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ABSTRACT: Hirschsprung’s disease (HSCR) is characterized by
the lack of ganglion cells in the distal part of the digestive tract. It
occurs due to migration disorders of enteric neural crest cells
(ENCCs) from 5 to 12 weeks of embryonic development. More
and more studies show that HSCR is a result of the interaction of
multiple genes and the microenvironments, but its specific
pathogenesis has not been fully elucidated. Studies have confirmed
that many substances in the intestinal microenvironment, such as
laminin and β1-integrin, play a vital regulatory role in cell growth
and disease progression. In addition to these high-molecular-
weight proteins, research on endogenous polypeptides derived
from these proteins has been increasing in recent years. However,
it is unclear whether these endogenous peptides have effects on the
migration of ENCCs and thus participate in the occurrence of
HSCR. Previously, our research group found that compared with the normal intestinal tissue, the expression of AHNAK protein in
the stenosed intestinal tissue of HSCR patients was significantly upregulated, and overexpression of AHNAK could inhibit cell
migration and proliferation. In this study, endogenous peptides were extracted from the normal control intestinal tissue and the
stenosed HSCR intestinal tissue. The endogenous polypeptide expression profile was analyzed by liquid chromatography−mass
spectrometry, and multiple peptides derived from AHNAK protein were found. We selected one of them, “EGPEVDVNLPK”, for
research. Because there is no uniform naming system, this peptide is temporarily named PDAHNAK (peptide derived from
AHNAK). This project aims to clarify the potential role of PDAHNAK in the development of HSCR and to further understand its
relationship with its precursor protein AHNAK and how they contribute to the development of HSCR.
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1. INTRODUCTION

Hirschsprung’s disease (HSCR) is a common gastrointestinal
malformation characterized by the absence of ganglia in the
intestinal wall of the distal intestine.1,2 The latest research shows
that many coding genes are related to the occurrence of HSCR,3

such as RET, GDNF, EDNRB, and SOX10. However, these
genetic mutations can only explain no more than 30% of HSCR
cases, which indicates that the mechanism behind the
occurrence of HSCR requires further exploration.
In recent years, with the in-depth study of the pathogenesis of

HSCR, it was found that changes in the microenvironment of
the intestinal wall will affect the migration and development of
intestinal nerve cells. Cell migration is largely affected by the
extracellular matrix and cytoskeleton. Many extracellular matrix
proteins are involved in themigration of enteric neural crest cells
(ENCCs). Akbareian4 and others found that tenascin-C is
dynamically expressed during the development of ENCCs, and

ENCCs can also secrete tenascin-C. In the mouse neural tube
culture model, tenascin-C could promote the migration of
ENCCs. Another study found that altering the expression of
laminin LAMA1 in the extracellular matrix may impair the
migration of ENCC and lead to the occurrence of HSCR.5 In
addition, the study also found that β1-integrin as a trans-
membrane integrin is closely related to the function of focal
adhesions, and its absence will seriously hinder the migration of
ENCCs in the mouse colon.6 AHNAK, also known as
desmoyokin, is a macromolecular protein that was originally
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identified as a desmosomal junction protein.7 It can regulate
Ca2+ channels and actin to form a cytoskeleton, which in turn
affects cell migration.8 There are also studies showing that
AHANK can affect cell migration ability by reducing the activity
of ERK1/2.9 Previous research by our research group found that
the expression of AHNAK in the stenosed HSCR intestinal
tissue was significantly higher than that of the normal control
intestinal tissue (Figure S1). In vitro functional experiments
showed that overexpression of AHNAK can inhibit the
proliferation and migration of nerve-related cells.
Recently, more and more studies have found that not only

high-molecular-weight proteins but also some relatively simple
structures, consisting of only 2−100 amino acid endogenous
peptides, play an important role in both physiological and
pathological processes, and due to the small molecular weight,
they can pass through various physiological barriers easily. For
example, erythropoietin-derived polypeptides can inhibit the
differentiation of mouse adipocytes and the secretion of
inflammatory cytokines.10 After intraperitoneal injection of
erythropoietin-derived polypeptides in mice, their insulin
resistance improved significantly. Polypeptide SPAR can
regulate multiple cellular processes, affecting muscle regener-
ation and injury repair.11 However, little is known about whether
such endogenous peptides affect the proliferation and migration
of ENCCs and participate in the occurrence of HSCR.
Our study examined the potential role of endogenous

peptides from the intestinal wall microenvironment in the
occurrence of HSCR. First, using Covaris non-contact ultrasonic
ultrafiltration, endogenous peptides were extracted from the
normal control intestinal tissue and the stenosed intestinal tissue
from HSCR patients. Then, the endogenous polypeptide
expression profile was analyzed by liquid chromatography/
mass spectrometry. According to the sequencing results (Figure
S2), compared with the control group, 23 peptides derived from
AHNAK exhibited significantly increased expression in HSCR
stenosis tissues. Four peptides with p < 0.002 were selected, and
their biological characteristics were analyzed through the
biochemical analysis website ProtParam (https://web.expasy.
org/protparam/). We found that among these peptides derived
from AHNAK, the peptide sequence “EGPEVDVNLPK” not
only was significantly upregulated but also had more stable
physical and chemical properties (Figure S2), so we chose this
peptide for further study. Because there is no unified naming
convention, we temporarily refer to this endogenous peptide
derived from AHNAK as PDAHNAK (peptide derived from
AHNAK).
Then, through enzyme-linked immunosorbent assay (ELISA)

experiments, it was further confirmed that the expression of
PDAHNAK in the stenosed segment was significantly increased
compared to the normal control and the dilated segment from
HSCR patients. Also, in vitro and in vivo functional experiments
showed that the endogenous polypeptide PDAHNAK could
inhibit the proliferation and migration of nerve-related cells. In
order to further understand the mechanism of the PDAHNAK
function, we found that PDAHNAK can inhibit the phosphor-
ylation of ERK1/2. A functional synergy between PDAHNAK
and its precursor protein AHNAK was also discovered. This
study initially explored the potential role of endogenous peptide
PDAHNAK in the occurrence of HSCR and the functional
relationship between the peptide and its precursor protein,
providing new insights into understanding the pathogenesis of
HSCR.

2. MATERIALS AND METHODS

2.1. Clinical Tissue Samples, Animal Maintenance, and the
Ethics Statement

In this study, 48 human colon tissue samples were adopted
including 24 from HSCR patients confirmed by histopatho-
logical diagnosis and 24 matched normal tissues. The normal
tissues were derived from patients diagnosed without HSCR or
other enteric neural malformations in Children’s Hospital of
Nanjing Medical University (collected from 2009 to 2018 after
surgery). All human colon tissue samples were frozen at a liquid
nitrogen tank at once after surgery. Also, each patient has
provided written informed consent. The clinical information of
patients is listed in Table 1. The wild-type zebrafish strain used

in this study is Tübingen (Tu) strain zebrafish, purchased from
the Model Animal Center of Nanjing University (Nanjing,
China). The cultivation conditions of zebrafish are as follows:
ambient temperature, 28 ± 0.5 °C; daily light 14 h; avoid light
for 10 h. Zebrafish are fed twice a day. In this experiment,
zebrafish embryos were obtained through natural mating. The
Institutional Ethics Committee of Nanjing Medical University
authorized and supervised this research.
2.2. Cell Lines and Culture

Human 293T and SK-N-BE2 cell lines were purchased from
American Type Culture Collection (ATCC, Manassas VA,
USA). The cell culture medium was prepared using Dulbecco’s
modified Eagle’s medium (DMEM) (Hyclone, UT, USA), 10%
fetal bovine serum, and 100 U/mL penicillin. The cells were
cultured under the conditions of 37 °C and 5% carbon dioxide.
2.3. Cell Transfection

“EGPEVDVNLPK” was synthesized by Nanjing Binogy Biology
Technology Co., Ltd. The AHNAK overexpressing plasmids
were purchased from GeneChem (Shanghai, China). Here, the
peptide powder is diluted with ddH2O to a concentration of 100
μg/mL and stored at−20 °C. The peptide sequence synthesized
in vitro is directly incubated with the cells to increase the
expression of PDAHNAK in the cells. The plasmid AHNAKwas
added to the cell culture medium together with Lipofect-
amine3000 Reagent (Invitrogen, CA, USA) according to the
experimental manual to achieve the purpose of overexpressing
the protein AHANK.
2.4. Cell Proliferation Assay

Cells were cultured on 96-well plates with serum-free DMEM
overnight. After 1 h incubation of the CCK-8 reagent (10 μL/
well, Dojindo, Japan), we measured the absorbance at the
wavelength of 450 nm using a TECAN infinite M200
Multimode microplate reader (Tecan, Mechelen, Belgium).
The ability of cell growth was also assessed by the 5-ethynyl-20-
deoxyuridine (EdU; Roche) (Ribobio, Guangzhou, China)
assay. Each assay was repeated three times independently.

Table 1. Clinical Characteristics of Study Population

variable control (n = 24) HSCR (n = 24) P

age (days, mean, SE) 159.30 (35.95) 124.60 (6.856) 0.35a

Sex (%)
male 15 (62.50) 20(83.33) 0.10b

female 9 (37.50) 4 (16.67)
aStudent’s t-test. bTwo-sided chi-squared test.
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2.5. Cell Transwell Assays

We placed 600 μL of the serummedium into the lower chamber.
Then, transfected cells were mixed with no serum medium, and
about 100 μL (1 × 106 cells/mL) of cells was added into the
upper chamber. After 24 h, the cells were fixed and stained. PBS
was applied to wash the bottom of the chamber. Finally, a light
microscope was used to capture pictures under 20×
magnification. Each assay was repeated three times independ-
ently.

2.6. Wound Healing Assay

We seeded the 293T and SK-N-BE2 cells on six-well plates. After
cells reached 80−90% confluence, a 100 μL pipette tip was used
to draw a straight wound on the confluent monolayer. The cells
were cultured with the serum-free medium and photographed
using an inverted microscope 24 and 36 h later. Each assay was
repeated three times independently.

2.7. Cell Cycle and Apoptosis Assays

The assays were conducted and analyzed with a flow cytometer
(FACScan; BD Biosciences, USA) equipped with Cell Quest
software (BD Biosciences). In general, the cells were trypsinized
from a six-well plate and washed twice with PBS and then fixed in
70% cold ethanol and stored at 20 °C prepared for cell cycle
analysis. For the cell apoptosis, the cells were washed twice with
PBS and then stained with an Annexin V-FITC/Propidium
Iodide Kit (BD Biopharmingen, NJ, USA). All assays were
repeated three times independently.

2.8. Peptide Extraction and ELISA

The bowel tissues of HSCR and controls were lysed to extract
the total proteins by acetic acid (0.25%) with the protease
inhibitor. Next, the peptides were extracted from the total
proteins with a 30kda Ultrafiltration tube (1.5 mL, Millipore).
According to the ELISA kit (Quantikine; R&D Systems)
provided by the reagent supplier, we carried out the
concentration detection of PDAHNAK. To put it simply, first,
dilute the antigen (peptide) to 5 μg/mL in carbonate buffer;

Figure 1.Overexpression of PDAHNAK inHSCR. (a) The sequence was found to be derived frommultiple unknown regions of the precursor protein
AHNAK (one of which is shown). (b) PDAHNAK expression was assessed in 24 pairs of HSCR and the control using ELISA. PDAHNAK was
significantly increased in the HSCR-structured tissue compared to the HSCR-dilated and control with about a 2−4-fold change. (c) It is verified by
immunofluorescence that PDAHNAK after 24 h incubation can easily enter into 293T or BE-2 cell lines by diffusion or endocytosis. Scale bar, 50 μm.
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then, add 100 μL of the antigen to each well on the ELISA plate
and incubate overnight at 4 °C; flick the contents into the sink
and wash twice with the washing buffer; next, add 200 μL of the
blocking buffer to each well and incubate for 2 h at room
temperature; then, discard the blocking buffer and wash three

times with the washing buffer; add 100 μL of the diluted primary
antibody to each well and incubate for 30−60 min at room
temperature; then, wash three times with the washing solution;
add 100 μL of HRP-labeled goat anti-rabbit IgG (1:5000,
diluted in the blocking buffer) to each well, and incubate at 37

Figure 2. PDAHNAK regulated cell proliferation and migration in vitro, and PDAHNAK affected cell cytoskeleton. (a,b) CCK8 assay and EdU assay
showed that the upregulation of PDAHNAK inhibited 293T and BE-2 cell proliferation. Scale bar, 50 μm. (c) Transwell assay was used to observe the
effects of overexpressed PDAHNAK on cell migration in human 293T and BE-2 cells. Scale bar, 100 μm. (d) Wound healing assay was performed as
described in the Materials and Methods section. (e) F-actin cytoskeleton was visualized with rhodamine phalloidin staining in human 293T and BE-2
cells. Scale bar, 20 μm.
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°C for 30 min; then, wash three times with the washing buffer,
and add 100 μL of the bottom to each well (incubate for 60 min

in the dark at room temperature); finally, add the stopping
solution. We measure the absorbance of the sample at 450 and

Figure 3. PDAHNAK enhanced the function of AHNAK. (a,b) CCK8 assay and EdU assay showed that PDAHNAK enhanced the inhibition function
of AHNAK. Scale bar, 50 μm. (c) Co-transfection PDAHNAK enhanced the inhibition of AHNAK in cell migration. Scale bar, 100 μm. (d) Wound
healing assay. (e,f) F-actin cytoskeleton was visualized with rhodamine phalloidin staining in human 293T and BE-2 cells. PDAHNAK enhanced the
effect of AHNAK on the cytoskeleton. Scale bar, 20 μm.
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650 nm, where OD620 is the reference wavelength and OD450
is the detection wavelength. Finally, the difference between
OD450 and OD620 was used as the relative concentration of
each sample.
2.9. Western Blot Assay

The proteins were extracted with a RIPA buffer (Beyotime,
Nantong, China). Then, we examined the protein concentration
with a BCA kit (Beyotime). The proteins were electrophoresed
on 12% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis for separation and transferred to poly(vinylidene
difluoride) (PVDF) membranes (Millipore, Billerica, MA,
USA). In the next step, the PVDF membranes were blocked
in 5% skimmed milk for 60 min and incubated at 4 °C overnight
with the primary antibodies [anti-GAPDH (1:1000, AG019-1,
Beyotime), anti-ERK1/2(1:2000, #4696, Cell Signaling Tech-
nology), anti-p-ERK1/2 (1:2000, #4370, Cell Signaling
Technology), and anti-AHNAK (1:1000, sc-390743, Santa
Cruz Biotechnology)]. Later, the PVDF membranes were
washed with Tris-buffered saline with Tween 20 (TBST) buffer
(1×TBST) three times and then were incubated with secondary
antibodies (Beyotime) for about 60 min at room temperature.
2.10. Immunofluorescence Staining

Using 4% paraformaldehyde, the control and transfected cells
were fixed. After exposing cells to 0.5% Triton X-100 for 30 min,
we incubated cells in rhodamine phalloidin (1:1000, Invitrogen)
for 2 h. After washing three times, nuclei were stained with 4′,6-
diamidino-2-phenylindole for 5 min. Then, the cells can be
stored at 4 °C for 1 week, and pictures were captured with
confocal laser scanning.
2.11. Polypeptide Injection and Observation of the Enteric
Nerve

10 μM peptides were microinjected at the single-cell stage of
zebrafish. At the same time, a wild-type control group and a
ddH2O injection group were set up. Then, we collected zebrafish
embryos of 3, 4, and 5 dpf for observation. First, the fresh fish
was washed three times with PBS containing 1% Triton for 5
min each. The fish was then quickly rinsed with ice water for 5
min and permeabilized with ice acetone for 10 min and placed at
−20°. Next, we washed with water for 5 min and then with PBS
containing 1% Triton for 5 min. After blocking the fish for 1.5 h
at normal temperature (10% sheep serum +1%DMSO), the fish
was incubated with anti-HUC/HUD at 4 °C for 4 days. Finally,
the fish were incubated overnight with a secondary antibody and
photographed with a stereomicroscope.
2.12. Statistical Analysis

ImageJ 1.8.0 and GraphPad Prism 7.0 were used for statistical
analysis. All data are presented as the mean ± SD from three
independent experiments. In all relevant experiments, statistical
differences between data sets were assessed by the chi-square
test or Student’s t-test. P-value < 0.05 was considered statistically
significant.

3. RESULTS

3.1. Overexpression of PDAHNAK in HSCR

The polypeptide sequence is “EGPEVDVNLPK” and aligned
using SMART (http://smart.embl.de/#) (Figure 1a). Bio-
informatics analysis of PDAHNAK by ProtParam revealed
that PDAHNAK consists of 11 amino acids with a molecular
weight of 1196.32 Da and an isoelectric point of 4.14 (Figure
S2). The instability coefficient is 28.74. The liposoluble index is

88.18, and the hydrophilic average of hydropathicity (GRAVY)
is−0.845 (Figure S2). The hydrophilicity of PDAHNAK is poor
(Figure S2). The above results indicated that PDAHNAK is a
highly stable and soluble endogenous peptide.
The patient’s age and sex were obtained at the time of sample

collection, and there was no statistical difference betweenHSCR
patients and matched controls (Table 1). The PDAHNAK
expression was measured in HSCR tissues (n = 24) and controls
(n = 24) by ELISA. As shown in Figure 1b, PDAHNAK was
overexpressed in HSCR-stricture tissues compared to HSCR-
dilated and control tissues.

3.2. Effects of PDAHNAK on Cell Proliferation andMigration

The functional effects of PDAHNAKwere detected in 293T and
BE2 cell lines transfected with PDAHNAK in vitro. First,
immunofluorescence staining confirmed that FITC-labeled
PDAHNAK was able to enter into the cell through the
membrane (Figure 1c). Then, 293T and BE-2 cells were
exposed with different concentrations of PDAHNAK (0, 1, 10,
50, and 100 μg/ml), and the results showed that PDAHNAK
can significantly inhibit cell migration and proliferation when the
concentration of PDAHNAK reaches 10 μg/mL (Figure S3a,b).
Therefore, overexpression of PDAHNAK in 293T and BE-2
cells was all performed at a concentration of 10 μg/mL in the
study. As shown in Figure 2a,b, CCK8 and EdU experiments
show that the proliferation ability of the cells exposed with
PDAHNAK was significantly inhibited. Similarly, transwell and
scratch experiments show that the cells exposed with
PDAHNAK have significantly reduced migration ability (Figure
2c,d). Details of the wound healing assay are shown in Figure S4.
Unlike the above results, the flow cytometry assay showed that
there was no statistical difference in cell apoptosis and cycle rate
between the cells treated with PDAHNAK and the control
(Figure S5a,b). The cytoskeletal remodeling was characterized
with rhodamine-labeled phalloidin. The cell cytoskeleton
elements were attenuated after transfection with PDAHNAK
(Figure 2e).

3.3. Synergism between PDAHNAK and AHNAK

To explore the relationship between AHNAK and PDAHNAK,
293T and BE-2 cells were first transfected with plasmids to
overexpress AHNAK. We found that plasmids could upregulate
the AHNAK expression (Figure S5c). Each experiment was
divided into three groups including “control”, “AHNAK”, and
“AHNAK and PDAHNAK”. CCK8 and EdU assays showed that
PDAHNAK could enhance the weakening effect of AHNAK on
proliferation (Figure 3a,b). According to the results of transwell
and wound healing assays (for details, see Figure S6), cell
migration in the “AHNAK and PDAHNAK” group was
significantly reduced compared to the group of “overexpression
of AHNAK” (Figure 3c,d). The cytoskeletal remodeling was
characterized with rhodamine-labeled phalloidin. As shown by
the results, PDAHNAK could enhance the weakening effect of
AHNAK on the cytoskeleton elements (Figure 3e,f).

3.4. PDAHNAK Inhibits the Phosphorylation of Protein
ERK1/2

By the western blot, the expressions of the proteins ERK1/2 and
p-ERK1/2 in the control group and PDAHNAK group were
compared. The western blot showed that compared with the
control group, there was no significant difference in the
expression of cellular protein ERK1/2, while the expression of
p-ERK1/2 was significantly reduced in the PDAHNAK group.
There were significant statistical differences (Figure 4a). At the
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same time, the research team further verified through
immunofluorescence experiments. The assay found that the
relative fluorescence brightness of ERK1/2 in cells exposed
PDAHNAK was not different from that in the control group,
while the relative fluorescence brightness of p-ERK1/2 was
significantly reduced (Figure 4b). Western blot and cellular
immunofluorescence assays confirmed that PDAHNAK mark-
edly suppressed the phosphorylation of ERK1/2 proteins in BE-
2 and 293T cells.

3.5. PDAHNAK Inhibits Proliferation and Migration of
Zebrafish Intestinal Nerve Cells

We selected fish at 3, 4, and 5 dpf after fertilization for
observation. Our experimental results show that at 3 dpf, the
intestinal nerve cells of the control group and the ddH2O

injection group have migrated to the cloaca, but the enteral
nerve cells of the PDAHNAK group have not yet appeared in the
intestine (Figure 5A). At 4 dpf, the enteral nerve cells of
zebrafish injected with PDAHNAK can be seen, but the number
is significantly less than that of the control group and the ddH2O
group (Figure 5B). The experimental results observed at 5 dpf
are the same as those observed at 4 dpf (Figure 5C). These
results indicate that PDAHNAK can to some extent inhibit the
proliferation and migration of the enteral nerve in zebrafish.

4. DISCUSSION

HSCR is a congenital gastrointestinal malformation with
multiple genetic inheritance characteristics.12 Its pathological
feature is the lack of ganglion cells in the distal intestinal

Figure 4. PDAHNAK inhibits phosphorylation of ERK1/2. (a) Relative levels of ERK1/2 were compared between the control and PDAHNAK-
transfected 293T and BE-2 cells by western blotting. (b) Relative levels of ERK1/2 were compared between the control and PDAHNAK-transfected
293T and BE-2 cells by cellular immunofluorescence. Scale bar, 50 μm.
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segment.13,14 The absence of enteric neurons can cause the tonic
contraction of the intestinal tract, which can lead to intestinal
obstruction and other clinical manifestations.15,16 The current

treatment of HSCR is mainly surgical resection of the non-
ganglionic intestinal tube, but postoperative incontinence and
constipation and other complications are common.17,18 The

Figure 5. PDAHNAK inhibited the migration and proliferation of zebrafish enteric nerve cells. The yellow arrows indicate the location of the cloaca,
and the red arrows indicate the intestinal neurons. 10 μM peptides were microinjected at the single-cell stage of zebrafish. (A) At 3 dpf, intestinal
neurons have migrated to the cloaca in the wild-type and ddH2O-injected groups, but intestinal neurons in the PDAHNAK-injected group have not
been seen. (B) At 4 dpf, intestinal neurons in all three groups reached the cloaca position, but the number of neurons in the wild-type and ddH2O-
injected groups was significantly higher than that in the PDAHNAK-injected group. (C) At 5 dpf, the migration and proliferation of intestinal neurons
are the same as in (B). (D) PDAHNAK inhibits the proliferation of ENCCs in zebrafish.
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genetic background of HSCR is very complex.Most HSCR cases
are sporadic (80%), and the rest are familial.19

In the embryonic stage, neural crest cells move to different
axial levels (cranial, cardiac, vagal, torso, and bone) and migrate
throughout the embryo, thereby colonizing multiple organs and
primitively differentiating into multiple cell types.20 The
ganglion cells of the enteric nervous system (ENS) mainly
come from vagal crest cells. Around the 3rd week of human
pregnancy, vagal crest cells proliferate and enter the foregut and
finally complete colonization of the entire intestine around the
7th week.17 The exact mechanism of vagal crest cell colonization
is unclear. However, it is well known that the signal transduction
pathways, especially the RET/GFRα1/GDNF21 and EDNRB/
ECE1/EDN322 signaling pathways, are crucial. At present, it is
believed that gene mutations are the main cause of HSCR, but
these genes and their mutations can only partly explain the
pathogenesis of HSCR. There are still other pathogenic factors
to be discovered.
With the development of peptidomics, the role of endogenous

peptides with relatively simple structures in the occurrence and
development of diseases has attracted much attention. Peptides
have an irreplaceable value in exploring the mechanism of
disease and developing new therapeutic drugs. Some researchers
have discovered a peptide Humanin composed of 24 amino acid
residues in the cDNA library of an Alzheimer disease (AD)
patient, which can reverse the mutations caused by a variety of
AD-related genes.23 In recent years, many scholars have found
that changes in the environment of the intestinal wall are closely
related to the occurrence of HSCR. Studies have confirmed that
extracellular matrix proteins play an important role in the early
migration of ENCCs. For example, laminin plays an important
role in the migration, proliferation, and differentiation of
ENCCs.24 In addition to these higher-molecular-weight
proteins, biologically active peptides also exist in the micro-
environment of the intestinal wall. They are derived from
proteolysis and play an important role in life activities. However,
whether these endogenous peptides affect the migration of
ENCCs is related to the occurrence of HSCR.
In this study, we found that the peptide with the sequence

“EGPEVDVNLPK” not only has significantly increased
expression but also has more stable physical and chemical
properties (Figure S1), so we chose it for further research.
Because there is no unified naming convention, we temporarily
refer to this endogenous peptide derived from AHNAK as
PDAHNAK. Next, through ELISA experiments, we studied the
upregulation of PDAHNAK expression in the HSCR stenosis
intestinal tissue compared with normal controls and the HSCR
dilatation intestinal tissue. In addition, FITC-labeled PDAH-
NAK was synthesized in vitro, and it was detected under a
fluorescence microscope that PDAHNAK synthesized in vitro
could enter cells through diffusion and endocytosis. In addition,
the results of in vitro cell function experiments confirmed that
the migration and proliferation functions of cells transfected
with PDAHNAK were inhibited.
AHNAK, as a focal adhesion-related protein, can participate

in the binding of cadherin and affect the activity of cadherin,
thereby affecting the assembly of cytoskeletal elements. Studies
have found that AHNAK regulates cell migration by affecting the
stability of the cytoskeleton.25 The endogenous polypeptide
PDAHNAK is derived from its precursor protein AHNAK. To
verify whether PDAHNAK affects the cytoskeleton, we have
PDAHNAK transfected in the cell line to observe whether the
cytoskeleton was affected. The experimental results show that

after transfection with PDAHANK, the assembly of cytoskeletal
elements is significantly reduced. In addition, studies have
shown that AHANK can inhibit the proliferation and migration
of cancer cells in various cancers (lung cancer,26 breast cancer,27

etc.). Combined with previous research of ours (unpublished),
the expression of AHNAK in the stenosed segment of HSCR is
higher than that of the normal intestinal segment, and after
overexpression of AHNAK, the proliferation and migration of
nerve-related cells are inhibited. This study further found that
PDAHNAK and AHANK have a synergistic effect in inhibiting
cell proliferation and migration and cytoskeletal activity through
in vitro cell function tests and rhodamine-labeled phalloidin
experiments. After transfection of PDAHNAK in cells, the
inhibition of AHNAK on cell proliferation and migration and
the cytoskeleton was enhanced.
Previous studies have shown that the ERK1/2 signaling

pathway plays an important role in the proliferation and
migration of enteric nerve cells, and the activity of ERK1/2 is
closely related to the occurrence of HSCR. Rouleau et al. found
that ERK1/2 phosphorylation of the intestinal tract tissue of
congenital megacolon stenosis significantly decreased compared
with the normal control colon tissue.28 Another study found that
ERK1/2 is involved in the development of the ENS, and the
phosphorylation level of ERK1/2 is reduced, which can affect
the proliferation and differentiation of enteric nerve precursor
cells and lead to the occurrence of congenital megacolon.29 In
order to clarify the underlying mechanism of PDAHNAK’s role,
we verified that PDAHNAK can interfere with cell proliferation
and migration via the ERK1/2 pathway. Western blot and
immunofluorescence co-localization experiments showed that
after overexpression of PDAHNAK in the cells, the amount of
ERK1/2 total protein in the cells was not affected, but the
phosphorylation level of ERK1/2 was reduced, indicating that
PDAHNAK can inhibit ERK1/2 activity, and PDAHNAK can
participate in the occurrence of congenital megacolon by
affecting the phosphorylation of ERK1/2.
Zebrafish is currently a good biological model for the study of

congenital diseases due to its high homology with human
genes.30,31 Both the zebrafish models can be used to screen and
evaluate compounds with clear targets, and genetic verification
can also be performed for complex diseases with unknown
mechanisms.32 In this study, we used zebrafish embryos to
perform PDAHNAK in vivo functional experiments, injected 5
ng of PDAHNAK at the single-cell stage of zebrafish, and
collected zebrafish embryos for observation on days 3, 4, and 5.
The results indicate that PDAHNAK inhibits the proliferation of
ENCCs and slows the migration speed of ENCCs in zebrafish.
In summary, we demonstrated for the first time that the

endogenous polypeptide PDAHNAK is highly expressed in the
stenosed segment of HSCR intestines, and overexpression of
PDAHNAK can impair cell proliferation and migration. In
addition, a synergistic relationship between PDAHNAK and
AHNAK was discovered. PDAHNAK enhanced the inhibitory
effect of AHNAK on cell proliferation and migration and the
cytoskeleton. Furthermore, zebrafish models further verified
that PDAHNK inhibits the migration and proliferation of
ENCCs in vivo.
However, this is only one of the many endogenous peptides

derived from the protein AHNAK.Whether other peptides have
the same or opposite functions remains to be explored. At
present, the specific pathogenesis of HSCR is still unclear, and
patients still have more postoperative complications after
surgical treatment. Researchers must face great challenges in
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their field to find pharmacological and therapeutic methods for
specific molecules or steps. From the perspective of peptides in
the intestinal wall microenvironment, this study provides a new
perspective for themechanism research and treatment of HSCR.
At the same time, from the perspective of peptides, it can further
strengthen our understanding of its prerequisite proteins.
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