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Abstract

The cytoprotective protein clusterin is often dysregulated during tumorigenesis, and in the
stomach, upregulation of clusterin marks emergence of the oxyntic atrophy (loss of acid-pro-
ducing parietal cells)-associated spasmolytic polypeptide-expressing metaplasia (SPEM).
The hormone gastrin is important for normal function and maturation of the gastric oxyntic
mucosa and hypergastrinemia might be involved in gastric carcinogenesis. Gastrin induces
expression of clusterin in adenocarcinoma cells. In the present study, we examined the
expression patterns and gastrin-mediated regulation of clusterin in gastric tissue from:
humans; rats treated with proton pump (H+/K+-ATPase) inhibitors and/or a gastrin receptor
(CCK2R) antagonist; H+/K+-ATPase B-subunit knockout (H/K-B KO) mice; and Mongolian
gerbils infected with Helicobacter pyloriand given a CCK2R antagonist. Biological function
of secretory clusterin was studied in human gastric cancer cells. Clusterin was highly
expressed in neuroendocrine cells in normal oxyntic mucosa of humans and rodents. In
response to hypergastrinemia, expression of clusterin increased significantly and its locali-
zation shifted to basal groups of proliferative cells in the mucous neck cell-chief cell lineage
in all animal models. That shift was partially inhibited by antagonizing the CCK2R in rats and
gerbils. The oxyntic mucosa of H/K- KO mice contained areas with clusterin-positive
mucous cells resembling SPEM. In gastric adenocarcinomas, clusterin mRNA expression
was higher in diffuse tumors containing signet ring cells compared with diffuse tumors with-
out signet ring cells, and clusterin seemed to be secreted by tumor cells. In gastric cancer
cell lines, gastrin increased secretion of clusterin, and both gastrin and secretory clusterin
promoted survival after starvation- and chemotherapy-induced stress. Overall, our results
indicate that clusterin is overexpressed in hypergastrinemic rodent models of oxyntic pre-
neoplasia and stimulates gastric cancer cell survival.
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Introduction

In the gastric oxyntic mucosa, glands are divided into different zones containing characteristic
cell lineages that normally differentiate from immature progenitor cells in isthmus [1-3]. Dur-
ing carcinogenesis, the typical differentiation pattern is disrupted and the mucosa undergoes
step-wise transformation, which for the intestinal type gastric adenocarcinoma is thought to
progress through oxyntic atrophic (loss of acid-secreting parietal cells) gastritis, intestinal
metaplasia and dysplasia before emergence of cancer [4, 5]. In addition, spasmolytic polypep-
tide-expressing metaplasia (SPEM), which possibly evolves by transdifferentiation of mature
chief cells, may develop prior to intestinal metaplasia and play a central role in the early phases
of the cascade [6-8].

Gastrin is a key secretagogue for gastric acid, and regulates cell proliferation, apoptosis and
migration, making it essential for normal growth and maturation of the oxyntic mucosa [9-
11]. Hypergastrinemia might promote gastric carcinogenesis, particularly when combined
with oxyntic atrophy and chronic inflammation due to Helicobacter-infection [11, 12]. The
pro-survival cytoprotective protein clusterin (CLU) is gastrin-responsive in rat pancreatic ade-
nocarcinoma cells, and is involved in the anti-apoptotic effect of gastrin [13]. In oxyntic
mucosa of rats, proton pump (H+/K+-ATPase) inhibitor (PPI)-induced hypergastrinemia led
to increased CLU expression and a prominent shift in the CLU expression pattern [13].

CLU is nearly ubiquitously expressed in different tissues and associated with regulation of
cell survival, migration/invasion, differentiation, cellular stress responses, and resistance to
cancer therapy [14, 15]. The secretory CLU (sCLU) isoform is characterized as a stress-respon-
sive extracellular chaperone with functional similarities to small heat shock proteins [14, 16].
Dysregulation of CLU is found during malignant progression in several tissues and might fol-
low a dysplasia-dependent U-shaped curve [14, 17]: in normal tissues, CLU can inhibit tumor-
igenesis by sensing and counteracting cellular stress [18], while dysplastic cells can temporarily
downregulate CLU expression to allow malignant transformation [14]. Then, in established
malignancies, upregulation of CLU can promote anti-apoptotic signaling, resistance to chemo-
therapy, and increased metastatic spread [14, 16, 18].

CLU has also been linked to gastric cancer in some studies [17, 19-24]. Aberrant expression
in cell cultures, rodent models, and human specimens containing SPEM, suggests that CLU is
a marker of SPEM [17, 23, 25]. Studies show conflicting results regarding the value of CLU in
blood as a biomarker of gastric cancer [20-22, 24]. Nevertheless, overexpression of CLU in
gastric cancer biopsies is reported to correlate with lymph node metastasis, tumor invasion,
and high tumor stage [17, 19, 21].

Still, expression and function of CLU in normal gastric physiology, hypergastrinemic con-
ditions and during gastric carcinogenesis have not been widely examined. In the present
study, we characterize the expression and regulation of CLU in gastric oxyntic mucosa of
hypergastrinemic rodent models and in humans, and elucidate the function of sCLU in
human gastric cancer cells during stress.

Materials and methods
Animal studies

Animal studies were approved by the Norwegian Animal Research Authority (Approval no.
5014) and performed according to international guidelines. All animals were housed in plastic
cages under standard conditions of 20°C, 40-45% relative humidity, 12-hours light-dark cycle,
and free access to commercial chow and water. The PPI pantoprazole (400 umol/kg animal
weight) (Nycomed, Konstanz, Germany) was administered daily by gavage to female Sprague-
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Dawley rats (150-200 g) (Taconic M&B, Skensved, Denmark) for 3 weeks. The gastrin recep-
tor/cholecystokinin receptor 2 (CCK2R) antagonist netazepide (YF476) (500 pmol/kg animal
weight) (kindly provided by Dr. M. Boyce, Hammersmith Medicines Research, London, UK)
was given as a single dose treatment, and was injected subcutaneously at day 1. Groups of rats
received combined treatment with pantoprazole and netazepide (n = 8), pantoprazole (n = 6)
or netazepide (n = 8) alone, or only vehicle as control (n = 9).

Formalin-fixed paraffin-embedded (FFPE) biopsies from oxyntic mucosa of male and
female H+/K+-ATPase (proton pump) B-subunit knockout (H/K-B KO) mice aged 3, 6, 8 and
14 months and BALB/c wild-type mice aged 8 months as controls (n = 4 per age group), were
as described [26]. FFPE biopsies from oxyntic mucosa of male Mongolian gerbils were from
three groups, as previously described [27]: infected with Helicobacter pylori (n = 7) for 18
months; infected with H. pylori and treated with netazepide for 18 months (n = 7); and unin-
fected control animals aged 12 months (n = 5).

Human tissues

FFPE biopsies of human gastric mucosa were from specimens gathered immediately after gas-
trectomy from 59 patients (35 male/24 female, mean age 66.5 years (range 45-98)) at St. Olav’s
University Hospital, Trondheim, Norway. Adjacent non-tumor tissue was collected from 21
patients (18 male/3 female, mean age 65.9 years (range 49-86)). A pathologist diagnosed all
patients histologically as primary gastric adenocarcinoma of TNM stage 0/IA (n = 1), IA/IB
(n=7), II/TIIA/IIIB (n = 38), IV (n = 11), and unknown (n = 2). Of these, 30 were of the Lau-
rén intestinal type localized in antrum (n = 12), corpus (n = 8) or cardia (n = 10), 19 were of
the diffuse type localized in antrum (n = 6), corpus (n = 3) or cardia (n = 10), and 10 were of
the diffuse type containing signet ring cells (SRCs) localized in antrum (n = 7), corpus (n = 2)
or cardia (n = 1). In addition, 16 matched normal mucosa specimens (13 male /3 female, mean
age 73.0 years (range 52-82)) from patients with no signs of gastric neoplasm were collected.
Collection and use of patient material were after written informed consent and approval by the
Regional Committee for Medical and Health Research Ethics of Central Norway (Approval
no. 018-02.).

Gene expression analysis of clusterin in human gastric
adenocarcinomas

The RNA isolation and microarray analysis of the expression profile of CLU mRNA followed
standard protocols, analyzing 300 ng total RNA per sample with the HumanHT-12 Expression
BeadChips (Illumina, San Diego, CA) (ArrayExpress E-MTAB-1338). Analyses of CLU mRNA
expression in human gastric adenocarcinomas were done using our in-house dataset and the
Oncomine database (www.oncomine.org), as previously described [3].

Human gastric cancer cell lines

The following human gastric cancer cell lines were used: AGS wild-type (AGSwt) (American
Type Culture Collection (ATCC) Rockville, MD) (negative control for gastrin-induced
changes), AGS stably transfected with CCK2R (AGS-GR) (provided by Prof. Andrea Varro,
University of Liverpool, Liverpool, UK), MKN-45 (gift from Queens Medical Centre, Univer-
sity Hospital, Nottingham, UK) and KATO-III (ATCC). AGSwt and AGS-GR were grown in
HAM’S F12 (GIBCO, Invitrogen, Carlsbad, CA) with 10% fetal calf serum (FCS), 10 U/ml pen-
icillin-streptomycin, and 2 ug/ml puromycin (Sigma-Aldrich, St. Louis, MO). KATO III was
grown in RPMI (GIBCO, Invitrogen) with 20% FCS, 10 U/ml penicillin-streptomycin, 1 pg/ml
fungizone (GIBCO, Invitrogen) and 0.1 mg/ml L-Glutamine added. MKN45 was grown in
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DMEM (GIBCO, Invitrogen) with 4.5 g/l glucose, 10% FCS, 1 mM sodium pyruvate, 0.1 mg/
ml L-glutamine, 10 U/ml penicillin-streptomycin, and 1 pg/ml fungizone (GIBCO, Invitro-
gen). All cell lines were kept in 75 cm” flasks incubated at 37°C, 5% CO2 and 95% air.

Immunohistochemistry

The primary antibodies used are listed in Table 1. For immunohistochemistry (IHC), standard
pretreatments of FFPE sections (4 um), including deparaffinization, rehydration, and antigen
retrieval with boiling in citrate buffer (pH 6.0) using a commercial microwave, were followed
by incubation with the primary antibodies for 2 hours at room temperature (RT) or 4°C over-
night. Single immunoreactions were visualized using the rabbit/mouse EnVision-horseradish
peroxidase (HRP)/DAB+ kit (#K4003 and #K5007, Dako, Glostrup, Denmark) or Vectastain
Elite ABC HRP Kit (Elite PK-6100 Standard, Vector Laboratories Inc., Burlingame, CA) and
counterstained with hematoxylin. For immunofluorescence staining, primary antibodies were
incubated simultaneously and visualized using secondary antibodies conjugated to Alexa
Fluor 488, 555 or 647 (Invitrogen) 1:200 or 1:400 dilution, or lectin Griffonia simplicifolia
(GSII) (Life Technologies, Grand Island, NY) 1:400 dilution, and counterstained with DAPI.
The primary antibodies rabbit anti-CLU (H-330, sc-8354, Santa Cruz Biotechnology Inc., Dal-
las, TX) and rabbit anti-pepsinogen 5 (PGA5) (17330-1-AP, Proteintech Europe, Manchester,
United Kingdom) were detected with tyramide signal amplification™ PLUS Fluorescence Kit
(NEL760001KT, Perkin Elmer, Waltham, MA) according to manufacturer’s instructions. In
addition to omitting the primary antibody, non-immunized rabbit, mouse or goat IgG at simi-
lar protein concentration as the primary antibody, were used as negative controls.

In situ hybridization

In situ hybridization (ISH) was performed with the RNAscope 2.0 HD Reagent Kit (Brown)
for FFPE tissue (310035, Advanced Cell Diagnostics (ACD) Inc., Hayward, CA) according to
manufacturer’s instructions. After pretreatment, sections were incubated with custom tran-
script- and species-specific probes against clusterin mRNA for 2 hours in a humid chamber at
40°C, followed by a series of amplifications and visualization with HRP and DAB. Sections
were counterstained with hematoxylin. Target-specific probes against bacterial RNA (DapB)
and ubiquitin C were used as negative and positive controls, respectively.

Periodic acid Schiff and Alcian blue staining

Tissue sections of FFPE biopsies from control and H/K-f KO mice were incubated in Alcian
blue solution (B8438, Sigma-Aldrich) for 5 minutes, periodic acid solution for 10 minutes,
Schiff’s reagent (101646, Merck Millipore, Darmstadt, Germany) for 15 minutes and then
hematoxylin for 3 minutes.

Assay of gastrin and CLU concentrations in rat plasma

Gastrin concentrations were measured using radioimmunoassay as previously described [28]
and CLU protein in plasma was quantified using Rat CLU ELISA kit (BioVendor Laboratorni
Medicina AS, Modrice, Czech Republic) according to instructions.

Sample preparation for targeted mass spectrometry analysis

Proteins were extracted for targeted mass spectrometry from rat oxyntic mucosa lysates and
protein concentrations measured, as previously described [29]. 50 ug protein of each lysate
were incubated in 5 mM tris (2-carboxyethyl) phosphine (TCEP) for 30 min at RT followed by
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Table 1. Primary antibodies used in immunofluorescence staining and immunohistochemistry.

Name

Clusterin

Clusterin-a

Clusterin-a

H+/K+ ATPase B

Mist 1/BHLHA15
Pepsinogen 5, group |
(pepsinogen A)
Pepsinogen Il

Lectin GS-II, A488 con;.

Trefoil factor 2

Chromogranin A
Human chromogranin A
Histidine decarboxylase

Vesicular monoamine transporter

2
Ghrelin

Proliferating cell nuclear antigen

Ki67
Mucin 2

Host,
clonality

Rabbit, P
Goat, P

Mouse, M
Mouse, M

Mouse, M
Rabbit, P

Sheep, P
N/A
Rabbit, P

Rabbit, P
Mouse, M
Rabbit, P

Rabbit, P
Rabbit, P

Mouse, M
Rabbit, P
Rabbit, P

Clone or catalog no; Source Dilution Incubation Lineage marker
IF1: [IHC1:

H-330, sc-8354; Santa Cruz Biotechnology Inc., 150 | 150 2hRT/4°C
Dallas, TX on
C-18, sc-6419; Santa Cruz Biotechnology Inc. 500 |1000 |2hRT/4°C

on
B-5, sc-5289; Santa Cruz Biotechnology Inc. 500 2hRT/4°C

on
2G11, MA3-923; Affinity Bioreagent Inc, Golden, 1500 2hRT/4°C Parietal cells
CcO on
6E8, sc-80984; Santa Cruz Biotechnology Inc. 200 4°Con Chief cells
17330-1-AP; Proteintech Europe, Manchester, UK | 50 4°Con Chief cells
Ab9013; Abcam, Cambridge, UK 300 2hRT/4°C Chief cells

on
L21415; Molecular probes, Grand Island, NY 200 2hRT Neck cells,

SPEM

13681-1-AP; Proteintech Europe 300 | 900 2hRT/4°C Neck cells,

on SPEM
SP-1, 20086; Immunostar, Hudson, WI 1500 2hRT Neuroendocrine
MO0869, clone DAK-A3; Dako, Glostrup, Denmark 1000 4°Con Neuroendocrine
B 260-1; Eurodiagnostica, Malmé, Sweden 1000 3000 |2hRT/4°C |ECLcells

on
AB1767; Chemicon, Temecula, CA 500 2hRT/4°C ECL cells

on
H-031-31; Phoenix Pharmaceuticals Inc., 7000 2hRT A-like cells
Burlingame, CA
MO0879, clone PC10; Dako 200 4°Con Proliferation
Ab15580; Abcam 300 4°Con Proliferation
Ab76774; Abcam 200 2hRT Goblet cells, IM

Abbreviations: P = polyclonal, M = monoclonal, IF = immunofluorescence staining, IHC = immunohistochemistry, h = hours, RT = room temperature,
on = overnight, SPEM = spasmolytic polypeptide-expressing metaplasia, IM = intestinal metaplasia

https://doi.org/10.1371/journal.pone.0184514.t001

alkylation with iodoacetamide (1 pmol/mg protein) for 30 min in the dark. Proteins were pre-
cipitated using a methanol-chloroform method as described [30] and submitted to another
round of protein reduction and alkylation by resuspension in 50 pl 50 mM NH,HCO3, 5 mM
TCEP, incubation for 30 min and subsequent incubation with 1 pumol/mg protein of iodoace-
tamide for 30 min in the dark. Trypsin (Thermo Scientific, Waltham, MA) was added at 1:50
ratio (w/w, enzyme:protein) prior to overnight digestion at 37 °C in a shaker. Subsequently,
formic acid was added to all samples (final concentration 0.1%) followed by centrifugation for
10 minutes at max. speed (16 000 g) for removal of insoluble particles prior to mass spectrome-
try analysis.

Targeted mass spectrometry

All parallel reaction monitoring (PRM)-based targeted mass spectrometry methods were
designed, analyzed, and processed using Skyline software version 3.6.0.10162 [31]. In silico
selection of proteotypic peptides was performed via Skyline using the Rattus norvegicus refer-
ence proteome available at www.uniprot.org to exclude non-unique peptides. Synthetic light
peptides (Thermo Scientific) were used as standards for targeted mass spectrometry analysis.
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Peptide standards were first analyzed on a Thermo Scientific Q Exactive HF mass spectrome-
ter coupled to an Ultimate 3000 RSLC system (Thermo Scientific, Sunnyvale, California, USA)
in PRM mode. Precursor ions of higher intensity (charge state 2+ or 3+) were selected for fur-
ther analysis. Information on retention time and fragmentation pattern of the standard pep-
tides was used for identification and to build a scheduled method with a retention time
window of 5 min. The method was then employed for detection and quantification of corre-
sponding peptides in rat samples. The same instrument parameters described below for the
analysis of rat samples were adopted for the establishment of the PRM method with standard
peptides.

Peptides (2 pg) were separated during a biphasic ACN gradient from two nanoflow UPLC
pumps (flow rate of 200 nL/min) on a Acclaim PepMap100 C18 column (75 pm i.d. X 2 cm
nanoviper, 3 um particle size, 100 A pore size) (Thermo Scientific) and further separated on a
PepMap RSLC C18 analytical column (50cm x 75 pm i.d. EASY-spray column, packed with
2um C18 beads) (Thermo Scientific). Solvent A and B were 0.1% TFA (vol/vol) in water and
100% ACN respectively. The gradient composition was 5%B for 5 min followed by 5-8%B
over 0.5 min, 8-24%3B for the next 109.5 min, 24-35%B over 25 min, and 35-90%B over 15
min. Elution of very hydrophobic peptides and conditioning of the column were performed
during 15 minutes isocratic elution with 90%B and 20 min isocratic conditioning with 5%B.

The peptides eluting LC-column were ionized in the electrospray and analyzed by the
Q-Exactive HF in Parallel Reaction Monitoring (PRM) mode. The spray and ion-source
parameters were as follows. Ion spray voltage = 1800V, no sheath and auxiliary gas flow, and
capillary temperature = 250°C. Instrument control was through Q Exactive HF Tune 2.4 and
Xcalibur 3.0 MS spectra were acquired in the scan range 375-1500 m/z with resolution
R =15,000 at m/z 200, automatic gain control (AGC) target of 3e6 in and maximum injection
time (IT) of 15ms. Target MS2 spectra (Topl5) were acquired with a resolution R = 15,000,
AGC target of 1e5, IT of 100 ms and normalized collision energy of 28%. The isolation window
was set to 1.6 m/z for the selection of the precursor. Lock-mass internal calibration was used.

Quantification of peptides detected in rat samples was achieved by summing the integrated
peak areas of the most intense fragments. Peptide areas for multiple peptides of the same pro-
tein were summed to assign relative abundance to that protein. A minimum of two peptides
per protein was used for quantification. Endogenous B-actin levels were used for data
normalization.

Expression and secretion of CLU in human gastric cancer cells

AGS-GR cells were treated with gastrin (Gastrin 17) (G9020, Sigma-Aldrich) 5 and 10 nM or
cisplatin (479306, Sigma-Aldrich) 10 or 20 pM for 24 or 48 hours, and conditioned medium
and whole cell lysates were harvested.

For western blot, proteins were extracted from cell lines as previously described [29].
Whole cell extracts (60 pg protein/well) were separated on NuPAGE 4-12% Bis-Tris gels (Invi-
trogen) and electroblotted onto Immobilon PVDF membranes (Millipore, Billerica, MA). The
membranes were blocked with 5% BSA in PBS-Tween, and incubated overnight at 4°C with
mouse anti-CLU (B-5, sc-5289, Santa Cruz Biotechnology Inc.) 1:800 and rabbit anti-B-tubulin
(ab6046, Abcam, Cambridge, United Kingdom) 1:5000, diluted in 1% BSA in PBS-Tween.
After washing, the membranes were further incubated for 1 hour at RT with HRP-conjugated
rabbit anti-mouse IgG (P0260, Dako) 1:5000 or HRP-conjugated swine anti-rabbit IgG
(PO399, Dako) 1:5000. Binding of antibodies was developed using SuperSignal West Femto
Maximum Substrate and visualized on LI-COR’s Odyssey-Mode imaging system. Prior to
western blot analysis of secreted protein, conditioned cell culture media was concentrated
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from 500 uL to 70 uL using Amicon™ ultra-0.5 centrifugal filter devices (10,000 NMWL)
according to the manufacturer’s recommendations.

For immunocytochemistry, serum-starved (7 hours) AGS-GR cells were treated with gas-
trin (G9020, Sigma-Aldrich) 10 nM for 24 or 48 hours, before they were washed with cold PBS
and fixed 20 minutes at RT using freshly made 3.7% paraformaldehyde + 4% sucrose in PBS.
Following permeabilization and blocking of unspecific binding, cells were incubated with rab-
bit anti-CLU (H-330, sc-8354, Santa Cruz Biotechnology Inc.) 1:50 dilution at 4°C overnight,
followed by re-blocking. Then incubation with secondary antibody goat anti-rabbit A488
(A11008, Invitrogen) diluted 1:400 was done for 60 minutes at RT. Lastly, nucleic DNA and
actin was sequentially stained with DAPI (D3571, Invitrogen) (0.1 pg/ml in PBS) and then
Rhodamine Phalloidin (R415, Invitrogen) diluted 1:100 both for 5 minutes at RT, and replaced
with PBS and kept in the dark at 4°C. Non-immunized rabbit IgG or omitting the primary
antibody, were used as negative controls.

Migration assay

xCelligence migration assay (Roche, Basel, Switzerland) was performed according to the man-
ufacturer’s instructions with some minor modifications. AGS-GR and AGSwt cells were split
1:2 the day before the experiment and seeded out at 5 x 10* cells per well in a 16-well CIM-
plate (Roche). Cells were treated with serum-free media or gastrin (G9020, Sigma-Aldrich) 0.1
to 10 nM. Gastrin-induced migration was confirmed using a scratch-assay [32]. AGSwt cells
were used as negative control. Goat anti-CLU (C-18, sc-6419, Santa Cruz Biotechnology Inc.)
8 pg/ml (previously used to neutralize sCLU [13, 33]), non-immunized goat polyclonal IgG

8 ug/ml or recombinant sCLU (Clusterin Human HEK293, RD172034100, BioVendor, Brno,
Czech Republic) 50 nM or 200 nM were added. Analysis of migration was performed after 18
hours.

Survival assay

Caspase Glo™ 3/7 Assay (Promega Corporation, Fitchburg, WI) was performed according to
manufacturer’s instructions. Apoptosis was induced by 48 hours of serum-starvation.
AGS-GR cells were treated with gastrin (G9020, Sigma-Aldrich) 5 or 10 nM and combinations
of goat anti-CLU (C-18, sc-6419, Santa Cruz Biotechnology Inc.) 8 ug/ml, non-immunized
goat polyclonal IgG 8 ug/ml, recombinant sCLU (Clusterin Human HEK293, RD172034100,
BioVendor) 200 nM and cisplatin (479306, Sigma-Aldrich) 10 uM.

TiterTACS In Situ Detection Kit—Colorimetric (4822-96-K, R&D Systems, Minneapolis,
MN) allows terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining
of cells in a 96-well format, and was performed according to manufacturer’s instructions. Apo-
ptosis was induced by 72 hours of serum-starvation. AGS-GR cells were treated with gastrin
(G9020, Sigma-Aldrich) 10 nM and/or recombinant sCLU (Clusterin Human HEK293,
RD172034100, BioVendor) 200 nM.

Morphometrics, statistics and imaging

Enterochromaffin-like (ECL) cell hyperplasia was defined as presence of histidine decarboxyl-
ase (HDC)-positive cells in linear or micronodular patterns [34]. The total number of CLU-
positive cells and the number of CLU-positive cells also expressing PGAS5, vesicular mono-
amine transporter 2 (VMAT?2) or proliferating cell nuclear antigen (PCNA) was counted in
>40 glands per rat (n = 4-8 per group). The number of CLU-positive cells also expressing
Ki67 or VMAT2 was counted in similar basal mucosal areas (0.44 mm?) in control and H/K-B
KO mice of all ages (n = 4 per group) (Ki67) and all Mongolian gerbils (n = 4-7 per group)
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(Ki67 and VMAT?2). All dual CLU- and chromogranin A (CgA)-positive cells were counted in
pinch biopsies (n = 9) of normal human gastric mucosa. To calculate relative migration and
apoptosis ratios, results from xCelligence and Caspase assays were normalized to median of
the untreated control (or non-immunized goat IgG) in each individual experiment. Statisti-
cally significant differences (p value<0.05) were analyzed using analysis of variation
(ANOVA) with Bonferroni’s or Tukey’s multiple comparison test or Student’s t-test using
Prism 7 (GraphPad Software, San Diego, CA) and Microsoft Excel 2013 (Redmond, WA).
Chromogenic images were captured using Nikon E400 microscope, DS-Fil U2 camera and
NIS-Elements BR imaging software (Nikon Co., Tokyo, Japan). Immunofluorescent images of
tissue were captured using Olympus IX71 inverted microscope, digital monochrome XM10
camera and PAcell software (Olympus Co. Tokyo, Japan) and further processing using Image]
(Wayne Rasband, National Institutes of Health, USA), and of cells with Leica SP8 inverted
microscope (LeicaMicrosystems, Mannheim, Germany) equipped with an HC PL APO 63x/
1.20 W and further processing using Fiji [35].

Results
Neuroendocrine cells in normal oxyntic mucosa express clusterin

We have previously indicated using serial section staining that neuroendocrine cells (presum-
ably ECL cells) in normal rat oxyntic mucosa and human carcinoids express CLU [13]. Here,
we use double immunofluorescence staining, with antibodies against CLU and known markers
for different neuroendocrine cell types, to confirm and further elucidate CLU expression in
neuroendocrine cells in normal oxyntic mucosa from three different rodent models and
humans (Fig 1). In rat oxyntic mucosa, the single cells expressing high levels of CLU were ECL
cells (HDC-positive) and A-like cells (ghrelin-positive) (Fig 1A). In oxyntic mucosa of wild-
type mice, CLU expression pattern was different from other rodents, with CLU expressed in
ECL cells (HDC-positive) (Fig 1C) as well as in mucous neck cells (GSII-positive) (Fig 1D), as
previously reported [17]. Also, in oxyntic mucosa of normal Mongolian gerbils, CLU was
expressed mainly in ECL cells (VMAT2-positive) (Fig 1E). In human oxyntic mucosa, the
CLU mRNA and protein expression patterns were similar to rodents, with highly CLU-posi-
tive single cells partly co-expressing the neuroendocrine cell marker CgA (26.5%), and other
gland cells showing more diffuse expression (Fig 1F). There was no CLU expression in parietal
cells in any of the examined species (Fig 1B and SI1A Fig). Taken together, these results show
that, in normal oxyntic mucosa in different species, neuroendocrine cells, particularly ECL
cells, express high levels of CLU; in addition, there is less prominent expression of CLU in cells
of the mucous neck cell-chief cell lineage.

Gastrin/CCK2 receptor signaling contributes to the regulation of clusterin
expression in oxyntic mucosa of rats

Previously, we have found that gastrin regulates expression of CLU in vitro, and PPI-induced
hypergastrinemia increases the level of CLU in oxyntic mucosa of rats [13]. In the present
study, ISH revealed that the change in CLU expression pattern was due to increased expression
of Clu mRNA de novo (Fig 2A), and was not attributable only to increased secretion of CLU
from neuroendocrine cells. In fact, there were significantly fewer neuroendocrine cells that
highly expressed CLU in oxyntic mucosa of hypergastrinemic PPI-rats compared with controls
(Fig 2B and 2C). On the contrary, in hypergastrinemic PPI-rats, the main cell type expressing
high levels of CLU in oxyntic glands were basal chief cells, co-expressing either MIST1 or
PGAD5 (chief cell-markers) (Figs 2D and 3G) [36]. However, not all chief cells expressed high
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Fig 1. Clusterin expression in neuroendocrine cells. (A) Double immunofluorescence staining of oxyntic mucosa from
control rats showing CLU (green) expression in ECL cells (HDC-positive (red)) and A-like cells (ghrelin-positive (red)). A
splitimage of the green (CLU) and red (HDC) fluorescences separately, and a higher magnification of a few dual positive
cells (inset), are shown to clearly illustrate the co-expression of CLU in neuroendocrine cells, representative for all species.
(B) Double immunofluorescence staining of oxyntic mucosa from control rats showing no CLU (green) expression in
parietal cells (H+/K+-ATPase 3 (HK)-positive (red)). (C) Double immunofluorescence staining of oxyntic mucosa from wild-
type control mice showing CLU (red) expression in ECL cells (HDC-positive (green)). (D) Double immunofluorescence
staining of oxyntic mucosa from wild-type control mice showing CLU (red) expression in mucous neck cells (GSlI-positive
(green)). (E) Double immunofluorescence staining of oxyntic mucosa from control Mongolian gerbils showing CLU (green)
expression in ECL cells (VMAT2-positive (red)). (F) ISH and IHC of human oxyntic mucosa showing clusterin (brown and
green) expression in scattered single cells partially overlapping with the neuroendocrine marker CgA (red). Inset shows
high power view of single CLU-positive cells. Nuclei were counterstained with hematoxylin (blue) or DAPI (blue). The basal
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zone (~100 pm from the gland bottom) is highlighted with a dotted line. Scale bars = (B, D, F middle column) 100 um; (A, C,
E, F left and right column) 50 um; (F inset) 20 um.

https://doi.org/10.1371/journal.pone.0184514.g001
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Fig 2. Clusterin expression in oxyntic mucosa increases and localization shifts from neuroendocrine cells to chief cells after
sustained hypoacidity and hypergastrinemia. (A) IHC and ISH showing similar expression patterns for clusterin (brown) protein and
mRNA, examined in control (n = 8) and hypergastrinemic PPI-rats (n = 6). (B) Number of CLU-positive/VMAT2(neuroendocrine (NE))-
positive cells and CLU-positive/VMAT2(NE)-negative cells per oxyntic gland (n = 4 rats per group). (C) Double immunofluorescence
staining of oxyntic mucosa from hypergastrinemic PPI-rats showing scarce CLU (green) expression in ECL cells (VMAT2-positive (red)).
(D) Double immunofluorescence staining of oxyntic mucosa from hypergastrinemic PPI-rats showing CLU (green) expression in groups
of chief cells (MIST1-positive (purple)) and triple immunofluorescence staining showing CLU (green) expression in proliferating (PCNA-
positive (light blue)) chief cells (PGAS5 (red)). Ctr = control; PPI = PPI-induced hypergastrinemia; CCK2Ra = CCK2R antagonist; PPI
+CCK2Ra = PPI-induced hypergastrinemia+CCK2R antagonist. Data presented as means + SEM. *, ** and # = ANOVA with
Bonferroni-adjusted p value < 0.05. (*comparison of CLU+/NE+ cells per gland in control vs other groups individually; **comparison of
CLU+/NE- cells per gland in PPI vs control or CCK2Ra; #comparison of CLU+/NE- cells per gland in PPI+CCK2Ra vs CCK2Ra.) Nuclei
were counterstained with hematoxylin (blue) or DAPI (blue). The basal zone (~100 ym from the gland bottom) is highlighted with a dotted
line. Scale bars = (A) 100 um; (C, D) 50 um.

https://doi.org/10.1371/journal.pone.0184514.9002
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Fig 3. Clusterin expression is regulated by CCK2R signaling and suppression of gastric acid secretion. (A, B, C) HDC protein
level (A) and CLU protein level (B) in whole mucosa lysates by targeted mass spectrometry and plasma (C) by ELISA from control (Ctr)
(n=9), PPl-induced hypergastrinemic (PPI) (n = 6), CCK2R-antagonized (CCK2Ra) (n = 5-8) and CCK2R-antagonized PPI-induced
hypergastrinemic (PPI+CCK2Ra) (n = 6-8) rats. Each dot represents an individual animal and the black lines mark median. (D) ISH
(n=4) and IHC (n = 8) of oxyntic mucosa from CCK2R-antagonized rats showing expression of clusterin (brown). (E) ISH (n = 5) and IHC
(n = 8) of oxyntic mucosa from CCK2R-antagonized hypergastrinemic PPI-rats showing expression of clusterin (brown) (compare (D) and
(E) to control and hypergastrinemic PPI-rats in Fig 2A). (F-H) Number per oxyntic gland of (F) CLU-positive cells in IHC-stained sections
(n =5-8rats per group), (G) dual CLU-positive/PGA5-positive cells (n = 4 rats per group), and (H) dual CLU-positive/PCNA-positive cells
(n =4 rats per group). Data presented as means + SEM. *ANOVA with Tukey-adjusted p value < 0.05. Nuclei were counterstained with
hematoxylin (blue). The basal zone (~100 um from the gland bottom) is highlighted with a dotted line. Scale bars = 100 pm.

https://doi.org/10.1371/journal.pone.0184514.9003

levels of CLU. The level of MIST1 in the nuclei and PGA5 and CLU in the cytoplasm seemed
to vary between glands, resulting in three cell types: only chief cell marker-positive, both chief
cell marker- and CLU-positive and only CLU-positive. Also, some basal CLU-positive chief
cells were actively dividing (Figs 2D and 3H) and a few GSII-positive mucous neck cells co-
expressed CLU in the lower neck of glands (S1B Fig).
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To investigate whether those changes were dependent upon CCK2R signaling, rats were
treated with PPI and/or the CCK2R antagonist netazepide. Elevated plasma concentrations of
gastrin, and attenuated ECL cell and mucosal hyperplasia, confirmed efficient blockade of the
CCK2R (Table 2 and Fig 3A) [34]. Levels of CLU protein in oxyntic mucosa lysates (Fig 3B)
and plasma (Fig 3C) were increased by PPI-induced hypergastrinemia and decreased by block-
ing the CCK2R, reaching statistical significance in tissue lysates when comparing hypergastri-
nemic PPI-rats with or without CCK2R antagonist (Fig 3B).

In most hypergastrinemic PPI-rats also receiving CCK2R antagonist, the main CLU
expression pattern was still shifted to basal groups of chief cells (mRNA 5/5, protein 7/8) (Fig
3E). However, there was a trend towards fewer CLU-positive cells (Fig 3F), and less co-
expression of CLU and chief cell markers (Fig 3G), and there were significantly fewer actively
dividing CLU-positive cells (Fig 3H). In addition, despite also being hypoacidic and hyper-
gastrinemic, the number of CLU-positive cells decreased (Fig 3D and 3F) after treatment
with the CCK2R antagonist alone, compared with the controls. Overall, these findings show
that expression of CLU in rat oxyntic mucosa is partly regulated by gastrin signaling through
the CCK2R.

Hypoacidity and hypergastrinemia causes upregulation of clusterin
expression in the mucous neck cell-chief cell lineage

We wanted to test whether the pattern of CLU overexpression that we observed in rat oxyntic
mucosa was a general feature of hypergastrinemic animal models. H/K-B KO mice are, like
PPI-treated rats, hypo/anacidic and therefore hypergastrinemic [37, 38]. In H/K-B KO mice
aged 3-14 months, the morphology of the oxyntic mucosa was fundamentally altered [26], and
we found coincident, massive upregulation of CLU mRNA and protein (Fig 4A and 4B). Since
CLU was co-localized with the mucous neck cell markers GSII (Fig 1D) and TFF2 (spasmolytic
polypeptide) (Fig 4D) (in addition to neuroendocrine markers) in wild-type mice [17], we
examined GSII and TFF2 also in H/K-B KO mice. In distinct areas of their hyperplastic
mucosa, there were mucous cells expressing high levels of GSII (Fig 4C), TFF2 (Fig 4D), and
mixed periodic acid Schiff and Alcian blue positivity (S2A Fig), but no mucin 2 (S2B Fig).
Localized basally in several glands, there were CLU-positive cells co-expressing either TFF2
(Fig 4D) or GSII (S2C Fig), (hybrid) cells co-expressing GSII and the chief cell marker pepsin-
ogen II (Fig 4E), and significantly more numerous proliferating CLU-positive cells than in
wild-type controls (Fig 4F and S2D Fig). Interestingly, SPEM is characterized by expression of
TFF2 or GSII in chief cell marker-positive (hybrid) cells in the base of oxyntic glands, often
with increased proliferation [6, 39], and those changes, together with overexpression of CLU,
can be used as markers for SPEM [17, 23].

In hypergastrinemic H. pylori-infected Mongolian gerbils, the CLU expression pattern also
shifted compared with control (Fig 5A and 5C). CLU was highly expressed in the basal half of
several metaplastic and invasive glands (Fig 5E), particularly co-expressed with TFF2 and Ki67
(Fig 5B and 5F), similar to previous findings in human and rodent SPEM [17, 23]. In contrast,
CLU expression in oxyntic mucosa of CCK2R-antagonized H. pylori-infected gerbils was
restricted to non-proliferative single cells, including ECL cells (Fig 5A, 5B and 5D), and there
were no visible signs of SPEM (Fig 5G), as the mucosa in general was unchanged from unin-
fected controls [27]. Taken together, these results indicate that, in different animal models
with hypergastrinemia due to diminished parietal cell proton pump function or H. pylori-
infection, CLU is overexpressed in basal groups of (metaplastic) cells from the mucous neck
cell-chief cell lineage, and that overexpression can be inhibited partially by antagonizing the
CCK2R.
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Table 2. Biochemical and morphological characteristics of control rats and rats with PPl-induced hypergastrinemia, CCK2R antagonist treatment
alone and PPI-induced hypergastrinemia in combination with CCK2R antagonist treatment.

Control (n =9) PPI (n =6) CCK2R antagonist (n = 8) PPI + CCK2R antagonist (n = 8)

Gastrin start (pmol/L) (RIA) 58+7 617 54+7 48+ 4
Gastrin end (pmol/L) (RIA) 26+2 492 £ 31* 135+ 22* 461 £ 31*
Mucosal thickness (um) 471 +£10 593 + 28§ 462+ 13 487 + 19
Enterochromaffin-like (ECL) cell hyperplasia 0/2 5/6 0/2 2/8

Plasma gastrin and mucosal thickness presented as mean + standard error of mean (SEM).
*Bonferroni-adjusted p value < 0.01 when compared with control, analyzed with one-way ANOVA.
§Tukey-adjusted p value < 0.01 when comparing all groups, analyzed with one-way ANOVA

https://doi.org/10.1371/journal.pone.0184514.t1002

Human gastric adenocarcinoma cells express and secrete clusterin

Given our findings in normal and premalignant rodent mucosa, and since CLU has been
found by immunohistochemistry to be expressed in human SPEM and gastric cancer [17, 19,
21], we did further examinations in human gastric cancer material. Our in-house gene expres-
sion dataset (96 samples) showed no difference in CLU mRNA expression in adenocarcinomas
(of both intestinal and diffuse type) compared with normal or adjacent non-tumor mucosa.
However, further sub-analyses revealed significantly higher CLU expression in diffuse tumors
containing SRCs compared with diffuse tumors without SRCs (fold change 1.935) (Fig 6A).
Likewise, Oncomine analyses showed mainly unchanged CLU mRNA expression in all types
of gastric adenocarcinomas compared with normal mucosa (5 sets, 478 samples), and signifi-
cantly increased expression mainly in diffuse tumors (without specification of SRCs) [40-42]
versus intestinal [42] and mixed [43] tumors when comparing histological subtypes (5 sets, 534
samples). In SRCs tumors, we observed by immunohistochemistry apparently stronger expres-
sion of CLU protein in extracellular matrix than in tumor cells (Fig 6B). However, ISH
revealed that mainly tumor cells expressed CLU mRNA, indicating that CLU protein was
secreted from tumor cells into extracellular matrix. Both CLU protein and mRNA expression
were seen in some, but not all, SRCs (Fig 6B).

Next, we performed western blot analysis to show expression of CLU in three human gas-
tric cancer cell lines (Fig 6C). In AGS-GR cells, CLU was localized to seemingly small vesicles
in the perinuclear area and in plasma membrane extensions (Fig 6E). Furthermore, expression
and secretion of CLU from AGS-GR cells increased in response to 24 or 48 hours’ treatment
with the known stress-inducer cisplatin, and increased even more after treatment with the hor-
mone gastrin or the two in combination (S3 Fig and Fig 6D). Combined, our results show that
CLU is increased in diffuse SRC adenocarcinomas, and that gastric cancer cells display signal-
induced production and secretion of CLU.

Secretory clusterin can increase survival of gastric cancer cells

Both gastrin and sCLU are known to stimulate cell migration/invasion and inhibit apoptosis
[15, 16, 33, 44-46]. Since we found high levels of CLU in areas of invasive growth in H. pylori-
infected Mongolian gerbils (Fig 5E) and gastrin induced secretion of CLU in AGS-GR cells
(Fig 6D), we hypothesized that sCLU could play a part in gastrin-induced migration. As
expected, gastrin increased cell migration by ~70% (Fig 7A) [45] in AGS-GR cells and not
AGSwt cells (S4B and S4C Fig). However, adding neutralizing anti-CLU antibodies (C-18)
[33] (Fig 7A) or recombinant sCLU (54D Fig) did not affect basal or gastrin-induced
migration.
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Fig 4. Clusterin and mucous neck cell markers are co-localized in oxyntic mucosa of H/K- KO mice. (A, B)
ISH and IHC showing overexpression of clusterin (brown) in oxyntic mucosa of H/K- KO mice aged 8 months (n = 4)
(middle column) and 14 months (n = 4) (right column) compared with wild-type control mice (n = 4) (left column). (C)
Immunofluorescence staining showing increased GSII (green) expression in oxyntic mucosa of H/K-g KO mice aged 8
months and 14 months compared with wild-type control mice, particularly apparent in cells located in the basal half of
glands. (D) Double immunofluorescence staining showing CLU (green) expression in TFF2-positive cells (red) in
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oxyntic mucosa from wild-type control mice and H/K-$ KO mice aged 8 and 14 months. (E) Double
immunofluorescence staining showing co-expression of GSII (green) and PEPII (red) in oxyntic mucosa from H/K-
KO mice aged 3 months. (F) Number of dual CLU-positive/Ki67-positive cells per area (0.44 mm?) of oxyntic mucosa
(n =4 mice per group). Data presented as means + SEM. The basal zone (~100 pm from the gland bottom) is
highlighted with a dotted line. *ANOVA with Tukey-adjusted p value < 0.05. Nuclei were counterstained with
hematoxylin (blue) or DAPI (blue). Scale bars = 100 pm.

https://doi.org/10.1371/journal.pone.0184514.9004

Gastrin showed a reproducible anti-apoptotic effect on 48 hours’ serum starvation-induced
apoptosis (Fig 7B and 7C) [45]. Neutralization of sCLU with anti-CLU antibodies (C-18) [33]
had a significant pro-apoptotic effect, and partly reversed the anti-apoptotic effect of gastrin
(Fig 7B). Recombinant sCLU and gastrin and sCLU together yielded a strong anti-apoptotic
effect (Fig 7C and S7 Fig). AGS cells have low sensitivity to the cytostatic cisplatin (IC50 value
13.6 uM [47]), normally used in perioperative treatment of gastric cancer [48]. Neutralizing
sCLU during cisplatin treatment of AGS-GR cells had a pro-apoptotic effect compared with
cisplatin alone, although the effect was not significant by post hoc analysis (p value = 0.10) (Fig
7D). These findings suggest that secretion of CLU can promote increased survival of gastric
cancer cells after gastrin stimulation and prolonged starvation- or chemotherapy-induced
stress.

Discussion

In this study, we investigated the expression and regulation of CLU in oxyntic mucosa of
hypergastrinemic rodent models and humans, and elucidated the function of sCLU in gastric
cancer cells during stress. In normal rat, mouse and gerbil oxyntic mucosa, we identified the
prominent single cells that highly expressed CLU as ECL cells and A-like cells. We found a
similar pattern in human oxyntic mucosa, which contrasts with a previous report describing
expression of CLU only in the isthmus [17]. Nevertheless, the picture in that report seems to
show basal CLU-positive single cells as well. Also, CLU is expressed in neuroendocrine cells in
colon and pancreas [49, 50], and is overexpressed in some gastric and pancreatic neuroendo-
crine tumors [50, 51]. The CLU expression pattern in oxyntic mucosa of wild-type mice was
different from other rodents and humans, with prominent expression in both neuroendocrine
cells and mucous neck cells. The significance of this difference is not known. However, it is
intriguing that CLU consistently is present in cells from the neuroendocrine or mucous neck
cell-chief cell lineages, and not in parietal cells, indicating that CLU is differentially expressed
by peptide- and/or mucus-secretory cell types.

In rats, after PPI-induced acid inhibition with subsequent hypergastrinemia, a few neck
cells and several basal groups of chief cells massively increased their expression of CLU. Some
gland bases with highly CLU-positive cells expressed chief cell markers (MIST1 and PGA5) at
low or undetectable levels, distinguishing them from surrounding chief cells and suggesting
that they might represent a subtype. In addition, some of the CLU-positive chief cells appeared
to be actively dividing. Downregulation of MIST1, loss of PGA5, increased expression of CLU,
and emergence of proliferating cells at the base of oxyntic glands are associated with chief cell
transdifferentiation and development of SPEM, which are normally induced by oxyntic atro-
phy (parietal cell loss) [17, 36, 39]. Pharmacological inhibition (PPI) of parietal cell proton
pump function and subsequent hypergastrinemia could mimic some features of parietal cell
loss, and one might speculate that the proliferating CLU-positive chief cells represent a variant
of chief cell transdifferentiation. Importantly, we did not observe definite SPEM with (hybrid)
cells co-expressing chief and mucous neck cell markers in the base of oxyntic glands.

The changes in oxyntic CLU expression were partly reversed in CCK2R-antagonized PPI-
rats and were absent or downregulated in rats given CCK2R antagonist alone. The CCK2R
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Fig 5. Clusterin and TFF2 expression in oxyntic mucosa of Mongolian gerbils increase after H. pylori
infection and normalize when antagonizing the CCK2R. (A, B) Number per oxyntic area (0.44 mm?) of (A) CLU-
positive/VMAT2(neuroendocrine (NE))-positive cells and CLU-positive/VMAT2(NE)-negative cells and (B) dual
CLU-positive/Ki67-positive cells from uninfected control (n = 4), H. pylori-infected (H. pylori) (n =7), and CCK2R-
antagonized H. pylori-infected gerbils (H. pylori+CCK2Ra) (n = 4). (C, D) Oxyntic expression of CLU (brown) and
dual CLU-positive (green)/VMAT2-positive (red) ECL cells in (C) uninfected control (n = 4) and (D) CCK2R-
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antagonized H. pylori-infected gerbils (n = 4). (E) ISH and IHC showing expression of clusterin in oxyntic mucosa of
H. pylori-infected gerbils (n = 7). (F) Double immunofluorescence staining showing co-expression of CLU (green)
and TFF2 (red, upper figure) and CLU (green) and Ki67 (red, lower figure) in oxyntic mucosa of H. pylori-infected
gerbils. (G) IHC showing TFF2 expression (brown) in oxyntic mucosa of uninfected controls and H. pylori-infected
gerbils untreated and treated with a CCK2R antagonist. Data presented as means + SEM. *ANOVA with Tukey-
adjusted p value < 0.05. Nuclei were counterstained with hematoxylin (blue) or DAPI (blue). The basal zone

(~100 um from the gland bottom) is highlighted with a dotted line. Scale bars = (C, D left column, E left column, G)
200 pm; (E right column, F upper figure) 100 um; (D right column, F lower figure) 50 pm.

https://doi.org/10.1371/journal.pone.0184514.9005

antagonist alone also causes hypoacidity and hypergastrinemia, but less so than PPI, and the
parietal cell proton pump is not directly affected. Thus, our findings show that blocking
CCK2R signaling affects oxyntic CLU expression in vivo and that, in hypergastrinemic PPI-
rats, CLU expression is upregulated and shifted to chief cells by both gastrin-dependent and
gastrin-independent pathways. In cells expressing the CCK2R, gastrin can induce expression
of Clu through the AP-1 transcription factor complex; as the clusterin promoter contains an
AP-1 responsive element and gastrin regulates expression of the AP-1 complex members c-fos
and junB [13, 52]. In CCK2R-negative cells, like chief cells are normally reckoned to be [53],
the gastrin-dependent pathway for regulation of CLU expression is most likely mediated indi-
rectly through factors released from ECL cells or parietal cells [54, 55], such as epidermal
growth factor receptor (EGFR) ligands, which indeed can induce expression of Clu [56]. Inde-
pendent of gastrin, it seems likely that hypoacidity per se, diminished proton pump function,
alteration of CLU-repressive or -inducing signals from PPI-targeted parietal cells, abnormal
activity of chief cells (altered pepsinogen cleavage), bacterial overgrowth, and more, could also
influence CLU expression in oxyntic mucosa, as several of these factors, in addition to hyper-
gastrinemia, are present in the rodent models where CLU is overexpressed.

H/K-B KO mice are a non-pharmacological model of potent acid inhibition and hypergas-
trinemia, with abnormal development of oxyntic glands [26, 37, 38, 57]. In this study, we thor-
oughly confirm that CLU is highly upregulated in oxyntic mucosa of H/K-f KO mice of
different ages [58]. CLU-positive cells in H/K-B KO mice proliferated and co-localized with
mucous neck cell markers located in the base of elongated mucinous glands, next to (hybrid)
cells co-expressing GSII and pepsinogen II, a pattern typical of SPEM [6, 7]. Intriguingly, in
these mice, removal of a functional subunit of the proton pump, rather than loss of parietal
cells per se, seems to trigger emergence of those oxyntic mucosal changes. Thus, our results
suggest that H/K-B KO mice develop CLU-positive SPEM, in addition to the severe mucosal
disruption previously described [26, 37, 38], which supports the notion that the H/K-§ KO
mouse is a novel spontaneous SPEM model [57].

Another SPEM model is Mongolian gerbils infected with H. pylori [8, 23]. Within that
model, we identified the expression pattern of Clu mRNA and confirmed that these animals
developed CLU-positive SPEM. Serdal et al. [27] reported that the CCK2R antagonist netaze-
pide prevented development of gastritis and subsequent pathological changes in oxyntic
mucosa, after H. pylori infection. Similarly, in oxyntic mucosa of CCK2R-antagonized H.
pylori-infected gerbils, we found no areas of SPEM and the CLU expression pattern remained
identical to non-infected controls, indicating that gastrin signaling through the CCK2R plays
an important role in development of H. pylori-induced SPEM in this model.

Opverall, in three animal models with hypergastrinemia due to diminished parietal cell pro-
ton pump function or H. pylori-infection, CLU was overexpressed in basal groups of prolifer-
ative (and metaplastic) cells in the mucous neck cell-chief cell lineage, and that overexpression
could be partially inhibited by antagonizing the CCK2R. Medically- or H. pylori-induced oxyn-
tic atrophy induces SPEM [6, 39]. However, a recent report indicates that targeted apoptosis of
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Fig 6. Human gastric adenocarcinoma cells express and secrete clusterin in response to gastrin and cisplatin. (A) In-
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Western blot showing different isoforms of CLU expressed in the gastric cancer cell lines AGS-GR, MKN-45 and KATO-II. (D)

PLOS ONE | https://doi.org/10.1371/journal.pone.0184514  September 13,2017

18/27


https://doi.org/10.1371/journal.pone.0184514

o @
@ ’ PLOS | ONE Clusterin in gastric oxyntic preneoplasia

Western blot showing that gastrin and/or cisplatin for 48 hours stimulated increased expression and secretion (lower panel) of
CLU in AGS-GR cells. Similar results were found after 24 hours (S3 Fig). The image is representative of 3 independent
experiments. B-tubulin was used as loading control. pre-sCLU = precursor of secretory CLU; iCLU = intracellular CLU;

sCLU = secretory CLU. (E) Immunocytochemical staining of AGS-GR cells showing cytoplasmic vesicular expression of CLU
(green) in unstimulated cells or cells treated with gastrin for 24 hours. Actin is stained with Rhodamine Phalloidin (red) and
nuclear DNA with DAPI (blue). Scale bars = (B left column) 50 um; (B right column, E) 20 pm.

https://doi.org/10.1371/journal.pone.0184514.9006
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Fig 7. Secretory clusterin promotes survival of gastric cancer cells after starvation- and chemotherapy-induced stress. (A)
Quantification of basal and gastrin-induced migration of AGS-GR cells after 18 hours in the presence of either non-immunized 1gG (8 pg/
ml) or anti-clusterin (anti-CLU) (8 pg/ml). Relative migration ratio was estimated using data from 5 independent experiments (2—-4
technical replicates in each experiment), normalizing the data to the median cell index of untreated cells with non-immunized IgG in each
independent experiment. (B-D) Apoptosis was induced by serum-starvation for 48 hours and caspase 3/7 activity measured in: (B)
AGS-GR cells grown in the presence of either non-immunized IgG (8 pg/ml) or anti-CLU (8 pg/ml) with or without gastrin (10 nM). Relative
caspase activity was estimated using data from 2—5 independent experiments (2—6 technical replicates in each experiment), normalizing
the data to the median intensity of cells with only non-immunized IgG present in each independent experiment. (C, D) AGS-GR cells
grown in (C) the absence or presence of gastrin (10 nM), sCLU (200 nM), or both; (D) the absence or presence of cisplatin (10 M)
combined with either anti-CLU (8 pg/ml) or non-immunized IgG (8 pg/ml). Relative caspase activity was estimated using data from 3—4
independent experiments (6 technical replicates in each experiment), normalizing the data to the median intensity of untreated cells in
each independent experiment. Data is presented as mean with error bars representing 95% confidence intervals. *Students t-test with
Bonferroni-adjusted p value < 0.05.

https://doi.org/10.1371/journal.pone.0184514.9007
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parietal cells is insufficient to induce metaplasia [59], thus, the exact mechanisms are
unknown. A common factor is affection of parietal cell proton pump function and absence of
gastric acid secretion, which leads to hypergastrinemia. One study shows that gastrin protects
against development of SPEM [60], while others report that gastrin promotes metaplastic
transformation [61, 62]. Indeed, H+/K+-ATPase -subunit/gastrin double-KO mice did not
develop SPEM-like “mucus-rich” cell hyperplasia [57]. That, together with our findings, indi-
cates that, although gastrin is not essential for the development of SPEM, it might influence
the metaplastic cascade, possibly through upregulating CLU expression in hypoacidic oxyntic
glands. Upregulation of CLU could make metaplastic cells more resistant to harmful stimuli,
such as oxidative stress due to chronic inflammation [18], and oxidative stress may play a cen-
tral role in gastric tumorigenesis [63].

CLU is dysregulated in multiple cancers, including gastric ones, in which overexpression
seems to correlate with cancer progression [17, 19, 21]. The suggested U-shaped correlation pat-
tern probably explains why overexpression could be hidden in large-scale analysis of heteroge-
neous samples. Interestingly, we identified a difference in CLU expression between histological
subtypes of gastric adenocarcinomas, with higher CLU expression in diffuse tumors containing
SRCs compared with diffuse tumors without SRCs. The diffuse SRC tumors represent a subtype
with possible distinct clinicopathologic characteristics and prognosis than other diffuse cancers
[64-66]. Our findings suggest that CLU could be one of several mediators contributing to these
characteristic features. Whether there is a link between the expression patterns of CLU in gastric
normal mucosa and metaplasia, and in diffuse gastric cancer with SRCs, is not known. The dif-
fuse SRC tumors are not typically thought to develop on the background of metaplastic changes.
Still, SPEM (and clusterin expression) and intestinal metaplasia have been found in adjacent
gastric mucosa of diffuse tumors [17, 19, 67, 68] and another SPEM-marker (WAP four-disul-
fide core domain protein 2 (WFDC2)) is also strongly expressed in diffuse SRC tumors [69].
CLU was mainly localized to tumor cells but the protein apparently was readily secreted. Fur-
thermore, gastric cancer cell lines expressed and secreted CLU upon stimulation with stressors
like gastrin and cisplatin. Both gastrin and CLU might promote cell migration/invasion [16, 33,
44, 46], and, even though sCLU did not affect migration of AGS-GR cells, our findings do not
exclude a pro-migratory role of CLU in other gastric cancer cell lines or in vivo.

Both gastrin and sCLU alone promoted an anti-apoptotic effect on gastric cancer cells, and
it is noteworthy that gastrin and sCLU in combination enhanced survival even further, partic-
ularly on early apoptosis signaling. We confirmed that sCLU is directly involved in the anti-
apoptotic effect of gastrin [13], and a possible indirect involvement could be mediated by
CLU’s activation of autophagy [45, 70, 71]. sCLU functions as an extracellular molecular chap-
erone, enabling it to bind a wide array of peptides, including misfolded or denatured proteins,
cellular debris, lipids and other potentially harmful molecules; thereby preventing that they
form insoluble aggregates, bind to receptors, or impede damage on neighboring cells [14, 15,
18]. This scavenging function of sCLU is cytoprotective, and is highly relevant in stressed cells,
where damaging agents accumulate and need to be cleared away to avoid cell death [15, 18].

CLU might also reach the cytoplasm, either by alternative transcription or splicing, failed
translocation, or retrotranslocation from the endoplasmic reticulum (ER)-Golgi pathway [15].
Intracellularly, CLU has been found to bind and inactivate apoptosis regulator BAX (BAX),
thereby altering the ratio between pro-apoptotic BAX and anti-apoptotic B-Cell CLL/Lym-
phoma 2 proteins towards a pro-survival level [72, 73]. Interestingly, we observed an increase
in putative intracellular forms of CLU (60 and 75 kDa precursors of sCLU) in gastric cancer
cells in response to gastrin and/or cisplatin, but without further comprehensive analyses, we
do not know whether these peptides are exclusively located in the ER-Golgi-pathway, waiting
to be secreted, or also locate to the cytoplasm, possibly interacting with mitochondrial and
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apoptosis-related proteins. Indeed, immunocytochemistry of gastric cancer cells showed that
CLU was mainly located in the perinuclear area and towards the cell membrane, suggestive of
secretory pathway localization. Additionally, sSCLU decreased the cytotoxicity of cisplatin on
gastric cancer cells, similarly as gastrin [45], and both might be involved in treatment resis-
tance. Taken together, these results suggest that gastrin and sCLU can make gastric cells more
resistant to stress-induced cell death.

In summary, we have shown that CLU is highly expressed in oxyntic mucosa of hypergastri-
nemic rodent models, particularly in glands containing putative metaplastic cells from the
mucous neck cell-chief cell lineage, and that CLU expression is partly regulated by gastrin in
vivo. Furthermore, cisplatin and gastrin made gastric cancer cells express and secrete CLU,
leading to increased survival and possibly treatment resistance. Overall, our results indicate
that CLU could be involved in gastrin-induced pro-survival signaling and remodeling of the
oxyntic mucosa; and might therefore influence both gastric homeostasis and cancer risk.

Supporting information

S1 Fig. Clusterin expression in a few mucous neck cells, but no parietal cells. (A) IHC of
oxyntic/corpus mucosa from control rat, Mongolian gerbil and mouse showing no expression
of CLU (brown) in parietal cells (arrows). (B) Double immunofluorescence staining of oxyntic
mucosa from hypergastrinemic PPI-rats showing CLU (red) expression in a few mucous neck
cells (GSII-positive (green)) in the lower neck region of oxyntic glands. Nuclei were counter-
stained with hematoxylin (blue) or DAPI (blue). The basal zone (~100 um from the gland bot-
tom) is highlighted with a dotted line. Scale bars (A middle and right column) = 100 pm; (A
left column, B) 50 pum.

(TIF)

S2 Fig. Mucous and proliferation marker staining of oxyntic mucosa from H/K-p KO
mice. (A) Periodic acid Schiff and Alcian blue staining of oxyntic mucosa from wild-type con-
trol and H/K-B KO mice aged 6 months. (B) IHC staining of oxyntic mucosa from H/K-p KO
mice aged 8 months showing no mucin 2 expression in the gastric epithelial cells. There is
some positivity in scattered single cells in the underlying stroma. (C) Double immunofluores-
cence staining of oxyntic mucosa from H/K- KO mice aged 6 months showing CLU (red)
expression in GSII-positive cells (green). (D) Double immunofluorescence staining of oxyntic
mucosa from wild-type control mice and H/K-B KO mice aged 14 months showing co-expres-
sion of CLU (green) and the proliferation marker Ki67 (red). Nuclei were counterstained with
hematoxylin (blue) or DAPI (blue). The basal zone (~100 pm from the gland bottom) is
highlighted with a dotted line. Scale bars = 100 um.

(TIF)

S3 Fig. Expression and secretion of clusterin after treatment with gastrin and/or cisplatin
for 24 hours. (A) Western blot showing that gastrin and/or cisplatin for 24 hours stimulated
increased expression of CLU in AGS-GR cells. (B) B-tubulin was used as loading control. Left
image is shown with low contrast. Right image is shown with high contrast, in order to visualize
the molecular size marker. (C) Western blot of the pertaining culture medium showing that gas-
trin and/or cisplatin for 24 hours stimulated increased secretion of sCLU from AGS-GR cells.
(D) Due to a technical issue with the lane for gastrin 10 nM in (C), resulting in weak signals, we
demonstrate an additional gel blot, from an independent experiment, showing that gastrin and/
or cisplatin for 24 or 48 hours stimulated increased secretion of SCLU from AGS-GR cells. pre-
sCLU = precursor of secretory CLU; iCLU = intracellular CLU; sCLU = secretory CLU.

(TIF)
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S4 Fig. Influence of gastrin and recombinant secretory clusterin on migration of human
gastric cancer cells. (A) Western blot of culture medium showing that gastrin or cisplatin for
48 hours stimulated increased secretion of sCLU in AGS-GR and not AGS wild type (AGSwt)
cells. sCLU = secretory CLU. (B) Quantification of migration of AGS-GR and AGSwt cells
after 18 hours in the absence or presence of gastrin 1 nM. Relative migration ratio was esti-
mated using data from 5 independent experiments (2-7 technical replicates in each experi-
ment) with AGS-GR and 2 independent experiments (3-5 technical replicates in each
experiment) with AGSwt. (C) Quantification of migration, as number of pixels migrated, of
AGS-GR cells in a scratch assay after 15 hours in the absence or presence of gastrin 1 nM or 10
nM. Data from 3 independent experiments. (D) Quantification of migration of AGS-GR cells
after 18 hours in the presence of recombinant sCLU at 50 or 200 nM. Relative migration ratio
was estimated using data from 2 independent experiments (2-3 technical replicates in each
experiment). Data was normalized to the median cell index of untreated cells in each indepen-
dent experiment. Data is presented as means with error bars representing 95% confidence
intervals. *Students t-test with Bonferroni-adjusted p value < 0.05.

(TIF)

S5 Fig. Uncropped gel blots for Fig 6C. Western blot showing different isoforms of CLU
expressed in the gastric cancer cell lines AGS-GR, MKN-45 and KATO-III, cultured with and
without fetal calf serum (FCS). B-tubulin was used as loading control. pre-sCLU = precursor of
secretory CLU; iCLU = intracellular CLU; sCLU = secretory CLU.

(TIF)

S6 Fig. Uncropped gel blots for Fig 6D. (A) Western blot showing that gastrin and/or cis-
platin for 48 hours stimulated increased expression of CLU in AGS-GR cells. (B) B-tubulin was
used as loading control. Left image is shown with low contrast. Right image is shown with high
contrast, in order to visualize the molecular size marker. (C) Western blot of the pertaining
culture medium showing that gastrin and/or cisplatin for 48 hours stimulated increased secre-
tion of sCLU from AGS-GR cells. pre-sCLU = precursor of secretory CLU;

iCLU = intracellular CLU; sCLU = secretory CLU.

(TTF)

S7 Fig. Secretory clusterin promotes survival of gastric cancer cells after starvation-
induced stress. Apoptosis was induced by serum-starvation for 72 hours and TUNEL staining
quantified as absorbance at 450 nm in AGS-GR cells grown in the absence or presence of gas-
trin (10 nM), sCLU (200 nM), or both. A positive control with nuclease treatment of cells
showed absorbance 3.67, and a negative control with omission of the reaction enzyme showed
absorbance 0.27. Data is presented as mean of 6 technical replicates with error bars represent-
ing 95% confidence intervals. Results are representative for two independent experiments (6
technical replicates in each experiment). “ANOVA with Tukey-adjusted p value < 0.05.

(TIF)

S1 Table. Targeted MS—Transition results.
(XLSX)
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