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SUMMARY

Ankyrin repeat domain 22 inhibition drives the rapid pro-
liferation of leucine-rich repeat-containing G-protein–
coupled receptor 5–positive gastric epithelium progenitor
cells and alleviates the inflammatory response after gastric
mucosal damage. Ankyrin repeat domain 22 is an ideal
therapeutic target and its inhibitory compound may be used
for the target-based development of drugs.

BACKGROUND & AIMS: Rapid gastric epithelial progenitor cell
(EPC) proliferation and inflammatory response inhibition play
key roles in promoting the repair of gastric mucosal damage.
However, specific targets inducing these effects are unknown.
In this study, we explored the effects of a potential target,
Ankyrin repeat domain 22 (ANKRD22).

METHODS: An acute gastric mucosal injury model was estab-
lished with Ankrd22-/- and Ankrd22þ/þ mice by intragastric
administration of acidified ethanol. Organoid culture and flow
cytometry were performed to evaluate the effects of ANKRD22
on leucine-rich repeat-containing G-protein–coupled receptor
5–positive (Lgr5þ) gastric EPC proliferation. The mechanisms
by which ANKRD22 affects gastric EPC proliferation and in-
flammatory responses were explored by mitochondrial Ca2þ
influx and immunoblotting. Candidate ANKRD22 inhibitors
then were screened virtually and validated in vitro and in vivo.

RESULTS: After acute gastric mucosal injury, the number of
Lgr5þ gastric EPCs was increased significantly in Ankrd22-/-

mice compared with that in Ankrd22þ/þ mice. Moreover,
Ankrd22 knockout attenuated inflammatory cell infiltration into
damaged gastric tissues. ANKRD22 deletion also reduced
mitochondrial Ca2þ influx and cytoplasmic nuclear factor of
activated T cells in gastric epithelial cells and macrophages,
which further induced Lgr5þ gastric EPC proliferation and
decreased macrophage release of tumor necrosis factor-a and
interleukin 1a. In addition, a small molecule, AV023, was found
to show similar effects to those produced by ANKRD22 deletion
in vitro. Intraperitoneal injection of AV023 into the mouse
model promoted the repair of gastric mucosal damage, with
increased proliferation of Lgr5þ gastric EPCs and visible relief
of inflammation.

CONCLUSIONS: ANKRD22 inhibition is a potential target-based
therapeutic approach for promoting the repair of gastric mucosal
damage. (Cell Mol Gastroenterol Hepatol 2021;12:1433–1455;
https://doi.org/10.1016/j.jcmgh.2021.06.020)

Keywords: Gastric Mucosal Injury; ANKRD22; Epithelial Pro-
genitor Cells; Inhibitory Compound.
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containing protein 22; AXIN2, axis inhibition protein 2; BrdUD, bro-
modeoxyuridine-incorporating; CaMKII, calmodulin-dependent
protein kinase II; Cd, cluster of differentiation; c-Myc, Myc proto-
oncogene protein; DMEM, Dulbecco’s modified Eagle medium; ELISA,
enzyme-linked immunosorbent assay; EPC, epithelial progenitor cell;
FACS, fluorescence-activated cell sorting; FBS, fetal bovine serum;
FCM, flow cytometry; FITC, fluorescein isothiocyanate; IFN-g, inter-
feron-g; IHC, immunohistochemistry; IL1a, interleukin-1a; Lgr5D,
leucine-rich repeat-containing G-protein–coupled receptor 5–positive;
LPS, lipopolysaccharide; Mist, Muscle, intestine and stomach
expression; mRNA, messenger RNA; NFAT, nuclear factor of activated
T cells; PBS, phosphate-buffered saline; PE, Phycoerythrin; qRT-PCR,
quantitative reverse-transcription polymerase chain reaction; Rhod-2,
Dihydrorhod-2; RIPA, radioimmunoprecipitation assay; Sox, SRY-box
transcription factor; Ssea, stage-specific embryonic antigen; TBS,
Tris-buffered saline; THP-1, Human myeloid leukemia mononuclear
cell; TNF-a, tumor necrosis factor a; Wnt, Wingless/Int1; WT, wild-
type.
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Tthe stomach make the gastric mucosa very prone to
damage. This damage may lead to gastric mucosal erosion,
bleeding, and even ulcers, which are associated closely with
the occurrence of gastric cancer.1,2 High levels of gastric
acid, alcohol consumption, use of nonsteroidal anti-
inflammatory drugs, and Helicobacter pylori infection are
the common causes of gastric mucosal damage.3,4 In addi-
tion to reducing or avoiding exposure to injury-related
factors, repairing the damaged gastric mucosa quickly and
effectively is essential to maintaining the integrity of the
gastric mucosal barrier.

Gastric epithelial progenitor cells (EPCs), in particular
the leucine-rich repeat-containing G-protein–coupled re-
ceptor 5–positive (Lgr5þ) EPCs, play a critical role in the
rapid repair of damaged gastric mucosal epithelium. These
progenitor cells are located in the isthmus and basal region
of the gastric glands and drive the regeneration of the
gastric epithelium.5,6 Lineage tracking has shown that when
the gastric mucosa is injured, the Wingless/Int1 (Wnt)
pathway is up-regulated and quickly activates the Lgr5þ

EPCs to promote mucosal repair.7–9 However, proliferation
of Lgr5þ gastric EPCs is hindered by the inflammatory
microenvironment that the damage creates.

The formation of an inflammatory microenvironment
occurs with activation of the macrophages, which play
important roles in the mediation of the inflammatory cas-
cades and activation of the immune cells when the gastric
mucosa is injured.10,11 Proinflammatory factors secreted by
macrophages, such as interleukin-1a (IL1a) and tumor ne-
crosis factor-a (TNF-a), can weaken the proliferation and
differentiation of EPCs and hinder the regeneration and
repair of the mucosa.12,13 Therefore, the rapid proliferation
of gastric EPCs and the inhibition of local inflammation are
the key mechanisms responsible for promoting the repair of
gastric mucosal damage.

Several agents, including the gastric mucosal protective
agents, have been used recently in clinics to enhance the
gastric mucosal barrier function to treat injuries.14 Howev-
er, the pharmacodynamic mechanisms of these agents
depend mostly on the nonspecific neutralization of gastric
acid and pain relief.15,16 Sucralfate, bismuth potassium cit-
rate, and Ecabet sodium commonly chelate the gastric mu-
cosa to physically resist the damage caused by gastric acid,
pepsin, and other harmful substances. Hydrotalcite, miso-
prostol, and teprenone act by promoting the secretion of
mucus, epidermal growth factor, and other growth factors,
which increase the gastric mucosal blood flow and inhibit
the secretion of gastric acid as well as the activities of
pepsins. However, these agents cannot induce rapid prolif-
eration of gastric EPCs while reducing local inflammation
because they do not possess precise drug targets. Therefore,
it is necessary to develop novel agents that can promote the
regeneration and repair of the mucosa for efficient treat-
ment of gastric mucosal injury.

In previous studies using a patient-derived tumor
xenograft mouse model and global complementary DNA
expression profile scanning, we identified a novel mito-
chondrial protein, ankyrin repeat domain-containing pro-
tein 22 (ANKRD22), which is induced by the tumor
microenvironment to promote the reprogramming of colo-
rectal cancer cells as well as the self-renewal of the colo-
rectal cancer-initiating cells.17 More importantly,
pronounced expression of ANKRD22 can be observed in the
normal human gastric epithelium, while increased expres-
sion is seen in the activated macrophages.18 However, the
specific function of ANKRD22 in the gastric epithelium re-
mains unclear.

Here, we aimed to explore the role of ANKRD22 in the
repair of gastric mucosal damage. We found that suppres-
sion of ANKRD22 could promote proliferation of Lgr5þ

gastric EPCs, while reducing mucosal inflammation. There-
fore, inhibition of ANKRD22 may be a promising therapeutic
approach for the treatment of gastric mucosal barrier injury.

Results
Expression of ANKRD22, a Mitochondrial
Molecule That Is Widely Expressed in the Gastric
Epithelium, Is Decreased After Mucosal Damage

ANKRD22 was highly expressed in normal human gastric
epithelium, as indicated by The Human Protein Atlas
(Figure 1A). Thus, to verify the expression level of ANKRD22
in the gastric epithelium, we first detected ANKRD22
expression in the normal human gastric epithelium by
immunohistochemistry (IHC) staining of human samples.
ANKRD22 was widely expressed in the cytoplasm of cells in
gastric pits and glands (Figure 1B). Consistent with the in-
testinal epithelium IHC results,17 fluorescence colocalization
in gastric SGC7901 and BGC823 cells indicated that exoge-
nously expressed ANKRD22 was distributed almost
completely in the mitochondria (Figure 1C). Western blot
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Figure 1. The expression of ANKRD22, a mitochondrial molecule that is widely expressed in the gastric epithelium, is
decreased after mucosal damage. (A) Expression levels of ANKRD22 in different tissues of the human body. Analysis was
performed using The Human Protein Atlas (https://www.proteinatlas.org/ENSG00000152766-ANKRD22/tissue) data, of which
the RNA sequencing expression data were from the Genotype-Tissue Expression (GTEx) projects. (B) Expression of ANKRD22
in the human normal gastric epithelium detected by IHC staining. Normal mouse IgG was used as negative control. (C)
Mitochondrial colocalization of the exogenous-expressing ANKRD22 in gastric cancer cells detected by confocal microscopy.
(D) Detection of ANKRD22 in the mitochondria (M) and a residual cytoplasmic fraction (C) of cells exogenous expressing
ANKRD22 and WT C57BL/6 mouse gastric tissues by Western blot. Voltage-dependent anion channel 1 (VDAC1) and b-tubulin
were internal references for the mitochondrial and cytoplasmic fractions, respectively. (E) Expression levels of ANKRD22 in the
human gastric tissues with H pylori infection (n ¼ 8) and those without H pylori infection (n ¼ 8) as determined by qRT-PCR.
The data from the non–H pylori group were normalized to 1.0. Tubulin b class I (TUBB) was used as an internal reference. (F)
Expression levels of ANKRD22 in the human gastric tissues with H pylori infection (n ¼ 6) and normal epithelial tissues without
H pylori infection (n ¼ 6) in 2 data sets (ID: 125281861 and 122519261) from the Gene Expression Omnibus profiles database.
(G) Expression levels of ANKRD22 in human gastric cancer tissues and corresponding adjacent noncancerous tissues in
gastric cancer patients (n ¼ 10) determined by qRT-PCR. TUBB was used as an internal reference. (H) Expression levels of
ANKRD22 in human normal and cancerous gastric epithelium detected by IHC staining. Normal mouse IgG was used as a
negative control (Ctrl). (I) Representative macroscopic view of the mouse gastric mucosa with different degrees of damage. WT
C57BL/6 mice were observed at 24 hours after intragastric administration of EtOH/HCl or saline solution (Ctrl) (n ¼ 3). (J)
Detection of ANKRD22 in mouse gastric mucosa with different degrees of damage by Western blot (n ¼ 3). (K) Validation of
Ankrd22 in the gastric tissues of Ankrd22þ/þ (n ¼ 4) and Ankrd22-/- (n ¼ 8) mice by PCR and agarose gel electrophoresis. M,
marker. (L) Ankrd22 knockout alleviated gastric mucosal injury in mice. After intragastric administration of EtOH/HCl or saline
solution (Ctrl) and observation for 2 hours in advance, the Ankrd22þ/þ and Ankrd22-/- mice subsequently were checked at 0 or
24 hours (n ¼ 3). (M) Ankrd22 knockout promoted cell proliferation in the injured mouse gastric mucosa as detected by IHC
staining. Normal mouse IgG was used as a negative control. Arrow, BrdUþ cells. (N and O) Effect of Ankrd22 knockout on the
inflammatory cell infiltration in the damaged mouse gastric mucosa as detected by H&E staining (n ¼ 5). Red square, in-
flammatory cell infiltration area. Data are presented as means ± SD and analyzed by the Student t test. *P < .05, **P < .01, and
***P < .001. Hp, H pylori; RPKM, Reads Per Kilobase per Million mapped reads.
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showed that both exogenous and endogenous ANKRD22
were located in purified mitochondria from gastric cancer
cells and wild-type C57BL/6 mice gastric tissues.
(Figure 1D). These results suggest that the mitochondrial
molecule ANKRD22 is widely expressed in the gastric
epithelium, indicating a functional role in the stomach.

To explore the role of ANKRD22 in gastric disease
status, quantitative reverse-transcription polymerase
chain reaction (qRT-PCR) was used to detect the expres-
sion of ANKRD22 in patients with H pylori infection. The
expression of ANKRD22 was slightly lower than that in
paired normal epithelium in the absence of infection
(Figure 1E). These findings were consistent with the re-
sults of Gene Expression Omnibus profile data analysis
(Figure 1F). IHC staining and qRT-PCR analyses indicated
that ANKRD22 expression was lower in human gastric
cancer tissues than in the paired adjacent noncancerous
tissues (Figure 1G and H), suggesting that ANKRD22
down-regulation is a common step in gastric pathogenic
processes.

Next, we aimed to explore the changes in ANKRD22
under gastric epithelial stress by simulating mucosal
injury to different degrees with EtOH/HCl solutions in
wild-type (WT) C57BL/6 mice (Figure 1I), because
ANKRD22 also was highly expressed in the normal gastric
mucosa of mice. Western blot showed that ANKRD22
expression was substantially lower in damaged gastric
mucosa after intragastric administration of various con-
centrations of acidified ethanol than in the normal gastric
epithelium after administration of saline solution
(Figure 1J). To further explore the relationship between
ANKRD22 level and gastric mucosal injury, an Ankrd22-/-

mouse strain was established using the clustered regularly
interspaced short palindromic repeats/nuclease Cas9
technology (Figure 1K). Mild-to-moderate gastric mucosal
damage was established in the mice to approximate clin-
ical stress injuries. After 24 hours of intragastric admin-
istration of the EtOH/HCl solution (60% EtOH in 150
mmol/L HCl), the gastric mucosal damage in Ankrd22-/-

mice was less severe than that in corresponding Ankrd22þ/þ

mice (Figure 1L). Furthermore, IHC staining showed that the
number of bromodeoxyuridine-incorporating cells (BrdUþ

cells) was increased notably in the gastric epithelium of
Ankrd22-/- mice (Figure 1M), while H&E staining showed
significantly reduced inflammatory cell infiltration in the
Ankrd22-/- mouse gastric epithelium (Figure 1N and O). These
results suggest the possible involvement of ANKRD22 in the
gastric epithelial stress response in the repair of gastric
mucosal damage and that ANKRD22 deletion promotes cell
proliferation and reduces inflammation in the context of
gastric mucosal damage.
ANKRD22 Deletion Results in Rapid Proliferation
of Lgr5þ Gastric EPCs

The results of BrdU incorporation suggest that ANKRD22
deletion could promote gastric epithelial cell proliferation in
the context of gastric mucosal damage, thus prompting an
experiment to determine the identity of these proliferating
cells by assessing gastric stemness-related markers,
including Lgr5, Muscle, intestine and stomach expression 1
(Mist1), SRY-box transcription factor 2 (Sox2), Sox9, Troy,
cluster of differentiation (Cd)-44, Cd133, Cd166, stage-
specific embryonic antigen 1 (Ssea1), and Ssea4. Flow
cytometry (FCM) analysis showed a significant increase in the
prevalence of Lgr5þ cells in Ankrd22-/- mice 24 hours after
gastric mucosal injury compared with that in Ankrd22þ/þ

mice (Figure 2A and B). Similarly, qRT-PCR showed signifi-
cantly higher activity of Lgr5 in cultured gastric epithelial
organoids of Ankrd22-/- mice than Ankrd22þ/þ mice. No sta-
tistical difference was observed in the levels of the other
markers (Figure 2C–E). These results suggest that the
proliferating cells after ANKRD22 deletion were likely to be
Lgr5þ gastric EPCs. These are rapidly proliferating progeni-
tor cells that maintain the gastric epithelium and repair
mucosal damage by self-renewal and differentiation.7

To clarify the characteristics of Lgr5þ cells in gastric
mucosal injury, the gastric epithelial tissue of Lgr5-enhanced
green fluorescent protein (EGFP)-internal ribosome entry
site (IRES)-creERT2 knockin mice was evaluated after intra-
gastric administration of the EtOH/HCl solution. Lgr5þ cells
were notably enriched below the area of gastric mucosal
damage compared with the noninjured area (Figure 3A). PCR
showed that these Lgr5þ cells obtained by fluorescent-
activated cell sorting (FACS) also expressed different types
of gastric epithelial markers similar to Lgr5- cells, including
the gastric pit mucous marker mucin 5AC (Muc5ac), chief cell
marker progastricsin (Pgc), endocrine cell marker somato-
statin (Sst), gastric gland mucous cell markers mucin 6
(Muc6), trefoil factor 1 (Tff1), and Tff2 (Figure 3B and C).
These findings suggest that Lgr5þ cells proliferating in the
state of gastric mucosal injury possess the potential to
differentiate into various types of gastric epithelial cells,
which have the characteristics of gastric EPCs.

We further explored the effect of ANKRD22 on the
proliferation of Lgr5þ cells. qRT-PCR showed a marked
increase in Lgr5 messenger RNA (mRNA) levels in the
gastric epithelium of Ankrd22-/- mice compared with those
in Ankrd22þ/þ mice 24 hours after the stimulation of
injury (Figure 3D). FCM analysis showed that the per-
centages of Lgr5þ cells in Ankrd22-/- mice 24 and 48 hours
after gastric mucosal injury were increased significantly
compared with those in Ankrd22þ/þ mice (Figure 3E and
F). Moreover, FCM indicated that Ankrd22 knockout pro-
moted the Lgr5þ cell proliferation in both the corpus and
antrum of injured gastric mucosal cells (Figure 3G and H).
To determine the proliferation of Lgr5þ cells in vitro after
deletion of ANKRD22, we enriched the primary mouse
gastric EPCs using an organoid culture. The number of
organoid clones was significantly higher for the gastric
epithelial cells of Ankrd22-/- mice than for Ankrd22þ/þ

mice after stimulation of injury (Figure 3I). FCM showed
that 30.7% of the cultured gastric epithelial organoids
were enriched in Lgr5þ EPCs. Of these, 59.3% were
Lgr5þKi67þ proliferating cells (Figure 3J). Finally, we
evaluated the relationship between the levels of ANKRD22
and LGR5 in the gastric epithelium of patients with chronic
gastritis by qRT-PCR. We found that the level of LGR5 was
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Figure 2. (See previous page). Identification of the stemness markers in the proliferating cells after ANKRD22 deletion.
(A and B) Effects of Ankrd22 knockout on the percentages of Lgr5þ, Mist1þ, Sox2þ, Sox9þ, Troyþ, Cd44þ, Cd133þ, Cd166þ,
Ssea1þ, and Ssea4þ cells after gastric mucosal injury detected by FCM. Rat IgG2b was used as isotype control. (C–E) Effects
of Ankrd22 knockout on Lgr5, Mist1, Sox2, Sox9, Cd44, Cd133, Cd166, Ssea1, and Ssea4 in organoid-enriched primary
mouse gastric EPCs detected by qRT-PCR. The organoids were derived from the whole-mouse gastric tissue as well as the
corpus and antrum. The data from the Ankrd22þ/þ group were normalized to 1.0. TUBB was used as an internal reference.
(A–E) Ankrd22þ/þ and Ankrd22-/- mice were subjected to subsequent detection at 24 hours after intragastric administration of
EtOH/HCl or saline solution (Ctrl) (n ¼ 3). Data are presented as means ± SD and analyzed by the Student t test. *P < .05 and
**P < .01. APC-A, Allophycocyanin Area; FITC-A, Fluorescein Isothiocyanate Area; FSC-A, Forward Scatter Area; PE-A,
Phycoerythrin Area.

Figure 3. ANKRD22 deletion results in rapid proliferation of the Lgr5D gastric EPCs. (A) Detection of Lgr5þ cells in injured
gastric mucosa of Lgr5–EGFP–IRES–creERT2 knockin mice. Mice were subjected to subsequent detection at 24 hours after
intragastric administration of EtOH/HCl or saline solution (Ctrl). Arrow, Lgr5þ cells. (B and C) Mucin 5AC (Muc5ac), progas-
tricsin (Pgc), somatostatin (Sst), mucin 6 (Muc6), trefoil factor 1 (Tff1), and trefoil factor 2 (Tff2) were expressed in both Lgr5þ

and Lgr5- gastric epithelial cells detected by PCR. Lgr5þ and Lgr5- gastric epithelial cells of WT C57BL/6 mice were obtained
by FACS at 24 hours after intragastric administration of HCl/EtOH (n ¼ 3). (D) Effect of Ankrd22 knockout on Lgr5 after gastric
mucosal injury detected by qRT-PCR. The data from the Ankrd22þ/þ control group were normalized to 1.0. TUBB was used as
an internal reference. (E and F) Effect of Ankrd22 knockout on the percentage of Lgr5þ cells after gastric mucosal injury
detected by FCM. After intragastric administration of EtOH/HCl and observation for 2 hours in advance, Ankrd22þ/þ and
Ankrd22-/- mice were examined at 0, 24, 48, or 72 hours. Rat IgG2b was used as isotype control (n ¼ 5). (G and H) Effect of
Ankrd22 knockout on the percentage of Lgr5þ cells in corpus and antrum after gastric mucosal injury detected by FCM. Rat
IgG2b was used as an isotype control. (I) Ankrd22 knockout increased the clone number of primary mouse gastric epithelial
cells in organoid culture (n ¼ 3). (J) The percentage of Lgr5þKi67þ cells in the organoid-enriched primary mouse gastric EPCs
was detected by FCM. Rat IgG2b was used as an isotype control (n ¼ 3). (K) Expression of LGR5 and ANKRD22 in human
gastric epithelial mucosa with injury and corresponding mucosa without injury in chronic gastritis patients detected by qRT-
PCR (n ¼ 20). The data from the corresponding mucosa without injury group were normalized to 1.0. TUBB was used as an
internal reference. (L) Correlation analysis of LGR5 and ANKRD22 in the gastric mucosal lesions in patients with chronic
gastritis (n ¼ 20). The data were analyzed by the Student t test and presented as means ± SD. *P < .05, **P < .01, and ***P <
.001. ESC, Epithelial Stem cells; FITC-A, Fluorescein Isothiocyanate Area; FSC-A, Forward Scatter Area; PE-A, Phycoerythrin
Area; PE-H, Phycoerythrin Height; SSC-H, Side Scatter Height.
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significantly higher in the injured mucosa than in the un-
injured mucosa, while the expression of ANKRD22 was
reduced significantly in the uninjured mucosa (Figure 3K).
The expression of ANKRD22 was correlated negatively
with the expression of LGR5 in the gastric mucosal lesions
of patients with chronic gastritis (Figure 3L). These results
suggest that the loss of ANKRD22 promotes rapid prolif-
eration of the Lgr5þ gastric EPCs in the context of gastric
mucosal damage.
ANKRD22 Deletion Suppresses the
Noncanonical Wnt-Ca2þ Pathway

The Wnt pathway plays critical roles in the proliferation
of Lgr5þ EPCs.19 To study whether the effect of suppression
of ANKRD22 on the proliferation of Lgr5þ EPCs is mediated
via the Wnt pathway, we evaluated Wnt pathway activity in
the mouse gastric tissues at 0, 24, 48, and 72 hours after
EtOH/HCl-induced mucosal damage. Western blot showed
that the expression levels of Myc proto-oncogene protein
(c-Myc) and the axis inhibition protein 2 (AXIN2), the
downstream targets of the Wnt pathway, were substantially
higher in the gastric epithelium of Ankrd22-/- mice than in
Ankrd22þ/þ mice (Figure 4A). Conversely, the levels of c-
Myc and AXIN2 were decreased significantly in ANKRD22-
expressing gastric cancer cells compared with those in the
control cells infected with the corresponding null lentivirus
(Figure 4B), suggesting that ANKRD22 plays a role in the
regulation of the Wnt pathway.

We previously reported that ANKRD22 is not involved
directly in the canonical Wnt–b-catenin pathway, but results
in an increase in the intracellular concentration of Ca2þ,
suggesting that ANKRD22 may affect the canonical Wnt
pathway via the noncanonical Wnt-Ca2þ pathway for the
repair of gastric mucosal damage.17 To determine the rela-
tionship between the expression of ANKRD22 and the
Wnt-Ca2þ pathway, we first examined the changes in the
intracellular levels of Ca2þ in Ankrd22-/- mice 24 hours after
gastric mucosal injury using the Fluo-4 dye. The Ca2þ levels
were significantly lower in the gastric mucosal epithelial cells
of Ankrd22-/- mice than in those of Ankrd22þ/þ mice
(Figure 4C). Similarly, the intracellular Ca2þ levels were
increased significantly in ANKRD22-expressing gastric can-
cer cells compared with those in the control cells infected
with the corresponding null lentivirus (Figure 4D). ANKRD22
also localized to the mitochondria in organoid-enriched
progenitor cells as determined by the fluorescence colocali-
zation analysis (Figure 4E). To clarify the effects of Ankrd22
knockout on Ca2þ levels in mitochondria, Dihydrorhod-2
(Rhod-2) was used to stain the mitochondrial Ca2þ. The
mitochondrial Ca2þ levels were notably lower in the gastric
epithelium of Ankrd22-/- mice than in Ankrd22þ/þ mice 24
hours after gastric mucosal injury (Figure 4F and G). These
findings suggest that the suppression of expression of
ANKRD22 in gastric epithelial cells in damaged mucosa re-
sults in a decrease in the levels of mitochondrial Ca2þ.

Next, to determine whether the Wnt-Ca2þ pathway ef-
fectors can change the levels of the components of the ca-
nonical pathway, we used the nuclear factor of activated T
cells (NFAT) inhibitor, FK506, or the calmodulin-dependent
protein kinase II (CaMKII) inhibitor, KN93, to treat cultured
cells in vitro, because both NFAT and CaMKII lie down-
stream of the Wnt-Ca2þ pathway. Western blot showed that
the levels of c-Myc and AXIN2 were notably increased in
treated cells (Figure 4H). The number of primary mouse
gastric EPCs enriched by the organoid culture also was
increased significantly after treatment with FK506 or KN93
(Figure 4I), suggesting that the activity of the canonical Wnt
pathway was up-regulated after the inhibition of the Wnt-
Ca2þ pathway. Finally, the expression levels of the down-
stream targets in the Wnt-Ca2þ pathway were detected in
the mouse model of EtOH/HCl-induced gastric mucosal
injury by Western blot. The expression levels of diac-
ylglycerol, phosphorylated-CaMKII, and NFAT were reduced
in the gastric epithelial cells of Ankrd22-/- mice at 0, 24, 48,
and 72 hours after the stimulation of gastric mucosal injury
compared with the levels observed in the gastric epithelial
cells of Ankrd22þ/þ mice (Figure 4J–L). In addition, IHC
staining showed that NFAT1 expression levels in the injured
gastric mucosal cells were lower in Ankrd22-/- mice than in
Ankrd22þ/þ mice (Figure 4M). These results suggest that the
loss of ANKRD22 inhibited the Wnt-Ca2þ pathway, while
indirectly up-regulating the activity of the canonical Wnt
pathway, which may promote proliferation of the Lgr5þ

EPCs to aid in the repair of gastric mucosal damage.
ANKRD22 Deletion Reduces the Inflammatory
Response by Inhibiting the Activation of
Macrophages After Gastric Mucosal Injury

The finding that inflammatory cell infiltration in the
gastric epithelium of Ankrd22-/- mice was reduced signifi-
cantly suggests that the deletion of Ankrd22 reduced
inflammation in gastric mucosal damage. To investigate the
mechanism underlying this reduced inflammatory response
in Ankrd22-/- mice, we examined changes in the proportions
of inflammatory cells in the mouse gastric epithelium 24
hours after EtOH/HCl-induced mucosal injury. FCM showed
that the percentage of CD45þ leukocytes was significantly
lower in the injured gastric epithelium of Ankrd22-/- mice
than in Ankrd22þ/þ mice (Figure 5A and B). The Luminex
(Austin, TX) assay and the enzyme-linked immunosorbent
assay (ELISA) analyses showed significantly lower concen-
trations of TNF-a and IL1a in injured gastric epithelium of
Ankrd22-/-mice than those inAnkrd22þ/þmice (Figure 5C–E),
suggesting that the loss of ANKRD22 alleviated gastric
epithelium inflammation during gastric mucosal damage.

Macrophages play an important role in mediating
inflammation in the context of gastric mucosal injury.10,11

ANKRD22 expression is increased in activated macro-
phages.18 Therefore, we examined whether ANKRD22
expression affects macrophage function. Human myeloid
leukemia mononuclear cells (THP-1) were treated in
advance with phorbol 12-myristate 13-acetate to induce
macrophage function. qRT-PCR indicated that ANKRD22
expression in both human THP-1 macrophages and mouse
RAW264.7 macrophages was increased significantly in a
dose-independent manner after stimulation with different
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concentrations of interferon-g (IFN-g) for 24 hours
(Figure 5F). Likewise, after stimulating mouse peritoneal
macrophages with 100 ng/mL lipopolysaccharide (LPS) for
24 hours, RT-PCR showed that ANKRD22 expression in the
activated macrophages was increased significantly
(Figure 5G). The concentrations of TNF-a and IL1a secreted
by macrophages from Ankrd22-/- mice were significantly
lower than those secreted by macrophages from Ankrd22þ/þ

mice after stimulation with 50 ng/mL IFN-g or 100 ng/mL
LPS for 24 hours, respectively (Figure 5H and I). The find-
ings suggested that loss of ANKRD22 inhibited macrophage
activation in gastric epithelial inflammation. We explored if
ANKRD22 expression affected the polarization of macro-
phages. FCM showed an obvious reduction in the proportion
of CD86þ cells in activated Ankrd22-/- mouse macrophages
compared with that in Ankrd22þ/þ mice, but no significant
change in the number of CD206þ cells (Figure 5J and K).
Similarly, ELISA data showed significantly lower concen-
tration of IL12 secreted by activated Ankrd22-/- mouse
macrophages than that in Ankrd22þ/þ mice, with no signif-
icant difference in the concentration of IL10 (Figure 5L and
M), suggesting that ANKRD22 deletion inhibited M1 polari-
zation of macrophages but had no effect on M2 polarization.

Given the observations that loss of ANKRD22 reduced
the Ca2þ level in the mitochondria and NFAT expression in
gastric epithelial cells, and because fluorescence colocali-
zation detection indicated that ANKRD22 also was localized
in the mitochondria in macrophages (Figure 6A), we ques-
tioned whether ANKRD22 also could regulate the mito-
chondrial Ca2þ level and NFAT expression in macrophages.
To assess this, we first activated mouse macrophages
in vitro with IFN-g or LPS, or treated them with the Ca2þ-
selective chelator 1,2-bis(o-aminophenoxy)ethane-N,N,N’,N’-
tetraacetic acid as a negative control and performed Rhod-2
fluorescence staining. The mitochondrial Ca2þ level of
Ankrd22-/- mouse macrophages was notably lower than that
of Ankrd22þ/þ mouse macrophages (Figure 6B–E), sug-
gesting that loss of ANKRD22 caused a decrease in the
mitochondrial Ca2þ level in macrophages. Next, to explore
the effect of NFAT on inflammation, we treated activated
mouse macrophages with 100 ng/mL NFAT inhibitors.
ELISA showed significantly reduced levels of TNF-a and
Figure 4. (See previous page). ANKRD22 deletion suppresses
knockout on the Wnt pathway in mouse gastric epithelium a
ANKRD22 on the Wnt pathway in cultured cells detected by Wes
levels in mouse gastric epithelial cells detected by Fluo-4–bas
subsequent detection at 24 hours after intragastric administrati
increased the intracellular Ca2þ levels in gastric cancer cells. (
ANKRD22 in the organoid-enriched gastric cancer cells dete
reduced the mitochondrial Ca2þ level in mouse gastric epitheli
sequent detection at 24 hours after intragastric administration of
the fluorescence intensity and colocalization with mitochondria
FCM. (H) Inhibition of the Wnt-Ca2þ pathway increased the cano
by Western blot. (I) Inhibition of the Wnt-Ca2þ pathway increas
EPCs. (H and I) The cells were cultured for 24 hours in medium w
knockout decreased the levels of diacylglycerol (DAG) phosph
after mucosal injury detected by Western blot (n ¼ 3). (M) Exp
gastric epithelium after mucosal injury detected by IHC stainin
Ankrd22þ/þ and Ankrd22-/- mice were subjected to subsequent d
HCl. The data were analyzed by the Student t test and are pre
Phosphorylated calcium/calmodulin-dependent protein kinase t
IL1a in the culture supernatant (Figure 6F). Inhibition of
NFAT also resulted in decreased TNF-a concentration in the
supernatant of LPS-activated THP-1 and RAW264.7 macro-
phages (Figure 6G). Western blot showed that NFAT in
macrophages was increased to varying degrees 24 hours
after stimulation with different IFN-g or LPS concentrations
(Figure 6H–I). Finally, to investigate the regulation of
ANKRD22 deletion on NFAT expression in macrophages,
NFAT expression was detected in LPS-activated Ankrd22-/-

mouse macrophages by Western blot. NFAT expression was
lower than that in activated Ankrd22þ/þ mouse macro-
phages (Figure 6J). These results indicated that the loss of
ANKRD22 inhibited macrophage activation and cytokine
secretion mediated by mitochondrial Ca2þ and cytoplasmic
NFAT, which reduced the inflammatory response.
Identification of a Lead Compound That Inhibits
Activity of ANKRD22

The earlier-described findings suggested that suppres-
sion of ANKRD22 might target the Lgr5þ EPCs to improve
gastric mucosal repair and reduce the inflammation of the
gastric epithelium. Therefore, we aimed to identify an
inhibitory small-molecule lead compound that could target
ANKRD22. Using ANKRD22 homology modeling with Mo-
lecular Operating Environment software, we virtually
screened the Chemdiv database (2019 version) (https://
www.chemdiv.com), containing 1,535,478 small molecules.
The interaction fingerprint pattern map showed that most
small-molecule compounds were predicted to interact with
ANKRD22 at the E115/D123 sites. In addition, there was a
class of small molecules showing a unique mode of action
that could interact directly with the Cys133 side chain,
which mainly interacts with L122/D132 (Figure 7A). To
verify whether these residues were necessary for the func-
tion of ANKRD22, E115A/D123A and L122A/D132A mu-
tants were constructed. Because the endogenous expression
levels of ANKRD22 in SGC7901 cells were very low, these
cells were used as negative controls. ANKRD22-
overexpressing cells were constructed successfully by
transient transfection and were used as positive controls
(Figure 7B). Because ANKRD22 could increase the
the noncanonical Wnt-Ca2D pathway. (A) Effect of Ankrd22
fter mucosal injury detected by Western blot. (B) Effect of
tern blot. (C) Ankrd22 knockout reduced the intracellular Ca2þ

ed FCM. Ankrd22þ/þ and Ankrd22-/- mice were subjected to
on of EtOH/HCl or saline solution (Ctrl) (n ¼ 4). (D) ANKRD22
E) Mitochondrial colocalization of the exogenous-expressing
cted by confocal microscopy. (F and G) Ankrd22 knockout
um. Ankrd22þ/þ and Ankrd22-/- mice were subjected to sub-
EtOH/HCl (n ¼ 3). Confocal microscopy was used to compare
. The fluorescence intensity was detected by Rhod-2–based
nical Wnt pathway activity in the gastric cancer cells detected
ed the number of organoid-enriched primary mouse gastric
ith or without (Ctrl) 10 mmol/L FK506 or KN93. (J–L) Ankrd22

orylated-CaMKII, and NFAT in the mouse gastric epithelium
ression of NFAT1 in the Ankrd22þ/þ and Ankrd22-/- mouse
g. Normal mouse IgG was used as a negative control (Ctrl).
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sented as means ± SD. *P < .05 and **P < .01. p-CaMKII,
ype II.
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Figure 5. ANKRD22deletion reduces the inflammatory response by inhibiting activation of themacrophages after gastric
mucosal injury. (A andB)Ankrd22 knockout decreased the number of CD45þ cells in damagedmouse gastricmucosa detected
by FCM. Rat IgG2b was used as an isotype control (n ¼ 4). (C and D) Effect of Ankrd22 knockout on the expression profiles of
inflammatory factors in damagedmouse gastric mucosa detected by Luminex assay (n¼ 4). (E)Ankrd22 knockout reduced IL1a
and TNF-a in mouse damaged gastric mucosa detected by ELISA (n¼ 3). (A–E) Ankrd22þ/þ and Ankrd22-/-mice were examined
24 hours after intragastric administration of EtOH/HCl or saline solution (Ctrl). (F) Expression levels of ANKRD22 in the macro-
phages activated by different concentrations of IFN-g. THP-1 andRAW264.7macrophageswere stimulatedwith 0, 50, 80, or 100
ng/mL IFN-g for 24 hours. Subsequently, the expression of ANKRD22was determined by qRT-PCR. The data from the 0 ng/mL
groupwere normalized to 1.0. TUBB and Tubbwere used as internal references. (G) Expression levels ofAnkrd22 in the activated
mouse macrophages detected by qRT-PCR. Data of the PBS-treated group (Ctrl) were normalized to 1.0. Tubb was used as an
internal reference. (H and I) Determination of IL1a and TNF-a in supernatant of activated macrophages from Ankrd22þ/þ or
Ankrd22-/- mice by ELISA. (J and K) Effects of Ankrd22 knockout on the percentages of CD86þ and CD206þ cells in activated
Ankrd22þ/þ and Ankrd22-/- mouse macrophages detected by FCM. Rat IgG2b was used as an isotype control (n¼ 3). (L andM)
Determination of IL12 (p70) and IL10 in the supernatant of activatedmacrophages fromAnkrd22þ/þ orAnkrd22-/-mice by ELISA.
(E–M) Macrophageswere stimulatedwith 50 ng/mL IFN-g or 100 ng/mLLPSor PBS (Ctrl) for 24 hours. The datawere analyzed by
the Student t test and are presented as means ± SD. *P< .05, *P< .01, and ***P< .001. APC-A, Allophycocyanin Area; FITC-A,
Fluorescein Isothiocyanate Area; FSC-A, Forward Scatter Area.

1442 Liu et al Cellular and Molecular Gastroenterology and Hepatology Vol. 12, No. 4
intracellular Ca2þ concentration as its key mechanism for
the repair of gastric mucosal damage, we evaluated the ef-
fects of the ANKRD22 mutants on the intracellular Ca2þ

concentrations. FCM analysis based on Fluo-4 was used to
detect changes in the intracellular Ca2þ levels. We found
that the Ca2þ levels did not change significantly between the
SGC7901 cells expressing the E115A/D123A mutant and
those expressing the WT ANKRD22 (Figure 7C). By contrast,
the L122A/D132A mutant significantly reduced the levels of
intracellular Ca2þ in gastric cancer cells compared with
those in WT ANKRD22 cells (Figure 7D), suggesting that a
small-molecule compound interacting with the L122/D132
sites would inhibit the activity of ANKRD22. Using the mo-
lecular docking model, we screened the compounds that
interacted more tightly with the L122/D132 sites and
identified the ANKRD22-inhibiting lead compound, AV023
(Figure 7E).

To verify the biological function of AV023, we treated
the ANKRD22-expressing SGC7901 cells with 0.05–1.0
mmol/L AV023 for 24 hours and measured the LGR5 mRNA
levels in the cells by qRT-PCR. A significant increase in the
expression of LGR5 was observed after treatment with



Figure 6. ANKRD22 deletion reduces the expression levels of mitochondrial Ca2D and cytoplasmic NFAT in macro-
phages. (A) Mitochondrial colocalization of exogenous-expressing ANKRD22 in THP-1 macrophages detected by confocal
microscopy. (B–E) Ankrd22 knockout reduced the mitochondrial Ca2þ level in activated mouse macrophages. Confocal mi-
croscopy was used to compare the fluorescence intensity and colocalization with mitochondria. Macrophages treated with 50
mmol/L 1,2-bis(o-aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid (BAPTA) for 24 hours was used as a negative control. The
fluorescence intensity was detected by Rhod-2–based FCM. (F) Determination of IL1a and TNF-a in supernatant of activated
mouse macrophages by ELISA after NFAT inhibition. The activated macrophages were treated with 100 ng/mL NFAT inhibitor
for 1 hour. (B–F) Macrophages were stimulated with 50 ng/mL IFN-g or 100 ng/mL LPS or PBS (Ctrl) for 24 hours. (G)
Determination of TNF-a in the supernatant of activated macrophages by ELISA after NFAT inhibition. The LPS-activated
macrophages were treated with 100 ng/mL NFAT inhibitor for 1 hour. (H) Detection of NFAT in the activated mouse macro-
phages by Western blot. (I) Detection of NFAT in the activated macrophages by Western blot. (G–I) THP-1 macrophages were
treated with 100 ng/mL phorbol 12-myristate 13-acetate for 24 hours in advance. (J) Effects of Ankrd22 knockout on the
expression levels of NFAT in activated mouse macrophages detected by Western blot. Macrophages were stimulated with
50 ng/mL IFN-g or 100 ng/mL LPS for 24 hours. Macrophages were stimulated with 0, 50, or 100 ng/mL IFN-g or 0, 0.1, or
1.0 mg/mL LPS for 24 hours. Data are presented as means ± SD and analyzed using the Student t test. *P < .05 and **P < .01.
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0.2–1.0 mmol/L AV023 (Figure 7F). In addition, the num-
ber of clones derived from the organoid culture was
significantly higher in the primary Ankrd22þ/þ mouse
gastric EPCs that were treated with 1.0 mmol/L AV023
than that in the untreated group (Figure 7G), suggesting
that AV023 promoted the proliferation of gastric EPCs
in vitro. Measurement of Ca2þ levels in the gastric
epithelial cells of Ankrd22þ/þ mice using FCM based on
Fluo-4 showed that the Ca2þ levels decreased after treat-
ment with 0.5–1.0 mmol/L AV023 (Figure 7H), consistent
with the changing trend of Ca2þ levels in ANKRD22þ
SGC7901 cells (Figure 7I). In addition, both Western blot
and the TOPflash luciferase reporter assay (Promega,
Madison, WI) showed that the activity of the Wnt pathway
was up-regulated significantly in the gastric cells of
Ankrd22þ/þ mice and ANKRD22þ SGC7901 cells after
AV023 treatment, but not in the gastric cells of Ankrd22-/-

mice (Figure 7J–L), which also suggested that AV023
especially targets ANKRD22. Finally, to evaluate the effect
of AV023 on inflammation, mouse macrophages activated
with 100 ng/mL LPS were treated with 0.05–1.0 mmol/L
AV023 for 24 hours. ELISA showed a significant decrease
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in the levels of TNF-a and IL1a in the culture supernatant
after treatment with 0.5–1.0 mmol/L AV023 (Figure 7M
and N). These results suggested that the inhibitory lead
compound, AV023, showed effects similar to those caused
by the deletion of ANKRD22 in vitro and could be used as a
potential gastric mucosal protective agent targeting the
progenitor cells and macrophages.
Inhibitory Lead Compound Targeting ANKRD22
Alleviates Gastric Mucosal Injury In Vivo

To assess whether AV023 reduces the effect of gastric
mucosal damage similar to that observed in Ankrd22
knockout mice in vivo, we explored the effects of AV023 on
the accumulation of Lgr5þ EPCs and the inflammatory
response in a mouse model of acute gastric mucosal injury.
Two groups of Ankrd22þ/þ mice were injected intraperito-
neally with 5 or 20 mg/kg AV023 in vitro, which corre-
sponded to the concentrations of 0.5 and 1.0 mmol/L,
respectively, 2 hours after EtOH/HCl-induced damage to the
mouse gastric mucosa. Another group of mice was used as
an inflammatory inhibition group and injected intraperito-
neally with 10 mg/kg of infliximab, which targets TNF-a.
The same amount of saline solution was administered to the
control group. At 24 hours after injection, gastric mucosal
damage, as indicated by the percentage of bleeding areas,
was lessened significantly in the AV023-treated mice
compared with the control mice, especially at a concentra-
tion of 20 mg/kg. Gastric damage was not reduced signifi-
cantly in the anti–TNF-a agent group (Figure 8A and B).
These findings suggested that AV023 alleviated the gastric
mucosal damage. H&E staining further showed that in-
flammatory cell infiltration into the mouse gastric epithe-
lium was reduced significantly after treatment with either
AV023 or infliximab (Figure 8C and D). FCM showed that the
percentages of CD45þ leukocytes and CD11bþLy6Gþ neu-
trophils were significantly lower in the gastric epithelium of
the AV023-treated mice than in the control mice (Figure 8E
and F), suggesting that AV023 had a suppressive effect on
Figure 7. (See previous page). Identification of a lead comp
ecules interacting with the L122/D132 sites of ANKRD22 pr
Expression levels of ANKRD22 in the WT, empty vector–transf
detected by Western blot. (C) Effect of the E115A/D123A mut
SGC7901 cells. The fluorescence intensity was detected using
the intracellular Ca2þ levels in ANKRD22þ gastric cancer SGC7
4–based FCM. (E) Schematic diagram of the chemical structure
AV023. (F) Effects of AV023 on LGR5 in ANKRD22þ SGC7901 c
overexpression were used as the control groups and the cells w
hours. TUBB was used as an internal reference. (G) AV023 increa
in organoid culture. Ankrd22þ/þ mouse gastric EPCs were trea
reduced the intracellular Ca2þ levels in Ankrd22þ/þ mouse gastr
Fluo-4–based FCM. (I) AV023 reduced the intracellular Ca2þ lev
was detected by Fluo-4–based FCM. (J) AV023 increased the W
detected by Western blot. (K) AV023 increased the Wnt pathwa
blot. (L) AV023 increased the Wnt transcriptional activity of AN
porter assay. (H–L) Ankrd22þ/þ and Ankrd22-/- mouse gastric cel
SGC7901 cells without ANKRD22 overexpression were used as
0.5, and 1.0 mmol/L AV023 for 24 hours. (M and N) Effect of AV
macrophages detected by ELISA. Mouse macrophages were s
group was not treated with LPS. Cells were treated with 0, 0.05
analyzed by the Student t test and are presented as means ± S
local inflammation of injured gastric mucosa, particularly
reducing the neutrophil infiltration. FCM and qRT-PCR an-
alyses detected the proportion of Lgr5þ EPCs and the Lgr5
mRNA levels, respectively, in the mouse gastric epithelium
after the aforementioned treatments. These parameters
were increased significantly after treatment with AV023 in a
dose-dependent manner compared with those after control
treatment with normal saline. By contrast, these 2 param-
eters did not change significantly in the anti–TNF-a agent
group (Figure 8G–I). Moreover, PCR showed that Lgr5þ cells
in corpus and antrum treated with AV023 also expressed
different gastric epithelial markers of Muc5ac, Pgc, Sst,
Muc6, Tff1, and Tff2 (Figure 8J), suggesting that AV023 does
not affect the differentiation potentials of the Lgr5þ EPCs.
Finally, c-Myc and AXIN2 levels in the gastric epithelium
were detected by Western blot. Both levels were higher in
the treated groups than in the control group (Figure 8K).
Taken together, these results indicate that the ANKRD22-
inhibiting lead compound, AV023, could facilitate the
repair of gastric mucosal damage, while promoting the
accumulation of the Lgr5þ EPCs and reduction of local
inflammation, and potentially up-regulating the activity of
the Wnt pathway.

Discussion
In this study, we explored the role of ANKRD22 in the

repair of gastric mucosal damage. We found that loss of
ANKRD22 activated the canonical Wnt pathway by reducing
mitochondrial Ca2þ levels and the cytoplasmic expression of
NFAT in gastric epithelial cells, thereby promoting the
proliferation of Lgr5þ EPCs in gastric mucosal damage.
Ankrd22 knockout also attenuated the activation of macro-
phages, thereby reducing the inflammation of the gastric
epithelium. The ANKRD22-inhibiting lead compound also
showed similar effects, suggesting its potential therapeutic
applications. The collective data suggest that the inhibition
of ANKRD22 may be a potential therapeutic approach for
the rapid repair of gastric mucosal damage.
ound that inhibits the activity of ANKRD22. (A) Small mol-
edicted by protein ligand interface fingerprint software. (B)
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901 cells. The fluorescence intensity was detected by Fluo-
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ted with 0 (Ctrl) or 1.0 mmol/L AV023 for 24 hours. (H) AV023
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1446 Liu et al Cellular and Molecular Gastroenterology and Hepatology Vol. 12, No. 4



2021 ANKRD22 Is a Target in Gastric Injury 1447
Active Lgr5þ gastric EPCs are responsible for the self-
renewal of normal gastric epithelial cells and contribute to
the repair of damaged gastric mucosa.20–22 However, the
molecular mechanism underlying the repair of gastric
mucosal damage by EPCs has not yet been elucidated
clearly.23 ANKRD22 is a reprogramming-related protein
present in the colorectal cancer–initiating cells and Lgr5þ

intestinal stem cells.17 It was highly expressed in normal
gastric epithelial cells but the expression was decreased
significantly after gastric mucosal damage, suggesting that
activation of the stress pathway might induce the degrada-
tion of ANKRD22 in the stomach.

Among multiple gastric stemness-related markers, Lgr5
is affected most significantly by Ankrd22 knockout after
gastric mucosal injury. Because our study used EtOH/HCl to
chemically induce mild to moderate gastric mucosal injury
in mice, the damage may not have been sufficient to recruit
earlier gastric epithelial stem cells, except EPCs. Therefore,
Ankrd22 knockout only promoted the proliferation of Lgr5þ

EPCs in this study, but had no significant effect on other
stem cell markers. Although the proportion of Mist1þ cells
also increased after the deletion of ANKRD22, the large
dispersion was not statistically significant, which may be
owing to individual differences between the animals. The
decreased ANKRD22 levels were accompanied by the
increased proliferation of Lgr5þ gastric EPCs and repair of
the damaged gastric mucosa. This might be a novel mech-
anism to protect the gastric mucosa under stress. Lgr5þ

cells show different responses to injuries in the gastric
corpus and antrum, which also represent different cell
populations in different regions.8,20–22 Lgr5þ gastric cell
proliferation does not respond to ANKRD22 deletion when
the gastric tissue is not subject to any stress-related injury.
More importantly, Ankrd22 knockout promoted the prolif-
eration of Lgr5þ cells in both the corpus and antrum regions
in the injured gastric mucosal cells, suggesting that this
promotion was not region-specific. However, this result is
inconsistent with our previous findings that ANKRD22 is
highly expressed in the colorectal cancer–initiating cells and
Lgr5þ intestinal stem cells, which suggest that the epithelia
of the stomach and intestinal tissues may show different
modes of stress regulation.

Proliferation of the Lgr5þ gastric EPCs is controlled by
the Wnt pathway,7,24,25 which in turn is regulated by the
Ca2þ concentration in the mitochondria.26–29 In the current
Figure 8. (See previous page). Inhibitory lead compound targe
Treatment with AV023 alleviated the gastric mucosal injury in m
gastric mucosa shown by ImageJ software. (C and D) Treatme
mouse gastric mucosa detected by H&E staining. (E) Treatme
damaged mouse gastric mucosa detected by FCM. (F) Treatmen
the damaged mouse gastric mucosa detected by FCM. (G and
injured gastric mucosa detected by FCM. (F–H) Rat IgG2b was
damaged mouse gastric mucosa detected by qRT-PCR. The da
was used as an internal reference. (J) Muc5ac, Pgc, Sst, Muc6
with AV023 as detected by PCR. Lgr5þ gastric epithelial cells we
in injured mouse gastric mucosa detected by Western blot. (A–
HCl for 2 hours in advance, intraperitoneally injected with 5 or 20
and examined at 24 hours (n ¼ 3). The data were analyzed by t
and **P < .01. APC-A, Allophycocyanin Area; FSC-A, Forward
study, we found that loss of ANKRD22 resulted in reduced
mitochondrial Ca2þ levels in gastric epithelial cells and a
decrease in the expression levels of the downstream targets
of the Wnt-Ca2þ pathway, suggesting that ANKRD22 deletion
might inhibit the activity of the Wnt-Ca2þ pathway by
reducing the mitochondrial Ca2þ concentration and indi-
rectly enhancing the activity of the canonical Wnt pathway,
thereby regulating the proliferation of the Lgr5þ gastric
EPCs.

Besides proliferation of the Lgr5þ gastric EPCs, the
associated inflammatory response also influences the repair
of the gastric mucosal damage. The inflammatory response
associated with gastric mucosal injury is characterized by
the expression of various proinflammatory factors.30 Among
these factors, TNF-a secreted by macrophages drives the
activation of the inflammatory cells, while IL1a promotes
the release of TNF-a, which enhances the spread of
inflammation.31 Loss of ANKRD22 reduced the levels of
TNF-a and IL1a in the macrophages and led to a significant
reduction in inflammation in a gastric injury model. Pro-
duction and activation of inflammatory cytokines also were
mediated by intracellular Ca2þ.32 Ca2þ stimulates the acti-
vation of macrophages triggered by NFAT, thereby
enhancing the inflammatory response.33 Therefore,
ANKRD22 deletion reducing the expression levels of NFAT
as well as the Ca2þ levels in the activated macrophages
further explains the mechanism by which the absence of
ANKRD22 reduces inflammation in injured gastric mucosal
cells. It generally is believed that changes in the microen-
vironment in the tissue induce macrophages to differentiate
into M2 type, which can inhibit inflammatory responses and
play a role in tissue repair.34–36 However, we did not
observe any M2 polarization caused by Ankrd22 knockout in
our experiments. Instead, we found that ANKRD22 deletion
inhibited the M1 polarization of macrophages, which may be
closely related to the repair of gastric epithelial inflamma-
tory damage.

Currently, clinical protection of the gastric mucosa is
limited to symptomatic treatment to inhibit the levels of
gastric acid and pepsin and improve ischemia.15,16 Gastric
mucosal protective agents targeting progenitor cells that
can truly repair mucosal damage have not yet emerged.
Therefore, ANKRD22 may be an ideal target for the
development of novel gastric mucosal repair agents owing
to its effects in promoting the proliferation of EPCs and
ting ANKRD22 alleviates gastric mucosal injury in vivo. (A)
ice. (B) AV023 reduced the bleeding areas in injured mouse

nt with AV023 reduced inflammatory cell infiltration in injured
nt with AV023 decreased the number of CD45þ cells in the
t with AV023 decreased the number of CD11bþLy6Gþ cells in
H) AV023 increased the number of Lgr5þ EPCs in the mouse
used as an isotype control. (I) Effect of AV023 on Lgr5 in the
ta from the control (Ctrl) group were normalized to 1.0. Tubb
, Tff1, and Tff2 were expressed in Lgr5þ cells after treatment
re obtained by FACS. (K) Effect of AV023 on the Wnt pathway
K) Ankrd22þ/þ mice were stimulated intragastrically by EtOH/
mg/kg AV023, or 10 mg/kg infliximab or saline solution (Ctrl),

he Student t test and are presented as means ± SD. *P < .05
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reducing inflammation. Neutrophil infiltration represents
the acute inflammatory response in ethanol-induced
gastric mucosal injury.37 Furthermore, we identified both
in vivo and in vitro conditions in which AV023 promotes
the proliferation of the Lgr5þ gastric EPCs and exerts anti-
inflammatory effects, particularly aiding in the reduction
of neutrophilic infiltration. These effects are similar to
those caused by ANKRD22 deletion in mice. These findings
indicate that AV023 has potential application as a novel
gastric mucosal repair agent. After treating mice with the
TNF-a antagonist infliximab, we observed that the mouse
gastric mucosal injury was not repaired significantly and
the Lgr5þ gastric EPCs did not show significant prolifera-
tion. These observations suggest that inhibiting the in-
flammatory response alone is not sufficient to protect the
gastric mucosa, and the rapid proliferation of gastric EPCs
also may be needed for the effective repair of gastric
mucosal injury.

Our results were observed in a mouse model in which
acute gastric injury was induced with the EtOH/HCl solu-
tion. However, the reparative effect of AV023 on the chronic
inflammation of human gastric mucosa caused by various
pathogenic factors needs to be elucidated further.

In summary, ANKRD22 could be an ideal therapeutic
target for inhibition that promotes the repair of gastric
mucosal damage. Suppression of ANKRD22 can rapidly
accelerate the proliferation of Lgr5þ gastric EPCs and
reduce local inflammation in the gastric epithelium. More-
over, AV023, an ANKRD22-inhibiting lead compound, may
have potential application as a gastric mucosal repair agent.
Therefore, the findings of this study provide a novel strategy
for the development of target-based drugs to aid in the
rapid repair of gastric mucosal injury.
Methods
Mice

Ankrd22-/- C57BL/6 mice were constructed by Cyagen
Biosciences (Guangzhou, Guandong, China) using the clus-
tered regularly interspaced short palindromic repeats/Cas9
technology as described previously.17 The Ankrd22
knockout verification primers used were as follows: 5’-
GCTGCCCTAAAGTCTTTCCTTCC-3’ (forward) and 5’-
GGGAGT ATCGCCATTGAAGCTATCT-3’ (reverse), producing
a fragment size of 383 bp with an annealing temperature of
57ºC. The Lgr5-EGFP-IRES-creERT2 knockin mice were
purchased from Shanghai Model Organisms (China). Female
WT C57BL/6 mice weighing 20–25 g were acquired from
the Laboratory Animal Resources of the Chinese Academy of
Sciences (Shanghai, China). All the animals were reared and
bred at the Zhejiang Chinese Medical University Laboratory
Animal Research Center. They were maintained at 25ºC ±
3ºC, 30%–70% humidity, and alternating 12 hours of
normal light and dark cycles. They were fed standard lab-
oratory food and water. The animals were starved for 12
hours before experiments but were allowed ad libitum ac-
cess to water during fasting. All animal experiments were
conducted with approval of the Medical Animal Ethics
Committee of the Second Affiliated Hospital of Zhejiang
University School of Medicine and Zhejiang Chinese Medical
University. All animals were handled in compliance with the
local regulations of the Zhejiang Provincial Government and
the American Association for the Accreditation of Labora-
tory Animal Care guidelines.

Human Materials
Injured human gastric epithelial mucosa and corre-

sponding uninjured mucosa were obtained from 20 chronic
gastritis patients (8 men, 12 women; age, 28–75 y) who
underwent gastroscopy. Gastric tissues with H pylori infec-
tion were obtained from 8 patients (4 men, 4 women; age,
25–67 y), and those without H pylori infection were ob-
tained from 8 patients (4 men, 4 women; age, 20–51 y) who
underwent gastroscopy. Gastric cancer tissues and the cor-
responding adjacent noncancerous epithelial tissues (�5
cm) were obtained from 10 patients (7 men, 3 women; age,
45–86 y) who underwent partial or total gastrectomy. All
samples were from the Second Affiliated Hospital of Zhe-
jiang University School of Medicine. This study was
approved by the ethical committee of the Second Affiliated
Hospital of Zhejiang University School of Medicine.

Cells and Cell Culture
The gastric cancer cells SGC7901 and BGC823 and hu-

man THP-1 macrophages were purchased from the Cell
Bank of the Shanghai Branch of the Chinese Academy of
Sciences. Mouse RAW264.7 macrophages were kindly pro-
vided by Professor Hongxiang Sun (College of Animal Sci-
ences, Zhejiang University). Cells were cultured in the
following media (Corning, Corning, NY) supplemented with
10% fetal bovine serum (FBS) (Corning) and 100 mg/mL
gentamicin (Sangon Biotech, Shanghai, China) at 37�C in a
humidified 5% CO2 atmosphere. Then, SGC7901 and
BGC823 cells and human THP-1 macrophages were cultured
in RPMI 1640 medium. Meanwhile, the mouse RAW264.7
macrophages were cultured in Dulbecco’s modified Eagle
medium (DMEM).

Preparation of the Anti-ANKRD22 Antibody
The pET42a (Novagen, Madison, WI) prokaryotic vector

expressing the human full-length ANKRD22 was con-
structed as we described previously.38 The plasmid was
transformed into Escherichia coli BL21 DE3 to induce the
expression of the recombinant protein. After purification
and identification of the ANKRD22 recombinant protein,
HuaBio (Hangzhou, Zhejiang, China) was commissioned to
conduct subsequent animal immunization, cell fusion, and
hybridoma cell screening. Four ANKRD22 monoclonal anti-
bodies (clone numbers 1A8, 1B1, 2E4, and 1F3) were ob-
tained after identification by Western blot. Finally, the 1A8
monoclonal antibody cross-reacting with the mouse
ANKRD22 was used in this study.

Western Blot
The cells were digested and incubated in an ice-cold

radioimmunoprecipitation assay (RIPA) lysis buffer
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containing the protease inhibitor cocktail for 30 minutes.
Then, the loading buffer (3�) was added to the samples and
they were boiled at 100�C for 5 minutes. Sodium dodecyl
sulfate–polyacrylamide gel electrophoresis was performed
and the proteins were transferred to nitrocellulose mem-
branes (Sartorius Stedim, Gottingen, Germany). The mem-
branes subsequently were blocked with 5% nonfat milk in
Tris-buffered saline (TBS)–Tween-20 at room temperature
for 1 hour and incubated with the primary antibody at 4�C
overnight with gentle shaking. The following primary anti-
bodies were used: b-tubulin (HuaBio), c-Myc (Cell Signaling
Technology, Danvers, MA), AXIN2 (Cell Signaling Technol-
ogy), NFAT1 (Proteintech,Wuhan, Hubei, China), NFAT2 (Cell
Signaling Technology), NFAT3 (Abcam, Cambridge, UK),
NFAT4 (GeneTex, Irvine, CA), diacylglycerol (LifeSpan Bio-
Sciences, Seattle, WA), phospho-CaMKII (Thr286; Cell
Signaling Technology), and CaMKII (GeneTex). Subsequently,
the membranes were washed 5 times with TBS–Tween-20
and incubated with horseradish peroxidase–labeled second-
ary antibody (Jackson ImmunoResearch Laboratories, West
Grove, PA) at room temperature for 1 hour with gentle
shaking. After washing 5 times, the membranes were incu-
bated in the enhanced chemiluminescence solution (Perkin
Elmer, Akron, OH) for 1 minute and imaged on a C-DiGit Blot
Scanner (LI-COR Biosciences, Lincoln, NE).

IHC Staining
IHC staining was performed according to the standard

protocol. Briefly, the section slides of gastric tissues were
maintained at 60�C for 30 minutes and then deparaffinized
in xylene and rehydrated with a graded series of alcohol
solutions. An antigen retrieval process was performed in 10
mmol/L EDTA buffer at 95�C for 15 minutes. After cooling
to room temperature, the tissue sections were blocked with
3% hydrogen peroxide for 10 minutes. After washing gently
with TBS, each section was incubated with following pri-
mary antibodies: anti-ANKRD22 (1:150) at room tempera-
ture for 1 hour, anti-BrdU (1:200; HuaBio) at 4�C overnight,
anti-Lgr5 (1:100; HuaBio) at 4�C overnight, or anti-NFAT1
(1:100; Proteintech) at 4�C overnight. Normal mouse IgG
was used as a negative control. After washing 3 times with
TBS, the slides were incubated with biotinylated secondary
antibody at room temperature for 20 minutes. Then, the
tissue sections were rinsed gently with TBS and counter-
stained with hematoxylin. The diaminobenzidine substrate
was added to the tissue sections and incubated for 5 mi-
nutes. The slides were sealed and finally observed by optical
microscopy.

Construction, Production, and Infection of the
Recombinant Lentivirus

The construction and production of the ANKRD22 over-
expression recombinant lentivirus was performed by Cyagen
Biosciences. Cell infection with the recombinant lentivirus
was performed in accordance with the company’s operating
instructions. To establish the ANKRD22 overexpression cells,
8 mg/mL polybrene and an appropriate amount of virus were
added to the cells. The control cells were infected simulta-
neously with the corresponding blank vector lentivirus. After
incubating for 48 hours, the cells were selected by treating
with 5 mg/mL puromycin for 2 weeks and the efficiency of
infection was verified by Western blot.
Immunofluorescence Colocalization Analysis
The gastric cancer cells SGC7901 and BGC823 were

infected with a lentivirus expressing the Halo-ANKRD22
(Promega, Madison, WI) fusion protein. The cells were
transferred to a 24-well plate preloaded with cover glasses
(Nest, Wuxi, Jiangsu, China). On the following day, the cells
were washed with phosphate-buffered saline (PBS) and
incubated with 5 mmol/L HaloTag Tetramethylrhodamine
ligand at 37�C for 30 minutes in the dark. Subsequently, the
cells were washed 3 times and incubated with 150 nmol/L
MitoTracker Green FM (Invitrogen, Carlsbad, CA) at 37�C for
30 minutes in the dark. The cells then were washed 3 times
and incubated with 5 mg/mL Hoechst33342 dye at 37�C for
15 minutes in the dark. After the final washing, the cover
glasses were taken out, sealed, and observed by confocal
microscopy (Carl Zeiss, Jena, Germany). To detect the
mitochondrial localization of ANKRD22 in the organoid-
cultured gastric EPCs, SGC7901 and BGC823 cells over-
expressing Halo-ANKRD22 fusion protein were cultured in
the Matrigel (Corning, NY) matrix for 7 days. After recovery,
the cells were placed onto the slides and treated as
described earlier.
EtOH/HCl-Induced Mouse Model of Acute
Gastric Mucosal Injury

Acute gastric mucosal damage was induced in mice
using the traditional method described in previous studies,
with slight modifications.39 After fasting for 12 hours, the
animals were administered a solution of 60% EtOH in 150
mmol/L HCl (10 mL/kg weight) by gavage to induce gastric
mucosal injury. To attain different degrees of gastric
mucosal injury, the animals were administered different
concentrations of acidified ethanol solutions (mild injury,
50% EtOH/150 mmol/L HCl; moderate injury, 70% EtOH/
150 mmol/L HCl; severe injury, 90% EtOH/150 mmol/L
HCl; all at 10 mL/kg weight).40 The same amount of saline
solution was administered to the control group. After
treatment with EtOH/HCl and a 2-hour observation, the
animals were euthanized by CO2 inhalation at 0, 24, 48, or
72 hours. To inhibit the activity of ANKRD22 in vivo, the
mice were stimulated intragastrically by EtOH/HCl for 2
hours, then injected intraperitoneally with 5 or 20 mg/kg
AV023 or 10 mg/kg infliximab, and then killed 24 hours
after the injection. The stomach of each mouse then was
removed by cutting the tissue from the esophagus to the
duodenum along the greater curve. The gastric tissue
samples were rinsed with ice-cold saline solution to
remove the gastric contents and blood clots. They were
either used fresh or frozen in liquid nitrogen and stored at
–80�C for subsequent experiments.
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Histologic Examination and Assessment of the
Degree of Inflammation

H&E staining was performed according to the standard
protocol. The stomach of each mouse was removed and
fixed in 10% formalin for more than 48 hours. After dehy-
dration in graded alcohol and embedding in paraffin wax,
the thin sections were stained with H&E for histologic
evaluation by optical microscopy. The scoring method of the
degree of inflammation was modified from that reported
previously by the same pathologist.41,42 All assessments
were performed blindly. The inflammatory damage score
was classified as follows: 0, no inflammatory cell infiltration;
1, small amount of inflammatory cell infiltration in the
lamina propria or epithelium or 1–2 infiltration foci; 2,
moderate inflammatory cell infiltration or 3–4 infiltration
foci; and 3, a large amount of inflammatory cell infiltration
or more than 4 infiltration foci.

Dissociation of the Gastric Epithelial Cells
Fresh gastric tissues from mice were cut into small

pieces, placed in the serum-free RPMI 1640 medium con-
taining 1 mg/mL type IV collagenase (Worthington, Lake-
wood, NJ) and 0.5 mg/mL hyaluronidase (Sigma-Aldrich, St.
Louis, MO), and digested at 37�C for 90 minutes. The cells
were separated by repeatedly aspirating and pipetting the
chopped gastric tissues in the mixture. The mixture con-
taining the separated epithelial cells then was filtered
through a 70-mm filter and centrifuged at 720 � g at 4�C for
5 minutes. The cell pellet was washed 3 times with ice-cold,
serum-free RPMI 1640 medium for subsequent analysis.

FCM and FACS
The primary gastric cells or macrophages (1 � 107) were

digested into single cells and washed twice. The cell pre-
cipitates were blocked with buffer containing 2% FBS for 15
minutes. After centrifugation, the cells were incubated in
buffer containing primary antibodies on ice for 30 minutes
in the dark. The following primary antibodies were used:
anti-mouse Lgr5–Phycoerythrin (PE, Miltenyi, Bergisch
Gladbach, Germany), anti-human Lgr5–PE (BioLegend, San
Diego, CA), Mist1 (Invitrogen), anti-mouse Sox2–Pacific Blue
(BioLegend), Sox9 (HuaBio, China), anti-mouse
CD44–fluorescein isothiocyanate (FITC) (BioLegend), anti-
mouse CD133–PE/cyanine 7 (BioLegend), anti-mouse
CD166–Allophycocyanin (APC, Miltenyi), anti-mouse
SSEA1–FITC (BioLegend), anti-mouse SSEA4–Alexa Fluor
647 conjugated (R&D Systems, Minneapolis, MN), anti-
mouse CD45–APC/cyanine 7 (BioLegend), anti-mouse F4/
80–PE (Miltenyi), anti-mouse CD86–FITC (BioLegend), anti-
mouse CD206–APC (BioLegend), anti-mouse CD11b–PE/
cyanine 7 (BioLegend), and anti-mouse Ly6G–APC (Bio-
Legend). APC goat anti-mouse IgG (BioLegend) was used as
the secondary antibody and rat IgG2b (Miltenyi) was used
as an isotype control. After washing with PBS, the cells were
filtered and resuspended with 500 mL buffer. The percent-
age of positive cells was detected by FACSCanto II flow
cytometry (BD Biosciences, Franklin Lakes, NJ). The Lgr5þ

and Lgr5- mouse gastric epithelial cells were obtained using
a FACSAria III flow sorter (BD Biosciences). FCM and FACS
data were analyzed by FlowJo v.10.0 (Ashland, OR) or
CytExpert 2.0 (Indianapolis, IN) software. When detecting
the expression levels of Lgr5 and Ki67 in the organoid-
cultured gastric EPCs, the mouse primary gastric cells
were cultured in the Matrigel matrix for 7 days. After re-
covery and staining with the anti-mouse Lgr5–PE antibody
(Miltenyi), the cells were fixed and the nuclear membrane
was broken. Then, the cells were stained with the anti-
mouse Ki67-FITC antibody (Miltenyi) and treated as
described earlier.
Organoid Culture
As described previously,24,43 the primary gastric

epithelial cells from mice were isolated and counted. Then,
500 cells/well were resuspended in 0.1 mL of serum-free
DMEM, mixed with 0.1 mL growth factor-reduced Matrigel
matrix (Corning), and seeded in 24-well ultra-low-
attachment plates (Corning). After incubation at 37�C for 1
hour, 0.2 mL serum-free medium (DMEM/F12 medium
supplemented with 1� B27, 1� N2, 5 mmol/L N-acetyl
cysteine, 50 mg/L epidermal growth factor, 100 mg/L basic
fibroblast growth factor, 100 mg/L noggin, 10 mmol/L
gastrin, 500 mg/L R-spondin, 100 ng/mL Wnt3a, and 100
mg/mL gentamicin) was added. To inhibit the activity of the
Wnt-Ca2þ pathway, the serum-free medium was supple-
mented with 10 mmol/L of the NFAT inhibitor FK506 or the
CaMKII inhibitor KN93 (Selleck Chemicals, Houston, TX).
Then, the cells were cultured at 37�C in a humidified 5%
CO2 atmosphere.

After 5–7 days, organoid clones with a diameter greater
than 50 mm were counted under a microscope (Olympus,
Tokyo, Japan). For the recovery of cells from organoids, the
supernatants were removed and replaced with a cell re-
covery solution (Corning) mixed with the collected Matrigel
matrix at a ratio of 1:1. After gentle shaking at 4�C for 2
hours, the mixture was centrifuged at 1000 � g at 4�C for
10 minutes and the cell pellet was harvested for subsequent
FCM or immunofluorescence colocalization analysis.
RNA Extraction, RT-PCR, and qRT-PCR
Total RNA was extracted from cells using the TRIzol

reagent (Macherey-Nagel, Dueren, Germany). According to
the manufacturer’s instructions, the extracted RNA was
reverse-transcribed to complementary DNA using a Prime-
Script RT Reagent Kit (TaKaRa Bio, Kyoto, Japan). Subse-
quently, the PCR amplification was performed with the
PrimeSTARHS DNA polymerase kit (TaKaRa Bio) at 98�C for
10 seconds, followed by 30 cycles of PCR at 60�C for 15
seconds, and 72�C for 1 min/kb using the Life Express TC-
96 system (Bioer, Hangzhou, Zhejiang, China). Then, qRT-
PCR was conducted using the Premix Ex Taq Kit (TaKaRa
Bio) at 95�C for 30 seconds, followed by 40 cycles of 95�C
for 5 seconds, and 60�C for 30 seconds in the CFX Connect
system (Bio-Rad, Hercules, CA). The primers and probes
were chemically synthesized by Sangon Biotech and are
listed in Tables 1 and 2.



Table 1.Primers Used in PCR

Gene name Sequence Strand

Lgr5 50-GCAGTGCTCGCCTTCCCCAG-30 Forward
50-CCGTCTTCCCACCACGCACC-30 Reverse

Muc5ac 50-GACCGTGTGGTGCTGACCCG-30 Forward
50-GCCCTTGGCAGGAAGGCTGG-30 Reverse

Pgc 50-CAGAGCGAGGCCTGCACCAC-30 Forward
50-AGAGGGGCTGGGACAGAGCG-30 Reverse

Sst 50-CTGGCTGCGCTCTGCATCGT-30 Forward
50-AGCTTTGCGTTCCCGGGGTG-30 Reverse

Muc6 50-TGAGCTGTCCACGGCAAGCG-30 Forward
50-CACACACTGCCCGTCGCTGT-30 Reverse

Tff1 50-CGCTGTGGTCCTCATGCTGGC-30 Forward
50-GCCATGGGGTGGAAGCACCA-30 Reverse

Tff2 50-TCCCCCTGTCGGTGCTCCAG-30 Forward
50-CGACTGGCACAGTCCTCGGG-30 Reverse

Tubb 50-TGCCAAGGCTGTGGGCAAGG-30 Forward
50-CAGCCCCGGCATCGAAGGTG-30 Reverse
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Determination of the Intracellular Ca2þ Levels
A total of 1 � 106 gastric cancer cells or primary gastric

epithelial cells from mice were digested into single cells as
described earlier and incubated in a buffer containing 10
mmol/L Fluo-4 calcium indicator (Invitrogen) and 0.02%
Pluronic F-127 (Sigma-Aldrich) at 37�C for 1 hour in the
dark. Fluorescence then was measured on a FACSCanto II
flow cytometer (BD, San Jose, CA). FCM data were analyzed
by FlowJo v.10.0 software. The mean fluorescence intensity
represented the intracellular Ca2þ levels.
Detection of Mitochondrial Ca2þ Levels
The mitochondrial Ca2þ levels in the macrophages were

traced by Rhod-2 (Genmed, Shanghai, China) for fluores-
cence colocalization or FCM detection. For fluorescence
colocalization detection, the frozen sections of mouse
stomach tissues or macrophages on cover glasses (Nest)
were washed twice and incubated with 10 mmol/L Rhod-2
at 37�C for 1 hour in the dark. Subsequently, the cells
were washed 3 times and stained with 150 nmol/L Mito-
Tracker Green FM (Invitrogen) at 37�C for 30 minutes in the
dark. Then, the cells were washed 3 times and incubated
with 5 mg/mL Hoechst33342 dye at 37�C for 15 minutes in
the dark. After the final wash, the cover glasses were taken
out, sealed, and observed by confocal microscopy (Carl
Zeiss). For FCM detection, after digestion into single cells,
the mouse gastric epithelial cells or macrophages were
incubated in buffer containing 10 mmol/L Rhod-2 fluores-
cent dye at 37�C for 1 hour in the dark. Fluorescence in-
tensity then was detected by FACSCanto II flow cytometry
(BD). The mean fluorescence intensity represented the
mitochondrial Ca2þ level.
Luminex Assay
The stomach tissues of Ankrd22þ/þ and Ankrd22-/- mice

were ground and homogenized with a corresponding vol-
ume of the RIPA lysis buffer (50 mmol/L Tris-HCl buffer, pH
7.4, 150 mmol/L NaCl, 1 mmol/L EDTA, 1% Triton X-100,
0.25% deoxycholate, 1 � protease inhibitor cocktail; Cal-
biochem, Darmstadt, Germany). The tissue lysate protein
samples were prepared by centrifugation and sonication.
According to the standard protocol of the Luminex Array
Detection Kit (Bio-Plex Pro Mouse Cytokine Grp I Panel 23-
plex; Bio-Rad), 23 mouse inflammatory factors were
detected. The beads and samples were added to a 96-well
plate and incubated for 30 minutes at room temperature
in the dark. After washing 3 times, the samples were incu-
bated with 25 mL detection antibody per well at room
temperature for 2 hours in the dark. After washing 3 times,
50 mL streptavidin-phycoerythrin was added to each well
and the samples were incubated at room temperature for 10
minutes. After final washing, the signal was detected using
the Bio-Plex MAGPIX System (Bio-Rad).
Determination of IL1a, TNF-a, IL12, and IL10
Levels

Gastric tissue samples were ground and homogenized
with ice-cold RIPA lysis buffer containing the protease in-
hibitor cocktail. The culture supernatant of the macrophages
was collected and frozen at –20�C until measurement. Ac-
cording to the manufacturer’s instructions, the cytokine
levels of IL1a, TNF-a, IL12, and IL10 in the samples were
determined using ELISA kits (Proteintech). Ninety-six–well
plates were coated with the antibodies to IL1a, TNF-a, IL12,
and IL10 at 4�C overnight. After blocking with buffer con-
taining 2% FBS for 1 hour, the samples and standards were
added at various dilutions and incubated at 37�C for 1 hour.
After washing 3 times, the samples were incubated with the
biotinylated detection antibody (diluted 1:1000) with buffer
containing 1% bovine serum albumin at 37�C for 1 hour.
After washing 3 times, the samples were incubated with
horseradish peroxidase–labeled streptavidin antibody
(diluted 1:5000) at 37�C for 1 hour. After the final washing,
100 mL 3, 3’, 5, 5’-tetramethylbenzidine chromogenic sub-
strate was added and reacted at 37�C for 20 minutes. Sub-
sequently, 50 mL stop solution was added to each well and
the absorbance (optical density) was measured at 450 nm
using a microplate reader.
Separation and Treatment of Mouse Peritoneal
Macrophages

Mice were stimulated with 1 mL 3% thioglycolate
broth (Sigma-Aldrich) for 4 days in advance by intra-
peritoneal injection. After death, each mouse was injected
with 5 mL serum-free RPMI 1640 medium in the
abdominal cavity. The abdominal fluid was lavaged out
and centrifuged. The cell precipitate was washed with
PBS before plating. After activation by 0, 50, or 100 ng/
mL INF-g (Novoprotein, Shanghai, China) or 0, 0.1, or 1.0
mg/mL LPS from E coli O55:B5 (Sigma-Aldrich) for 24
hours, the macrophages were treated with 50 mmol/L 1,2-
bis(o-aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid
(Selleck) for 24 hours or with 100 ng/mL NFAT inhibitor
(Adooq, Irvine, CA) for 1 hour. The control group was not



Table 2.Primers and Probes Used in qRT-PCR

Gene name Sequence Strand Modification

ANKRD22 50-CCAGCTTGGACTTCTAGGGA-30 Forward
50-GGCAGATGGGCTCAGAGTAT-30 Reverse
50-TCCCATGCTGGTCCTTCACAGG-30 Probe 5’Fam–3’Tamra

LGR5 50-AGCAAACCTACGTCTGGACA -30 Forward
50-ATGCTGGAGCTGGTAAAGGT-30 Reverse
50-TCCTGTGACTCAACTCAAGCCTTGGT-30 Probe 5’Fam–3’Tamra

TUBB 50-AGGAGGTCGATGAGCAGATG-30 Forward
50-TTGCCAATGAAGGTGACTGC-30 Reverse
50-TGTGACATCCCACCTCGTGGCC-30 Probe 5’Fam–3’Tamra

Ankrd22 50-CCAAGGCCTTCATCTCTCCA-30 Forward
50-GGCCAAGTCTTCAGAGGGAT-30 Reverse
50-AGGACCCATTGCTCACGTTGGAATCT-30 Probe 5’Fam–3’Tamra

Lgr5 50-TGGGCAAAGTAGGATTCGGT-30 Forward
50- CATCGAACACCTGCGTGAAT-30 Reverse
50-AGCTGTGTCTTGTTTCCGGATCAACCA-30 Probe 5’Fam–3’Tamra

Mist1 50-GCAGGACCTACATGTCCCTT-30 Forward
50-TCCTGCTATCCCAGACTCCT-30 Reverse
50-AGGATCTTTAGAGACTCCGGTCCCGT-30 Probe 5’Fam–3’Tamra

Sox2 50-TGATGGAGACGGAGCTGAAG-30 Forward
50-TTCTCCTGGGCCATCTTACG-30 Reverse
50-CGCCGTGGCGTTGCCTCCTC-30 Probe 5’Fam–3’Tamra

Sox9 50-TTCAGATGCAGTGAGGAGCA-30 Forward
50-CTTGCAGAGGCATGTGTTGT-30 Reverse
50-CCCGTGTCACAACACACGCACA-30 Probe 5’Fam–3’Tamra

Cd44 50-GGCACTGGCTCTGATTCTTG-30 Forward
50-CACCGTTGATCACCAGCTTT-30 Reverse
50-CCTACTATTGACCGCGATGCAGACGG-30 Probe 5’Fam–3’Tamra

Cd133 50-TGTCAACCTAGAGCAGGCAA-30 Forward
50-TAAACCGCAGGTAGCTCCAA-30 Reverse
50-TGCCCTTCCTTGTGGATTTCTGTCTGC-30 Probe 5’Fam–3’Tamra

Cd166 50-AGAAACCGCGTCTACCTTGA-30 Forward
50-CACACCCTTCCTCAGTGTCT-30 Reverse
50-ACTCCCAGGACGGGCGACCC-30 Probe 5’Fam–3’Tamra

Ssea1 50-CCTCTTCTGTGACTCGTGGA-30 Forward
50-ATCCCTGCAAAGTAGGCAGT-30 Reverse
50-TGCCCAGTAAACACAAGGCGGCA-30 Probe 5’Fam–3’Tamra

Ssea4 50-GGGCGTATAGCAGAACCTCT-30 Forward
50-CCCGTTTCTCATCACAGCAG-30 Reverse
50-CAGGGCTCGAACCATCGCACA-30 Probe 5’Fam–3’Tamra

Tubb 50-ACCTTGCCTTACCTCTGACC-30 Forward
50-CACAAGGGCAGGAACATACG-30 Reverse
50-ACCCACTCCTGACCCAGCACC-30 Probe 5’Fam–3’Tamra

5’Fam, 5(6)-Carboxyfluorescein; 3’Tamra, 5(6)-Carboxytetramethylrhodamine.
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treated with IFN-g or LPS. Human THP-1 cells were
treated with 100 ng/mL phorbol 12-myristate 13-acetate
(Sigma-Aldrich) for 24 hours in advance. The culture
supernatant of the macrophages was collected and frozen
at –20�C for subsequent experiments.
Isolation of Mitochondria and the Residual
Cytoplasmic Fraction

Mitochondria and the residual cytoplasmic fraction of
cells and tissues were separated using the mitochondrial
separation kit (Beyotime, Shanghai, China). ANKRD22-
overexpressing cells and WT C57BL/6 mouse gastric tis-
sues were washed with PBS twice, and an appropriate
amount of mitochondrial isolation reagent containing prote-
ase inhibitors was added. The cells were kept on ice for 15
minutes, homogenized 30 times, and centrifuged at 600� g at
4�C for 10 minutes. The supernatant was centrifuged at
11,000 � g at 4�C for 10 minutes, and centrifuged again at
12,000� g at 4�C for 10minutes. The supernatant was saved
as the residual cytoplasmic fraction and 100 mL mitochon-
drial lysate containing protease inhibitors was added to the
precipitate to obtain the mitochondrial fraction.
ANKRD22 and the Construction of Mutants
The ANKRD22/pCMV5-XL5 plasmid (SC123169; Ori-

Gene, Rockville, MD) was subcloned into pcDNA3.1 (-)
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(Invitrogen). Site-directed mutagenesis was performed on
the ANKRD22/pcDNA3.1(-) plasmid at E115/D123 and
L122/D132 sites using the MutanBEST Kit (TaKaRa Bio),
according to the manufacturer’s instructions. The E115A/
D123A and L122A/D132A plasmids obtained after mutation
then were used for cell transfection and subsequent
experiments.

TOPflash Luciferase Reporter Assay
The TOPflash luciferase reporter assay was performed

using the luciferase reporter assay system (Promega), ac-
cording to the manufacturer’s instructions. ANKRD22þ

SGC7901 gastric cancer cells were transferred to a 6-well
plate. TOP plasmid (Millipore, Darmstadt, Germany) and
pRL plasmid (Promega) were transfected into the cells at a
ratio of 4:1 with the Lipofectamine 3000 reagent (Invi-
trogen). The cells then were treated with different con-
centrations of AV023 for 24 hours. On the following day,
after washing with PBS, the cells were incubated in 500 mL
1� passive lysis buffer at room temperature for 15 mi-
nutes with shaking. Subsequently, the cell lysate was
transferred to a centrifuge tube. During the test, 20 mL of
the earlier-described cell lysate and 100 mL LARII were
added to the tube. After mixing, the luciferase activity was
detected using the GloMax 20/20 Luminometer (Promega).
Finally, 100 mL Stop&Glo (Promega, Madison, WI) reagent
was added to the tube to detect the Renilla luciferase
activity.

Assessment of Gastric Bleeding Areas
The fresh gastric tissues from mice were cut open in a

longitudinal direction along the greater curvature, washed
with precooled saline solution, and pinned flat on a cork
board with the mucosal side up. The gastric tissues were
photographed and the total stomach area as well as the
bleeding areas were determined using ImageJ software
(available from: https://imagej.nih.gov/in; National In-
stitutes of Health, Bethesda, MD). The extent of gastric
damage was quantified by calculating the percentage of
bleeding areas. Based on this value, the efficiency of the
repair of gastric injury by AV023 or infliximab was
indicated.

Statistical Analysis
All results for continuous variables are presented as

means ± SD. An unpaired 2-tailed Student t test was used
for comparisons between 2 independent samples. Data were
analyzed using SPSS v.23.0 statistical software (IBM,
Armonk, NY). P < .05 was considered statistically signifi-
cant. Statistical plots were constructed using GraphPad
Prism v.7.0 software (San Diego, CA).
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