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Omeprazole suppresses aggressive cancer growth and
metastasis in mice through promoting Snail degradation

Yang Li', Bo-xue Ren', Hong-mei Li? Tao Lu? Rong Fu' and Zhao-giu Wu'

Omeprazole is a proton pump inhibitor that has recently been reported to exhibit anticancer activity against several types of
cancer. However, the anticancer mechanisms of omeprazole remain elusive. Snail is an oncogenic zinc finger transcription factor;
aberrant activation of Snail is associated with the occurrence and progression of cancer. In this study, we investigated whether Snail
acted as a direct anticancer target of omeprazole. We showed that omeprazole displayed a high binding-affinity to recombinant
Snail protein (K4 =0.076 mM), suggesting that omeprazole directly and physically binds to the Snail protein. We further revealed
that omeprazole disrupted CREB-binding protein (CBP)/p300-mediated Snail acetylation and then promoted Snail degradation
through the ubiquitin-proteasome pathway in HCT116 cells. Omeprazole treatment markedly suppressed Snail-driven epithelial-
mesenchymal transition (EMT) in aggressive HCT116, SUM159, and 4T1 cancer cells in vitro and reduced EMT-associated tumor
invasion and metastasis in cancer cell xenograft models. Omeprazole also inhibited tumor growth by limiting Snail-dependent cell
cycle progression. Overall, this study, for the first time, identifies Snail as a target of omeprazole and reveals a novel mechanism
underlying the therapeutic effects of omeprazole against cancer. This study strongly suggests that omeprazole may be an excellent
auxiliary drug for treating patients with malignant tumors.
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INTRODUCTION

Malignancy (cancer) is a chronic and common disease that
seriously threatens public health and imposes a tremendous
economic burden on society [1, 2]. According to the latest
statistics, 19.3 million new cancer patients were projected to be
diagnosed worldwide in 2020, and 10 million patients were
projected to die of cancer [3]. Approximately 90% of cancer deaths
are caused by metastasis, which is characterized by potent
invasion, high recurrence rates, and poor prognosis [4]. Despite
the various modern therapies, patients with metastatic tumors
present an enormous clinical challenge. Therefore, new treatment
strategies for cancer patients are urgently required.

Omeprazole is a proton pump inhibitor that has been
developed for the treatment of acid-related diseases [5, 6].
Recently, many studies have shown that omeprazole exhibits
anticancer activity in several types of cancer, such as gastric
cancer [7], pancreatic cancer [8], human B-cell malignancies [9],
and glioblastoma [10]. However, the precise mechanisms
underlying the anticancer properties of omeprazole remain
elusive. Of note, omeprazole can strongly inhibit the invasion
and migration of aggressive cancer cells, which is reminiscent of
epithelial-mesenchymal transition (EMT), a key event during
metastasis [11, 12]. EMT is characterized by dramatic changes
in the expression of the key epithelial cell-cell adhesion
protein  E-cadherin and the mesenchymal markers

vimentin, fibronectin, and N-cadherin [13]. Based on a study of
EMT-associated transcription factors, including the Snail/Slug
family [14], ZEB1 [15], and Twist [16], which can induce EMT, we
found that omeprazole suppresses Snail expression without
affecting the expression of other EMT-associated transcription
factors.

Snail is a major transcription factor that triggers EMT by
suppressing the expression of cellular adhesion proteins, such as
E-cadherin [17, 18]. Accumulating evidence shows that Snail is
highly expressed in some aggressive tumors, but is essentially
undetectable in normal tissues, indicating that Snail is closely
related to cancer progression [19, 20]. In addition, Snail
overexpression promotes EMT and enhances tumor invasion,
metastasis, and recurrence, as well as therapeutic resistance
[21, 22]. Such an important role in cancer progression makes
Snail an appealing target for cancer therapy. However, there is
no Snail inhibitor available in the clinic to date. Thus, in the
present study, we aimed to reveal the direct targets of
omeprazole that underlie its anticancer ability. We provided
comprehensive evidence that omeprazole suppresses Snail-
driven EMT and tumor metastasis both in vitro and in vivo.
Moreover, omeprazole was first found to inhibit Snail-
dependent cell cycle progression, thereby suppressing tumor
growth. Our study advances the current understanding of the
molecular mechanisms of omeprazole in cancer therapy.
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MATERIALS AND METHODS

Compounds

Omeprazole (= 98%) and pantoprazole (=98%) were purchased
from Solarbio Life Science (Beijing, China). Compounds used in
assays were dissolved in 100% DMSO as stock solutions and
stored at —20 °C for in vitro studies. The final DMSO concentration
did not exceed 0.1% (v/v). Omeprazole sodium (=98%, Solarbio)
was dissolved in normal saline (NS) for in vivo studies.

Cell isolation and culture

All cell lines except for those with special instructions were
purchased from American Type Culture Collection (ATCC). HCT116,
HEK293T, 4T1, 4T1.2, DLD1, SUM159, and RKO cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% FBS and 1% penicillin/streptomycin. PyMT cancer cells were
generated and maintained in our laboratory as described
previously. PyMT cancer cells were cultured in DMEM/F12 medium
supplemented with 5% heat-inactivated FBS (Gibco, Gaithersburg,
MD, USA), 10 ng/ml EGF (PeproTech), 500 ng/ml hydrocortisone
(Sigma, St. Louis, MO, USA), 5mg/ml insulin (Sigma), 20 ng/ml
cholera toxin (Sigma) and 1% penicillin/streptomycin (Thermo).
Cells were tested for mycoplasma contamination every month,
and only mycoplasma-negative cells were used.

Immunoblotting and immunoprecipitation

For immunoblot analysis, cells were lysed in RIPA buffer (Thermo)
containing a protease inhibitor (Bimake, Houston, TX, USA).
Primary antibodies against Snail (Cell Signaling Technology,
Boston, MA, USA, 3879), Slug (Cell Signaling Technology, 9585),
pan-acetyl-Lys (pan-AcK; Cell Signaling Technology, 9441), CBP
(Cell Signaling Technology, 7389), p300 (Cell Signaling Technol-
ogy, 70088), ubiquitin (Cell Signaling Technology, 3936), HDAC1
(Cell Signaling Technology, 5356), vimentin (Cell Signaling
Technology, 5741), phospho-Rb (Cell Signaling Technology,
8516), CyclinD1 (Cell Signaling Technology, 55506), E-cadherin
(BD Bioscience, San Jose, CA, USA, 610181), CDK4 (Abcam,
Cambridge, MA, USA, ab199728), CDK6 (Wanlei, Shenyang, China,
WL03460), FLAG (Sigma, F3165), and p-actin (Santa Cruz,
Biotechnology, CA, USA, sc47778) were used for protein detection.
For IP, cells were lysed in buffer (50 mM Tris (pH 7.5), 150 mM Nadl,
1 mM EDTA, and 1% NP-40) containing a protease inhibitor. Total
cell lysates were incubated overnight with antibodies against
immunoglobulin G (control), FLAG (1:100), and Snail (1:100), and
then conjugated to Protein A/G agarose beads (Santa Cruz
Biotechnology).

Quantitative real-time PCR
gRT-PCR was performed using Applied Biosystems QuantStudio 3
gPCR system (Thermo) and SYBR Green PCR Master Mix (Vazyme
Biotech, Nanjing, China) according to the manufacturer’s instruc-
tions. Standard curves were generated, and the relative amount of
each target gene mRNA was normalized to -actin. The
oligonucleotide sequences of the gRT-PCR primers were as
follows:

B-ACTIN 5'-TGGCACCCAGCACAATGAA-3'/5'CTAAGTCATAGTCCG
CCTAGAAGCA-3,,

B-actin 5'-GGCTGTATTCCCCTCCATCG-3'/5-CCAGTTGGTAACAAT
GCCATGT-3/,

SNAIL 5-TCGGAAGCCTAACTACAGCGA-3'/5-AGATGAGCATTGGC
AGCGAG-3/,

Snail 5-CACACGCTGCCTTGTGTCT-3'/5'-GGTCAGCAAAAGCACGG
TT-3,

CDH1 5'-GTCTCCTCTTGGCTCTGCCAG-3'/5'-ATTCACTCTGCCCAG-
GACGCG-3/,

Cdh1 5-GAAGTCCATGGGGCACCACCA-3'/5'-CTGAGACCTGGGTA
CACGCTG-3/,

CDH2 5'-CGGCCGTCACAGTGACAG-3'/5'-CCAGGCTGGTGTATGGG
GTTG-3,
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Cdh2 5-TGTGCACGAAGGACAGCCCCT-3'/5-CCTGCTCTGCAGTGAGA
GGGA-3',

VIM 5-GGAGGAAATGGCTCGTCACC-3/5-GAGAAATCCTGCTCTCCTC
GCG3,

Vim 5'-AGCGTGGCTGCCAAGAACCTC-3"/5-GCAGGGCATCGTGTTCC
GGT-3,,

FNT 5'-CATCCCTGACCTGCTTCCTGG-3'/5"-CTGTACCCTGTGATGG-
GAGCC-3,

Fn1 5-GGGTGACACTTATGAGCGCCC-3'/5-GACTGACCCCCTTCAT
GGCAG-3".

Protein expression, purification, and pull-down assays
GST-CBP-HAT proteins were expressed in and purified from E. coli
(BL21). Strep-Snail recombinant proteins were expressed in and
purified from baculovirus-transfected insect cells. Bead-bound
Strep-tagged proteins were preincubated with various concentra-
tions of omeprazole for 1h at 4°C on a rotator, and the eluted
GST-CBP-HAT protein was added to the reaction mixtures and
incubated overnight. The bound complexes were eluted and
subjected to Coomassie blue staining.

BLI assay

Binding of various concentrations of omeprazole or pantopra-
zole to Snail recombinant proteins was evaluated using BLI assays
in an Octet RED96 instrument (ForteBio). Briefly, Snail recombinant
proteins were dissolved in PBS. For biotin labeling, proteins were
incubated with EZ-Link Sulfo NHS-LC-LC-Biotin (Thermo) for 60
min at room temperature (1:3 molar ratio of protein to biotin).
Spin desalting columns (Thermo) were used to remove excess
biotin. Biotinylated proteins were immobilized onto Super
Streptavidin (SSA) biosensors for further measurement. A dupli-
cate set of SSA sensors incubated in buffer without protein
was used as the negative binding control. The assay was
performed in black 96-well plates with different concentrations
of omeprazole or pantoprazole and PBS as the nonspecific
interaction control. Binding events were recorded according to
shifts in the light interference pattern. The data were then
analyzed with ForteBio Data Analysis software to calculate the
association and dissociation rates using a 1:1 binding model, and
Kq was calculated as Kog/Kon.

Cell proliferation assay

Cells were seeded in 96-well plates at a density of 4000 cells per
well in culture medium. The cells were allowed to adhere for 24 h
and were then treated with various concentrations of omeprazole
for another 48 h. Cell proliferation was measured with a CCK-8 kit
(Yeasen, Shanghai, China), and the absorbance was measured with
a Molecular Devices microplate reader at 450 nm.

Cell migration assay

Invasion assays were performed in 8-um pore size chambers (BD
Biosciences). Briefly, cells were treated with vehicle or various
concentrations of omeprazole for 48 h. The cells were then seeded
in FBS-free DMEM culture medium in the upper chambers at equal
densities, and 1 ml of complete medium supplemented with 10%
FBS was added to the lower chambers. Cells were allowed to
invade the lower chambers for a few hours. The membranes in the
chambers were stained with 0.1% crystal violet (w/v), and the
purple area was photographed and quantified.

Flow cytometric analysis

Flow cytometric analysis was performed using a FACS Celesta flow
cytometer (BD Biosciences), and data were quantitatively analyzed
with FlowJo software. Briefly, cancer cells were treated with
vehicle or various concentrations of omeprazole for 48 h. For
apoptosis analysis, the percentage of apoptotic cells was
determined with a FITC Annexin V Apoptosis Detection Kit | (BD
Biosciences) according to the manufacturer’s instructions. For cell
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cycle analysis, the percentages of cells in various cell cycle phases
were determined whih a kit (KeyGen Biotech) according to the
manufacturer’s instructions. All FACS analyses were performed in
triplicate, and representative results are shown.

Cloning, cell transfection, and viral transduction

pP3XFLAG-Snail, pLKO.1-Snail-shRNA1 (bp 468-486), pLKO.1-Snail-
shRNA2 (bp 1515-1533), and GST-CBP-HAT were constructed by
Gen-Script Biotech Inc. HA-ubiquitin, pLKO.1-TRC, psPAX2, and
pMD2.G were purchased from Addgene. Transfections were
performed using Lipofectamine 2000 Reagent (Invitrogen, Carls-
bad, CA, USA) according to the manufacturer’s instructions. To
generate lentiviral plasmids, pLKO.1-shRNA, psPAX2, and pMD2.G
at a ratio of 4:3:1 were transfected into HEK293T cells according to
the manufacturer’s instructions. Cells were incubated with fresh
medium 24 h post transfection, and conditioned medium contain-
ing viral particles was harvested 48 h and 72 h post transfection.
For viral transduction, target cells were treated with a mixture of
lentiviral particles and fresh medium (1:1, v/v) for 24 h and re-fed
with the mixture for another 24 h in the presence of polybrene (8
pg/ml; Sigma). Cells were transduced for an additional 24 h and
selected by culture in puromycin (Sigma)-containing medium.

Mouse xenograft model

All animal experiments were approved by the Animal Ethics
Committee of China Pharmaceutical University, and mice were
housed under standard specific pathogen-free conditions. To
establish the subcutaneous xenograft model, HCT116 cells were
counted and resuspended in a 1:1 mixture of PBS and Matrigel (BD
Biosciences). Cells were then injected (1x10° cells/mouse) sub-
cutaneously into the dorsal flanks of BALB/c nu/nu mice at 7 weeks of
age. Once the tumors reached a volume of ~100 mm?, the mice were
randomly divided into three groups (n =6 mice in each group). The
mice were orally administered vehicle (NS), 150 mg/kg omeprazole,
or 300 mg/kg omeprazole daily for two consecutive weeks. The
weight of mice were weighed with an electronic balance, and tumor
growth was measured daily by the same person with a calliper. The
volumes of the implanted tumors were calculated using the formula
1 x length x width?/6. After treatment, the mice were euthanized,
and tumors and key organs were harvested, photographed, and
weighed. Tissues were either fixed with 4% paraformaldehyde (PFA)
for histological and immunohistochemical analyses or snap-frozen in
liquid N, and stored at —80°C for immunoblot analysis. In some
experiments, 2x10° control-shRNA-expressing cells and Snail-
shRNA2-expressing cells were inoculated subcutaneously into
BALB/c nu/nu mice.

MMTV-PYyMT mouse model

MMTV-PyMT transgenic mice on an FVB background were
purchased from the Jackson Laboratory (002374), and the colony
was maintained in our laboratory. MMTV-PyMT transgenic mice
aged 8 weeks were divided into two groups and were then orally
administered vehicle or omeprazole (300 mg/kg) for 27 consecu-
tive days. The mice were weighed with an electronic balance, and
tumor growth was measured daily by the same person with a
calliper. After treatment, the mice were euthanized, and the
tumors, lungs and key organs were harvested for further use.

Hepatic metastasis model

A left subcostal surgical incision was made in BALB/c nu/nu mice
at 7 weeks of age. GFP-labeled HCT116 cells (2x10° were
intrasplenically injected into the spleens of these mice. The mice
were randomly divided into two groups (n=6 mice in each
group) and orally administered vehicle or omeprazole (300 mg/kg)
for three consecutive weeks starting from the third day after
surgery. The mice were weighed daily with an electronic balance.
After treatment, the mice were euthanized, and livers were then
harvested for analysis.
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Bone metastasis model in BALB/c mice established by fat pad
inoculation

To establish the bone metastasis model, 4T1.2 tumor cells were
counted and resuspended in a 2:1 mixture of PBS and Matrigel.
The cells were then injected into the fourth mammary fat pad of
BALB/c mice at 7 weeks of age. Tumors were palpable ~1 week
after inoculation. The mice were randomly divided into two
groups (n = 6 mice in each group) and orally administered vehicle
or omeprazole (300 mg/kg) for 23 consecutive days. The mice
were weighed with an electronic balance. After treatment, the
mice were euthanized, and lungs, and bone were harvested for
analysis.

Immunohistochemical staining

Tissue samples were fixed with 4% PFA and embedded in paraffin.
For IHC analysis, tumors were sliced into 5 um thick sections and
mounted on polarized glass, deparaffinized and subjected to
antigen heat retrieval with citric acid-based Antigen Unmasking
Solution. Tumor sections were sequentially permeabilized with
0.3% H,0, (in PBS); blocked with 5% goat serum (in PBS);
incubated with primary antibodies against Ki67 (Abcam, ab15580),
phospho-histone H3 (Cell Signaling Technology, 9701), cleaved
Caspase 3 (Cell Signaling Technology, 9661), phospho-Rb (Ser807/
811) (Cell Signaling Technology, 8516), Cyclin D1 (Cell Signaling
Technology, 55506), and Snail (Cell Signaling Technology, 3879);
and incubated with biotinylated goat anti-mouse secondary
antibodies (Vector Laboratories) or biotinylated goat anti-rabbit
secondary antibodies (Vector Laboratories). A standard avidin-
biotin complex (ABC) kit (Vector Laboratories) and a 3,3-
diaminobenzidine (DAB) HRP Substrate Kit (Vector Laboratories)
were used according to the manufacturer’s instructions. Sections
were counterstained with haematoxylin, dehydrated, and
mounted. After a review of haematoxylin staining, the positive
staining of tumor cells was scored.

Immunofluorescence and immunocytochemical staining

For ICC analysis, cells were grown on chamber slides, fixed with
4% PFA, and incubated with primary antibodies against E-cadherin
(BD Biosciences, 610181), vimentin (Cell Signaling Technology,
5741), and Snail (Cell Signaling Technology, 3879) followed by
goat anti-mouse and anti-rabbit Alexa Fluor-conjugated secondary
antibodies (Thermo). 4/,6-Diamidino-2-phenylindole (DAPI) stain-
ing was performed at room temperature. Finally, cells were
observed with a Zeiss LSM 800 microscope. For IF analysis, tumor
sections were incubated with primary antibodies against
E-cadherin (BD Biosciences, 610181), vimentin (Cell Signaling
Technology, 5741), CD31 (Dianova, Germany, DIA310), a-SMA
(Abcam, ab5694), VEGFA (Abcam, ab52917), and K14 (BioLegend,
905303) followed by goat anti-mouse, anti-rabbit, and anti-rat
Alexa Fluor-conjugated secondary antibodies (all from Thermo).

Statistical analysis

The data are presented as the mean+SD of at least three
independent experiments. Two-tailed Student’s t test and one-
way analysis of variance (ANOVA) were used to evaluate the
significance of differences. P values less than 0.05 were considered
to indicate significant differences.

RESULTS

Omeprazole blocks migration and EMT in aggressive cancer cells
Given the potential role of omeprazole in the inhibition of tumor
metastasis [23], we used chambers to test the effects of
omeprazole on the migration of HCT116, SUM159, and 4T1 cells.
Cells were treated with omeprazole for 48 h, and the results
showed that omeprazole dose-dependently decreased the pro-
portion of migrated cells in all three cancer cell lines (Fig. 1a, b).
EMT is a key event in metastasis [11, 12]. Hence, we examined the
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Fig. 1

Omeprazole inhibits migration and EMT in vitro. a The inhibitory effect of omeprazole on the migration of serum-stimulated HCT116,

SUM159, and 4T1 cells. b The inhibitory effect was quantified as described in a (n = 3). ¢ The levels of Snail, Slug, Twist, and ZEB1 in cancer cells
treated with omeprazole were evaluated by immunoblotting. d The levels of Snail, Slug, Twist, ZEB1, E-cadherin, and vimentin in the presence
of TGFB1 (2 ng/ml) in cancer cells treated with omeprazole were evaluated by immunoblotting (n = 3). e Immunofluorescence staining of
E-cadherin and vimentin in MMTV-PyMT (left) and 4T1 (right) cells as described in d. Nuclei were counterstained with DAPI (blue). Data are

presented as the mean + SD. One-way analysis of variance was used for statistical analysis. **P < 0.01 vs. vehicle.

effects of omeprazole on the expression levels of EMT-associated
transcription factors, including Snail, Slug, Twist, and ZEB1.
Immunoblot analysis revealed that omeprazole decreased the
Snail protein level, but had no effect on the expression levels of
other transcription factors (Fig. 1c). TGFB is considered to be a
primary inducer of EMT [24]. We further tested whether
omeprazole blocks TGFB-driven EMT phenotypes in cancer cells.
Cells were pretreated with vehicle or TGFB1 for 24 h and were
then treated with vehicle or omeprazole for another 48 h. As
shown, omeprazole inhibited the expression of Snail but did not
affect Slug, Twist, or ZEB1 expression (Fig. 1d). Consistent with

Acta Pharmacologica Sinica (2022) 43:1816-1828

these results, omeprazole blocked the morphological changes
indicative of TGFf-driven EMT, including upregulation of epithelial
markers (E-cadherin) and downregulation of mesenchymal
markers (fibronectin, vimentin, and N-cadherin) (Fig. 1e; Supple-
mentary Fig. Sla). Collectively, these results indicate that
omeprazole blocks cell migration and EMT in vitro.

Omeprazole inhibits EMT-associated distant tumor metastasis

Next, we investigated whether omeprazole has similar effects
in vivo using an HCT116 xenograft model. As shown, after 14 days
of oral administration at a dosage of 300 mg-kg™"-d ™", impairment
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of EMT was detected in omeprazole-treated xenograft tumors, as
indicated by the increased E-cadherin expression accompanied by
the reduced vimentin expression (Fig. 2a—c). Notably, omeprazole
markedly suppressed Snail expression (Fig. 2¢c). We also examined
the effect of omeprazole on tumor metastasis using a hepatic
metastasis model. To this end, nude mice were intrasplenically
implanted with GFP-labeled HCT116 cells and orally administered
omeprazole for three consecutive weeks. The results showed that
omeprazole robustly reduced nodule formation and tumor
metastasis in the liver (Fig. 2d, e).

The majority of cancer-related deaths are attributed to
metastasis to distant organs, such as the lungs and bones [25].
Therefore, we tested the antimetastatic efficacy of omeprazole
using MMTV-PyMT transgenic mice, a mouse model of breast
cancer that exhibits spontaneous development of mammary
tumors and mirrors the multistep progression of human breast
cancer [26]. For this purpose, 2-month-old female MMTV-PyMT
littermate mice were treated with vehicle or omeprazole for 27
consecutive days. The results showed that omeprazole-treated
mice displayed markedly fewer and smaller metastatic lung
nodules than vehicle-treated mice (Fig. 2f, g). Moreover, omepra-
zole markedly increased the expression of E-cadherin and
decreased the expression of vimentin, suggesting that omepra-
zole suppresses EMT in MMTV-PyMT transgenic mice (Fig. 2a, b).
We also tested the antitumor efficacy of omeprazole using a bone
metastasis model in BALB/c mice, whose metastasis pattern
closely resembles that observed in human breast cancer [27]. To
do this, 4T1.2 cells, which are capable of spontaneous metastasis
to both bone and lungs, were orthotopically injected into the
fourth mammary fat pad of female BALB/c mice [28]. The mice
were treated daily with omeprazole at a dose of 300 mg/kg for
23 days. At the treatment termination, we observed that
omeprazole-treated mice had developed markedly fewer and
smaller metastatic lung nodules than vehicle-treated mice (Fig. 2h,
i). Furthermore, H&E staining showed that omeprazole signifi-
cantly reduced the number of bone lesions compared with that in
vehicle-treated mice (Fig. 2j). Consistent with these results,
histological analysis revealed a marked decrease in the number
of tartrate-resistant acid phosphatase-positive (TRAP™) osteoclasts
in the bone tissue of omeprazole-treated mice compared with
vehicle-treated mice (Fig. 2k, ). Taken together, our findings
suggest that omeprazole strongly suppresses EMT and EMT-
associated tumor metastasis in vivo.

Omeprazole targets the Snail protein and reduces its stability
Snail has been reported to induce EMT and promote metastasis in
various types of cancer [11, 24]. Therefore, we sought to
determine whether omeprazole inhibits cell migration by target-
ing Snail. We transduced HCT116 and SUM159 cells with Snail-
shRNA and subjected them to migration analysis. As expected,
omeprazole markedly suppressed the migration of control HCT116
cells and HCT116 cells with moderate Snail silencing, but had no
effect on the migration of HCT116 cells with complete Snail
silencing. Cells with complete Snail silencing exhibited a
significant reduction in cell migration, whereas cells with
moderate Snail silencing displayed a slight reduction (Fig. 3a-c).
A similar phenotype was observed in SUM159 cells (Supplemen-
tary Fig. S2a-c). These results suggest that Snail is a potential
target of omeprazole in the suppression of migration.

To explore whether omeprazole directly binds with Snail, we
performed a biolayer interferometry (BLI) assay using recombinant
Snail protein purified from Sf9 insect cells. As shown, omeprazole
had a high binding-affinity to recombinant Snail protein (Ky=
0.076 mM), indicating that omeprazole directly and physically
binds to Snail (Fig. 3d, left panel). Compared with omeprazole,
pantoprazole (serving as a negative control) showed approxi-
mately 79-fold less potent toward Snail (K4 =6 mM) (Fig. 3d, right
panel). We next investigated the effect of omeprazole on Snail
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expression in cancer cells. Immunoblot analysis revealed that
omeprazole dose-dependently decreased the Snail protein level in
various cancer cell lines (Fig. 3e). In addition, we observed that
omeprazole reduced the Snail protein level in a time-dependent
manner in HCT116 and SUM159 cells (Supplementary Fig. S2d).
The inhibitory effect of omeprazole on Snail expression was
further confirmed by immunofluorescence analysis, which showed
that omeprazole markedly decreased the Snail protein level in
omeprazole-treated MMTV-PyMT and HCT116 cells (Fig. 3f). As
expected, pantoprazole did not affect Snail expression (Fig. S2e).
Furthermore, we found that the Snail mRNA level did not
significantly change in omeprazole-treated cells, suggesting that
omeprazole regulates Snail expression at the post translational
level (Fig. S2f). To directly test whether omeprazole affects Snail
protein stability, we used cycloheximide (CHX; 100 pg/ml) to block
protein synthesis in vehicle- and omeprazole-treated HCT116 cells.
As shown, Snail protein stability decreased rapidly in omeprazole-
treated cells, whereas the Snail protein was more stable in vehicle-
treated cells, suggesting that omeprazole indeed accelerates Snail
protein degradation (Fig. 3g, h). We next examined the effect of
omeprazole on the protein stability of exogenous Snail. Immuno-
blot analysis revealed that omeprazole markedly decreased the
expression of FLAG-tagged Snail protein in both dose- and time-
dependent manners (Fig. 3i, j). Notably, the aryl hydrocarbon
receptor (AhR) is recognized to mediate the effect of omeprazole,
and AhR (or its ligand) has been shown to inhibit Snail expression
and the Snail-driven EMT program in cancer cells [10, 23, 29-33].
To determine whether AhR is involved in omeprazole-mediated
inhibition of EMT/Snail, we silenced AhR expression in HCT116 and
SUM159 cells and assessed the Snail level in control and AhR-
silenced cells in the presence of vehicle or omeprazole. As shown,
AhR silencing robustly increased Snail expression in HCT116 and
SUM159 cells (Fig. S2g-i). Interestingly, omeprazole -efficiently
reduced Snail expression in AhR-silenced cells, and the Snail levels
in the treated cells were even lower than those in control cells
(Fig. S2h, i). These findings suggest that AhR serves as an upstream
negative regulator of Snail and that omeprazole effectively
reverses the augmented Snail expression in AhR-silenced cancer
cells. Collectively, these data indicate that Snail is a direct target
protein of omeprazole.

Omeprazole promotes Snail degradation by disrupting CBP/p300-
mediated Snail acetylation

To further study the molecular mechanisms of Snail degradation
by omeprazole, we co-expressed hemagglutinin (HA)-ubiquitin
and FLAG-tagged Snail in HEK293T cells and examined Snail
ubiquitination levels with an immunoprecipitation assay. We
found that omeprazole greatly increased the ubiquitination level
of the Snail protein (Fig. 4a). It has been reported that acetylation
can stabilize the Snail protein [34]. Therefore, we tested whether
omeprazole affects Snail acetylation. The results showed that
omeprazole significantly decreased the acetylation of the Snail
protein (Fig. 4c). Furthermore, we tested whether endogenous
Snail is similarly regulated by omeprazole in HCT116 cells.
Consistent with the above observations, omeprazole increased
the ubiquitination level of Snail and decreased the acetylation of
Snail in HCT116 cells (Fig. 4b, d). Previous studies have shown that
CBP/p300 is a critical protein that acetylates Snail [34]. Therefore,
we investigated whether omeprazole impairs Snail acetylation by
disrupting the interaction of Snail with CBP/p300. As shown,
omeprazole significantly reduced the Snail-bound CBP/p300 level
without affecting total CBP/p300 expression in HCT116 and
exogenous Snail-transfected HEK293T cells (Fig. 4e, f). We further
tested whether omeprazole disrupts the interaction between Snail
and CBP using an in vitro Streptavidin pull-down assay. For this
purpose, we purified Strep-tagged recombinant Snail proteins in
insect cells (sf9) and purified glutathione S-transferase (GST)-CBP-
HAT in E. coli. The results showed that omeprazole diminished the
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Fig. 2 Omeprazole suppresses EMT and EMT-associated tumor metastasis in vivo. a, b Immunofluorescence staining of E-cadherin and
vimentin in HCT116 xenograft tumors and PyMT primary tumors; the staining intensity of the tumors was quantified (n = 6). ¢ The levels of
Snail, E-cadherin and vimentin in tumor lysates were evaluated by immunoblotting (n=3 pools from six mice). d, e Representative
photographs of metastatic nodules (top), GFP fluorescence (middle), and H&E staining (bottom) of livers; the fluorescence intensity of the
livers was quantified (n = 6). f, g Representative H&E staining images of lungs from MMTV-PyMT mice; lung nodules were quantified (n = 6).
h, i Representative H&E staining images of the lungs of BALB/c mice; lung nodules were quantified (n =6). j Representative H&E staining
images of bone sections from BALB/c mice (n = 6). T, tumor cells; B, bone. k, | Representative TRAP staining images of bone sections from
BALB/c mice; the staining intensity was quantified (n = 6). Data are presented as the mean £ SD. Two-tailed Student’s t test was used for

statistical analysis. **P < 0.01 vs. vehicle.
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Fig. 3 Omeprazole targets the Snail protein and reduces its stability. a—c The expression of Snail in HCT116 cells transfected with control-
shRNA, Snail-shRNA1 or Snail-shRNA2 was determined by immunoblotting, and the inhibitory activity of omeprazole on migration was
quantified (n = 3). d The binding affinities of omeprazole (left) and pantoprazole (right) for Snail were measured by biolayer interferometry.
e The expression of Snail in various cancer cells after omeprazole treatment was evaluated by immunoblotting. f Immunofluorescence
staining of Snail in MMTV-PyMT (left) and HCT116 (right) cells after omeprazole treatment. g, h The expression of Snail in the presence of
cycloheximide (CHX, 100 pg/ml) in HCT116 cells treated with omeprazole was evaluated by immunoblotting, and the level of Snail expression
was quantified. The level of FLAG-tagged Snail in HEK293T cells treated with omeprazole for 48 h (i) and in cells treated with 0.2 mM
omeprazole for different times (j) was evaluated by immunoblotting. All representative blots shown are from three independent experiments.
Data are presented as the mean + SD. One-way analysis of variance was used for statistical analysis. *P < 0.05; **P < 0.01; N.S. not significant vs.

vehicle.

interaction of GST-CBP-HAT with Strep-Snail recombinant proteins
in a dose-dependent manner, suggesting that omeprazole directly
interferes with the binding between Snail and CBP (Fig. 4g, h).
Slug is a member of the Snail family and plays a key role in cancer
progression [12, 35]; thus we investigated whether omeprazole
has a similar effect on Slug. Unexpectedly, we found that Slug and
CBP could not interact, which indicated that Slug protein
expression is regulated by other proteins, and omeprazole failed
to affect Slug protein expression (Supplementary Fig. S3a).
Collectively, our data suggest that omeprazole disrupts the
interaction of Snail with CBP/p300 and eventually promotes Snail
degradation.

Omeprazole inhibits the proliferation of cancer cells by limiting
Snail-driven cell cycle progression

Snail is also an essential regulator of tumor growth [36]. Hence,
we investigated whether omeprazole affects the proliferation of
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cancer cells. To this end, a CCK-8 (Cell Counting Kit-8)
proliferation assay was used to examine the effect of omepra-
zole on various cancer cells. We found that omeprazole inhibited
cancer cell proliferation in a dose-dependent manner (Fig. 5a).
To further evaluate whether the inhibitory effect of omeprazole
on proliferation is related to Snail, we silenced Snail expression
in HCT116 cells and subjected them to a proliferation assay. As
shown, Snail-silenced cells were less sensitive to omeprazole
treatment than control cells, suggesting that omeprazole
inhibits cell proliferation by targeting Snail (Fig. 5b). To clearly
elucidate the effects of omeprazole on proliferation, we
performed an apoptosis assay by flow cytometry and
found that omeprazole did not show significant effects on
apoptosis in HCT116 and RKO cells (Supplementary Fig. S4a, b).
Next, we performed cell cycle analysis by Pl staining. To do this,
we cultured vehicle- or omeprazole-treated HCT116 or RKO cells
in the presence of the microtubule-destabilizing agent
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endogenous Snail protein in HCT116 cells treated with omeprazole. ¢ The acetylation level of FLAG-tagged Snail in HEK293T cells treated
with omeprazole. d Acetylation assay of endogenous Snail protein in HCT116 cells treated with omeprazole. e The binding interaction of
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with CBP/p300 was evaluated in HCT116 cells treated with omeprazole. g, h The effect of omeprazole on the association of CBP-HAT with
Snail was assessed by a Streptavidin pull-down assay and quantified. All representative blots shown are from three independent

experiments.

nocodazole (400 ng/ml), a widely used synchronizing agent that
can inhibit growth to accumulate cells in G2-phase [37]. In the
case of nocodazole treatment for the same amount of time, we
observed that the proportion of G1l-phase cells among
omeprazole-treated cells was significantly higher than among
vehicle-treated cells, indicating that omeprazole induces G1
arrest (Fig. 5¢, d; Supplementary Fig. S4c, d). To investigate the
changes in the cell cycle, we analyzed the expression of cell
cycle-related proteins. Immunoblot analysis revealed that
treatment with omeprazole led to the downregulation of G1
checkpoint-associated proteins, including cyclin D1 (CCND1),
cyclin-dependent kinase 4 (CDK4), cyclin-dependent kinase 6
(CDK6), and phosphorylated Rb (p-Rb), further supporting the
idea that omeprazole induces G1 arrest (Fig. 5e). Next, we
compared the proportions of G1-phase cells among control and
Snail-silenced cells in the presence of nocodazole. As shown,
the proportion of Gl-phase cells was slightly increased
among HCT116 cells with moderate Snail silencing but markedly
increased among cells with complete Snail silencing, suggesting
that G1 arrest is Snail-dependent (Fig. 5f, g). Consistent
with these findings, silencing Snail reduced the protein levels
of cyclin D1, CDK4, CDK6, and p-Rb, and delayed cell
cycle progression (Fig. 5h). To determine whether Snail is
required for omeprazole-induced G1 arrest, we silenced Snail
expression in HCT116 cells and subjected the cells to immuno-
blot analysis. As shown, omeprazole robustly reduced the
protein levels of cyclin D1, CDK4, CDK6, and p-Rb in control
cells, but failed to affect them in Snail-silenced cells (Fig. 5i).
Collectively, our data indicate that omeprazole suppresses Snail-
driven cell cycle progression, which consequently inhibits
cancer cell growth.
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Omeprazole suppresses Snail-driven colon cancer xenograft
growth

Our aforementioned results suggested the anti-proliferative
activity of omeprazole in vitro. To further confirm the effects
in vivo, we orally administered omeprazole (150 and 300 mg/kg/
day) to HCT116 xenograft model mice. After 14 days of treatment,
omeprazole efficiently inhibited xenograft tumor growth in a
dose-dependent manner (Fig. 6a, b). In addition, omeprazole did
not affect the body weight or induce detectable histological
changes in vital organs in tumor-bearing mice (Supplementary Fig.
S5a, b). Consistent with these findings, immunoblot analysis
showed that the protein levels of Snail, Cyclin D1, CDK4, CDKs,
and p-Rb were efficiently reduced in the tumors of omeprazole-
treated mice (Fig. 6c). Furthermore, omeprazole substantially
decreased the percentages of proliferative (Ki67") cells, mitotic
(phospho-histone H3*, pH3™) cells, and G1-phase (cyclin D17 and
p-Rb™) cells without changing the percentage of apoptotic
(cleaved caspase 3™) cells (Fig. 6d, e; Supplementary Fig. S5¢, d).
To examine whether the anti-proliferative effect of omeprazole is
Snail-dependent in vivo, nude mice were subcutaneously
implanted with 2x10° control or Snail-silenced HCT116 cells
and treated with omeprazole for 14 days. As shown, silencing Snail
resulted in a significant reduction in tumor size; omeprazole
significantly reduced tumor growth in omeprazole-treated con-
trol-shRNA mice but largely failed to affect tumor growth in
omeprazole-treated Snail-silenced mice, suggesting that omepra-
zole suppresses tumor growth by specifically targeting Snail
(Fig. 6f, g). Furthermore, immunoblot analysis of xenograft tumor
lysates revealed that Snail-short hairpin-mediated RNA 2 (shRNA2)
significantly silenced Snail protein expression, which induced a
substantial reduction in cyclin D1, CDK4, CDK6, and p-Rb levels
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Fig. 5 Omeprazole induces cell proliferation inhibition by limiting Snail-dependent cell cycle progression. a CCK-8 cell proliferation assay
of different cancer cell lines treated with omeprazole (n = 3). b CCK-8 analysis of control and Snail-silenced HCT116 cells after omeprazole
treatment (n = 3). ¢ Effect of omeprazole on the cell cycle distribution in HCT116 cells. X-axis—DNA content as measured by Pl incorporation.
Y-axis—cell counts for each phase of the cell cycle. d Quantitative analysis of the cell cycle distribution as described in ¢ (n = 3). e Immunoblot
analysis of Snail, Cyclin D1, CDK4, CDK6, and phospho-Rb in HCT116 cells treated with omeprazole. f Representative histogram of the cell cycle
distribution in control cells (top) and two independent Snail-silenced HCT116 cell lines (middle and bottom). Cells were treated with
nocodazole for 0, 4, 6, and 8 h before harvesting. g Quantitative analysis of the cell cycle distribution as described in f. h Inmunoblot analysis
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the indicated proteins in control and Snail-silenced HCT116 cells treated with omeprazole. All representative blots shown are from three
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Fig. 6 Oral administration of omeprazole inhibits Snail-driven colon cancer xenograft growth. Reductions in HCT116 xenograft tumor size
(a) and weight (b) upon omeprazole treatment (n = 6). Mice were treated orally with omeprazole for 14 days starting when the tumor volume
reached ~100 mm?>. ¢ The levels of Snail, Cyclin D1, CDK4, CDK6, and phospho-Rb in tumor lysates were analyzed by immunoblotting (n = 3
pools from six mice, each). d, e Immunohistochemical staining of Ki67, phospho-histone H3, Cyclin D1, and phospho-Rb in xenograft tumors;
the staining intensity was quantified (n = 6). The size (f) and weight (g) of HCT116 xenograft tumors derived from control or Snail-silenced
cells were monitored in mice treated orally with omeprazole for 14 days (n = 6). h Immunoblot analysis of Snail, Cyclin D1, CDK4, CDK6, and
phospho-Rb in tumor lysates as described in f and g (n = 2 pools from six mice, each). Data are presented as the mean + SD. One-way analysis
of variance and two-tailed Student’s t test were used for statistical analysis. **P < 0.01 vs. vehicle.

(Fig. 6h). Notably, omeprazole significantly decreased Snail, cyclin
D1, CDK4, CDK6, and p-Rb protein levels in control-shRNA tumors,
but failed to affect these proteins in Snail-silenced tumors (Fig. 6h).
These results collectively suggest a Snail-dependent effect of
omeprazole in inhibiting xenograft tumor growth.

Omeprazole inhibits Snail-driven primary tumor growth in MMTV-
PyMT transgenic mice

To detect the anti-proliferative activity of omeprazole in MMTV-
PyMT transgenic mice, we measured primary tumor growth daily.

Acta Pharmacologica Sinica (2022) 43:1816-1828

As expected, omeprazole markedly inhibited primary tumor
growth without eliciting toxicity in tumor-bearing mice (Fig. 7a;
Supplementary Fig. S6a, b). Histological analysis revealed that
omeprazole substantially decreased the percentages of Ki67 ™", pH
3%, and cyclin D17 cells without changing the percentage of
cleaved caspase 3" cells (Fig. 7b, ¢; Supplementary Fig. Séc, d).
Moreover, we examined whether omeprazole affects tumor
architecture in primary breast tumors. The results showed that
omeprazole-treated tumors exhibited a more differentiated
phenotype at the end of the treatment period, whereas vehicle-
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Fig.7 Omeprazole inhibits mammary tumor growth in MMTV-PyMT transgenic mice. a Primary tumor growth inhibition upon omeprazole
treatment in MMTV-PyMT mice (n = 6). Mice were treated orally with omeprazole for 27 days, starting when the total tumor volume reached
~400 mm?>. b, ¢ Immunohistochemical staining of Ki67, phospho-histone H3, and Cyclin D1 in primary tumors; the staining intensity was
quantified (n = 6). d Representative photograph of H&E staining for the indicated primary tumors (n = 6). Magnified images of the boxed areas
in the sections are shown in the bottom panels. e, f Imnmunofluorescence staining of CD31, VEGFA, and a-SMA in primary tumors; the staining
intensity was quantified (n = 6). g Immunofluorescence staining of K14 in primary tumors (n = 6). Data are presented as the mean * SD. Two-
tailed Student’s t test was used for statistical analysis. **P < 0.01 vs. vehicle.

treated tumors progressed to poorly differentiated adenocarcino-
mas (Fig. 7d). The tumor microenvironment plays a critical role in
tumor progression, invasion, and metastasis [38]. Therefore, we
tested whether omeprazole induces microenvironmental changes
in primary breast tumors. As shown, omeprazole markedly
reduced the infiltration of CD31" endothelial cells, VEGFA™
(proangiogenic growth factor-expressing) cells, and a-SMA™
cancer-associated fibroblasts, suggesting that omeprazole treat-
ment creates a suppressive tumor microenvironment (Fig. 7e, f).
Cytokeratin 14 (K14) is a marker of highly migratory cancer cells,
and K14" cells can lead to collective invasion of breast tumors
[39]. We found that K147 cells were enriched at invasive borders in
vehicle-treated mammary tumors, forming strands that invaded
the surrounding stromal tissue, whereas omeprazole-treated
mammary tumors failed to exhibit a locally invasive phenotype
with almost no Kl4-enriched invasive strands in the stroma
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(Fig. 7g). Taken together, these results indicate that omeprazole
strongly inhibits PyMT primary tumor growth by targeting Snail.

DISCUSSION

An increasing number of studies have reported that omeprazole
exhibits remarkable anticancer properties in various cancer types
[7-10]. However, its roles in the treatment of cancer remain
controversial. In this report, we found that omeprazole reversed
EMT progression by specifically suppressing the EMT-associated
transcription factor Snail. Snail plays an essential role in the
progression of cancer, and massive accumulation of Snail in the
nucleus promotes tumor growth, metastasis, and recurrence.
Therefore, targeting Snail is an effective strategy for cancer
treatment. This study provides comprehensive evidence showing
that omeprazole markedly suppresses the migration of cancer
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cells in vitro and impedes tumor metastasis in vivo by inhibiting
the expression of the Snail protein. CBP/p300 has been demon-
strated to stabilize Snail by inhibiting its polyubiquitination [34].
Based on further biochemical analyses, we proposed that
omeprazole directly targets the Snail protein, thus disrupting
Snail's binding interaction with CBP/p300. Following treatment
with omeprazole, the acetylation level of Snail was decreased,
whereas its ubiquitination level was increased, thereby promoting
Snail degradation through the ubiquitin-proteasome pathway. It
is worth further exploring whether this strategy can lead to the
development of novel Snail inhibitors with improved anticancer
properties.

Clinical data have shown that chemotherapeutic drugs have a
significant curative effect on many kinds of tumors; however, they
are toxic, and drug resistance often develops at high doses, which
is one of the important reasons for the failure of cancer
chemotherapy. Recently, multiple combination therapies have
been commonly used for the treatment of tumors. Preliminary
evidence suggests that omeprazole can synergistically enhance
the antitumor effects of Taxol, and we observed that omeprazole
potently suppressed tumor growth and metastasis without
eliciting toxicity in vital organs of tumor-bearing mice in vivo.
Because the doses of omeprazole used in vivo exceeded the doses
of omeprazole reported to date in human studies, an acute
toxicity study was performed, which revealed that KM mice orally
administered a single dose of omeprazole up to 4g/kg
experienced no obvious adverse health effects during a 30-day
observation period, suggesting that omeprazole is safe and
effective for cancer prevention and treatment. However, further
clinical investigations are required to compare omeprazole
monotherapy and combination treatment.

Disruption of normal cell cycle function is a new target for the
treatment of tumors [40, 41]. Cell cycle progression is regulated by
several cyclin-dependent kinases (CDKs) that act in complex with
cyclins [42]. Cells produce cyclin D1, which forms an activating
complex with CDK4/6 [43]. The cyclin D1-CDK4/6 complex then
promotes the phosphorylation of Rb and drives cell cycle
progression from G1 phase to S phase [44]. Of note, our results
showed that omeprazole reduced cyclin D1, CDK4/6, and p-Rb
protein levels, which led to pronounced G1 arrest. In addition, we
observed a marked decrease in G1 checkpoint-associated protein
expression in Snail-silenced cells. Consistent with these findings,
reduced levels of G1 checkpoint-associated mRNAs were observed
in the absence of Snail. Although omeprazole decreased the
formation of the cyclin D1-CDK4/6 complex, it failed to affect
cyclin D1-CDK4/6 expression in Snail-silenced cells. Based on these
observations, we concluded that omeprazole interferes with the
formation of the cyclin D1-CDK4/6 complex and inhibits Rb
protein phosphorylation to block the G1/S transition by targeting
Snail. However, the potential molecular mechanisms by which
Snail regulates the cyclin D1-CDK4/6 complex need to be further
clarified. CDK4/6 inhibitors exhibit marked clinical activity in
oestrogen receptor (ER)-positive, HER2-negative advanced and
metastatic breast cancers as first-line therapy [45, 46]; however,
drug resistance is frequently encountered and poorly understood
[47, 48]. Recent studies have reported that patients who receive
CDK4/6 inhibitors usually experience disease recurrence within
1-3 years after therapy [49-51]. In addition, a number of studies
have shown the essential role of CDK6 in drug sensitivity; for
example, knockdown of CDK®6 restored drug sensitivity, and forced
overexpression of CDK6 was sufficient to mediate drug resistance
[49]. Because omeprazole markedly suppressed CDK4/6 expres-
sion, the data raise the possibility that the combination of
omeprazole and CDK4/6 inhibitors, with even greater potency
against tumors, might be of clinical interest, particularly in the
setting of overcoming drug resistance.

In summary, our study shows that omeprazole directly targets
the Snail protein, thus disrupting CBP/p300-mediated Snail
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acetylation and then promoting Snail degradation through the
ubiquitin-proteasome pathway. Omeprazole suppresses Snail-
driven EMT and reduces EMT-associated tumor invasion and
metastasis. Omeprazole also inhibits tumor growth by limiting
Snail-dependent cell cycle progression. Overall, our data reveal the
underlying mechanisms responsible for the anticancer activity of
omeprazole and strongly suggest that omeprazole may be an
excellent auxiliary drug for treating patients with malignant
tumors.
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