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Summary
Legumain is a newly discovered lysosomal cysteine protease that can cleave asparagine bonds and plays crucial roles in regulating
immunity and cancer metastasis. Legumain has been shown to be highly expressed in various solid tumors, within the tumor
microenvironment and its levels are directly related to tumormetastasis and poor prognosis. Therefore, legumain presents as a potential
cancer therapeutic drug target. In this study, we have identified esomeprazole and omeprazole as novel legumain small molecule
inhibitors by screening an FDA approved-drug library. These compounds inhibited enzyme activity of both recombinant and endog-
enous legumain proteins with esomeprazole displaying the highest inhibitory effect. Further molecular docking analysis also indicated
that esomeprazole, the S- form of omeprazole had the most stable binding to legumain protein compared to R-omeprazole. Transwell
assay data showed that esomeprazole and omeprazole reduced MDA-MB-231 breast cancer cell invasion without effecting cell
viability. Moreover, an in vivo orthotopic transplantation nude mouse model study showed that esomeprazole reduced lung metastasis
of MDA-MB-231 breast cancer cells. These results indicated that esomeprazole has the exciting potential to be used in anti-cancer
therapy by preventing cancer metastasis via the inhibition of legumain enzyme activity.
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Introduction

Legumain is a newly discovered lysosomal cysteine protease
that can specifically cleave asparagine bonds and has been
shown to play crucial roles in regulating immunity and cancer
metastasis [1]. The human Legumain gene encodes an inactive
proenzyme of 433 amino acids, and the 56 kDa pro-enzyme
undergoes a low pH dependent autocatalytic activation to

release the active endopeptidase of 46 kDa and 36 kDa mo-
lecular weights [2, 3]. Legumain protein is highly conserved
amongst biological species and is localized mainly to the
endo-lysosomal system, but also found located on the cell
surface and extracellular matrix. Overexpression of legumain
was observed in many kinds of solid tumors and with a low to
zero level background expression in normal tissue.
Overexpression of legumain in cancer cells increases their
migratory and invasive activity [1, 4–6], which suggests that
legumainmay play an important role in the processes of tumor
invasion and metastasis.

As a protease, legumain can also hydrolyse and activate cer-
tain precursor proteins such as pro-enzymes and pro-hormones,
and then participate in a variety of physiological processes [7, 8].
Legumain was recently found to be over-expressed in the tumor
microenvironment, tumor-associated endothelial and stromal
cells, as well as in tumor-associated macrophages (TAMs) [9,
10]. Expression of legumain was shown to be induced during
tumor development, which indicates its important role in regu-
lating the tumor microenvironment [5].
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Many studies have showed that legumain can act as a prog-
nostic factor in breast cancer, colorectal cancer and gastric
carcinoma [11–13]. These findings were compared with the
clinical outcome and other established cancer specific proper-
ties to reveal its prognostic significance. Legumain was found
to be highly expressed in breast cancer compared to non-
cancerous tissues, and its expression significantly correlated
to an overall shorter life span in patients [14, 15]. Legumain
was also highly expressed in tumor samples from colorectal
cancer patients, with its expression being significantly associ-
ated with poorer differentiation, a higher degree of necrosis
and apoptosis and subsequent poorer prognosis [11, 16]. The
cytoplasmic immunoreactivity staining of legumain was in-
creased in gastric cancer compared with paired normal gastric
mucosal samples. Patients with legumain-positive localized
tumors had a lower 5-year overall survival than those with
legumain-negative tumors and multivariate survival analysis
have implicated legumain as an independent prognostic mark-
er for overall survival [13].

The connection of legumain to tumor development and its
potential as an anti-cancer drug target has already led others to
develop inhibitors [6]. A cysteine protease inhibitor, Cystatin
E/M, was shown to down-regulate legumain activity in meta-
static versus primary breast cancer cells [17]. A novel series of
highly potent, tractable and structure-activity relationship
(SAR) robust compounds, which showed good inhibition of
legumain enzyme activity in vitro have been previously de-
scribed [18]. Through SAR analysis and high throughput in-
hibitor screening, an optimized lead compound was identified
as a legumain inhibitor, and a subsequent in vivo study
showed that this compound repressed breast cancer cell inva-
sion, migration and blocks breast cancer cell lung metastasis
[19]. The numbers of studies however reporting the screening
of small molecule inhibitors of legumain are relatively few
and there is a continuous need for the continuing improvement
of the physiochemical properties of the compounds.

We have previously produced highly active recombinant
human legumain protein in the yeast Pichia pastoris system
and established its suitability for high-throughput screening of
legumain small molecule inhibitors [20]. In this study, we
have identified novel legumain inhibitors by screening com-
pounds from a FDA approved-drug library. In vitro and
in vivo studies indicated that esomeprazole was shown to
most effectively inhibit legumain enzyme activity, as well as
blocking breast cancer cell invasion and lung metastasis.

Materials and methods

Cell culture and reagents

All cell lines were obtained from the American Type Culture
Collection (ATCC). Human breast cancer cell lines MDA-

MB-231 were cultured in DMEM (Gibco, Cat. No.
12100046) supplemented with 10% FBS (EVERY GREEN)
and 100 U/ml penicillin/0.1 mg/ml streptomycin (Beyotime)
in a humidified atmosphere with 5% CO2 at 37 °C. All
chemicals were purchased from Sigma Aldrich (St. Louis,
MO, USA) unless stated otherwise.

Western blot

Cell lysates were extracted and separated on 8% SDS-
PAGE gels and transferred to PVDF membranes. After
blocking with 5% non-fat milk in Tris-buffered saline con-
taining 0.1% Tween-20 (TBST), the membrane was incu-
bated with goat anti-Legumain primary antibody (1:200
dilution, Santa Cruz Biotechnology, sc-133,234) diluted
in blocking solution at 4 °C overnight. After washing with
TBST, the membrane was incubated for an additional 2 h
with the appropriate secondary antibodies conjugated to
HRP (Tianjin Sungene Biotech). The immunoblot bands
were visualized using a chemiluminescence detection sys-
tem (GE Healthcare). The density of the bands were ana-
lyzed using ImageJ software (Wayne Rasband, NIH,
Bethesda, MD, USA).

Screening of legumain small molecule inhibitors

The activity of legumain protease was measured by cleaving a
synthetic fluorescent substrate Z-Ala-Ala-Asn-AMC (R&D
Systems) [20]. To screen small molecule inhibitors of
legumain, 30μl of 1 ng/μl activated legumain (Diluted recom-
binant legumain protein in 50 mM NaOAc, 0.1 M NaCl at
pH 3.5 for 2 h at 37 °C) and 30 μl of 10 μM compounds
(FDA-Approved-Drug-Library, Selleck, USA) were com-
bined and then added into a black well plate for 30 min.
Afterwards, 30 μl of 150 μM Substrate Z-Ala-Ala-Asn-
AMC (R&DSystems) was added, including a control contain-
ing 60 μl Assay Buffer (50 mMMES, 250 mMNaCl, pH 5.0)
and 30 μl of 150 μM substrate. Enzymatic activity was mea-
sured using a microplate reader (Bio-tek) at 380 and 430 nm
respectively, reading every two minutes for 20 cycles.
Simultaneously, legumain was incubated with AMC to ex-
clude the possibility that the compound quenched the AMC
directly.

HPLC analysis

Chromatographic separations were performed using a C18
Reverse-phase chromatographic column (HC-C18(2), 4.6 ×
150 mm, 5 μm, Agilent) maintained at 25 °C. Isocratic elution
was set at a flow rate of 1 ml/min for HPLC/UV. The quanti-
fication of compounds was carried out using a UV detector
operating at 290 nm. The HPLC/UV mobile phase was ace-
tonitrile-0.01M hydrogen phosphate (30:70, v/v; pH 7.5). The
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run time was 30 min, and the injection volume was 10 μl for
the UV detections. Esomeprazole magnesium was incubated
at room temperature for two hours in Assay Buffer at pH 3.0,
5.0 and 7.0 respectively. DMSO was used as the control
group.

Molecular docking analysis

Free energy binding estimations was performed using
AutoDock version 4.2 software with a standard protocol.
The 3D structure of legumain protein was obtained from the
Protein Data Bank (code 4aw9), while small molecular com-
pounds were obtained from PubChem. A PDBQT file of
legumain protein containing a protein structure with hydro-
gens in all polar residues was created. All compound bonds
were set to be rotatable. All calculations were done using the
Lamarckian Genetic Algorithm (LGA) method. For docking
studies, the global search exhaustiveness was set up at 100,
and the docking poses predictions of each compound towards
legumain protein was calculated from each energy minima.
The average affinity for best poses was taken as the final
affinity value.

Cell viability assay

Cells were seeded in 96-well plates at a density of 5 × 103 cells
per well. After drug or vehicle control treatment, cell viability
was assessed using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) (Solarbio, Beijing, China) dye
absorbance and expressed as the percentage of non-treated
cells. Briefly, MTT solution (20 μl, 0.5 mg/mL in PBS) was
added into the cell dish and incubated at 37 °C for 4 h. Then,
DMSO (200μl/well) was added to dissolve the formazan dyes
and the absorbance was measured at 490 nm using a micro-
plate reader (Bio-Rad, USA).

Generation of a stable cell line overexpressing
legumain

The pLVX-IRES-puro-Legumain recombinant plasmid was
constructed and verified by DNA sequencing. Lentivirus par-
ticles were generated by transfecting HEK-293 T cells with
pLVX-IRES-puro-Legumain (3 μg), psPAX2 (2.25 μg) and
pMD2.G (0.75 μg) using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s instruc-
tions. Viruses were collected 48 h post-transfection, and used
for infection overnight in the presence of 8 μg/mL polybrene.
MDA-MB-231 cells were infected with pLVX-IRES-puro-
Legumain lentiviruses and selected in 1 μg/ml puromycin
for at least two weeks.

Transwell cell invasion assay

Invasion of cancer cells through Matrigel was determined
using a Transwell system (8 μm PET with polycarbonate
membrane, Millicell Hanging). 5 × 104/cells (200 μl) in
DMEM (containing 10% FBS) with different concentrations
of drug were seeded onto the Matrigel-coated transwell cham-
ber. DMEM (containing 20% FBS) was used as a
chemoattractant in the lower chambers. After incubation for
32 h at 37 °C, cells that had penetrated to the bottom side of
the membrane were then fixed in 4% Paraformaldehyde,
stained with 1% crystal violet in 25% methanol and then
quantified under an inverted microscope. The invasion index
measured as relative migration of cells across theMatrigel was
calculated.

Breast cancer cell in vivo metastasis assay

6–8 week old female BALB/c nude mice (China’s food and
drug research institute, Beijing). MDA-MB-231 cells (2.5 ×
107/ml) in serum free media were implanted into the mamma-
ry fat pad of the mice (100μl/mouse). When the volume of the
tumors reached 100 mm3 (length×width2)/2), mice were then
divided into control groups (6 mice/group) and two test
groups (6 mice/group). Different concentrations of
Esomeprazole magnesium (3mg/kg, 10mg/kg) were intraper-
itoneally injected into mice every day for 39 days. 24 h after
the last drug injection, the animals were sacrificed and tumors/
organs were collected. For lung metastasis analysis, the lungs
were removed and fixed in Bouin’s solution for 24 h and the
number of tumor nodules on the whole surface of the lungs
were counted by microscopy. Sections of the lungs were
stained with hematoxylin and eosin (HE) to confirm the for-
mation of metastases. All animal experiments were approved
by the Tianjin University of Science and Technology’s Policy
on the Care and Use of Laboratory Animals.

Statistical analysis

Data are presented as the mean ± standard deviation. P values
were determined using a student’s t test. One-way ANOVA
followed by the Bonferroni post hoc correction were used for
multiple comparisons. A P value <0.05 was considered
significant.

Results

Expression of legumain in cancer

The expression of legumain in cancer cells was determined by
Western blot (Fig. 1a) and Real time-PCR (Fig. 1b). legumain
has been shown to be highly expressed in many cancer cell
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lines including the metastatic breast cancer cell MDA-MB-
231 and correlates with a poor breast cancer prognosis [14,
15]. We analyzed the Cancer Genome Atlas (TCGA) gene
expression data and found that high expression of legumain
was associated with poorer overall survival in the triple nega-
tive breast cancer patients (Basal type), and that the 10 year
survival ratio drops significantly (Fig. 1c).

Screening and identification of legumain small
molecule inhibitors

To screen for small molecule inhibitors of legumain, we
established a legumain enzymatic activity assay method for
high-throughput screening using functional recombinant hu-
man Legumain protein expressed in Pichia pastoris [20]. By
screening a 2697 compound library set (FDA Approved-Drug-
Library, Selleck, USA), three compounds, Esomeprazole
magnesium, Omeprazole and Lansoprazole, were found to
competitively inhibit the legumain enzyme activity (Fig. 2a).
In addition, these three compounds importantly did not affect
the fluorescence of AMC (Fig. 2b), which excluded the pos-
sibility that they quenched AMC directly.

Interestingly, these three compounds, esomeprazole,
omeprazole and lansoprazole are all proton pump inhibitors,
which reduce stomach acid and widely used to treat gastro-
esophageal reflux and peptic ulcer diseases. Omeprazole is a
mixture of two mirror-imaged molecules (S- and R-

configuration), esomeprazole magnesium is made of two S-
omeprazole combined with Mg2+ (Fig. 3a). Inhibition of
legumain activity was further tested with varying concentra-
tions of the three compounds (Fig. 3b) and SPSS statistics
analysis revealed IC50 values of 83 nM, 693 nM and
310 nM respectively for treatment with esomeprazole magne-
sium, omeprazole and lansoprazole. These results indicate
Esomeprazole to be the most potent inhibitor of legumain
enzyme activity.

It has been reported that omeprazole can be converted
to the sulfonamide form at pH 3 and below to be active as
a proton pump inhibitor [21]. To further verify whether
the esomeprazole magnesium-induced inhibitory activity
of legumain was related to a molecular conformational
change in the acidic buffer, esomeprazole magnesium
was incubated in buffer with a different pH for two hours
before HPLC analysis and enzyme activity testing. At
pH 3 the molecular conformation of esomeprazole was
dramatically altered, partially converted at pH 5, but with
no change at the pH 7 (Fig. 3c). Interestingly, the pH 7-
pretreated esomeprazole magnesium showed the highest
inhibition of legumain activity, similar to without pretreat-
ment, while the pH 3 and pH 5-pretreated esomeprazole
magnesium only showed partial inhibition (Fig. 3d).
These results indicated that the esomeprazole-induced in-
hibitory activity of legumain is mainly mediated by its
physiological pH unaltered molecular state.

Fig. 1 Expression of legumain in cancer. aDetection of the expression of
legumain in a panel of selected cell lines, including human hepatic cell
line HL-7702, hepatoma cell line HepG2, cervical cancer cell line HeLa,
breast cancer cell line MDA-MB-231, breast cancer cell line MCF7 and
gastric cancer cell lines MGC803, by Western blot and densitometric
analysis of Western blot by ImageJ software. The Legumain protein
levels were normalized to β-actin. b Detection of the expression of

legumain in cell lines by QRT-PCR. The results from at least three
replicates are presented as means ± SD. c Kaplan-Meier analysis of sur-
vival of the triple negative breast cancer patients (Basal type) with differ-
ent Legumain expression levels. The expression level of Legumain
(LGMN) gene was estimated using Cufflinks in fragments per kilobase
of exon model per million mapped reads (FPKM)
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To further determine the molecular mechanism of how
these compounds inhibit legumain enzyme activity, the bind-
ing mode and interaction of legumain protein with
esomeprazole (S-omeprazole), R-omeprazole or lansoprazole
were estimated using molecular docking analysis. The binding
modes were visualized using PyMOL (version 5.10.130.0)
and Ligplot software (version 2.1) [22] in Three- and Two-
dimensional representations respectively. Although these
compounds were all bound to legumain near its three active
sites, the amino acids residues involved in the interaction with
each ligand were different. Ligplot analysis revealed that res-
idues Arg44, Cys189, Ser216, Tyr217 and Ala218 were com-
mon residues of legumain interacting with all three com-
pounds, while His45, Asp147, Asp231 were interacting resi-
dues only in the case of formation of the legumain-
esomeprazole or legumain-lansoprazole complexes (Fig. 4).
The major bond of conjugation in the formation of these three
complexes were presumably hydrophobic interactions. The
binding energy value (ΔG) and inhibitory constant of
legumain-esomeprazole, legumain-R-omeprazole and
legumain-lansoprazole complex are −4.33, −3.31,
−4.09 kcal/mol and 0.67, 3.72, 1 mM respectively. These data
indicates that Esomeprazole has the most stable binding with
legumain protein, followed by lansoprazole and R-omepra-
zole, which is consistent with the in vitro legumain enzyme
activity inhibition data (Fig. 3b).

Esomeprazole and omeprazole inhibit the
endogenous activity of legumain in breast cancer cell
extracts

The cytotoxicity of the three novel legumain inhibitors against
breast cancer cell line MDA-MB-231 was firstly assessed by
MTT assay. As shown in Fig. 5a, Esomeprazole magnesium
and Omeprazole had no significant effect on cancer cell viabil-
ity with 30 μM treatment for 48 h, while the Lansoprazole
showed a low level of cytotoxicity at the higher concentration
treatment. To further verify whether Esomeprazole magnesium
and Omeprazole can effectively inhibit the endogenous en-
zyme activity of legumain, cell lysates extracted from MDA-
MB-231 cells or MDA-MB-231 stable cell line overexpressing
legumain were incubated with different concentrations of
esomeprazole magnesium or omeprazole. As shown in Fig.
5b, esomeprazole magnesium and omeprazole inhibited the
enzyme activity of endogenous legumain in a dose-dependent
manner. MDA-MB-231 stable cell line overexpressing
legumain showed a high legumain enzyme activity compared
to the MDA-MB-231 cells alone, and treatment with
esomeprazole magnesium and omeprazole showed effective
inhibition of legumain enzyme activity in a dose-dependent
manner (Fig. 5c). These cellular tests further demonstrate that
esomeprazole and omeprazole are specific inhibitors of
legumain and interestingly that Esomeprazole which is the R-

Fig. 2 Screening and identification of legumain small molecule
inhibitors. a By screening a compound library (FDA Approved-Drug-
Library, Selleck, USA), esomeprazole magnesium, omeprazole and
lansoprazole were identified as inhibiting the legumain enzyme activity,
10 μM of compounds were incubated with recombinant legumain
(0.33 ng/ml) and the fluorogenic substrate for the enzyme activity

assay. Data are presented as the mean ± SD of three independent
experiments. b Specificity testing of the identified inhibitors. 1 or
10 μM of compounds were incubated with different concentrations of
AMC (0–64 μM) alone and fluorescence measured every 2 min for
20 cycles. Data are presented as mean ± SD of three independent
experiments
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omeprazole has a superior inhibitory effect on legumain en-
zyme activity than a mixture of the two mirror-image mole-
cules of omeprazole.

Esomeprazole and omeprazole reduce breast cancer
cell invasion

To assess the effects of the identified legumain inhibitors,
esomeprazole magnesium and omeprazole on cancer cell in-
vasion, a Transwell assay was performed. MDA-MB-231 is a
highly invasive triple-negative breast cancer cell line and is
well established as a tool for breast cancer metastasis studies.
MDA-MB-231 cells were added to matrigel-coated inserts,
which were placed above the wells as the chemoattractant,
and various concentrations of inhibitors were added to each
insert. The number of invading cells were counted and data

showed that treatment with esomeprazole magnesium and
omeprazole reduced cancer cell invasion in a dose-
dependent manner (Fig. 6a, b). MTT assay analysis showed
that treatment with esomeprazole and omeprazole (at least at
the concentration below 10 μM) did not affect cell viability,
which indicates that the reduction of cancer cell invasion treat-
ed by esomeprazole and omeprazole is not simply due to cy-
totoxicity (Fig. 6b).

Esomeprazole prevents breast cancer metastasis
in vivo

The effect of the most promising legumain inhibitor,
esomeprazole magnesium, on its ability to reduce breast cancer
cells metastasis in vivo was further examined. Amice model of
breast cancer metastasis was developed by injecting MDA-

Fig. 3 Esomeprazole, omeprazole and lansoprazole inhibit the enzymatic
activity of recombinant legumain. a Molecular structures of compounds
esomeprazole magnesium, omeprazole and lansoprazole. The three
proton pump inhibitors contain the same parent nucleus. b Different
doses of compounds were incubated with recombinant legumain
(0.33 ng/ml) for the enzyme activity assay, the results were used to
measure the IC50 of enzyme activity inhibition. Data are presented as

mean ± SD of three independent experiments. c HPLC analysis of the
esomeprazole magnesium pre-treated under different pH conditions. A:
DMSO as the control, B: pH 3, C: pH 5, D: pH 7; E: without pre-treat-
ment. d Esomeprazole magnesium (17 nM) pretreated at different pHwas
incubated with recombinant legumain (0.83 ng/ml) for enzyme activity
assay studies. Data are presented as mean ± SD of three independent
experiments
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MB-231 cells into the mammary fat pad of nude mice.
Esomeprazole magnesium was administered by intraperitoneal
injection into the two mice groups with doses of 3 mg/kg and
10 mg/kg treatment respectively with normal saline being giv-
en to the control group. After 39 days of treatment, the lungs
were assessed for the presence of metastatic nodules, as lung
metastasis is one of the most common distant metastases of
breast cancer [23]. The number of metastatic nodules on the
lungs were significantly decreased with 10 mg/kg treatment.

The 3 mg/kg dosage also decreased the number of lung metas-
tasis (Fig. 7a, b). No clear metastatic nodules were detected on
the livers. Moreover, the body weight was tested between the
control group and drug-treated mice, and no significant toxicity
was observed (Fig. 7c). The volume and masses of the tumors
in the treated mice did not change dramatically in comparison
with the control. These results further indicate that
esomeprazole specifically reduces breast cancer cell metastasis
in vivo.

Fig. 4 The molecular docking analysis of the three identified legumain
inhibitors with legumain protein using AutoDock software. Structure of
legumain-esomeprazole (S-omeprazole), legumain-R-omeprazole and
legumain-lansoprazole complex (left). Three active sites of legumain

are shown as Asn42, His148 and Cys189. Interaction plot by LIGPLOT
(right) (Dotted red and dotted green lines represent hydrophobic contacts
and hydrogen bonds with its length respectively)
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Discussion

Breast cancer has the highest incidence of disease among
women in the world with metastasis resulting in 90% of deaths
of breast cancer patients [15, 24, 25]. Cancer cell metastasis is
a complex process that involves changes to the tumor induced
microenvironment leading to increased invasiveness and mi-
gratory character of cancer cells [26]. The over-expression of
legumain in cancer cells significantly influences the processes
of tumor invasion and metastasis [27]. Increasing the

expression of legumain in cancer cells enhances the metastasis
and invasive capabilities of cancer cells via the activation of
matrix metalloproteinases (MMPs) and cathepsins stimulated
by legumain mediated proteolytic cleavage [28, 29]. MMPs
and cathepsins are involved in the degradation and breakdown
of extracellular matrix (ECM), which allows cancer cells to
migrate out of the primary tumor to form metastases. In addi-
tion, MMPs have been shown to proteolytically activate
Transforming growth factor beta (TGF-β, which has been
shown to promote epithelial mesenchymal transition (EMT),

Fig. 5 Esomeprazole and omeprazole inhibit the activity of endogenous
legumain in breast cancer cells. a Effects of esomeprazole magnesium,
omeprazole and lansoprazole on the viability of MDA-MB-231 breast
cancer cells. Cells were incubated with different concentrations of com-
pounds for 48 h and the cell viability was determined by MTT assay.
Adriamycin (200 nM) was used as the positive control. The normalized
value of cell viability from the untreated cells was arbitrarily set as 1.0.
The results from at least three replicates are presented as mean ± SD (*

P < 0.05). b Different doses of Esomeprazole magnesium or Omeprazole
were incubated with cell lysates extracted from the MDA-MB-231 cells
and the fluorogenic substrate for the enzyme activity assay. Data are
presented as mean ± SD of three independent experiments. c Different
doses of Esomeprazole magnesium or Omeprazole were incubated with
cell lysates extracted from theMDA-MB-231 stable cell line overexpress-
ing legumain and the fluorogenic substrate for the enzyme activity assay.
Data are presented as mean ± SD of three independent experiments
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a key process involved in cancer metastasis. It has been dem-
onstrated that MMP-2 contributes migration and invasion of
human breast cancer cells [19].

Studies have suggested that legumain may act as a biomark-
er for the diagnosis of various cancers [30]. Legumain expres-
sion could act as a prognostic factor in patients with breast
cancer as well as a potential target for directed tumor therapy.
Legumain inhibitors therefore are promising treatment tools
for oncotherapy [31]. Although compounds targeting legumain
have been reported, their toxicity and stability remain to be
determined [19, 32, 33]. Here, we have screened and identified
three FDA-approved drugs, esomeprazole magnesium, omep-
razole and lansoprazole, as specific inhibitors of legumain pro-
tease. We have demonstrated that esomeprazole magnesium
has a more potent inhibitory effect, with an IC50 value of
83 nM, which is half that of a recently reported legumain
inhibitor compound 38u [18]. Cell and animal based models
study further demonstrated that esomeprazole magnesium
most efficiently reduced cancer cell invasion and metastasis,
but without impacting on proliferation. Therefore, as an FDA-
approved low toxic, low cost drug and newly identified effi-
cient legumain inhibitor, esomeprazole may have potential to
be used as an anti-cancer drug using the drug repurposing

strategy. However, considering legumain is a lysosomal prote-
ase, to avoid any possible side effects of using legumain inhib-
itors by affecting the natural function of lysosome, then poten-
tially only patients with elevated expression levels of legumain
may have the most benefit for this particular cancer therapy
treatment.

Interestingly, the three novel legumain inhibitors identified
here, esomeprazole, omeprazole and Lansoprazole, all belong
to the class of proton pump inhibitors. Proton pump inhibitors
have been previously suggested as anticancer agents due to
their ability in targeting and inactivating proton pumps to ef-
fectively increase the extracellular acidic pH within tumors
[34, 35]. A clinical trial study showed that an intermittent high
dose of esomeprazole enhanced the antitumor effects of doce-
taxel and cisplatin regimen in patients with metastatic breast
cancer [36]. The inhibition of H, K-ATPase enzyme activity
by the 2-pyridylmethylsulfinyl benzimidazoles including
Omeprazole and Lansoprazole was studied and the mode of
action proposed as the conversion of the drugmolecules under
acidic conditions. The compounds protonate and accumulate
in an acid space and undergo an acid-catalyzed conversion to a
tetracyclic sulfenamide, which then reacts with cysteines in
the α subunit of the H, K-ATPase (21). Recently it has been

Fig. 6 Esomeprazole and omeprazole reduce breast cancer cell invasion.
a Transwell assay was used to measure the invasion of MDA-MB-231
cells treated with esomeprazole magnesium or omeprazole at different
concentrations of 2.5 μM, 5 μM, 10 μM. (b) Quantitation of the invaded
cancer cells of results in (a), the invasion index measured as relative

migration of cells across the Matrigel was calculated. In the meantime,
MTT assay was used to measure the cell viability after treatment with
esomeprazole magnesium or omeprazole at different concentrations of
2.5 μM, 5 μM, 10 μM. Scale bar, 100 μm. The results from at least three
replicates are presented as means ± SD (* P < 0.05, ** P < 0.01)
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reported that Lansoprazole inhibited the cysteine protease
Legumain by direct interaction with the SH group in its active
site [37]. In this study, we have identified esomeprazole (S-
omeprazole), omeprazole and lansoprazole as specific inhibi-
tors of legumain enzymatic activity. Interestingly,
esomeprazole showed a more effective degree of inhibition,
about 8-fold and 4-fold compared to that of omeprazole and
lansoprazole respectively. Further molecular docking analysis
indicated that esomeprazole, omeprazole, lansoprazole were
all bound to legumain near its three active sites. Esomeprazole
has the most stable binding to legumain protein, following by
lansoprazole and the least to R-omeprazole. Moreover, the
effect of pH on the esomeprazole-induced inhibition of
legumain activity was investigated, interestingly,
esomeprazole magnesium showed the greater inhibition com-
pared to the converted molecules. These results suggest that
esomeprazole can interact with legumain directly to inhibit
enzyme activity and that the converted tetracyclic sulfenamide
in low pH conditions contributes to the inhibition. However, it

is also important to mention that due to esomeprazole also
acting as a proton pump inhibitor then for it to be used as an
oral drug, the enteric-coated formulation type of esomeprazole
should be used to maximize its effect on cancer treatment.

In summary, we have identified novel legumain inhibitors
by screening compounds from a FDA approved-drug Library.
In vitro and in vivo studies show that esomeprazole inhibited
Legumain enzyme activity and prevented breast cancer cell
invasion and lung metastasis. The novel anticancer feature
of esomeprazole is likely to be mediated through inhibition
of legumain enzyme activity and by regulating the tumor mi-
croenvironment. Therefore, we propose that esomeprazole has
the exciting potential to be used in cancer therapy treatment by
preventing cancer metastasis via the inhibition of legumain
protease enzyme activity.
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Fig. 7 Esomeprazole prevents lung metastasis of breast cancer cell using an
orthotopic transplantation nudemousemodel. aRepresentative mouse lungs
of mice treated with 3 or 10 mg/kg esomeprazole magnesium or normal
saline as the control. Lower panels indicate IHC staining. The arrows show

the metastatic nodules. b Quantification of the metastasized cancer nodules
found on the 3 or 10 mg/kg esomeprazole magnesium treated and untreated
mouse lungs. * P < 0.05. c The body weight changes of treated mice were
measured on day 4, 8, 12, 16, 20, 24, 28, 32, 36 and 40. Scale bar, 1 mm
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