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Abstract 
Proton pump inhibitors (PPIs) are used against acid related disorders due to their inhibitory 

effect on the parietal H+/K+-ATPase. PPIs are prodrugs that are activated by acidic pH, and 

react covalently with SH-groups of the proton pump. However, active PPIs could also be 

generated in other acidic microenvironments e.g. in lysosomes or in extracellularly 

environments of osteoclasts or tumor cells. Increased proton secretion in tumors is assumed 

to contribute to cancer cell proliferation and invasion, and PPIs have recently been 

considered in cancer treatment.  

 

Legumain is an asparaginyl endopeptidase primarily localized in acidic lysosomes. It is 

expressed as a proform (56 kDa), which is autoactivated to an intermediate active form (46 

kDa) at acidic pH, and further processed to the mature active form (36 kDa). Increased 

expression of legumain is found in malignant tumors and correlated with poor prognosis. As 

the protease is dependent on acidic pH and a reduced SH-group in the active site for 

enzymatic activity, its actions in tumor environments could be affected by PPIs. This thesis 

examined effects of lansoprazole on legumain, both directly on pure enzyme and in various 

cell models.  

 

Three different cell lines were used: HEK293 (human embryonic kidney cells), M38L 

(HEK293 cells over-expressing legumain), and HCT116 (colorectal carcinoma cells). The 

cells were incubated with lansoprazole (0-10 µM) for 48 hours, while purified bovine 

legumain was exposed to lansoprazole at different pH values (pH 3-7.5) and at pH 5.8 for 0-8 

h. Methods used to measure legumain were enzyme activity measurements, immunoblotting 

and ELISA. In addition total protein measurements were performed.  

 

Data showed a significant direct inhibition of purified bovine legumain by 10 µM 

lansoprazole at acidic pH (< 6). At pH 5.8, lansoprazole gave a dose-dependent inhibition of 

legumain activity. Also, cells incubated with lansoprazole showed decreased legumain 

activity. Furthermore, decreased amounts of both the pro– and active form of legumain were 

observed in cells after lansoprazole treatment.  
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In conclusion, activated lansoprazole functions directly as a covalent inhibitor of the cysteine 

protease legumain, probably by a reaction with the SH-group in the active site of the enzyme. 

A similar legumain inhibition by lansoprazole was present in the cellular models and suggests 

an off-target effect of PPIs. 
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1 Introduction  
 

1.1 Proteases  
Proteases, also called peptidases or proteinases, are proteolytic enzymes catalyzing the 

cleavage of peptide bonds in proteins by hydrolyses. These enzymes are divided into 

endopeptidases and exopeptidases depending on their cleavage sites. Exopeptidases cleave at 

the ends of the polypeptide chain, either from the N-terminus (aminopeptidases) or the C-

terminus (carboxypeptidases). Endopeptidases cleave inside the peptide chain [1]. These 

enzymes are essential for the survival of all living organisms, and are of importance to 

mammals in several fields including medicine, nutrition, agriculture, normal physiology and 

technology. Because of the widely importance of these enzymes, the MEROPS database was 

founded in 1996, with the aim to provide classification and nomenclature of proteolytic 

enzymes that could be used throughout the scientific community [2]. MEROPS classifies 

peptidases by a hierarchical classification system established in 1993 [3], which involves the 

clustering of peptidase into classes, clans and families. The peptidases are divided into 7 

classes based on their catalytic sites: Aspartic peptidases, cysteine peptidases, 

metallopeptidases, glutamic peptidases, serine peptidases, threonine peptidases and 

asparagine peptidases (Figure 1.1). These are then divided into clans based on their related 

tertiary structure, and further into families based on the corresponding amino acid sequences 

[4].  
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Figure 1.1 MEROPS classification of proteases. Proteases are divided into classes after 

their catalytic sites, followed by a division into clans after their tertiary structure, and further 

categorized into families based on their amino acid sequences.  

 

 
1.2 Legumain  
Legumain activity was first identified in cotyledons of kidney beans, and later also in other 

plants and the parasite Schistosoma mansoni, however the activity was not linked to a 

specific enzyme at the time [5-7]. The enzymatic properties of legumain were characterized 

over the years, and its specificity for cleaving after asparagine residues gave the name 

vacuolar processing enzyme (VPE) or asparaginyl endopeptidase (AEP) [8]. It was not until 

1993 that the term “legumain” was first used [9], and later in 1997 human legumain was 

identified and cloned [10]. Legumain is in the CD clan, and belongs to the C13 family of 

proteases, evolutionary related to the caspases (C14) [2]. Like other families in the CD clan, 

legumain requires a strict preference for the P1 amino residue, and cleaves at the C-terminal 
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of asparagine (Asn) [11].  However, it has previously been demonstrated that legumain can 

cleave after aspartate (Asp) at acidic pH (≤3) as well. Aspartate has a pKa value of 

approximately 4, meaning it will exist in a protonated form at pH 3. Protonated aspartate 

structurally resembles asparagine, and can therefore be recognized by legumain [12].  

 

1.2.1 Tissue distribution  
Mammalian legumain is found greatly distributed in kidneys and testis [13], but also in the 

placenta, liver and spleen [14, 15]. The cellular localization of legumain in mammals consists 

mainly to the endolysosomal system. However, active legumain has also been shown to exist 

in the cell nucleus and extracellularly [16-18]. 

 

1.2.2 Legumain structure and activity  
Legumain is synthesized as an inactive proenzyme, which undergoes autoactivation at an 

acidic pH [10, 19, 20]. The proenzyme is a protein with an molecular weight of 56 kDa, that 

consists of a catalytic domain, an C-terminal prodomain, an activation peptide (AP) spanning 

Lys287 to Asn323, and finally a stabilizing and activity modulating domain (LSAM) [21] 

(Figure 1.2). The 56 kDa proenzyme is autocatalytically cleaved to a 47 kDa inactive 

intermediate, which in turn is further autocatalytically cleaved at the N-terminus to a 46 kDa 

active intermediate form (Figure 1.2). The final step in legumain maturation is the formation 

of a 36 kDa protein, which is not autocatalytically cleaved but formed due to enzymatic 

cleavage by unidentified proteases. It is clear that an enzymatic cleavage is necessary for the 

final step in legumain activation, but it is not certain which enzymes are responsible for this 

mechanism [19]. The activation of legumain leads to destabilization at pH > 6, as the LSAM 

domain at the C-terminal shields the protease domain at neutral pH, and is removed when 

legumain is activated [21]. The LSAM domain is positively charged, giving an electrostatic 

interaction to the negatively charged prodomain, and thereby most likely shielding the 

protease domain from irreversible denaturation [22].  
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Figure 1.2 Processing and activation of legumain. The formation of active mature legumain 

(36 kDa) from prolegumain (56 kDa) is achieved through a series of steps; starting with a 

pH-dependent autoactivation, cleaving the proenzyme at the C-terminus, resulting in an 

intermediate inactive form (47 kDa). Further, this inactive form is autocatalytically cleaved 

to an intermediate active form (46 kDa), by cleavage at the N-terminus. The final cleavage 

resulting in the mature active form (36 kDa) is not autocatalytically cleaved, but performed 

by unidentified proteases. The figure is modified from Li et al., 2003 [19].  

 

1.2.3 Physiological functions and substrates for legumain 
Legumain as a protease has many roles in physiological functions such as antigen 

presentation, protease activation and toll-like receptor (TLR) processing and activation [21]. 

Legumain has been recognized to be necessary for processing of the microbial tetanus toxin 

C-terminal fragment (TTCF), before a complex can be formed with class II major 

histocompatibility complex molecules (MHC-II), and presented to T cells [23, 24]. This has 

been shown in legumain knock out (KO) mice as well, showing a slower antigen presentation 

in KO mouse compared to wild type, but this did not seem to effect the final outcome of T 

cell presentation [25]. TLR processing and presentation is also somewhat dependent on 

Proform	 

Intermediate	inactive	form	 

Intermediate	active	form	 
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legumain activity [26], although cathepsins seem to be sufficient in these processes [27]. 

Legumain is also overexpressed in tumor-associated macrophages (TAMs), which are 

associated with progression and metastasis of tumors. Legumain was used as a target 

molecule in TAMs to inhibit its signaling functions, and thereby inhibiting progression of 

tumors [28].  

 

Further studies on KO mice showed a rather normal development and fertility, regardless of 

their significantly reduced bodyweight [29]. Wild type mice expressed large amounts of 

legumain in the lysosomes and endosomes of kidney proximal tubular cells. The KO mice 

accumulated a certain set of proteins in the lysosomes, implying that legumain is responsible 

for catabolism of these proteins. The mice also had significant enlarged lysosomes compared 

to the wild type, with a progressive development of kidney complications including 

glomerular cysts and renal pelvis dilation [30]. Furthermore the cathepsin B, H and L 

processing from single-chain forms to two-chain forms were defect in legumain deficient 

mice [29]. 

 

There is a large number of legumain substrates identified, including prolegumain itself [13], 

myelin basic protein (MBP) involved in the demyelinating of nerves [24]; tetanus toxin C-

terminal fragment (TTCF) [23]; cysteine proteases such as cathepsin B, H and L; fibronectin; 

pro-MMP-2 and vitamin D-binding protein to mention a few [14, 31, 32].  

 

Legumain has a very specific cleavage site, meaning strict specification to substrates. This 

regulates specific biological processes, while enzymes like trypsin and cathepsin B, which 

have unspecific cleavage sites, are associated with more general catabolism of proteins. For 

instance, most parts of the extracellular matrix (ECM) such as elastin, collagen and 

proteoglycan, are substrates for cathepsins [31]. Another group of proteolytic enzymes that 

can degrade ECM, is matrix metalloproteases (MMPs) [33], and legumain has been shown to 

activate pro-MMP-2 to active MMP-2 [32]. In addition, fibronectin, an extracellular matrix 

protein and major extracellular ligand of integrins, is also a substrate for legumain. This was 

shown in the legumain KO mouse, where accumulation of fibronectin in the tubulointerstitial 

area was enhanced [34]. Fibronectin is a major component in ECM, and can itself bind other 

ECM components such as fibrin and collagen [35]. By directly, or indirectly controlling the 

components of ECM, legumain can probably regulate the degradation of ECM.  
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There is a group of endogenous cysteine protease inhibitors called cystatins. There are three 

types of cystatins recognized. Type 1 cystatins consist of cystatin A and B, and are mainly 

found in the cytosol of cells [36]. Type 2 cystatins are mainly extracellular proteins and 

consist of cystatins C, D, S, SA, SN, F and E/M. The type 2 cystatins are inhibitors of 

legumain, where cystatin E/M is the most potent [17]. Type 3 cystatins are multi-domain 

kininogens in plasma and inhibitors of papain-like cysteine proteases, with no effect on 

legumain activity [37].   

1.2.4 Legumain in disease  
The overexpression of legumain in tumors was first reported in 2003 [38] and has since then 

been detected overexpressed in a range of solid tumors such as breast cancer [39], colorectal 

cancer [16] and gastric cancer [40]. The overexpression of legumain promotes cell migration 

and is associated with enhanced tissue invasion and metastasis, and therefore poor prognosis 

[41]. In addition, legumain was also found extracellularly in tumor microenvironments where 

the pH is acidic [42].  

 

Because of the immunological effects of legumain on antigen presentation, the enzyme has 

impact on autoimmune diseases as well. For instance, increased legumain activity is 

associated with the processing of MBP as an antigen for class II MHC presentation. The 

particular T-cell recognition of MBP cleavage products is often seen in multiple sclerosis 

(MS) patients, while tolerance is seen towards these self-proteins in healthy individuals [24, 

43]. 

 

Legumain is also indirectly involved in abnormal hyperphosphorylation and activation of the 

Tau protein in the brain, which is a key factor in Alzheimer disease (AD). Tau protein 

phosphorylation is regulated by protein phosphatase 2A, which is again regulated by inhibitor 

2. At acidic conditions, legumain is activated and translocated from lysosomes to the 

cytoplasm where it cleaves inhibitor 2, causing hyperphosphorylation of Tau [44]. 

 

Legumain is shown to be an important inhibitor of osteoclast formation, and therefore an 

inhibitor of bone resorption. Osteoclasts produce an autocrine/paracrine factor that inhibits 

bone resorption called osteoclast inhibitory peptide 2 (OIP-2). OIP-2 is identical to the 17 

kDa legumain C-terminal fragment (CTF), which is cleaved to produce the mature enzyme.   
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The acidic environments of osteoclast lead to legumain activation, where the CTF is 

responsible for osteoclast inhibition and not the activated enzyme [45]. Although the 

inhibition of osteoclasts may decrease the risks of osteoporosis short-term, the inhibition has 

shown to alter fatigue bones and more cases of osteoporosis [46].  

 

Legumain was first associated with atherosclerosis when its mRNA was found up-regulated 

in macrophage-rich regions of unstable plaques, compared to stable plaques. Legumain also 

has a role in the processing and activation of cathepsin L, which is associated with plaque 

rupture [47]. 

 

1.3 Proton pump inhibitors  
Proton pump inhibitors (PPIs) are potent drugs used to reduce gastric acid secretion. They are 

among the most widely used medications worldwide, because of their overall safety and 

efficiency in the treatment of acid-peptic disorders. PPIs are slightly basic prodrugs, which 

are protonated by the gastric acid to cationic sulfonamides (Figure. 1.3). The active form 

binds covalently via a disulfide bond to the H+/K+ adenosine triphosphatase (ATP-ase) proton 

pump, giving an irreversible inhibition, preventing gastric acid secretion [48]. Because of the 

irreversible binding, they provide approximately 24-48 hours of inhibition, until new pumps 

are synthesized. This results in a much longer inhibition of the proton pump, than the plasma 

half-life of the drug itself [49].  
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Figure 1.3 Protonation and activity of PPIs. PPIs are prodrugs, which are protonated and 

activated at acidic pH. The first step of the activation is the protonation of pyridine (Bz-

PyH+). The protonation causes a rearrangement of the imidazole ring (BzH+-Py), and gives 

an unprotonated pyridine, that can proceed to form the transition state (A1). A1 gives a 

sulfonic acid, that through dehydration forms cationic sulfonamides, which can bind 

irreversibly to the H+/K+-ATPase causing an inhibition of H+ flow out of the cells, and 

increased pH. Figure adapted from Shin et al. [50]. 
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Proton pump inhibitors are used in the treatment of peptic ulcers, gastroesophageal reflux 

disease (GERD), Barrett’s esophagus, and Zollinger-Ellison syndrome. In addition, they are 

used in combination with antibiotics in treatment of Helicobacter pylori infection [49]. 

 

There are several types of PPIs, but a common feature is their benzimidazole and pyridine 

structure (Figure 1.3), that they all harbor despite their different pharmacokinetics and 

pharmacodynamics. The PPI lansoprazole has been used in this thesis, which was the second 

PPI on the marked but not frequently used anymore. As most PPIs, lansoprazole is a weak 

base with a pKa of 4.0, which is a key factor for their site of action, giving a remarkable 

higher concentration of the drug at ATP-ases [51]. The activation of lansoprazole, like other 

PPIs, is through a protonation that is in equilibrium with the non-protonated form [50].  

 

Despite the common and unproblematic use of PPIs, complications have been associated with 

long-term usage. There are generally few and mild side effects with short-term use of PPI, 

and the most common are headaches, nausea, abdominal pain, constipation, flatulence, and 

diarrhea. [48]. Long-term usages of PPIs, has however been associated with infectious 

complications and nutritional deficiencies. Vitamin B12 deficiency was examined in a dose-

dependent study showing decreased absorption with increasing concentrations of omeprazole 

[52]. Another study suggests possible increased risk of Clostridium difficile associated 

diarrhea due to an increase in gastric pH [53]. PPIs have also shown to effect bone 

metabolism, and are associated with increased risk of bone fracture and osteoporosis [54]. 

Increased risk of colon cancer has also been linked to PPIs, although there are conflicting 

evidences in this area of research [48]. Although PPIs have affinity to gastric H+/K+-

ATPases, they can also effect at other acidic environments such as lysosomes, affecting 

cellular processes and enzyme activities [55]. The acidic microenvironments of tumors have 

also been considered a potential target for PPI, as they have shown to increase 

chemosensitivity [56].  
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2  Aims 
 

Proton pump inhibitors (PPIs) are used in the treatment of acid related disorders, but have in 

recent studies been shown to have off-target effects. PPIs inhibit H+/K+-ATPases by covalent 

S-S bonds to the proton pump. Due to PPI activation and action at acidic pH, these drugs are 

shown to affect other sites such as intracellular lysosomes, and extracellularly in tumors and 

bone resorptive pits. Lysosomal cysteine proteases have SH-groups in their active sites, and 

are therefore potential targets for PPI inhibition.  

 

The following issues will be studied in this thesis: 

1) Does lansoprazole directly affect activity of pure legumain, a lysosomal cysteine 

protease? 

2) If yes, does lansoprazole have impact on cellular activity, processing and/or secretion 

of legumain? 
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3 Materials and Methods 
 

3.1 Chemicals and Reagents 
 

Chemicals  Suppliers  
Acetone Merck, Darmstadt, Germany  

Albumin standard (23209) Thermo Scientific, Rockford, IL, USA 

Bio-Rad Protein Assay Dye Reagent 

Concentrate (500-0006) 

Bio-Rad Laboratories, Hercules, CA, USA 

Bovine legumain, purified from cattle 

kidneys 

Performed by H.T. Johansen, in accordance 

to protocol from Yamane et al., 2002 [14] 

CHAPS, C32H58N2O7S (C3023) Sigma-Aldrich 

Citric acid, C6H8O7 x H2O (1.00244.1000) Merck 

Disodium-EDTA, Na2C10H16N2O8 (00064) Ferak, Berlin, Germany 

Disodium hydrogen phosphate 

Na2HPO4•H2O (28029.292) 

VWR Prolabo, Fontenay, France  

DMEM “Dulbecco’s Modified Eagle 

Medium” (42430-025) 

Life Technologies, Carlsbad, CA, USA 

DMSO, Dimethyl sulfoxide, (CH3)2SO 

(D2650) 

Sigma-Aldrich 

Dry milk  Normilk, Levanger, Norway  

DTT, dithiothreitol, C4H10O2S2 (438117) Sigma-Aldrich 

FBS, fetal bovine serum (A15-151) PAA Laboratories, Pasching, Australia 

Fungizone (Amfotericin A), 250 µg/ml Bristol-Meyers Squibb, Montreal Canada  

Goat anti-human polyclonal antibody against 

legumain (AF2199) 

R&D Systems 

Geneticin® Selective Antibiotic (G418 

Sulfate) (10131035) 

ThermoFisher Scientific  

HyClone™ Penicillin-Streptomycin 100X 

solution 

GE Healthcare Life Science  

IRDye 800CW Donkey anti-Goat Li-Cor Biosciences 
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immunoglobulin (926-32214) 

IRDye 800CW Donkey anti-Mouse 

immunoglobulin (926-32212) 

Li-Cor Biosciences 

Legumain ELISA-kit (DY4769) R&D Systems, Abingdon, USA 

n-octyl b-D-glycopyranoside, 29836-26-8 Sigma-Aldrich 

NuPAGE® (4-12 % Bis-Tris Gel), Novex ® 

(NP0322) 

Life Technologies 

NuPAGE® Antioxidant Life Technologies 

NuPAGE® LDS Sample Buffer (4X) Life Technologies 

NuPAGE® MOPS Running Buffer (20X) 

(NP0001) 

Life Technologies 

Mouse anti-human monoclonal antibody 

against GAPDH (SC-47724) 

Santa Cruz Biotechnology Inc. TX, USA 

Ponceau solution (P7170IL) Sigma-Aldrich 

Potassium chloride (KCl) 7447-40-7 Sigma-Aldrich 

Potassium dihydrogen phosphate, (KH2PO4) 

7778-77-0 

Sigma-Aldrich 

Precision Plus Protein™ Dual Color 

Standards (161-0374)  

Bio-Rad Laboratories 

Reagent Diluent buffer (Catalog #DY995) R&D Systems  

Restore™ Western Blot Stripping Buffer 

(21059) 

Thermo Scientific  

Sodium chloride, NaCl (1.06404.1000) Merck 

Sodium citrate dihydrogen, (Na3C6H5O7 x 

2H2O) 6132-04-3 

Sigma-Aldrich 

Sodium dihydrogen phosphate, NaH2PO4 x 

H20 (6346)  

Merck 

Sodium hydroxide, NaOH (6495) Merck 

Sodium pyruvate solution 100 mM, 

C3H3NaO3 (SH30239.01) 

GE Healthcare Life Sciences  

ELISA Stop Solution: 2 N H2SO4 (Catalog # 

DY994) 

R&D Systems 



	 13	

ELISA Substrate Solution: 1:1 mixture of 

Color Reagent A (H2O2) and Color Reagent 

B (Tetramethylbenzidine) (Catalog #DY999) 

R&D Systems  

Tris (base), C4H11NO3 (T1503) Sigma-Aldrich 

Tris/Glycin buffer (10X) (#161-0771) Bio-Rad Laboratories 

Trypan blue 0,4 % Life Technologies 

Trypsin-EDTA 0,25 % (25200-056) Life Technologies 

Tween® 20 (170-6531) Bio-Rad Laboratories 

Z-Ala-Ala-Asn-AMC, legumain substrate  Bachem, Bubendorf, Switzerland  

Z-Arg-Arg-AMC, Cathepsin B substrate Sigma-Aldrich 
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3.2 Equipment 
 

Type of equipment  Supplier  
Amersham™ Protran™ Premium 0.45 

nitrocellulose blotting membrane (10600003) 

GE Healthcare Life Sciences, Germany  

BioHit Optifit pipette tips (10, 200 and 1000 

µl) 

Sartorius Biohit Liquid Handling Oy, 

Finland 

Blotting paper 703 (732-0593) VWR, UK 

Corning® Sentristar™, centrifuge tube (50 

ml) (430921) 

Corning Incorporated, NY, USA 

Corning® Sentristar™, tube (15 ml) (430791) Corning Incorporated, NY, USA 

Costar 10 ml pipette (4101) Corning Incorporated 

Costar 25 ml pipette (4251) Corning Incorporated 

Costar 5 ml pipette (4051)  Corning Incorporated 

Costar® 6-well tray (3506) Corning Incorporated 

Costar® 96-well Microplate, black (3915) Corning Incorporated 

Costar® 96-well Microplate, transparent 

(3598) 

Corning Incorporated 

Countess™ Automated Cell Counter Invitrogen, Life Technologies 

Disposable transfer pipettes, graduated 7.5 

ml (612-4545) 

VWR, UK 

Eppendorf tubes (0.5, 1.5, 2 and 5 ml) Eppendorf AG, Hamburg, Tyskland 

Falcon® 5 ml pipette (357543) Falcon Corning Inc. USA  

Falcon® Cell Scrapers, Sterile, (89008-786) Falcon Corning Inc. USA 

Finnpipette F1 Multichannel  ThermoFisher Scientific    

Finnpipette ™ Thermo Electron Corp.  

Heraeus Fresco 21 Centrifuge (75002426) Thermo Scientific 

Holten Lamin Air LAF-benk Medinor, Oslo, Norway  

Invitrogen Dynabeads® MX Mixer (15902) ThermoFisher Scientific  

Nunc™ EasYFlask™ 75cm2 growth flask 

(156499) 

ThermoFisher Scientific, Danmark 
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Odyssey® CLx Near-Infrared Imaging 

System 

Li-Cor Biosciences  

Olympus CKX41 light microscope  Olympus, Tokyo, Japan 

PIPETBOY acu 2 INTEGRA Biosciences  

PowerPac™, high current power supply  Bio-Rad 

Specteafuge™ mini (C1301B) Labnet Inc. 

The Belly Dancer Stovall Life Science, Greensboro, NC, USA 

Thermostatic cabinet (Galaxy 170S) Eppendorf, New York, USA 

Trans-Blot® Turbo™ Transfer System Bio-Rad 

Victor ™ X4 Multimode Plate Reader Perkin Elmer Life and Analytical Sciences, 

Boston, MA, USA 

Vortex Genie 2 Scientific Industries Inc. 

Xcell Sureloc™ minicell electrophoresis 

system  

Life technologies, Paisley UK  

Yellow line MST heating plate IKA, Germany  
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3.3 Culturing cells 
 

3.3.1 HCT116 cells  
The HCT116 cell line (American Type Culture Collection, ATCC® CCL-247™) is an 

adherent epithelium cell line originating from colorectal carcinoma (colon cancer) of an adult 

male [57]. The cell line has the biosafety classification level (BSL) 1, which is based on the 

US Public Health Service Guidelines. These guidelines describe the safety level whilst 

working with cells.  

 

3.3.2 HEK293 cells 
The HEK293 cells (Human Embryonic Kidney 293 cells, ATCC® CRL-1573™) are an 

adherent cell line originating from fetus embryonic kidney epithelium. The cell line is 

transformed by parts of adenovirus-5- DNA [58]. The HEK293 cell line has BSL-2.  

 

3.3.3 M38L cells 
The M38L cell line is a stable monoclonal (clone 38) HEK293 cell line, transfected with 

human legumain cDNA in a pcDNA3.1 plasmid, resulting in overexpression of the protease 

in the presence of the antibiotic Geneticin® (G418). Geneticin® inhibits the ribosome 

function in cells causing cell death [17]. The plasmid vector is resistant to this particular 

antibiotic, protecting cells that harbor the plasmid from ribosome failure. These cells are 

treated according to BSL-2. 

 

3.3.4 Freezing, thawing and seeding of cells  
The cells are frozen in a tank containing liquid nitrogen with a temperature of -196oC. They 

are frozen gently with slow drops in temperature, usually a decrease of 1oC per minute [59]  

Glycerol (5-10%) or DMSO (5%) is added to avoid the formation of ice crystals inside the 

cells causing eruption.  

 

When thawing cells, they are quickly removed from the nitrogen tank and placed in a water 

bath of 37oC and regular movement. When the cells are thawed, they are transferred to a cell 

flask (10 ml), containing preheated growth medium customized to the cell type (M38L, 
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HEK293 or HCT116). The cells are incubated at 37oC with 5% CO2, with changes of 

medium the first following days to secure optimal growth. Chief engineer Hilde Nilsen 

performed the process of freezing, thawing and initial seeding of cells. 

 

3.3.5 Splitting and culturing of cells 
M38L, HEK293, and HCT116 cells were cultured in cell flasks (75 cm2) in 10 ml serum-

containing DMEM medium (attachment A 1.1).  

 

Splitting of cells was initiated when the cell density reached 70%-80%. The process started 

by first removing the old medium. The cells were rinsed once with 10 ml serum-free medium 

(attachment A 1.2), and added 2 ml trypsin-EDTA (0.25%) following a 5 minute incubation 

at 37oC and 5% CO2 to detach the cells from the flask surface. Detached cells were observed 

through a light microscope, to check for adequate detachment. The addition of 10 ml serum-

containing DMEM medium inactivated trypsin-EDTA, as a result of trypsin inhibitors in the 

serum, which stopped the proteolysis of bonds between the adherent cells and the flask 

surface. The lysate was then centrifuged at 800 rpm for 5 minutes, and the supernatant was 

tossed while the cell pellet was gently resuspended in 10 ml fresh medium.  

 

Seeding of cells was proceeded depending on the further use of the cells. If the cells were to 

be seeded for an experiment, a cell count was done as described below (3.3.7), as a specific 

number of cells were desired. In this thesis, 500.000 cells/well were used for each 

experiment. The cells were then added an appropriate amount of DMEM medium to obtain 

the desired concentration, and incubated at 37oC and 5% CO2.  

 

When cells were split due to high density, there was no need to count the cells. In this thesis 

the HEK293 and HCT116 cells were diluted 1:25, while M38L cells were diluted 1:100 with 

DMEM medium (50 mg/ml Gentamicin® was added to the M38L cells before incubation), 

and incubated at 37oC and 5% CO2 until further use.  

 

3.3.6 Counting and seeding of cells  

The cell suspension was mixed 50/50 with trypan blue, and 10 µl of the mixture was 

transferred to a counting chamber. The counting is based on a method where dead cells are 

colored by penetration of trypan blue through the broken cell membrane. This way the 
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automatic cell counter (Countess™ Automated cell counter) could distinguish between live 

and dead cells. A total number of cells/ml were given, as well as the amount of live and dead 

cells/ml, and % cell viability.  

 

3.3.7 Exposure to lansoprazole 

The cell lines were all exposed to different concentrations of lansoprazole (0-10 µM) 24 

hours after seeding in 6–well trays. Lansoprazole was dissolved in DMSO to a stock solution 

of 30 µM, and further diluted in DMEM medium to the desired concentrations mentioned 

above for each experiment. The cells were incubated with lansoprazole for 48 hours at 37oC 

and 5% CO2. 

 

Purified bovine legumain was added to buffers with different pH values (3.0-7.5), and 

exposed to various lansoprazole concentrations (0-10 µM). They were incubated at room 

temperature for different periods of time, depending on the experiment.  

 

3.3.8 Harvesting of conditioned media 
The conditioned medium was always harvested the same day as the cells, 48 hours after 

exposure to lansoprazole, by carefully pipetting and transferring the medium to Eppendorf 

tubes. The tubes were then centrifuged at 800 rpm for 5 minutes, and the supernatant was 

transferred to a new eppendorf tube and stored at –70oC.  

 

3.3.9  Harvesting of cell  
The cells were first rinsed with 1 ml PBS solution (attachment A 1.3). After carefully 

distributing the solution in the wells, it was carefully removed. Lysis buffer (500 µl) 

(attachment A 1.4) was then added directly to the middle of each well to ensure detachment 

of the adherent cells from the well surface. The lysate was pipetted up and down, and swirled 

around the well before they were checked in a light microscope to ensure that the majority of 

cells had detached. The lysates were then transferred to Eppendorf tubes, were they went 

through a freezing/thawing process. The tubes were frozen at -70oC for approximately 15 

minutes, and then thawed at 30oC. This process was repeated 3 times, followed by 

centrifugation at 10 000 G for 10 minutes and 4oC. The supernatants were then carefully 

transferred to new marked tubes and stored at -20oC until further analysis.  
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3.4  Total protein measurements 
The total protein measurements were carried out as described by Bradford [60]. This method 

is based on the binding of the dye Coomassie Brilliant Blue G-250 to proteins. The binding 

causes a color shift in the dye from red to blue, accompanied by a shift in the absorption 

maximum of the dye from 465 to 595 nm. The shift in absorption is measured in a microplate 

reader, where the color intensity is proportional to the amount of protein in the solution.  

 

A standard curve was made with different concentrations of albumin (0, 50, 100, 200, 400 

µg/ml), and 10 µl of each albumin concentration was pipetted in triplicates to wells in a 

transparent 96-well microplate. Further, 10 µl of each cell lysate was also pipetted in 

triplicates to the microplate. “Bio-Rad Protein Assay Dye Reagent Concentrate” containing 

Coomassie blue, was diluted with distilled water 1:5 before use (attachment A 2.1), and 200 

µl was added to each well in the microplate. The measurements were done 5 minutes after the 

addition of the Coomassie solution in a microplate reader (Victor™ X4 Multimode Plate 

Reader).  

 

3.5  Measuring of legumain activity 
The method used for the measurement of legumain activity is based on the method described 

by Chen et al. [10], and later modified by Johansen et al. [61]. The legumain source was first 

diluted in legumain assay buffer (attachment A 3.1). Legumain assay buffer contained the 

reducing agent DTT (dithiothreitol, 1mM), which activates cysteine proteases. The 

fluorescent substrate Z-Ala-Ala-Asn-AMC was then added, and cleaved by asparaginyl 

endopeptidases such as legumain. The leaving group AMC has a higher absorbance in its free 

form, and the increase in fluorescence was measured in a microplate reader (Victor™ X4 

Multimode Plate Reader). The samples (20 µl of each) and a control sample (lysis buffer for 

lysates and pH buffers for purified legumain) were added to a black 96-well microplate. The 

samples and controls were added in triplicates and the plate was placed in the microplate 

reader. Each well was automatically added 100 µl legumain assay buffer, and incubated for 

10 minutes at 30oC to ensure cysteine protease activity. The legumain substrate solution, 50 

µl (34 µM; attachment A 3.2) was added following the incubation, and absorbance was 

measured. Excitation at 360 nm, and emission at 460 nm. The temperature was set to 30oC, to 

ensure constant temperature during and between the measurements.  
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Two different measurement procedures were used in this thesis. A standard kinetic 

measurement was performed, measuring absorbance every minute or every 10 minutes, for 

10 or 60 minutes, respectively. This method was used to measure legumain activity in all cell 

lysates (60 minutes for HEK293; 10 minutes for M38L and HCT116 cells) and purified 

legumain experiments. Another procedure was performed with the same standard kinetic 

measurement, taking single measurements after adding the legumain substrate solution, and 

repeated measurements at desired time laps. This method was used when measuring legumain 

activity of some HEK293 lysates. The HEK293 cells harbor very little legumain activity, and 

it was therefore necessary to measure the activity over a longer time period to achieve 

accurate data. Single measurements were taken at start and end of legumain incubation, 

and/or every hour.  

 

Before the first measurement, the microplate was shaken for 3 seconds, and repeatedly 

shaken before each measurement. The change in fluorescence (dF) was measured per unit of 

time (sec) and calculated automatically (dF/sec) in the microplate reader. The data was then 

adjusted according to the total protein concentration in each sample and displayed as 

dF/sec/µg total protein.  

 

Cathepsin B was also measured in HEK293, M38L and HCT116 cell lysates following the 

same procedure as with legumain activity measurements. The difference was in the use of 

activation buffer, where cathepsin B activation buffer was used, and the substrate for 

cathepsin B (Z-Arg-Arg-AMC).  

 

3.6  Acetone precipitation  
When using immunoblotting, a certain level of proteins is needed to obtain detectable bands. 

The total protein concentrations from cell lysates in the experiments were too low to be used 

directly. To obtain the needed amounts (10-15 µg protein/ml was used in this thesis) acetone 

precipitation was used to increase the protein concentration before electrophoresis (chapter 

3.7). 
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The amount of cell lysate needed was calculated based on the total protein concentration, and 

the volume was transferred to eppendorf tubes. Four times the amount of pure ice-cold 

acetone was added to the calculated cell lysate volume. The eppendorf tubes were mixed 

well, and incubated for 1 hour at -20oC. Following the incubation, the tubes were centrifuged 

at 15 000 G and 4oC for 20 minutes. The supernatant was carefully removed, and the protein 

pellet was dried for approximately 20-30 minutes at room temperature and dissolved as 

described below (1.7).  

 

3.7 Electrophoresis and immunoblotting  
Electrophoresis and immunoblotting are methods used to separate and detect proteins in 

biological samples. The separation of proteins was performed using sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were transferred from the 

polyacrylamide gel to a nitrocellulose membrane using electrical transfer (blotting) [62]. The 

membrane was incubated for 24 hours with a specific primary antibody (table 3.1), which 

attached to the desired protein. Furthermore, a secondary antibody was added and bound the 

primary antibody. Detection was performed using infrared fluorescence in Odyssey® CLx 

Near Infrared Imaging System.  

 

Following protein concentration adjustments by acetone precipitation (chapter 3.6), the 

protein pellet was dissolved in 13 µl distilled water, 5 µl 4X sample buffer and 2 µl 0.5 M 

DTT; mixed and heated at 72oC for 10 minutes. 

 

Heating causes denaturation of proteins, and disulfide bridges in the protein structure are 

broken. Sodium dodecyl sulfate (SDS) contributes to denaturation and causes an even 

negative electrical charge on the proteins, which secures a migration based solely on the 

protein sizes and not their electrical charge.  
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Table 3.1. An overview of the primary antibodies used in this thesis 

Protein  Primary antibody  Dilution (cell line)  

Legumain  Goat anti-human polyclonal antibody 

against legumain (AF2199) 

1:200 (HEK293 and HCT116) 

1:1000 (M38L) 

GAPDH Mouse anti-human monoclonal antibody 

against GAPDH (SC-47724) 

1:40000 

 

After preparation of the samples, they were placed in a precast 12-well polyacrylamide 

gradient gel (NuPage® 4-12 % Bis-Tris Gel), which was placed in a container filled with 

electrophoresis buffer (attachment A 4.1). An antioxidant (NuPAGE® Antioxidant; 500 µl) 

was added directly to the inner chamber of the electrophoresis container, before the standard 

(Precision Plus Protein™; 1 µl) and samples (15 µl) were added to wells in the gel. The 

electrophoresis was run at 200 volt for 50 minutes.  

 

Filter paper and nitrocellulose membrane were both soaked with blotting buffer (attachment 

A 4.2) and with the proteins, the gel was placed on the nitrocellulose membrane and 

transferred in a blotting machine at 25 volt for 30 minutes.  

 

Following blotting, the nitrocellulose membrane was ponceau colored to ensure transfer of 

proteins from the gel to the membrane. The membrane was then washed with T-TBS 

(attachment A 4.3) and blocked for 1 hour with blocking buffer (attachment A 4.4).  Blocking 

was performed to prevent any unspecific binding of the antibody to binding sites on the 

membrane. After blocking, the membrane was added primary antibody (table 3.1) diluted in 

T-TBS, and incubated over night. The secondary antibody (Table 3.2) diluted in T-TBS was 

added the following day, and incubated for 1 hour. The membrane was kept protected from 

light after addition of the secondary antibody. 
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Table 3.2. An overview of the secondary antibodies used in this thesis 

Secondary antibodies used for detection in Odyssey® CLx 

Near Infrared Imaging system 

Dilution 

IRDye 800CW Donkey anti-goat immunoglobulin (926-32214) 1:10.000 

IRDye 800CW Donkey anti-mouse immunoglobulin (926-

32212)  

1:15.000 

 

Following incubation with the secondary antibody, the membrane was washed for 10 minutes 

with T-TBS, and this process was repeated 4 times before detection by the Odyssey® CLx 

Near-Infrared Imaging System.  

 

Odyssey® CLx uses an infrared laser to detect the desired proteins. The secondary antibody 

used contains an infrared fluorescent dye (“IRDye”) that is excited by the laser, following an 

emission of infrared light, which was detected. The “IRDye” was detected at either 700 nm 

(red) or 800 nm (green). Our proteins were detected at 800 nm, and they appeared as green 

bands. 

 

3.7.1 Re-blotting  
After protein detection, the membrane was washed twice with T-TBS and stripped with 10 ml 

stripping buffer (Restore® Western Blot Stripping Buffer) for 20 minutes. The membrane was 

washed twice with T-TBS and soaked in T-TBS for 15 minutes before it was blocked with 

blocking buffer for 1 hour. The membrane was added a new primary and secondary antibody, 

and detection was performed as previously described (3.7).  

 

3.8 Enzyme-Linked Immunosorbent Assay (ELISA) 
ELISA is used to quantify the amount of total legumain in conditioned medium. The ELISA 

kit from R&D (Human Total Legumain DuoSet® ELISA) was used, and the manufacturer’s 

protocol was followed. A “capture antibody” was diluted with PBS to 2 µg/ml and 100 µl of 

the dilution was added to each well of a 96-well microplate. The microplate was covered with 

a thin plastic film and incubated overnight. Following overnight incubation, each well was 

washed three times with 400 µl washing buffer (attachment A 5.1), added 300 µl RD buffer 
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(“Reagent dilution”, attachment A 5.2), and incubated for 1 hour. The microplate was washed 

as previously described.  

 

After the last wash, 100 µl of the diluted samples (media from HEK293 and HEK116 were 

diluted 1:5, while M38L was diluted 1:250 with RD buffer) and standards in dilution buffer 

were added to the wells, and the microplate was incubated for 2 hours, followed by a new 

wash. Afterwards, 100 µl of the detection antibody was added to the wells, and a new 2-hour 

incubation followed by a new wash. HRP-conjugated streptavidin (100 µl) diluted in RD 

buffer (1:200) was added to each well, and the plate was incubated for 20 minutes. 

Streptavidin binds to the detection antibody, while HRP provide enzymatic activity. After 

incubation with HRP-conjugated streptavidin, the microplate was washed one last time 

before 100 µl a substrate solution, a substrate for HRP, was added to each well and incubated 

for 20 minutes. The substrate changes color after reacting with HRP. After the last 

incubation, 50 µl stop solution was added to each well to stop HRP activity and the 

absorbance was measured immediately in a microplate reader (Victor®) at 450 nm. All 

incubations were performed at room temperature. 

 

3.9 Statistical analyzes  
In this thesis all results were presented as a mean ± standard error of mean (SEM).  The level 

of significance was set to p < 0.05, and statistical significant differences are shown in the 

figures by a star (*). The statistical method used in this thesis is a two-sample t-test (Mann-

Whitney test). The statistical analysis where performed by GraphPad Prism 6. 
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4 Results 
 

4.1 The effect of lansoprazole on purified legumain 
It has previously been shown that proton pump inhibitors inhibit the activity of some 

lysosomal enzymes [63], but this is not shown for legumain. The aim was to determine 

whether lansoprazole could directly affect the activity of purified legumain in a concentration 

and/or time-dependent manner. 

 

4.1.1 DTT affects the inhibition by lansoprazole on purified legumain  
Pure legumain was previously isolated and purified in the laboratory from bovine kidneys 

(H.T. Johansen), and stored at -20oC. This preparation was composed primarily of the 36 kDa 

mature form of legumain.  

 

The legumain assay buffer normally used in the measurement of legumain activity contains 

dithiothreitol (DTT), which is added freshly before each use. Lansoprazole at different pH 

levels (a range of 11 buffers with different pH values was made (pH 3.0–7.5)), was diluted 

with legumain assay buffer, and incubated for 10 minutes at 30oC to ensure enzyme 

activation. The temperature was set to 30oC, as enzyme activity is temperature-regulated, but 

also to assure stabile temperature during measurements. In the first experiment, DTT was 

added to the legumain assay buffer as always (Figure 4.1.A), and approximately identical 

legumain activity was measured in the presence of lansoprazole (10 µM), compared to the 

control. In the following experiment, DTT was not added, and there was a significant 

decrease in legumain activity in the presence of lansoprazole (10 µM), compared to the 

control (Figure 4.1.B). Considering the differences of measured legumain activity, DTT was 

not added to any further experiments using purified bovine legumain.  
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Figure 4.1 The effect of lansoprazole on purified bovine legumain at different pH values. 

Buffers containing either citric acid (1.0 M) or HEPES stock solution (1.0 M) and NaCl (1.0 

M) were adjusted with NaOH to different pH ranging from 3.0 to 7.5. Lansoprazole (10 µM 

final concentration) was incubated with each buffer (70 µl) at room temperature for 10 

minutes, followed by the addition of purified bovine legumain (20 µl; estimated final 

concentration 0.55 µM), and a further incubation for 30 minutes at room temperature. 

Legumain activity was measured during a 10 minute kinetic at 30oC, using fluorogenic 

peptide substrate (Z-Ala-Ala-Asn-AMC) A) 10 µM lansoprazole with DTT (n=1) and B) 10 
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µM lansoprazole without DTT (n=1; *p < 0.05 against the control, Mann-Whitney test). A 

control without lansoprazole was measured accordingly for each of the 11 buffers.  

 

4.1.2 Lansoprazole inhibits the activity of purified bovine legumain  
An optimal pH for high legumain activity has been estimated to approximately 5.8 [40]. 

Lansoprazole is a prodrug, and is activated at acidic pH. To test the direct effect of 

lansoprazole on legumain activity, a range of 11 buffers with different pH values were made 

(pH 3.0–7.5), and legumain activity was measured after incubation with and without 1 or 10 

µM lansoprazole at each pH value (Figure 4.2).  

 

Incubates treated with 1 µM lansoprazole showed inhibition of legumain activity at all pH 

values (Figure 4.2.A). The difference in legumain activity between lansoprazole-treatment 

and control were parallel, with the exception of the incubates at pH 6.0. At this pH level there 

was approximately 63 % difference between lansoprazole-treatment and control, compared to 

the measurements at other pH values.   

 

The experiment was reproduced, by incubating legumain with 10 µM lansoprazole (Figure 

4.2.B). Legumain alone expressed high activity between pH 3.0 to 6.0. At pH > 6.0, the 

activity dramatically decreased. When exposed to lansoprazole, legumain activity was 

detected at pH between 3.0 and 5.0, while a complete inhibition was observed at pH  > 5.5.  
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Figure 4.2 The effect of lansoprazole on purified bovine legumain at different pH values. 

Buffers containing either citric acid (1.0 M) or HEPES stock solution (1.0 M) and NaCl (1.0 

M) were adjusted with NaOH to different pH ranging from 3.0 to 7.5. Each buffer (70 µl) was 

incubated with lansoprazole (1 or 10 µM final concentration) at room temperature for 10 

minutes, followed by the addition of purified bovine legumain (20 µl; estimated final 

concentration 0.55 µM), and a further incubation for 30 minutes at room temperature. 

Legumain activity was measured during a 10 minute kinetic at 30oC, using fluorogenic 
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peptide substrate (Z-Ala-Ala-Asn-AMC). A) 1 µM lansoprazole (n=5) and B) 10 µM 

lansoprazole (n=3; *p < 0.05 against the control, Mann-Whitney test). Legumain activity 

(dF/sec) was set as a mean ± SEM. A control without lansoprazole was measured 

accordingly for each of the 11 buffers. 

 

4.1.3 Lansoprazole inhibits legumain activity at pH 5.8   
Furthermore, bovine legumain was incubated with various concentrations (0-10 µM) of 

lansoprazole at pH 5.8 (Figure 4.3.A). The desired pH level was obtained using legumain 

assay buffer (attachment A 2.1). Lansoprazole concentrations of 0 to 10 nM showed high 

legumain activity. Significant decrease in legumain activity was detected at lansoprazole 

concentrations ≥100 nM, and complete inhibition was observed at 10 µM lansoprazole. 

Normalization of data in figure 4.3.B shows a gradual decrease in legumain activity with 

increasing lansoprazole concentrations. The control was set as a basal legumain activity (100 

%). 

 

A similar experiment was carried out using M38L cell lysate from a previous experiment as 

the legumain source (Figure 4.3.C). Legumain activity was high at lansoprazole 

concentrations < 100 nM, but decreased dramatically at 1 µM lansoprazole, and completely 

inhibited after incubation with 10 µM lansoprazole.  
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Figure 4.3 Legumain activity measured after incubation with lansoprazole (0-10 µM) at 

pH 5.8 and in M38L cell lysate. A and B. Legumain assay buffer pH 5.8 (70 µl) was added 

lansoprazole (0-10 µM final concentrations).  After 10 minutes at room temperature, purified 

bovine legumain (20 µl; estimated final concentration 0.55 µM) was added and incubated at 

room temperature for 30 minutes. C. Lysate from unstimulated M38L cells was incubated 

with 0-10 µM lansoprazole, and incubated for 10 minutes at room temperature. Legumain 

activity was measured by a 10 minute kinetic at 30oC, using fluorogenic peptide substrate (Z-

Ala-Ala-Asn-AMC), presented as a mean ± SEM. A) Purified bovine legumain (n=5; *p < 

0.05, Mann-Whitney test), B) Purified bovine legumain (n=5) and C) M38L lysate (n=1).  
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4.1.4 Time-dependent inhibition of legumain by lansoprazole  
A time-dependent experiment was performed by incubation of purified bovine legumain with 

or without lansoprazole (1 µM or 10 µM final concentrations), and measurements were taken 

every hour, for a total of 8 hours (Figure 4.4). Legumain incubated alone showed a time-

dependent decrease in activity. Legumain exposed to 1 µM lansoprazole showed an 

immediately lower (60%) activity than control, which further decreased after 1 hour. The 

measurements taken after 1 hour however, showed no change in activity. Legumain exposed 

to 10 µM lansoprazole did not show any activity throughout the first hour, while some 

activity was detected in the hours following.  
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Figure 4.4 Time-dependent legumain activity measurements after incubation with 

lansoprazole (1 or 10 µM). Incubations (8 hours) with hourly measurements were performed 

with or without lansoprazole (1 µM or 10 µM final concentration) in legumain assay buffer 

(70 µl, pH 5.8). These were incubated for 10 minutes, and then added purified bovine 

legumain (20 µM) with an estimated final concentration of 0.55 µM.  Legumain activity was 

measured using fluorogenic peptide substrate (Z-Ala-Ala-Asn-AMC).  

 

 

 

 

 



	32	

 

4.2 The effects of lansoprazole on legumain in cell models  
As recently demonstrated, the proton pump inhibitor esomeprazole decreased the activity of 

some lysosomal enzymes in cell models, but this was not examined for legumain [55]. The 

aim in this thesis was do investigate if legumain was influenced by lansoprazole in living 

cells.   

 

4.2.1 Effects of lansoprazole on legumain activity in different cell models 
Three different cell line models were used in these experiments: HEK293, M38L and 

HCT116 cells. They were incubated with different concentrations of lansoprazole (0-10 µM), 

and harvested after 48 hours of exposure. Both conditioned media and cell lysates were 

harvested and analyzed. The total protein amount was measured for all lysates and used to 

normalize the legumain activity measured.  

 

HEK293 cells were exposed with lansoprazole (0-10 µM final concentration), and legumain 

activity decreased with increasing lansoprazole concentration (Figure 4.5.A). The overall 

activity of legumain was much lower in the HEK293 cells, compared to the M38L cells.  

 

The M38L cell line produced exceptionally large amounts of legumain, compared to other 

cell line models used  (Figure 4.5.B). The cell lysates showed a decreased legumain activity 

at increasing concentrations of lansoprazole as well. 

 

Finally HCT116 cells were exposed to lansoprazole (0-10 µM final concentration), with 

some decrease in legumain activity, but not as drastic as with the other cell lines (Figure 

4.5.C). The basal activity was much lower in this cell line compared to M38L cells as well.  
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Figure 4.5 Legumain activity in living cells exposed to lansoprazole. Each cell line was 

seeded (5 x 106 cells/well) in 6-well trays and exposed to lansoprazole (0-10 µM) after 24 

hours. Following a 48 hour incubation, the conditioned medium in each well was collected 

and stored, whereas the cells were harvested and analyzed. Legumain activity (dF/sec)/ total 

protein (µg/ml) was measured using fluorogenic peptide substrate (Z-Ala-Ala-Asn-AMC). A) 

HEK293 cells (n=4), B) M38L cells (n=3) and C) HCT116 cells (n=4). The results were 

presented through a mean ± SEM.  
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4.2.2 Cathepsin B activity is affected in cells exposed to lansoprazole 
Cathepsin B is a lysosomal enzyme, and previous studies have shown inhibition of its activity 

by the proton pump inhibitor esomeprazole [55]. To compare the effect of lansoprazole on 

legumain, cathepsin B activity was therefore measured in the cell lysates from cells exposed 

to lansoprazole, and showed a decreased activity in the cell lysate from HEK293 and M38L 

cells (Figure 4.6.A and B respectively). Some inhibition of cathepsin B activity was also 

detected in the cell lysates from HCT116 cells (Figure 4.6.C). 
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Figure 4.6 Cathepsin B activity in HEK293, M38L, and HCT116 cell lines. Each cell line 

was seeded (5 x 106 cells/well) in 6- well trays and exposed to lansoprazole (0-10 µM) after 

24 hours. Following 48 hours of incubation, the conditioned medium in each well was 

collected and stored, whereas the cells were harvested and analyzed. Cathepsin B activity 

was measured using fluorogenic peptide substrate (Z-Arg-Arg-AMC). The results were 
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presented as a mean ± SEM. A) HEK293 cells (n=4) B) M38L (n=3) and C) HCT116 cells 

(n=4).  

 

4.2.3 Cells exposed to lansoprazole have reduced total protein amounts 
The total protein amount can be used as a reflection of the total cell count [64]. When the 

total protein was measured in lysates from the different cell lines, there was a decrease in 

total protein with increased lansoprazole concentrations (Figure 4.7). Thus, significant 

decrease of total protein amount was only detected with HCT116 cells.  
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Figure 4.7 Total protein amount measurements of cell lysates after lansoprazole exposure. 

Each cell line was seeded (5 x 106 cells/well) in 6- well trays and exposed to lansoprazole (0-
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10 µM) after 24 hours. Following 48 hours of incubation, the conditioned medium in each 

well was collected and stored, whereas the cells were harvested and analyzed. The total 

protein amount was measured using standard Bradford method [60]. The results were 

presented as a mean ± SEM. A) HEK293 cells (n=4), B) M38L (n=3) and C) HCT116 cells 

(n=4; *p < 0.05, Mann-Whitney test).  

 
4.2.4 Cell secretion of legumain after exposure of lansoprazole  
To detect the amount of secreted legumain in the conditioned medium, enzyme-linked 

immunosorbent assay (ELISA) was used. The cells were exposed to lansoprazole (0-10 µM) 

and incubated for 48 hours. The conditioned medium was collected and analyzed. HEK293 

cells had no indicative measurements showing that there was an increased secretion of 

legumain after exposure to lansoprazole at any concentration (Figure 4.8.A). The 

measurements of M38L lysates however, showed decreased amounts of legumain in the 

conditioned medium with increasing (≥ 1 nM) lansoprazole concentrations (Figure 4.8.B).  

The HCT116 measurements showed to have the same tendencies as HEK293 cells, with no 

clear increased/decreased secretion (Figure 4.8.C).  
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Figure 4.8 Secretion of legumain from HEK293 (A), M38L (B) and HCT116 (C) cells. 

Each cell line was seeded (5 x 106 cells/well) in 6-well trays and exposed to lansoprazole (0-

10 µM) after 24 hours. Following a 48-hour incubation, the conditioned medium in each well 

was collected and analyzed using legumain ELISA. A) HEK293 cells (n=4), B) M38L (n= 3) 

and C) HCT116 (n=4) cells. 

 

4.2.5 The immunoband of active legumain is reduced in cells treated with 

lansoprazole 
Immunoblotting of cell lysates from HEK293, M38L, and HCT116 cells after treatment with 

0-10 µM lansoprazole for 48 hours revealed decreased amount of active legumain (36 kDa) 

in some lansoprazole treated cells (0.001-10 µM final concentrations), compared to a control. 
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Housekeeping was also done for these blots, with results indicating an equal loading in all 

wells.  

 
 

Figure 4.9 Immunobands of cell lysates from HEK293, M38L and HCT116 cells. Each cell 

line was seeded (5 x 106 cells/well) in 6-well trays and exposed to lansoprazole (0-10 µM) 

after 24 hours. Following 48 hours incubation, the conditioned medium in each well was 

collected and stored, whereas the cells were harvested and analyzed. Acetone precipitation 

was used to obtain 15 µg total protein/lysate/well in gel electrophoresis. The blot was 

obtained after immunoblotting and developed using a legumain-specific antibody and 

detection by Odyssey® CLx Near-infrared Imaging system (Li-Cor). GAPDH was used as 

housekeeping control.   
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4.2.6 Lansoprazole changes the cell morphology  
The cells (HEK293, M38L and HCT116 cell lines) were seeded in 6-well trays and incubated 

for 24 hours before exposure to lansoprazole (0-10 µM). After 48 hours incubation, the cells 

were examined by light microscopy. Generally the morphological changes were similar in all 

three cell models, with loosening of cells with increasing concentrations of lansoprazole. To 

show an example, images of HCT116 were used.  

 

 
 

Figure 4.10. HCT116 cells before and after exposure to lansoprazole. The cells were seeded 

in 6-well trays, and incubated overnight. Lansoprazole was then added to the wells, and 

pictures were taken before exposure (A), and 48 hours after exposure (B, control; C, 100 nM 

and D, 10 µM). Images were taken prior to cell harvesting in a light microscope (10X). 
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5  Discussion  
 

In the present study, the proton pump inhibitor (PPI) lansoprazole was for the first time 

shown to significantly inhibit the cysteine protease legumain. PPIs are a group of drugs used 

in the treatment of acid related diseases including gastroesophageal reflux disease (GERD), 

gastric ulcer, duodenal ulcer and Barrett’s esophagus [65]. PPIs are also used in combination 

treatments with antibiotics against gastric infections with Helicobacter pylori. PPIs target the 

gastric acid pump H+/K+-ATPase by first accumulating in the acidic environment of the 

parietal cells, and then converting to active sulfonamides. Through a covalent S-S bond, the 

PPIs irreversibly inhibit proton pumps, and despite a short systemic half-life, the effect 

persists and the acidic pH is not regained until new acid pumps are synthetized [66]. Despite 

their affinity to the gastric proton pump, PPIs can also be activated at other acidic sites in the 

body. One example is the cell lysosomes, which have an acidic environment maintained by 

proton pumps. The lysosomes contain cysteine proteases, which are enzymes with SH-groups 

in their active sites, making them potential targets for PPIs.  

 

The focus in this thesis has been to study potential effects of the PPI lansoprazole on the 

lysosomal enzyme legumain. Experiments have shown an inhibitory effect of lansoprazole on 

legumain activity both directly on the purified enzyme at acidic pH, and in cell models. 

Studies were also done regarding the effect of lansoprazole on legumain processing and 

enzyme secretion to the cell media.   

 

Legumain activity was measured after incubations with or without lansoprazole of either 

purified bovine legumain or various cell models. When measuring legumain activity, the 

reducing agent dithiothreitol (DTT) was usually added to the legumain assay buffer, as a 

stabilizer for legumain activity. DTT is a SH-donor and can potentially react with 

lansoprazole, as PPIs bind through S-S bonds to proton pumps and possibly other proteins, 

inhibiting their actions [50]. When DTT was added to the assay buffer used in measuring 

activity of purified legumain, the inhibitory effect of lansoprazole was completely abolished. 

In contrast, when DTT was removed from the assay buffer, 10 µM lansoprazole inhibited 

legumain activity completely at pH values ≤ 5.5. This indicates that lansoprazole forms S-S 

bonds directly with the active site of legumain, and that legumain inhibition is not necessarily 
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through increased lysosomal pH by inhibition of H+/K+-ATPases alone. In light of this 

finding, DTT was removed from the activity assay buffer in all further experiments done with 

purified bovine legumain. This did not seem to be an issue with cellular experiments as DTT 

was added in the legumain activity analyses of cell lysates and after the cells were incubated 

with lansoprazole.  

 

Two sets of experiments were used to determine the impact of lansoprazole on purified 

legumain. First by incubating legumain at pH 5.8 with different concentrations of 

lansoprazole (0-10 µM), where pH 5.8 was chosen based on previous evidence to ensure 

optimal conditions for legumain activity [19]. The second set of experiments consisted of 

purified legumain (0.55 µM) incubated in buffers with different pH values (pH 3.0-7.5) and 

lansoprazole (1 or 10 µM).  

 

The results from both sets of experiments showed direct inhibition of legumain by 

lansoprazole. At various pH values the legumain control showed high enzymatic activity at 

pH ≤ 6, while no activity was detected at pH values > 6. The activity was lower at all pH 

values when adding lansoprazole (both 1 and 10 µM), but a complete legumain inhibition 

was seen at pH ³ 5.5 when added 10 µM, compared to a complete inhibition at pH 7.0 with 1 

µM lansoprazole, which is likely caused by both the increased pH value and lansoprazole 

inhibition.  

 

Legumain activity was also measured at pH 5.8 when incubating legumain with different 

concentrations of lansoprazole (0-10 µM). At 0-10 nM there was no effect of lansoprazole on 

legumain activity, 0.1-1 µM lansoprazole showed some inhibition, while a complete 

inhibition was achieved with 10 µM lansoprazole.  The lansoprazole concentration needed 

for complete inhibition at pH 5.8 corresponded to the concentration needed to inhibit 

legumain at different pH values.  

 

Based on the results from all experiments performed with purified legumain, it was 

concluded that lansoprazole could inhibit legumain directly. This inhibition is most probably 

through S-S interactions with the active site of legumain.  
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Once lansoprazole inhibition of purified legumain was established, it was a question of 

whether the same effect could be seen in cell models. In cells there are several other factors 

such as other SH-containing proteins and proton pumps that might be influenced by 

lansoprazole interactions. To examine the effects of lansoprazole on legumain in living cells, 

five different cell lines were exposed in our laboratory to different concentrations (0-10 µM) 

of lansoprazole. The cell lines used in this thesis included HEK293, M38L, and HCT116. 

The HEK293 cells are tumorigenic embryonic kidney cells often used in biomedical research 

due to their stabile and reliable growth [67]. The M38L cells are a monoclonal legumain 

overexpressing HEK293 cell line [17]. These cells have the same characteristics as HEK293 

in adherence and stability, but are transfected with human legumain cDNA in a pcDNA3.1 

plasmid. HCT116 cells are a human colon carcinoma cell line and were used as a 

representative for “cancer” cells [57]. In addition, RAW264.7 and hMSC-TERT4 cells were 

used in experiments performed by PhD-student Tatjana Bosnjak and head engineer Hilde 

Nilsen. The RAW264.7 cell line is adherent macrophages from mice, established from ascites 

of a tumor induced by Abelson murine leukemia virus [68]. The hMSC-TERT4 (human 

mesenchymal stem cells) cell line is transfected by a retroviral virus vector containing the 

catalytic subunit of human telomerase (hTERT) [69], which shortens the telomers after each 

cell cycle, resulting in an increased achievable population doubling [70]. Human MSCs are 

able to differentiate into osteoblasts, and produce osteoblast markers [70, 71]. 

 

The cell lines used in this thesis have previously been used in several scientific papers 

regarding legumain research in our laboratory. In 2012 Smith et al. [17] studied the 

regulation of intra- and extracellular legumain in both HEK293 and M38L cells, while 

Haugen et al. examined the amounts and subcellular locations of pro- and active legumain in 

HCT116 cells [16]. 

 

All cells were incubated for 48 hours with lansoprazole before they were harvested and 

analyzed. The incubation time was chosen based on a previous study by Zhang et al. where 

breast cancer cells were incubated with different PPIs [65]. Legumain activity was measured 

using a legumain-cleavable fluorescent substrate (Z-Ala-Ala-Asn-AMC). In this thesis 

legumain activity was calculated as dF/sec/total protein concentration in cell lysates. The 

total protein concentration was measured by the Bradford protocol [60], reflecting the 

number of cells present after lansoprazole exposure.  



	 43	

The legumain activity measured in cell lysates, showed inhibition of legumain activity with 

increasing concentrations of lansoprazole. The inhibition confirmed that legumain was 

inhibited by lansoprazole in a concentration-dependent manner in the cellular models as 

observed with pure enzyme. However, legumain activity in cell models was only measured 

48 hours after exposure. A time-dependent experiment was done with pure legumain over 8 

hours, but the enzyme started to degrade already during the first hour. In future cellular 

experiments it is necessary to harvest cells both before and after 48 hours, to examine 

lansoprazole impact with shorter and longer incubations than used in this thesis. In cells there 

are also other proteins that might be affected by PPIs in the same way as legumain, for 

example the cysteine cathepsins. Cysteine cathepsins have previously been studied after cell 

incubations with omeprazole [55]. Therefore, cathepsin B was also measured in cell lysates 

from HCT116 cells exposed to lansoprazole, but there was no inhibition of cathepsin B 

activity after 48 hours treatment. However, this was only measured in HCT116 cell lysates, 

and not the other cells lines, and needs to be analyzed for all the included cell lines.  

 

In experiments done with hMSC-TERT4 cells, lansoprazole did not seem to affect legumain 

activity. One explanation for the lack of legumain inhibition in these cells might be the 

presence of competitive interfering proteins (SH donors), which decreased the effect of 

lansoprazole on legumain. Glutathione (GSH) might be an interfering factor blocking 

legumain inhibition by lansoprazole in cells. Human MSC cells are particularly high on the 

antioxidant GSH [72], but GSH exists in all cells serving as a defense mechanism against 

reactive oxygen species (ROS) and, due to disulfide bonds, participates in the regulation of 

protein functions [73, 74]. GSH is a SH-donor making it a potential target for PPIs. The 

interference of a SH-donor was seen in the experiment with or without addition of DTT to the 

legumain activity assay buffer, as it abolished lansoprazole inhibition of legumain. GSH 

might interact with PPIs through S-S bonds and keeping PPIs from harming the cell. A future 

approach may be to compare the effects of lansoprazole on cysteine proteases with or without 

the concomitant addition of GSH during cell treatment.  

 

The cells were checked for morphological changes in a light microscope. A common feature 

for all the cell types was the loosening after lansoprazole exposure. Less adherent cells 

indicated cell death, and gave reason to believe that the highest concentrations of 

lansoprazole (1-10 µM) were toxic, whereas the lower concentrations did not seem to affect 
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cell morphology. As with legumain activity, the morphology might also be affected with 

lower lansoprazole concentration, if the cells were incubated longer.  

 

Immunoblotting was used to establish which molecular forms of legumain were present in 

cell lysates, and whether lansoprazole affected the expression or processing of legumain in 

these cells. Legumain, as previously mentioned, is expressed as a 56 kDa inactive proform in 

cells. Furthermore, the inactive proform of legumain exists in two intermediate forms where 

one is inactive (47 kDa) and the other harbors enzymatic activity (46 kDa). These forms of 

legumain are generated by autocatalytic activation due to acidic pH. The final mature active 

form of legumain has a molecular weight of 36 kDa, and is obtained through enzymatic 

cleavage by unidentified proteases.  

 

The highest concentrations of lansoprazole (1 and 10 µM) showed reduced expression of all 

molecular forms of legumain, while there was little or no change using lower concentrations. 

The effect of lansoprazole showed an overall reduced expression of legumain, either by 

degradation of the molecule or secretion into the media. To address the latter, HCT116 cells 

were exposed to 5 µM bafilomycin A1 following the same protocol as cell exposure for 

lansoprazole. Bafilomycin A1 is an inhibitor of the vacuolar type H+/K+-ATPase, and has 

been shown to increase the secretion of legumain [17]. Smith et al. showed that 

concentrations as low as 5 nM bafilomycin A1 are sufficient for inhibiting legumain 

processing and activity, as well as increasing the secretion. A higher bafilomycin A1 

concentration (5 µM) was used in this thesis, and as expected an enhanced level of 

prolegumain (56 kDa) was expressed and secreted, while only small amounts were processed 

to the other molecular forms of legumain. This experiment was performed as a control to 

compare the effects of lansoprazole with bafilomycin A1 on legumain secretion. The effects 

were not similar, as there was no cellular accumulation of the 56 kDa prolegumain after 

exposure to lansoprazole.  

 

The cell media was harvested 48 hours after lansoprazole exposure and analyzed by enzyme-

linked immunosorbent assay (ELISA). ELISA was used to measure the total concentration of 

legumain secreted to the media. The media collected from bafilomycin A1 exposed cells 

showed high secretion of legumain as expected [17]. On the contrary, media collected from 

lansoprazole-exposed cells did not show increased secretion of legumain at any lansoprazole 
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concentration, indicating that the decreased amount of legumain shown on immunoblots was 

not due to high secretion to the media, but legumain was probably degraded during 

lansoprazole treatment.   

 

The exact functions of legumain are not completely understood, but it has been shown to 

regulate the processing of some cysteine cathepsins [13]. Legumain has also been associated 

with the regulation of tumor metastasis, and considered a prognostic factor for gastric cancer 

[38, 40]. Legumain is autoactivated in acidic environments, and further enzymatically 

activated to its active mature form. The fact that legumain functions in acidic environments, 

makes it a factor of interest in acidic tumor environments as extracellular acidic pH is 

necessary for tumor metastasis [12]. As there are proton pumps that ensure the acidic pH in 

tumor cells, PPIs become a counteraction. PPIs have shown to inhibit these proton pumps 

both in vitro and in vivo, leading to apoptosis of tumor cells. Additionally, it has been shown 

that the use of PPIs synergize with conventional chemotherapy, and reverses chemoresistance 

in tumors [75].    

 

Despite their inhibitory effect on H+/K+-ATPase, PPIs are a group of drugs with some serious 

adverse effects, which have raised concern about long-term use [48, 54]. It is known that 

PPIs have inhibitory effects on lysosomal enzymes. These enzymes are responsible for 

several biological functions including immunological processes, bone homeostasis, and 

vascular functions [33, 63, 76]. By regulating activity of lysosomal enzymes, PPIs could 

indirectly affect these biological functions. Although PPIs have affinity to the proton pump in 

the parietal cells, other locations harboring such pumps, for instance the lysosomes, could 

also be affected.  

 

It has previously been shown that the PPI rabeprazole has no effect on lysosomal enzymatic 

activity by studies on N-acetyl-ß-glucosaminidase and ß-galactosidose in hepatic rat cell 

models [77]. However, a recent study by Yepuri et al. showed inhibition of the enzymatic 

activity of the cysteine protease cathepsin B in endothelial lysosomes by the PPI 

esomeprazole [55]. The study used clinical relevant concentrations of esomeprazole (5-10 

µM). The present thesis has used similar methods to examine the effects of lansoprazole on 

legumain, which is not previously studied. The highest concentrations used in this thesis (10 

µM), showing a complete inhibition of legumain, are similar to clinically relevant 
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concentrations of lansoprazole in vivo [51]. Furthermore, Yepuri et al. used a fluorescent pH 

indicator revealing increased pH in the lysosomes after incubation with rabeprazole. Another 

study by Liu et al. emphasized the importance of acidic pH for lysosomal function, and how 

PPI exposure (omeprazole and lansoprazole) indicated a decrease in lysosomal enzyme 

activities of acid phosphatase and ß-N-acetylglucosaminidase [63]. Although legumain was 

not examined in the mentioned study, there is a reason to believe that legumain activity 

would be impaired indirectly and similarly to other lysosomal enzymes, as well as directly, 

shown in this thesis.  

 

Long-term use of PPIs have also been associated with osteoporosis and increased risk of 

fractures [78]. Human MSC-TERT4 cells can as mentioned differentiate into osteoblasts, and 

have therefore been studied in our laboratory. Preliminary data have shown that lansoprazole 

in the same concentration range and incubation time did not influence the activity of 

legumain (Tatjana Bosnjak, personal communication), in contrast to the cells used in this 

thesis.  

 

In addition to osteoblasts, osteoclasts are also of importance in bone homeostasis, as they 

break down bone tissue and initiate the repair process of bones. Osteoclasts are dependent on 

an acidic environment for dissolving bone tissue, and that is why PPIs are of importance in 

this setting. For example, cysteine cathepsin K is synthetized by osteoclasts and secreted into 

the extracellular compartment between osteoclasts and bone surfaces, and is essential for 

bone resorption [79]. PPIs can potentially inhibit cathepsin K in this setting and influence 

bone resorption, both through SH-binding and inhibition of the H+K+-ATPase. So by 

inhibiting osteoclasts and cathepsin K through a proton pump, PPIs inhibit the breakdown of 

bone tissue [54]. In short terms, this might be a positive outcome as PPIs potentially inhibit 

osteoporosis, but long term inhibition of osteoclasts results in poor bone homeostasis as bone 

tissue is not remodulated properly.  

 

There are still many possible effects (both wanted and adverse) of PPIs that need to be 

examined, and information concerning these effects is still unknown.  
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6  Conclusion  
 

The main conclusions of this thesis are: 

1) Lansoprazole significantly inhibits the activity of the cysteine protease legumain 

2) Direct inhibition by lansoprazole of pure legumain is most likely through interactions 

with SH-groups in the active site of the enzyme  

3) Inhibition of legumain by lansoprazole in cell models is probably either indirectly 

through proton pump inhibition and increased lysosomal pH or direct through SH-

interaction with the cysteine in the active site 

 



	48	

Bibliography  
1.	 Turk,	B.,	Targeting	proteases:	successes,	failures	and	future	prospects.	Nature	

Reviews	Drug	Discovery,	2006.	5(9):	p.	785-799.	
2.	 Rawlings,	N.D.,	A.J.	Barrett,	and	A.	Bateman,	MEROPS:	the	database	of	proteolytic	

enzymes,	their	substrates	and	inhibitors.	Nucleic	Acids	Research,	2012.	40(D1):	p.	
D343-D350.	

3.	 Rawlings,	N.D.	and	A.J.	Barrett,	Evolutionary	families	of	peptidases.	Biochemical	
Journal,	1993.	290(1):	p.	205-218.	

4.	 Rawlings,	N.D.,	A.J.	Barrett,	and	R.	Finn,	Twenty	years	of	the	MEROPS	database	of	
proteolytic	enzymes,	their	substrates	and	inhibitors.	Nucleic	Acids	Research,	2016.	
44(D1):	p.	D343-D350.	

5.	 Csoma,	C.	and	L.	Polgár,	Proteinase	from	germinating	bean	cotyledons.	Evidence	
for	involvement	of	a	thiol	group	in	catalysis.	Biochem	Journal,	1984.	222(3):	p.	
769-76.	

6.	 Abe,	Y.,	et	al.,	Asparaginyl	endopeptidase	of	jack	bean	seeds.	Purification,	
characterization,	and	high	utility	in	protein	sequence	analysis.	Journal	of	
Biological	Chemistry,	1993.	268(5):	p.	3525-3529.	

7.	 Dalton,	J.P.,	L.	Hola-Jamriska,	and	P.J.	Brindley,	Asparaginyl	endopeptidase	activity	
in	adult	Schistosoma	mansoni.	Parasitology,	2009.	111(5):	p.	575-580.	

8.	 Ishii,	S.,	Asparaginylendopeptidase:	an	enzyme	probably	responsible	to	post-
translational	proteolysis	and	transpeptidation	of	proconcanavalin	A.	Seikagaku,	
1993.	65(3):	p.	185-9.	

9.	 Kembhavi,	A.A.,	et	al.,	The	Two	Cysteine	Endopeptidases	of	Legume	Seeds:	
Purification	and	Characterization	by	Use	of	Specific	Fluorometric	Assays.	Archives	
of	Biochemistry	and	Biophysics,	1993.	303(2):	p.	208-213.	

10.	 Chen,	J.M.,	et	al.,	Cloning,	isolation,	and	characterization	of	mammalian	legumain,	
an	asparaginyl	endopeptidase.	The	Journal	of	biological	chemistry,	1997.	
272(12):	p.	8090.	

11.	 Chen,	J.M.,	et	al.,	Identification	of	the	active	site	of	legumain	links	it	to	caspases,	
clostripain	and	gingipains	in	a	new	clan	of	cysteine	endopeptidases.	FEBS	Letters,	
1998.	441(3):	p.	361-5.	

12.	 Halfon,	S.,	et	al.,	Autocatalytic	activation	of	human	legumain	at	aspartic	acid	
residues.	FEBS	Letters,	1998.	438(1–2):	p.	114-118.	

13.	 Dall,	E.	and	H.	Brandstetter,	Structure	and	function	of	legumain	in	health	and	
disease.	Biochimie,	2016.	122:	p.	126-150.	

14.	 Yamane,	T.,	et	al.,	Legumain	from	bovine	kidney:	its	purification,	molecular	cloning,	
immunohistochemical	localization	and	degradation	of	annexin	II	and	vitamin	D-
binding	protein1.	Biochimica	et	Biophysica	Acta	(BBA)	-	Protein	Structure	and	
Molecular	Enzymology,	2002.	1596(1):	p.	108-120.	

15.	 Chen,	J.M.,	et	al.,	Cloning	and	expression	of	mouse	legumain,	a	lysosomal	
endopeptidase.	Biochemical	Journal,	1998.	335(1):	p.	111-117.	

16.	 Haugen,	M.H.,	et	al.,	Nuclear	Legumain	Activity	in	Colorectal	Cancer.	PLoS	ONE,	
2013.	8(1):	p.	e52980.	

17.	 Smith,	R.,	et	al.,	Intra-	and	extracellular	regulation	of	activity	and	processing	of	
legumain	by	cystatin	E/M.	Biochimie,	2012.	94(12):	p.	2590-2599.	



	 49	

18.	 Lin,	Y.,	et	al.,	Functional	role	of	asparaginyl	endopeptidase	ubiquitination	by	
TRAF6	in	tumor	invasion	and	metastasis.	Journal	of	the	National	Cancer	Institute,	
2014.	106(4):	p.	dju012.	

19.	 Li,	D.N.,	et	al.,	Multistep	autoactivation	of	asparaginyl	endopeptidase	in	vitro	and	
in	vivo.	Journal	of	Biological	Chemistry,	2003.	278(40):	p.	38980-38990.	

20.	 Zhao,	L.,	et	al.,	Structural	analysis	of	asparaginyl	endopeptidase	reveals	the	
activation	mechanism	and	a	reversible	intermediate	maturation	stage.	Cell	
Research,	2014.	24(3):	p.	344-358.	

21.	 Elfriede,	D.	and	B.	Hans,	Mechanistic	and	structural	studies	on	legumain	explain	its	
zymogenicity,	distinct	activation	pathways,	and	regulation.	Proceedings	of	the	
National	Academy	of	Sciences,	2013.	110(27):	p.	10940.	

22.	 Dall,	E.	and	H.	Brandstetter,	Activation	of	legumain	involves	proteolytic	and	
conformational	events,	resulting	in	a	context-	and	substrate-dependent	activity	
profile.	Acta	Crystallographica	Section	F:	Structural	Biology	and	Crystallization	
Communications,	2012.	68(Pt	1):	p.	24-31.	

23.	 Manoury,	B.,	et	al.,	An	asparaginyl	endopeptidase	processes	a	microbial	antigen	for	
class	II	MHC	presentation.	Nature,	1998.	396(6712):	p.	695-699.	

24.	 Manoury,	B.,	et	al.,	Destructive	processing	by	asparagine	endopeptidase	limits	
presentation	of	a	dominant	T	cell	epitope	in	MBP.	Nature	Immunology,	2002.	3(2):	
p.	169-174.	

25.	 Matthews,	S.P.,	et	al.,	Distinct	Protease	Requirements	for	Antigen	Presentation	In	
Vitro	and	In	Vivo.	The	Journal	of	Immunology,	2010.	184(5):	p.	2423-2431.	

26.	 Sepulveda,	F.E.,	et	al.,	Critical	Role	for	Asparagine	Endopeptidase	in	Endocytic	Toll-
like	Receptor	Signaling	in	Dendritic	Cells.	Immunity,	2009.	31(5):	p.	737-748.	

27.	 Ewald,	S.E.,	et	al.,	Nucleic	acid	recognition	by	Toll-like	receptors	is	coupled	to	
stepwise	processing	by	cathepsins	and	asparagine	endopeptidase.	The	Journal	of	
Experimental	Medicine,	2011.	208(4):	p.	643-651.	

28.	 Luo,	Y.,	et	al.,	Targeting	tumor-associated	macrophages	as	a	novel	strategy	against	
breast	cancer.	The	Journal	of	Clinical	Investigation,	2006.	116(8):	p.	2132-2141.	

29.	 Shirahama-Noda,	K.,	et	al.,	Biosynthetic	processing	of	cathepsins	and	lysosomal	
degradation	are	abolished	in	asparaginyl	endopeptidase-deficient	mice.	Journal	of	
Biological	Chemistry,	2003.	278(35):	p.	33194-33199.	

30.	 Miller,	G.,	et	al.,	Asparagine	endopeptidase	is	required	for	normal	kidney	
physiology	and	homeostasis.	The	FASEB	Journal,	2011.	25(5):	p.	1606-17.	

31.	 Turk,	V.,	et	al.,	Cysteine	cathepsins:	from	structure,	function	and	regulation	to	new	
frontiers.	Biochimica	et	Biophysica	Acta,	2012.	1824(1):	p.	68-88.	

32.	 Chen,	J.M.,	et	al.,	Activation	of	progelatinase	A	by	mammalian	legumain,	a	recently	
discovered	cysteine	proteinase.	The	Journal	of	Biological	Chemistry,	2001.	382(5):	
p.	777-83.	

33.	 Lutgens,	S.P.M.,	et	al.,	Cathepsin	cysteine	proteases	in	cardiovascular	disease.	The	
FASEB	Journal,	2007.	21(12):	p.	3029-3041.	

34.	 Morita,	Y.,	et	al.,	Legumain/asparaginyl	endopeptidase	controls	extracellular	
matrix	remodeling	through	the	degradation	of	fibronectin	in	mouse	renal	proximal	
tubular	cells.	FEBS	Letters,	2007.	581(7):	p.	1417-1424.	

35.	 Plow,	E.F.,	et	al.,	Ligand	Binding	to	Integrins.	Journal	of	Biological	Chemistry,	
2000.	275(29):	p.	21785-21788.	

36.	 Abrahamson,	M.,	[49]	Cystatins.	Methods	in	Enzymology,	1994.	244:	p.	685-700.	



	50	

37.	 Alvarez	Fernandez,	M.,	et	al.,	Inhibition	of	mammalian	legumain	by	some	cystatins	
is	due	to	a	novel	second	reactive	site.	Journal	Of	Biological	Chemistry,	1999.	
274(27):	p.	19195-19203.	

38.	 Liu,	C.,	et	al.,	Overexpression	of	legumain	in	tumors	is	significant	for	
invasion/metastasis	and	a	candidate	enzymatic	target	for	prodrug	therapy.	Cancer	
Research,	2003.	63(11):	p.	2957-2964.	

39.	 Lewēn,	S.,	et	al.,	A	Legumain-based	minigene	vaccine	targets	the	tumor	stroma	and	
suppresses	breast	cancer	growth	and	angiogenesis.	Cancer	Immunology,	
Immunotherapy,	2008.	57(4):	p.	507-515.	

40.	 Li,	N.,	et	al.,	Effects	of	legumain	as	a	potential	prognostic	factor	on	gastric	cancers.	
Medical	Oncology,	2013.	30(3):	p.	621.	

41.	 Murthy,	R.V.,	et	al.,	Legumain	Expression	in	Relation	to	Clinicopathologic	and	
Biological	Variables	in	Colorectal	Cancer.	Clinical	Cancer	Research,	2005.	11(6):	
p.	2293-2299.	

42.	 Wu,	W.,	et	al.,	Targeting	Cell-Impermeable	Prodrug	Activation	to	Tumor	
Microenvironment	Eradicates	Multiple	Drug-Resistant	Neoplasms.	Cancer	
Research,	2006.	66(2):	p.	970-980.	

43.	 Watts,	C.,	et	al.,	Asparaginyl	endopeptidase:	case	history	of	a	class	II	MHC	
compartment	protease.	Immunological	Reviews,	2005.	207(1):	p.	218-228.	

44.	 Basurto-Islas,	G.,	et	al.,	Activation	of	Asparaginyl	Endopeptidase	Leads	to	Tau	
Hyperphosphorylation	in	Alzheimer	Disease.	Journal	of	Biological	Chemistry,	
2013.	288(24):	p.	17495-17507.	

45.	 Choi,	S.J.,	et	al.,	Osteoclast	Inhibitory	Peptide	2	Inhibits	Osteoclast	Formation	via	Its	
C-Terminal	Fragment.	Journal	of	Bone	and	Mineral	Research,	2001.	16(10):	p.	
1804-1811.	

46.	 Saftig,	P.,	et	al.,	Impaired	osteoclastic	bone	resorption	leads	to	osteopetrosis	in	
cathepsin-K-deficient	mice.	Proceedings	of	the	National	Academy	of	Sciences,	
1998.	95(23):	p.	13453-13458.	

47.	 Mattock,	K.L.,	et	al.,	Legumain	and	cathepsin-L	expression	in	human	unstable	
carotid	plaque.	Atherosclerosis,	2010.	208(1):	p.	83-89.	

48.	 Ali,	T.,	D.N.	Roberts,	and	W.M.	Tierney,	Long-term	Safety	Concerns	with	Proton	
Pump	Inhibitors.	The	American	Journal	of	Medicine,	2009.	122(10):	p.	896-903.	

49.	 Shin,	J.M.	and	G.	Sachs,	Pharmacology	of	Proton	Pump	Inhibitors.	Current	
gastroenterology	reports,	2008.	10(6):	p.	528-534.	

50.	 Shin,	J.M.,	Y.M.	Cho,	and	G.	Sachs,	Chemistry	of	covalent	inhibition	of	the	gastric	
(H+,	K+)-ATPase	by	proton	pump	inhibitors.	Journal	of	the	American	Chemical	
Society	2004.	126(25):	p.	7800-11.	

51.	 Jai	Moo,	S.,	et	al.,	Pharmacokinetics	and	Pharmacodynamics	of	the	Proton	Pump	
Inhibitors.	Journal	of	Neurogastroenterology	and	Motility,	2013.	19(1):	p.	25-35.	

52.	 Marcuard,	S.P.,	L.	Albernaz,	and	P.G.	Khazanie,	Omeprazole	therapy	causes	
malabsorption	of	cyanocobalamin	(vitamin	B12).	Annals	of	Internal	Medicine,	
1994.	120(3):	p.	211-5.	

53.	 Klingensmith,	M.E.,	et	al.,	Gastrin-mediated	effects	of	omeprazole	on	rat	colon	
mucosa.	Surgery,	1999.	126(2):	p.	272-8.	

54.	 Thomson,	A.B.R.,	et	al.,	Safety	of	the	long-term	use	of	proton	pump	inhibitors.	
World	Journal	of	Gastroenterology	:	WJG,	2010.	16(19):	p.	2323-2330.	

55.	 Yepuri,	G.,	et	al.,	Proton	Pump	Inhibitors	Accelerate	Endothelial	Senescence.	
Circulation	Research,	2016.	118(12):	p.	e36-42.	



	 51	

56.	 Fais,	S.,	Evidence-based	support	for	the	use	of	proton	pump	inhibitors	in	cancer	
therapy.	Journal	of	Translational	Medicine,	2015.	13:	p.	368.	

57.	 Brattain,	M.G.,	et	al.,	Heterogeneity	of	Malignant	Cells	from	a	Human	Colonic	
Carcinoma.	Cancer	Research,	1981.	41(5):	p.	1751.	

58.	 Shaw,	G.,	et	al.,	Preferential	transformation	of	human	neuronal	cells	by	human	
adenoviruses	and	the	origin	of	HEK	293	cells.	The	FASEB	Journal,	2002.	16(8):	p.	
869-71.	

59.	 Solberg,	S.	and	O.D.	Lærum,	Kryobiologi	–	nedfrysing	og	oppbevaring	av	levende	
celler	og	vev.	Tidsskrift	for	Den	norske	legeforeningen,	2004.	124(20):	p.	2607-9.	

60.	 Bradford,	M.M.,	A	rapid	and	sensitive	method	for	the	quantitation	of	microgram	
quantities	of	protein	utilizing	the	principle	of	protein-dye	binding.	Analytical	
Biochemistry,	1976.	72(1):	p.	248-254.	

61.	 Johansen,	H.T.,	C.G.	Knight,	and	A.J.	Barrett,	Colorimetric	and	Fluorimetric	
Microplate	Assays	for	Legumain	and	a	Staining	Reaction	for	Detection	of	the	
Enzyme	after	Electrophoresis.	Analytical	Biochemistry,	1999.	273(2):	p.	278-283.	

62.	 Towbin,	H.,	T.	Staehelin,	and	J.	Gordon,	Electrophoretic	transfer	of	proteins	from	
polyacrylamide	gels	to	nitrocellulose	sheets:	procedure	and	some	applications.	
Proceedings	of	the	National	Academy	of	Sciences	of	the	United	States	of	America,	
1979.	76(9):	p.	4350.	

63.	 Liu,	W.,	et	al.,	Inhibition	of	lysosomal	enzyme	activities	by	proton	pump	inhibitors.	
Journal	of	Gastroenterology,	2013.	48(12):	p.	1343-1352.	

64.	 Wiśniewski,	J.R.,	et	al.,	A	“Proteomic	Ruler”	for	Protein	Copy	Number	and	
Concentration	Estimation	without	Spike-in	Standards.	Molecular	&	Cellular	
Proteomics	:	MCP,	2014.	13(12):	p.	3497-3506.	

65.	 Zhang,	S.,	Y.	Wang,	and	S.J.	Li,	Lansoprazole	induces	apoptosis	of	breast	cancer	
cells	through	inhibition	of	intracellular	proton	extrusion.	Biochemical	and	
Biophysical	Research	Communications,	2014.	448(4):	p.	424-429.	

66.	 Sachs,	G.,	Proton	pump	inhibitors	and	acid-related	diseases.	Pharmacotherapy,	
1997.	17(1):	p.	22-37.	

67.	 Thomas,	P.	and	T.G.	Smart,	HEK293	cell	line:	A	vehicle	for	the	expression	of	
recombinant	proteins.	Journal	of	Pharmacological	and	Toxicological	Methods,	
2005.	51(3):	p.	187-200.	

68.	 Hartley,	J.W.,	et	al.,	Expression	of	infectious	murine	leukemia	viruses	by	RAW264.7	
cells,	a	potential	complication	for	studies	with	a	widely	used	mouse	macrophage	
cell	line.	Retrovirology,	2008.	5(1):	p.	1.	

69.	 Weber,	C.,	et	al.,	Expansion	and	Harvesting	of	hMSC-TERT.	The	Open	Biomedical	
Engineering	Journal,	2007.	1:	p.	38-46.	

70.	 Simonsen,	J.L.,	et	al.,	Telomerase	expression	extends	the	proliferative	life-span	and	
maintains	the	osteogenic	potential	of	human	bone	marrow	stromal	cells.	Nature	
Biotechnology,	2002.	20(6):	p.	592-6.	

71.	 Zhao,	J.W.,	et	al.,	Differentiation	of	human	mesenchymal	stem	cells:	the	potential	
mechanism	for	estrogen-induced	preferential	osteoblast	versus	adipocyte	
differentiation.	The	American	Journal	of	the	Medical	Sciences,	2011.	341(6):	p.	
460-8.	

72.	 Valle-Prieto,	A.	and	P.A.	Conget,	Human	mesenchymal	stem	cells	efficiently	
manage	oxidative	stress.	Stem	Cells	and	Development,	2010.	19(12):	p.	1885-93.	



	52	

73.	 Couto,	N.,	et	al.,	Partition	and	Turnover	of	Glutathione	Reductase	from	
Saccharomyces	cerevisiae:	A	Proteomic	Approach.	Journal	of	Proteome	Research,	
2013.	12(6):	p.	2885-2894.	

74.	 Pompella,	A.,	et	al.,	The	changing	faces	of	glutathione,	a	cellular	protagonist.	
Biochemical	Pharmacology,	2003.	66(8):	p.	1499-503.	

75.	 Spugnini,	E.P.,	G.	Citro,	and	S.	Fais,	Proton	pump	inhibitors	as	anti	vacuolar-
ATPases	drugs:	a	novel	anticancer	strategy.	Journal	of	Experimental	&	Clinical	
Cancer	Research,	2010.	29(1):	p.	1-5.	

76.	 Jafari,	A.,	et	al.,	Legumain	Regulates	Differentiation	Fate	of	Human	Bone	Marrow	
Stromal	Cells	and	Is	Altered	in	Postmenopausal	Osteoporosis.	Stem	Cell	Reports.	

77.	 Fujisaki,	H.,	et	al.,	Effects	of	rabeprazole,	a	gastric	proton	pump	inhibitor,	on	
biliary	and	hepatic	lysosomal	enzymes	in	rats.	The	Japanese	Journal	of	
Pharmacology,	1998.	76(3):	p.	279-88.	

78.	 Zhou,	B.,	et	al.,	Proton-pump	inhibitors	and	risk	of	fractures:	an	update	meta-
analysis.	Osteoporosis	International,	2016.	27(1):	p.	339-347.	

79.	 Troen,	B.R.,	The	role	of	cathepsin	K	in	normal	bone	resorption.	Drug	News	
Perspect,	2004.	17(1):	p.	19-28.	

 

 



	 53	

Attachment A: Solution recipes 
1. Treatment of cells 
A 1.1 Serum containing DMEM-medium: 

450 ml DMEM with 4 mM L-glutamine, 4500 mg/L glucose 

50 ml fetal bovine serum (FBS) 

5 ml penicillin (100 U/ml)- streptomycin (100 µg/ml) 

5 ml sodium pyruvate (C3H3NaO3) 100 nM 

2.5 ml fungizone 350 µg/ml 

 

A 1.2 Serum free DMEM-medium  

500 ml DMEM with 4 mM L- glutamate, 4500 mg/L glucose  

5 ml penicillin (10 000 U/ml)- Streptomycin (100 µg/ml) 

5 ml sodium pyruvate 100 nM 

2.5 ml fungizone 350 µg/ml 

 

A 1.3 10X PBS 

14.4 g Disodium hydrogen phosphate Na2HPO4•H2O 

2.0 g Potassium dihydrogen phosphate KH2PO4 

80 g NaCl 

2 g KCl 

Distilled water H2O ad 1 L 

Adjust pH to 7.2 with HCl 

Diluted 1:10 with distillated H2O before use 

 

A 1.4 Lysis buffer (pH 5.8) 

14.71 g Sodium citrate (Na3C6H5O7 x 2H2O) 

0.19 g Na2-EDTA (Na2C10H16N2O8) 

5 g n-octyl b-D-glycopyranoside 

PH adjusted to 5.8 using HCl 

Distilled water ad 500 ml  
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2. Measuring total protein concentration  
A 2.1 Dilution of color reagent (1:5) 

10 ml Bio-Rad Protein Assay Dye Reagent Concentrate  

Ad 50 ml dH2O 

Mixed well, and check for precipitate  

 

3. Measuring enzyme activity 
A 3.1 Legumain assay buffer (pH 5.8): 

3.30 g citric acid  

21.54 g Disodium hydrogen phosphate Na2HPO4 

0.37 g Disodium- EDTA 

0.1 g CHAPS 

Distilled H2O ad 1.0 L 

200 µl 200 mM DTT is added 40 ml legumain- assay buffer prior to use 

 

A 3.2 Legumain substrate solution (34 µM): 

200 µl “stock”- solution of Z-Ala-Ala-Asn-AMC (2.5 mM in DMSO) 

14.5 ml legumain assay buffer (pH 5.8) 

 

 

4. Gel electrophoresis and immunoblotting 

A 4.1 Electrophoresis buffer 

40 ml NuPAGE® MOPS SDS Running Buffer (20X) 

Distilled H2O ad 0.8 L 

500 µl NuPAGE® Antioxidant is added to the electrophoresis buffer directly in the inner 

chamber of the electrophoresis container 

 

A 4.2 Blotting buffer 

400 ml 10X Tris/Glycine-buffer (Bio-Rad) 

800 ml Methanol (MeOH) 

Distilled H2O ad 2.8 L 
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A 4.3 10X T-TBS 

48.4 g Tris 

220.2 g NaCl 

20 ml Tween 20 

Adjusted to pH 7.5 with HCl 

Distilled H2O ad 2.0 L 

Diluted 1:10 with distilled H2O before each use 

 

A 4.4 Blocking solution, blotto (5%) 

50 ml T-TBS (1X)  

2.5 g fat free dry milk 

Boil while stirring and cool down before use 

	

5. ELISA  
A 5.1 Washing buffer 

0.5 ml Tween 20  

Distilled water ad 1 L 

 

A 5.2 Dilution buffer 

“Reagent dilution” diluted 1:10 with distilled water 
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Attachment B: Poster 
The	attached	poster	was	presented	at	Norsk Selskap for Farmakologi og Toksikologi 
(NSFT) Winter meeting 2017. “The Proton Pump Inhibitor Lansoprazole Inhibits Protease 
Activity of Legumain” (next page).  
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The Proton Pump Inhibitor Lansoprazole 
Inhibits Protease Activity of Legumain 
	Paya Diana Hemati, Tatjana Bosnjak, Hilde Nilsen, Ngoc Nguyen Lunde, Harald Thidemann Johansen, Rigmor Solberg 
Department of Pharmaceutical Biosciences, School of Pharmacy, University of Oslo, Postbox 1068 Blindern, 0316 Oslo  

pdsalekd@student.farmasi.uio.no 
	

Introduction  
Proton pump inhibitors (PPIs) are used against peptic ulcer disorders by 
inhibition of the parietal H+-pump. PPIs are prodrugs requiring activation by 
acidic pH to active forms that react covalently with SH-groups. The 
specificity of PPI toward the proton pump is mainly due to the very low pH 
at the parietal cell canalicular membrane. However, active PPI forms could 
also be generated in other acidic microenvironments e.g. in lysosomes or in 
extracellularly environment of osteoclasts or tumor cells. Increased proton 
secretion in tumors is assumed to contribute to cancer cell proliferation and 
invasion, and PPIs have recently been considered in cancer treatment.  
Legumain is an asparaginyl endopeptidase primarily localized to acidic 
lysosomes. It is expressed as a proform (56 kDa), which is auto-activated to 
an intermediate active form (46 kDa) at acidic pH, and further processed to 
the mature active form of 36 kDa. Highest expressions of legumain are 
found in kidney, placenta, spleen, liver and testis, whereas increased 
legumain is found in malignant tumors and correlated with poor prognosis. 
As the protease is dependent on acidic pH and a reduced SH-group in the 
active site for enzymatic activity, its actions in tumorous environments could 
be inhibited by PPIs. This study examines both direct effects of lansoprazole 
on pure legumain and effects in various cell types.  
 
	 Methods 
Four different cell lines were used: HEK 293 (human embryonic kidney), 
M38L (HEK293 over-expressing legumain), RAW264.7 (macrophages) and 
HCT 116 (colorectal carcinoma). The cells were incubated with increased 
concentrations of lansoprazole (0-10 µM) for 48 h. Purified bovine legumain 
was exposed to different concentrations of lansoprazole at various pH values 
(pH 3-7.5). Methods used to measure legumain were enzyme activity 
measurement and immunoblotting, and in addition total protein 
measurements were performed. 
	

Results	
Lansoprazole directly inhibits bovine legumain  

Fig 1. Lansoprazole inhibits legumain at low pH. A) Purified bovine legumain was 
incubated at different pH values with  (●) or without (ο) 10 µM lansoprazole. Legumain 
activity (dF/sec) was measured after 30 min at room temperature (n=3). B) Purified 
bovine legumain was incubated at pH 5.8, with various concentrations of lansoprazole 
for 30 min at room temperature, and activity was measured (n=1). 
 

Lansoprazole	inhibits	cellular	legumain	ac5vity	

Fig 2. Incubation of cells with increasing concentrations of lansoprazole. Cells 
(500 000) were incubated for 48 hours with lansoprazole (0, 1, 10, 100, 1 000, or 10 
000 nM). The cell lysates were analyzed for legumain activity and total protein 
concentration. A) M38L cells (n=4). B) HEK293 cells (n=3). C) RAW264.7 cells 
(n=3) and D) HCT116 cells (n=3).  
	

Lansoprazole down-regulates mature legumain (36 kDa)  

Fig 3. Immunoblotting of lysates from cells incubated with lansoprazole. Cell 
lysates from HEK293, M38L cells (A) and HCT116 cells (B) incubated with 
lansoprazole after PAG electrophoresis, blotting and developing with specific 
antibodies for legumain and GAPDH. 

  Conclusions 
•  The active form of lansoprazole functions directly as an inhibitor of 

cysteine proteases like legumain, probably by a reaction with the SH-
group in the active site of the enzyme. 

•  A similar legumain inhibition is also seen in cellular models and 
suggests a mechanism for off-target effects of proton pump inhibitors. 
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Results 
-  Lansoprazole directly inhibited purified bovine legumain activity in a 

pH-dependent manner (Fig. 1A). 
-  100 nM lansoprazole completely abolished legumain activity at pH 5.8  

(Fig. 1B). 
-  Legumain activity was also inhibited by lansoprazole in various cellular 

models (Fig. 2A-D) and the amount of active mature legumain (36 kDa) 
was decreased accordingly (Fig. 3).  
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