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Abstract

The current study aimed to explore the effect and underlying mechanism of the purinergic receptor P2Y2 in regulating the
loss of intestinal neurons and the intestinal neural crest in Hirschsprung’s disease (HSCR). Western blotting was used to
assess the expression levels of P2Y?2 in colon tissues. An in vivo HSCR mouse model was established following treatment
with benzalkonium chloride (BAC). We overexpressed or silenced P2Y2 in SH-SYSY cells, and cell proliferation, migration,
and invasion were subsequently investigated by CCK-8, wound healing, and transwell assays, respectively. Additionally,
we implemented a xenograft model to assess the impact of P2Y?2 on tumor growth as well as the expression of extracellular
signal-regulated kinase (ERK). The results showed that the expression of P2Y2 protein in the colon tissues of patients with
HSCR was lower than that in the normal colon tissues. P2Y?2 expression is downregulated in the colon tissues of mice with
HSCR. Additionally, P2Y?2 silencing inhibited SH-SY5Y cell proliferation, invasion, and migration. Furthermore, adenosine
5'-triphosphate (ATP, a strong agonist of P2Y?2)-induced P2Y?2 overexpression enhanced the proliferation, invasion, and
migration of SH-SY5Y cells. Immunofluorescence staining and western blot analysis revealed that P2Y?2 silencing down-
regulated phosphorylated (p)-ERK in SH-SYS5Y cells. In addition, treatment with PD98059, a p-ERK inhibitor, reversed
the effects of ATP on SH-SYSY cell proliferation, invasion, and migration. Finally, we demonstrated that P2Y?2 silencing
suppressed tumor growth and decreased p-ERK expression. Overall, the results of the present study suggest that P2Y?2 plays
an important role in HSCR pathogenesis. P2Y?2 silencing inhibited the proliferation, invasion, and migration of nerve cells
by suppressing the ERK signaling pathway. P2Y?2 silencing could be considered an innovative and possible target for treat-
ing HSCR.
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Introduction

Congenital megacolon, also known as Hirschsprung’s dis-
ease (HSCR), is a congenital disease of the digestive tract
caused by functional defects of the enteric nervous system
(ENS) during embryonic development (Kessmann 2006).
The incidence of HSCR is estimated to be one case per
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200-5000 live births (Pan and Li 2007). A previous study
suggested that HSCR could be caused by the absence of
ENS and the inhibition of enteric neural crest cell (ENCC)
migration, thus resulting in the deficiency of ganglia in the
distal intestinal wall, spastic narrowing of the distal intes-
tinal segment and dilation of the proximal colon (Tam and
Garcia-Barcelo 2004). The main clinical symptoms of
HSCR include constipation, vomiting, bloating, and growth
disorder. Untreated children usually die of intestinal inflam-
mation or perforation. Emerging evidence suggests that
HSCR results from interactions between multiple genes.
However, genetic studies can only explain a limited number
of HSCR cases. Therefore, the pathogenesis remains unclear.
The neural crest is a provisional structure formed during
early development of vertebrate embryos (Bronner and
Simdes-Costa 2016). A previous study demonstrated that
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ENCGC:s can differentiate into different types of cells, such as
enteric nervous cells, through their migration and prolifera-
tion (Burns 2005). Therefore, abnormalities in ENCC devel-
opment may result in the onset of distal intestinal ganglion
disease (Lake and Heuckeroth 2013).

As a neurotransmitter, adenosine 5'-triphosphate (ATP)
is involved in the differentiation, migration, and survival of
neuronal cells (Fields 2011; Agresti et al. 2005). Interest-
ingly, the biological role of ATP depends on its receptors
(Lalo et al. 2011). Two types of ATP receptors, P1 and P2,
have been identified. P2 receptors are divided into the P2X
and P2Y subtypes. To date, eight subtypes of P2Y have been
identified. Among these subtypes, the purinergic receptor
P2Y2 (P2Y2) is widely distributed in gastrointestinal tract
(Burnstock 2007). A previous study showed that P2Y2
receptors are mainly involved in the regulation of muscle
relaxation in the ENS (Liu et al. 2015). More specifically,
P2Y2 regulates muscle relaxation in the ENS, while P2Y?2
inhibition results in impaired relaxation of the intestinal
canal (Liu et al. 2015). Furthermore, the expression of P2Y 1
and P2Y?2 is downregulated in the aganglionic gut of HSCR
(Od and Puri 2008). However, the current knowledge on the
role and molecular mechanisms of P2Y2 in the development
of HSCR remains limited. Extensive research has indicated
that P2Y?2 plays a biological role by regulating the ERK
signaling pathway. Nucleotides stimulate P2Y?2 to activate
ERK1/2 through a mechanism dependent on PKC and phos-
pholipase D (Kudirka et al. 2007). P2Y2 promotes fibroblast
activation and skeletal muscle fibrosis via the ERK signal-
ing pathway (Chen et al. 2021). Moreover, synergy between
P2Y2 and the ERK signaling pathway is essential for HeLa
cell proliferation and c-Fos expression (Muscella et al.
2003). Therefore, we hypothesized that P2Y?2 plays a role
in regulating HSCR through the ERK signaling pathway.

In the current study, a benzalkonium chloride (BAC)-
induced HSCR model was established in mice and SH-
SYSY cells to investigate the role and regulatory mechanism
of P2Y2 in the development of HSCR.

Methods and materials
Tissue collection

Thirty specimens of colon tissue (15 specimens from HSCR
cases and 15 from matched control subjects) were intraoper-
atively collected from patients at The First Hospital of Lan-
zhou University, and then snap frozen in liquid nitrogen, and
stored at — 80 °C until use. The diagnosis of HSCR was con-
firmed by pathological examination. All study participants
were required to provide written informed consent prior to
enrollment. The study protocol was reviewed and approved
by the Institutional Review Board of the First Hospital of
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Lanzhou University (approval no. LDYYLL2021-69). This
study was conducted in accordance with the guidelines of
the Declaration of Helsinki.

Animals

Sixteen BALB/c mice and 12 BALB/c nude mice (SPF
grade; age, 3—4-month-old; weight, 24-33 g) were pur-
chased from Chengdu Dossy Experimental Animals Co.,
Ltd. (Chengdu, Sichuan). Mice were maintained on a 12-h
light/dark cycle at a temperature of 25+ 1 °C and relative
humidity of 50-60%. All the mice had free access to food
and water. The animal experiments were approved by the
Ethics Committee of the First Hospital of Lanzhou Univer-
sity (approval no. LDYYLL2022-252). All animal experi-
ments were performed in accordance with the principles of
the Declaration of Helsinki.

HSCR mouse model and treatment

The construction of the HSCR model was based on previous
studies (Hu et al. 2019; Yoneda et al. 2002). Mice were ran-
domly allocated into two different groups using the random
number table method: the control (n=38) and HSCR model
groups (n=38). To establish the HSCR model, the mice were
treated with BAC. Briefly, mice were anesthetized by intra-
peritoneal injection of pentobarbital sodium (30 mg/kg), and
laparotomy was performed with a midline incision. Subse-
quently, the sigmoid colon was excised from the abdomen. A
small cut was made in the avascular area of the sigmoid mes-
entery and a filter paper strip (dimensions, 0.8 cm X 1 cm)
soaked with 0.1% BAC (MilliporeSigma) was placed within
1-2 cm of the colon. To avoid dehydration, the filter paper
was soaked in 100 pL of 0.1% BAC solution every 5 min
for a total of 15 min. Subsequently, the filter paper strip
was removed and the colon was washed with 0.9% saline.
The mice in the control group were treated with 0.9% saline
using the same method. The wound was sutured using silk
thread and disinfected with iodophor. Stenosis, dilation, and
stool retention were observed in BAC-treated segments of
the gut and colon. At the end of the experiments, the mice
were euthanized immediately following sedation with 1%
sodium pentobarbital (30 mg/kg) via tail vein injection.
Euthanasia was performed by CO, asphyxiation at a flow
rate of 30% volume/min of gas displacement in a cham-
ber for 5 min according to the revised AVMA guidelines
(December 2020). The death of animals was verified when
they failed to respond to mild stimulation using a platinum
wire (Offenburger and Ho 2018). Colon tissues, including
the dilated and stenotic colon segments, were isolated and
stored at — 80 °C for further analysis.
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Histological analysis and hematoxylin and eosin
(H&E) staining

Colon tissues were fixed in 4% paraformaldehyde for 24 h
prior to embedding in paraffin. Colon tissues were subjected
to histopathological analysis via hematoxylin and eosin
(H&E) staining, as previously described (Zhang et al. 2015).

Immunohistochemical (IHC) staining

The paraffin blocks were sectioned to a thickness of 4 pm.
IHC staining was then performed to detect the protein
expression levels of P2Y?2 in the colon or tumor tissues of
mice, according to the manufacturer’s protocol (Li et al.
2020).

Cell culture

Human SH-SYS5Y cells were obtained from ProCell (Wuhan,
China) and identified using short tandem repeat (STR) anal-
ysis. The cells were maintained in DMEM supplemented
with 10% FBS at 37 °C in a humidified incubator with 5%
CO,. SH-SYS5Y cells at a density of 105 cells/well were
transfected with normal control (NC) small interfering
RNA (siRNA) or P2Y2 siRNA using Lipofectamine® 3000
(Invitrogen; Thermo Fisher Scientific, Inc.), according to
the manufacturer’s instructions. To induce P2Y2 expression
and inhibit the activity of the extracellular signal-regulated
kinase 1/2 (ERK1/2) signaling pathway, SH-SY5Y cells
were treated with 100 pM ATP (Sigma Aldrich, USA), a
strong agonist of P2Y2, and 10 pM PD98059 (Cell Signaling
Technology, USA), an ERK1/2 inhibitor.

Cell counting kit 8 (CCK-8) assay

The viability of SH-SYSY cells was assessed using the
CCK-8 assay (Thermo Fisher Scientific, Inc., USA), accord-
ing to the manufacturer’s instructions (Zeng et al. 2020).
The absorbance at 450 nm was measured using a microplate
reader.

Wound healing assay

A wound healing assay was performed to assess the migra-
tion ability of SH-SYSY cells. Briefly, SH-SYSY cells
were grown in 96-well plates until they reached conflu-
ence. Subsequently, the cell monolayer was scraped with
a 200-pL pipette tip. The old medium was replaced with
fresh medium, and the cells were grown continuously. The
exfoliated cells were removed by washing with the culture
medium. The width between the two edges of the wound
was calculated. The wounds in each hole were observed in
multiple randomly selected visual fields. After incubation for

24 h, the wound width was measured. The scratched areas
were quantified using the ImagelJ software (NIH). The rela-
tive wound recovery ratio was calculated using the follow-
ing formula: relative wound recovery ratio (%) = [distance
within scratch (0 h) — distance within scratch (24 h)]/dis-
tance within scratch (0 h).

Transwell assay

The invasion capacity of the cells was assessed using the
Transwell assay. Briefly, SH-SYS5Y cells were resuspended
in DMEM at a density of 1x 10° cells/mL, and 200 uL of
cell suspension/well was plated into the upper chambers of a
24-well Transwell plate. The lower chamber was filled with
600 pL. DMEM supplemented with 10% FBS (HyClone,
Cytiva). The cells were cultured for 48 h at 37 °C in an
incubator with 5% CO,. Finally, cells were fixed with 4%
paraformaldehyde for 20 min and stained with 0.1% crystal
violet for 15 min. Invading cells were observed under an
inverted microscope in five randomly selected fields (Olym-
pus Corporation, Japan).

Immunofluorescence (IF) staining

IF staining was performed as previously described (Yan
et al. 2021). SH-SYS5Y cells were fixed in 4% paraformal-
dehyde for 20 min at room temperature, washed with PBS,
and permeabilized with Triton X-100 for 10 min at room
temperature. After cooling to room temperature, SH-SYS5Y
cells were washed with 0.1 mol/L PBS and blocked with 5%
BSA at room temperature for 1 h. Subsequently, cells were
incubated with primary antibodies against phosphorylated
(p)-ERK1/2 at 4 °C overnight. The following day, cells were
incubated with the corresponding secondary antibodies at
37 °C for 30 min. Finally, the cell nuclei were labeled with
4',6-diamidino-2-phenylindole (DAPI; cat. no. ZLI-9557;
ZSGB-BIO Technology Co., Ltd.) at room temperature for
10 min and the stained cells were observed under a fluores-
cence microscope.

RNA extraction and reverse
transcription-quantitative PCR (RT-qPCR).

Total RNA was extracted using TRIzol® reagent (Thermo
Fisher Scientific, Inc., USA) and then reverse-transcribed
into cDNA using a reverse transcription kit (Invitrogen;
Thermo Fisher Scientific, Inc., USA). The relative expres-
sion levels of target genes were assessed by RT-qPCR using
the SYBR Premix Ex Tagq kit (Bao Biological Engineering,
Co., Ltd., China). Expression levels were calculated using
the 2742C4 method. The primer sequences used were as fol-
lows: For P2Y2, forward, 5'-CTC ATT TGG CAG GGA
CTC AGG-3’, and reverse, 5'-AAT GGC AGC TGT TTG
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CAT GG-3'; and p-actin, forward, 5'-GGA GAT TAC TGC
CCT GGC TCC TA-3', and reverse, 5'-GAC TCA TCG TAC
TCC TGC TTG CTG-3'".

Western blot analysis

SH-SYS5Y cells were lysed using a RIPA buffer (Cell Sign-
aling Technology, Inc., USA). Protein concentration was
measured using a BCA kit (Millipore Sigma, USA). Total
protein extracts (30 pg/sample) were separated using 10%
SDS-PAGE and transferred onto nitrocellulose membranes.
Subsequently, the membranes were blocked with 5% nonfat
milk and incubated with primary antibodies against P2Y2
(cat. no. ab272891, Abcam, USA; dilution, 1/500), p-ERK1
(phosphorylated at T202)/2 (phosphorylated at T185) (cat.
no. ab201015 Abcam, USA, dilution, 1/1000), ERK1/2
(cat. no. ab184699 Abcam, USA; dilution, 1/10,000) and
B-actin (cat. no. BM0627; Boster Biological Technology,
Ltd., China; dilution, 1/1000). The membrane was washed
with Tris-buffered saline/0.1% Tween (TBST), followed by
incubation with HRP Goat anti-rabbit IgG (cat. no. ab6721,
Abcam, USA) for 1.5 h. The bands were visualized using an
ECL system (Affinity Biosciences), and p-actin served as
an internal control.

Tumor formation assay in vivo

BALB/c nude mice were randomly divided into two groups
(n=6 each): sh-RNA-NC and shRNA-P2Y2. SH-SYS5Y cells
transfected with sShRNA-P2Y2 or control were collected and
re-suspended in medium at a concentration of 1x 10° cells/
mL, and 200 pL of the cell suspension was injected into the
flank of nude mice. Tumor diameter was measured using a
Vernier caliper. 21 days after successful establishment of the
model, all mice were anesthetized with 1% sodium pento-
barbital (30 mg/kg) via tail vein injection and euthanized by
carbon dioxide inhalation. The tumor tissue was removed
and kept at — 80 °C for subsequent analysis. Tumor volume
was calculated using the formula: V=1/2x L x D? (where L
represents the largest diameter measured and D represents
the smallest diameter measured).

Statistical analysis

All data are expressed as mean + standard deviation (SD).
All statistical analyses were carried out using SPSS 20.0
(IBM Corp.) software. Differences among multiple groups
were compared using one-way ANOVA followed by Tukey’s
post hoc test. P <0.05 was considered to indicated a statisti-
cally significant.
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Results
Expression of P2Y2 in HSCR colon tissues

As shown in Fig. 1a, the levels of P2Y2 protein in the
colon tissues of HSCR patients were clearly decreased
compared with their levels in the paired normal colon tis-
sues. The quantitative results of western blotting showed
the same result (Fig. 1b, 1.001 +0.057 vs. 0.242 +0.104,
P <0.01). IHC results showed that the expression of P2Y?2
in the colon tissue of patients with HSCR was significantly
decreased (Fig. 1c), and the number of P2Y?2 positive cells
was significantly reduced compared to that in the control
group (Fig. 1d, 5.285+0.879 vs. 2.077+0.311, P<0.01).
Moreover, to determine the expression levels of P2Y2 in
HSCR, an HSCR mouse model was established follow-
ing treatment with BAC. As shown in Fig. le, fewer gan-
glion cells were observed in the dilated HSCR colon and
stenotic intestinal tissues than in the normal colon tissues
(Fig. 1e). The relative protein and mRNA expression levels
of P2Y2 in the control and HSCR groups were determined
using IHC and RT-qPCR analyses. IHC results indicated
that, compared with normal colon tissues, P2Y?2 protein
was downregulated in the colon tissues of mice in the
HSCR group (Fig. 1f). More importantly, the protein levels
of P2Y2 in stenotic colon tissue were notably lower than
those in the dilated segment of colon tissue (Fig. 1f). The
quantification results of IHC staining showed that, com-
pared with the control group, the number of P2Y2 positive
cells was significantly decreased in the colon tissues of
the HSCR model group (0.321 +0.005 vs. 0.289 +0.002,
P <0.05), and the decrease in stenotic colon (SC) was sig-
nificantly greater than that in the transitional colon (TC,
Fig. 1g, 0.289 +0.002 vs. 0.261 +0.002, P <0.05). RT-
gPCR results further supported this observation (Fig. 1h,
1.01 +£0.145 vs. 0.81 £0.036, P <0.01, 0.81 £0.036 vs.
0.61+0.053, P<0.05,).

P2Y2 silencing attenuates SH-SY5Y cell
proliferation, migration and invasion

We evaluated the effect of P2Y2 on SH-SYS5Y cell devel-
opment. As shown in Fig. 2a, b, the mRNA (Fig. 2a,
1.003+0.112 vs. 0.750+0.125, P<0.01) and protein
expression levels of P2Y2 (Fig. 2b) were significantly
reduced in P2Y2-depleted SH-SYSY cells (1.000+0.019
vs. 0.289 +0.025, P <0.01), which were further enhanced
following treatment with ATP (0.750 +0.125 wvs.
0.96+0.128, P <0.05, 0.289 +0.025 vs. 0.994 +0.007,
P <0.01). The CCK-8 assay demonstrated that the prolif-
erative ability of SH-SYS5Y cells was suppressed by P2Y?2
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Fig.1 Downregulated P2Y2 in HSCR colon tissues. a—d Thirty
specimens of colon tissues (15 specimens from HSCR patients and
15 specimens from matched control subjects) were collected. Western
blot and immunohistochemistry (IHC) stain were used to detect the
levels of P2Y2 expression in colon tissues. The expression of P2Y2
in the colon tissues was decreased compared with normal colon tis-
sues. e 12 Balb/c mice were randomly divided into 2 groups, namely
the control group and the HSCR model group. Benzalkonium chlo-
ride (BAC) treatment was performed to build up the HSCR mouse
model. Hematoxylin and eosin (H&E) stained images of mouse colon
tissues (x400). The arrow points to ganglion cells. Fewer ganglion
cells were observed in the dilated HSCR colon and stenotic intesti-
nal tissues compared with normal colon tissues. f The expression of
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Stenotic colon
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P2Y2 was tested using IHC stain. The positive immunohistochemi-
cal reaction was visualized as brown. g The quantification result of
IHC stain. The number of P2Y?2 positive cells in the stenotic colon
tissue was lower compared with those in the dilated segment of the
colon tissue. h The expression of P2Y2 mRNA level was detected in
the HSCR group and the control group using RT-qPCR. Compared
with the control group, the expression of P2Y2 was decreased in the
colon tissues of the HSCR model group, and the decrease in SC was
greater than that in TC. Con control, TC transitional colon segment
tissues, SC stenotic colon segment tissues. All experiments were per-
formed in 6 replicates and presented as mean + SE. *P <0.05 vs. Con,
#£P <0.01 vs. Con, *P<0.05 vs. TC
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Fig.2 Silencing of P2Y2 inhibited SH-SYS5Y cell proliferation,
migration, and invasion. Normal control (NC) siRNA or P2Y2
siRNA were transfected into SH-SY5Y cells (1.0x 10%/cm?) using
Lipofectamine 3000. 100 pM adenosine 5'-triphosphate adenosine
triphosphate (ATP, a strong agonist for P2Y2) was used to co-treat
SH-SY5Y cells (1.0x 10%/cm?). Cells were analyzed for mRNA lev-
els 48 h after transfection. a The mRNA expression of P2Y2 was
tested by RT-qPCR. The mRNA level of P2Y2 were reduced in
P2Y2-depleted SH-SYSY cells. b The protein expression of P2Y?2
was detected using Western blot analysis. The expression of P2Y2
was decreased in P2Y?2-depleted SH-SYS5Y cells. ¢ Cell viability of

silencing (0.873 +0.031 vs. 0.755+0.029, P <0.05),
which was restored by ATP (Fig. 2¢, 0.755+0.029 vs.
0.856 £0.042, P <0.05). Both the wound recovery ratio
(Fig. 2d, 46.296 +1.652 vs. 33.472+7.160, P <0.05) and
the number of invasive cells (Fig. 2e, 64.667 +£9.158 vs.
40.000 +£9.654, P <0.01) were reduced in P2Y2-depleted
cells, suggesting that P2Y2 knockdown attenuated
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SH-SYS5Y cells was tested by CCK-8 assay. The proliferation abil-
ity of SH-SY5Y cells was suppressed by P2Y2 silencing, which
was restored by ATP. d SH-SYSY cell migration was detected by
Wound-healing assay. The wound recovery ratio was reduced in
P2Y2-depleted cells, which was abrogated by ATP. e Transwell assay
was used to examine SH-SY5Y cell invasion. The number of inva-
sion cells was decreased in P2Y?2-depleted cells, which was reversed
by ATP. All experiments were performed in triplicate and presented
as mean+SE. *P<0.05 vs. Con, **P<0.01 vs. Con, #*P<0.05 vs
siRNA-NC, #P<0.01 vs siRNA-NC, ¥P<0.05 vs siRNA-P2Y2,
&&p<0.01 vs siRNA-P2Y2

cell migration and invasion (Fig. 2d, e). As expected,
cell treatment with ATP abrogated P2Y2 silencing-
mediated impaired migration (Fig. 2d, 33.472+7.160
vs. 44.571 +£2.898, P<0.05) and invasion (Fig. 2e,
40.000+9.654 vs. 75.667 +5.785, P <0.01) of SH-SY5Y
cells.
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P2Y2 regulates the phosphorylation levels
of ERK1/2 in SH-SY5Y cells

We next investigated whether P2Y?2 promotes the activa-
tion of ERK1/2 signaling. Western blot analysis indicated
that P2Y2 silencing significantly downregulated total
ERK1/2 and p-ERK1/2 levels in cells transfected with
siRNA clones targeting P2Y?2 (Fig. 3a). By contrast, ATP-
induced P2Y2 overexpression enhanced the expression of
both total ERK1/2 and p-ERK1/2 (Fig. 3a). The quantita-
tive results of western blotting also suggested that the levels
of p-ERK1/2 (Fig. 3b) and ERK1/2 (Fig. 3c) were inhib-
ited by P2Y2 silencing (1.000+0.015 vs. 0.399 +0.054,
P <0.01, 1.000+0.039 vs. 0.584 +0.033, P<0.01) and
further promoted by co-treatment with ATP (0.399 +0.054

A

vs. 0.926 +0.033, P <0.01, 0.584 +0.033 vs. 1.012+0.095,
P<0.01, P<0.01). In addition, the IF assay revealed that
P2Y?2 silencing inhibited the translocation of activated
p-ERK1/2 from the cytoplasm to the nucleus (Fig. 3d;
14.765 +£0.324 vs. 12.537+0.638, P <0.01). The opposite
effect was observed in ATP-treated SH-SYSY cells (Fig. 3d,
12.537+0.638 vs. 17.181 £0.305, P <0.01).

ERK1/2 inhibition attenuates SH-SY5Y cell
development induced by P2Y2 overexpression

Finally, the present study explored the possible molecular
mechanism underlying the effect of P2Y2 on SH-SYSY cell
development through P2Y?2 receptors. The results showed
that the inhibition of ERK1/2 activity using PD98059

B C 20-
k] k]
p-ERK1/2 " S s - 5 5] ## S 454 #4
- - — - 7 ]
n N 7]
£z 2 S e
Qo - o -
ERK12 ™ — e X2 e 107
- — g & gl.l.l *k
e i E  0.5-
Bactn N WS WS W | 2
0.0
O .(1' «Q &Q I T
\y'\\ & o & P ,3 N
& e?‘ e?" R o"v. q:‘v
; & N N A
& ¥ v
A\ %
% \QS\ &
SIRNA-P2Y2 SIRNA-NC+ATP _siRNA-P2Y2+ATP
S 25+
5 2 4
5 fi 20 s
o
gEisl — ..
S.E s o
08 |
g o 10
5=
S¥
T %
© Q
s 0 T T
(] < Q NS
e?"e g{b g e
& e?' éo ,i\q‘
o & (o §
2 » v
£
%

Fig.3 P2Y2 regulated ERK1/2 phosphorylation level in SH-SYS5Y
cells. Normal control (NC) siRNA or P2Y?2 siRNA were transfected
into SH-SY5Y cells (1.0x10°/cm?) using Lipofectamine 3000.
100 pM adenosine 5'-triphosphate adenosine triphosphate (ATP) was
used to strengthen P2Y2 in SH-SYSY cells (1.0x 10°/cm?). Cells
were analyzed for protein expression levels 48 h after transfection.
a—c The protein expression of ERK1/2 and p-ERK 1/2 was tested
using Western blot analysis. The level of p-ERK1/2 and ERK1/2
was inhibited by P2Y2 silencing and was further promoted by co-

treated of ATP. d The spatial expression of p-ERK 1/2 was assayed
by immunofluorescence (IF). P2Y2 silencing inhibited the transloca-
tion of activated p-ERK1/2 from the cytoplasm to the nucleus. The
opposite effect was observed in ATP-mediated SH-SYSY cells. All
experiments were performed in triplicate and presented as mean + SE.
*P<0.05 vs. Con, **P<0.01 vs. Con, *P<0.05 vs siRNA-NC,
#P<0.01 vs siRNA-NC, “P<0.05 vs siRNA-P2Y2, 4P <0.01 vs
siRNA-P2Y2
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abolished the effect of P2Y2 overexpression on SH-SYS5Y
cell proliferation (Fig. 4a, 0.991 +0.042 vs. 0.941+0.033,
P <0.05). Moreover, the scratch migration assay showed
that ATP enhanced the wound recovery ratio (Fig. 4b;
66.606 +3.868 vs. 54.713+3.061, P<0.01) and promoted
SH-SYS5Y cell migration (Fig. 4c), which was inhibited
by PD98059. Cell counting results of the transwell inva-
sion assay (Fig. 4d) and representative images of the
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Fig.4 Inhibition of ERK1/2 reduced SH-SY5Y cell development
induced by P2Y2 overexpression. To promote P2Y2 expression
and inhibit the activity of ERK1/2 signaling pathway, adenosine
5'-triphosphate adenosine triphosphate (ATP, a strong agonist for
P2Y2, 100 pM) and ERK1/2 inhibitor PD98059 (10 pM) were used
to treat SH-SYSY cell for 48 h, respectively. a Cell viability of SH-
SYSY cells was tested by CCK-8 assay. Inhibition of ERK1/2 activity
using the PD98059 abolished the effect of P2Y2 overexpression on
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transwell invasion assay (Fig. 4e) showed that cell inva-
sion ability was enhanced in SH-SYSY cells treated with
ATP (72.000+11.437 vs. 116.000+11.541, P <0.01),
but the effect was reversed by co-treatment with PD98059
(116.000+11.541 vs. 91.500+12.178, P <0.01). These
findings indicate that P2Y2 overexpression promoted SH-
SYS5Y cell development by enhancing the ERK1/2 signaling
pathway.

ATP

ATP+PD98059

ATP ATP+PD98059

ATP+PD98059

O ]

SH-SYS5Y cell proliferation. b, ¢ SH-SYSY cell invasion was detected
by Wound-healing assay. ATP enhanced the wound recovery ratio,
which were inhibited by PD98059. d, e Transwell assay was used
to examine SH-SYSY cell migration. ATP promoted the SH-SYS5Y
cell migration, which was suppressed by PD98059. All experiments
were performed in triplicate and presented as mean=+ SE. **P <0.01
vs. Blank, P <0.05 vs ATP, #¥P <0.01 vs ATP
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P2Y2 silencing suppresses the progression of HSCR
in vivo

In addition, in vivo tumor growth assays were performed to
further investigate the roles of P2Y2As shown in Fig. Sa,
shRNA-P2Y?2 significantly reduced the expression of P2Y2
in tumor tissues (1.000+0.035 vs. 0.248 +0.009, P<0.01).
Representative photographs of xenograft tumors (Fig. 5b)
and quantification of tumor volume (Fig. 5c) are presented.
Tumors showed a decrease in the P2Y?2 silencing group rela-
tive to the control group (Fig. 5b, c, 487.737 +50.868 vs.
180.460+121.794, P <0.01). The phosphorylation level of
ERK1/2 in tumor tissues was also decreased by shRNA-
P2Y?2 compared with that in the shRNA-NC group (Fig. 5d).
Representative IHC images show the same results (Fig. Se).

Discussion

Hirschsprung disease (HSCR) is a congenital disorder affect-
ing the enteric nervous system (Klein and Varga 2020). The
occurrence of HSCR can be attributed to the migration,
proliferation, and survival of ENCCs (Yu et al. 2021a).
Our findings indicate a significant downregulation of P2Y?2
expression in colon tissues affected by HSCR in comparison
to its expression in normal colon tissues. This suggests a
potentially essential role for P2Y2 in the development of
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Fig.5 P2Y2 silencing suppressed the progression of HSCR in vivo.
The xenograft model in vivo was generated by hypodermic injec-
tion of SH-SY5Y cells transfected with shRNA-P2Y?2 into BALB/c
nude mice for 21 days. a The expression of P2Y?2 in tumor tissue was
tested by Western blot. SARNA-P2Y2 reduced the expression of P2Y2
in tumor tissues. b Pictures of the tumors removed after 21 days. ¢
The tumor volume was evaluated. The tumors showed a diminution

the enteric neural crest. SH-SYSY cells were selected for
this study because of their accessibility, widespread usage,
and origin from a neuroblast-derived extra-axial solid tumor
of the neural crest. The present study suggests that P2Y2
silencing attenuates SH-SYSY cell proliferation, migration,
and invasion by suppressing the ERK1/2 signaling pathway.

The purinergic receptor P2Y2 is a G protein-coupled
receptor that binds ATP to exert its action as a neurotrans-
mitter (Zhang et al. 2012). Emerging evidence suggests
that ATP and its receptors are involved in development and
regeneration of the nervous system. A previous study using
purine receptor agonists and inhibitors also demonstrated
that ATP can promote outward axonal growth by binding
to several receptors (Diaz-Hernandez et al. 2008). In neural
stem cells, ATP and P2Y?2 receptors promote the release
of Ca?* from the endoplasmic reticulum by regulating the
phosphatidylinositol-3 kinase signaling pathway, eventually
promoting cell proliferation and differentiation (Ryu et al.
2003). ATP can also be released by the intestinal non-adr-
energic non-cholinergic nerve (NANC) and functions as a
vasoactive intestinal peptide and nitric oxide, two gastro-
intestinal NANC inhibitory neurotransmitters (Toda and
Herman 2005; Mul¢ and Serio 2003). ATP and its recep-
tors play significant roles in the development of ENS and
intestinal peristalsis. Previous studies have shown that the
mRNA expression levels of the P2Y?2 receptor are signifi-
cantly reduced in the distal rectum of rats with anorectal
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of p-ERK1/2 was measured by IHC assay in tumors. The positive
immunohistochemical reaction was visualized as brown. The phos-
phorylation level of ERK1/2 in tumor tissues was also decreased by
shRNA-P2Y2 compared with the sShRNA-NC group. **P <0.01 vs.
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malformation (Liu et al. 2015; Zheng et al. 2019). Addi-
tionally, P2Y1 and P2Y2 receptors are markedly upregu-
lated in the rectosigmoid mucosa of patients with diarrhea-
predominant irritable bowel syndrome (Luo et al. 2016).
More importantly, another study showed that the mRNA
and protein expression levels of P2Y2 were both reduced in
the aganglionic gut of embryos with HSCR, indicating that
the P2Y2 receptor is associated with the development of
ENS in HSCR embryos (Od and Puri 2008). The results of
the present study showed that P2Y?2 expression was down-
regulated in colon tissues of patients with HSCR. P2Y?2 was
significantly downregulated in dilated and stenotic segments
of colon tissues compared to that in normal colon tissues.
Additionally, the expression levels of P2Y2 were lower in
the stenotic segment of the colon than in the dilated seg-
ment. Consistent with previous studies, the results of the
current study also suggest that P2Y?2 could play a significant
role in the function of the central nervous system and the
development of HSCR.

It has been suggested that alterations in the survival, pro-
liferation, differentiation and migration of ENCCs can cause
the lack of ganglion cells in the distal intestine, eventually
promoting HSCR pathogenesis (Wang and Camilleri 2019;
Meijers et al. 1992). Several genes such as RET (McKeown
et al. 2013), NSD1 (Yu et al. 2021b), and WNT3A (Chen
et al. 2014) have been reported to be markedly associated
with ENCC proliferation and migration (McKeown et al.
2013). SH-SYSY cells are often used to investigate the effect
of P2Y2 on the development of ENCCs because of the dif-
ficulty in extracting and identifying ENCCs. MiR-195-5p
inhibited the proliferation and invasion of SH-SYS5Y cells
in HSCR by targeting GFRA4 (Wang et al. 2021). Racl/
Limk1/Cofilin signaling pathway in HSCR regulates the
proliferation and migration of SH-SYSY cells, and this may
be associated with the pathogenesis of HSCR (Zhou et al.
2022). IncRNA LOC100507600 functions as a competitive
endogenous RNA to regulate BMI1 expression by sponging
miR128-1-3p in HSCR (Su et al. 2018). Downregulation of
LOC100507600 repressed SH-SYSY cell migration and pro-
liferation (Su et al. 2018). The present study demonstrated
that P2Y2 silencing suppressed SH-SYSY cell proliferation,
migration, and invasion, which were all reversed following
ATP-induced P2Y2 overexpression.

ERK1/2 is a member of the mitogen-activated protein
kinase (MAPK) family, which plays a crucial role in regulat-
ing cell proliferation, differentiation, and apoptosis (Pearson
et al. 2001). A previous study showed strong p-ERK acti-
vation in the colonic mucosa, enteric nervous system, and
ENCC:s of the normal colon (Corson et al. 2003; Rouleau
et al. 2009). However, p-ERK staining was not observed
in colon tissues derived from patients with HSCR (Rou-
leau et al. 2009). Another study revealed that MAPK/
ERK1/2 signaling cascades could mediate the regulation of
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proliferation protein tyrosine phosphatase receptor-type R
expression in ENCC overt differentiation and proliferation in
HSCR (Tian et al. 2019). Additionally, inhibition of ERK1/2
activation reduced carbachol-induced contraction in inner-
vated muscle strips, indicating that the ERK1/2 signaling
pathway could play a critical role in gastrointestinal motil-
ity (Anderson et al. 2014). PD98059, a specific inhibitor
of the ERK signaling pathway, selectively inhibits MEK1,
a MAPK kinase, thereby inhibiting the phosphorylation of
ERK1/2 (Hou et al. 2017; Zhao et al. 2017). Herein, treat-
ment with PD98059 reversed the ATP-mediated enhanced
proliferation, migration, and invasion abilities of SH-SY5Y
cells, indicating that P2Y?2 could regulate the development
of HSCR by facilitating ERK1/2 activation.

Altogether, the current study identified the P2Y2/ERK1/2
pathway as the mechanism underlying SH-SY5Y cell prolif-
eration, migration, and invasion in HSCR. Therefore, P2Y?2
might be considered a novel and effective molecular target
for treating HSCR. However, because of the limitations of
this study, subsequent research should be validated in animal
models of intestinal neural crest stem cells and HSCR.
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