenesis of HSCR.

This study demonstrated that the phosphor-
ylation level of the Rac1/Limk1/Cofilin signal-
ing pathway was decreased in both the narrow 
segment and the transitional segment of HSCR 
children, and the expression levels of p-Rac1 
and p-Cofilin in the narrow segment and the 
transitional segment were significantly differ-
ent. The inhibition of the phosphorylation of 
Rac1, Limk1, and Cofilin could result in the 
reduced migration and proliferation of SH- 
SY5Y cells, and the phosphorylation level of 
the Rac1/Link1/Cofilin signaling pathway, as 

well as cell proliferation and migration, could 
be promoted by PDGF-BB. It is therefore con-
cluded that the increased phosphorylation level 
of the Rac1/Limk1/Cofilin signaling pathway 
could either promote or inhibit the migration 
and proliferation of neural crest cells, which 
might be associated with the pathogenesis of 
HSCR.

Although the results of this study suggest that 
the abnormal phosphorylation level of Rac1 sig-
naling pathway proteins might be associated 
with the pathogenesis of HSCR, further valida-
tion should be conducted in normal neural crest 
cells and animal models. In addition, the estab-
lishment of stable and highly repeatable cell and 
animal models suitable for HSCR studies is still 
an open question. Although human neuroblas-
toma SH-SY5Y cells, which have physiological 
functions similar to neural crest cells, are cur-
rently the most widely studied cell replacement 
model for HSCR in vitro, they still cannot com-
pletely simulate the physiological conditions of 
neural crest cells in vivo or accurately reflect the 
pathogenesis of the disease. Therefore, the reg-
ulatory mechanism of the Rac1 signaling path-
way in the pathogenesis of HSCR needs further 
investigation.

Conclusion

In summary, the results of this study indicated that 
the abnormal phosphorylation of Rac1/Limk1/ 
Cofilin signaling pathway can lead to the prolifera-
tion and migration impairment of neural crest 
cells, which may be related to the pathogenesis of 
HSCR.
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(1) 1. P-Rac1, p-Limk1, and p-Cofilin were 
decreased in HSCR narrow segment and 
transitional segment compared to those in 
normal intestine.
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(2) 2. Inhibiting levels of p-Rac1, p-Limk1, and 
p-Cofilin suppressed the proliferation and 
migration in the SH-SY5Y human neuro-
blastoma cell line.

(3) 3. The upregulated proliferation and migra-
tion of SH-SY5Y cells induced by the Rac1 
agonist could be suppressed by the inhibi-
tors of Limk1, and Cofilin.
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