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ABSTRACT 

 

The role of human epididymis protein 4 in oxyntic- 

atrophy induced metaplasia. 

 

Buhyun Lee 

 

Department of Medical Science 

The Graduate School, Yonsei University 

 

(Directed by Professor Ki Taek Nam) 

 

 

Human epididymis protein (HE4), also known as WFDC2 is a member of a larger 

family of WAP domain containing secreted putative extracellular protease 

inhibitor proteins. HE4 is highly expressed in epithelial ovarian cancer and up-

regulated in spasmolytic polypeptide expressing gastric metaplasia (SPEM) 

whereas it is present at low or non-expression levels in normal human and mouse 

tissues. SPEM characterized as loss of parietal cell (oxyntic atrophy), is the 

primary event in the pathogenesis of gastric cancer. Loss of parietal cell is highly 

associated with Helicobacter pylori infection which induced chronic gastritis and 

increased risk of gastric adenocarcinoma. Although previous studies suggested 

that a direct linkage between HE4 expression and SPEM, its molecular 

mechanisms in the process of metaplasia have not been fully understood and most 
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studies are exclusively focused on clinical application as a preneoplastic 

biomarker. In this study, I investigated the effect of HE4 expression in gastric 

microenvironment on metaplasia using HE4 knockout mice (HE4 KO). To assess 

the effect of HE4 on stomach homeostasis and metaplasia, I used three models 

for pharmacological induction of acute oxyntic atrophy with DMP-777, L-635 

and High dose tamoxifen.  High dose tamoxifen, a selective 

estrogen receptor modulator, intraperitoneal injection caused apoptosis of >90% 

of all parietal cells and SPEM within 3 days. Like a DMP-777, gastric histology 

returns to nearly normal by 3 weeks. I clearly observed that pharmacological 

induced oxyntic atrophy and SPEM was inhibited in HE4 KO mice compared to 

WT mice. Also, I performed reconstitution of recombinant HE4 (rHE4) using 

osmotic pump to identify whether systemic HE4 process of metaplasia. Although 

HE4 is rarely expressed in normal gastric gland, blood circulating-rHE4 

effectively regenerated SPEM in HE4 KO mice. proliferating SPEM cells were 

arising from base of gastric gland and parietal cell was ablated from fundic region 

in HE4 KO mice that were pre-injected rHE4 before DMP-777 treatment. Those 

phenotypical alteration was not distinguished with WT mice that also pre-injected 

rHE4. pharmacological induced oxyntic atrophy and SPEM While loss of HE4 

did not induced severe gastric lesion or SPEM in normal condition, immune cell 

population residing in gastric gland was considerably different between two 

groups. I demonstrated that M1 macrophage was significantly increased in HE4 

KO mice but M2 macrophage population was not changed between two groups. 
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Also, depletion of M1 macrophage in HE4 KO mice promoted pharmacological 

induced oxyntic atrophy and SPEM. Taken together, the secretory HE4 play a 

crucial role in oxyntic atrophy induced metaplasia development and loss of HE4 

might inhibit SPEM via tumor suppression effect of M1 macrophage. 

------------------------------------------------------------------------------------------------ 

Key words: Human epididymis protein4 (HE4), WFDC2, Metaplasia, Oxyntic 

atrophy, SPEM, M1 macrophage, DMP-777, L-635, High dose tamoxifen 
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The role of human epididymis protein 4 in oxyntic- 

atrophy induced metaplasia. 

  

 

Buhyun Lee 

 

Department of Medical Science 

The Graduate School, Yonsei University 

 

(Directed by Professor Ki Taek Nam) 

 
I. INTRODUCTION 

 

Human epididymis protein4 (HE4) was first identified in the epithelium of the 

distal epididymis and originally predicted to be a proteases inhibitor involved in 

sperm maturation [1]. Structural analysis indicated that HE4 is a whey-acidic-

protein (WAP) family member containing two WAP-type four-disulphide core 

(WFDC) domains [2, 3]. HE4 gene is located to chromosome 20q12-13.1, a 

region harboring 14 homologous genes [1], including secretory leukocyte 

proteinase inhibitor (SLPI; or anti-leukoproteinase 1) and elafin, the two better 

characterized WAP domain proteins. WAP domain family proteins have been 

found to carry out multiple functions including protease inhibitory, antimicrobial 

and anti-inflammatory activities [4, 5]. Recently, the protease inhibitor activity of 
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HE4 was confirmed by experiments showing that HE4 inhibits serine proteases, 

aspartyl and cysteine proteases, and matrix metalloproteinases [6-8]. 

HE4 expression has been detected in some normal tissues and a variety of 

malignant tissues. Low levels of HE4 expression were observed in the epithelium 

of female genital track, breast, prostate gland, distal convoluted tubules of the 

kidney, bronchial epithelium, salivary glands. High levels of HE4 expression are 

found in ovarian serous carcinomas and in gastric and pancreatic 

adenocarcinomas[9-12]. In gastric adenocarcinomas, higher HE4 levels 

positively correlate with more aggressive phenotype, larger tumor size and 

invasion[13, 14], and negatively correlate with the overall survival rate[15]. Since 

HE4 is secreted to the circulation [16], the increased serum HE4 levels have been 

extensively evaluated as a biomarker for the diagnosis of ovarian and endometrial 

cancers [17, 18]. Various studies have shown that the serum HE4 is increased 

compared to healthy controls in ovarian and gastric adenocarcinoma patients [11, 

18, 19]. In particular, HE4 was absent from the normal stomach, but was 

expressed strongly in spasmolytic polypeptide expressing gastric metaplasia 

(SPEM) cells throughout the fundic mucosa in H felis–infected mice, as well as 

in all metaplastic lesions, including SPEM and intestinal metaplasia(IM) 

transitional lesions, SPEM and IM co-existing lesions, and IM in human. Also, 

HE4 was expressed in the vast majority of intestinal-type and signet ring gastric 

adenocarcinomas.[20] These previously finding indicate that HE4 is a robust 

biomarker and putative mediator for the gastric preneoplasia and the neoplastic 
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process. Although previous studies suggested that a direct linkage 

between HE4 expression and SPEM, most studies are exclusively focused on 

clinical application as a neoplastic biomarker. 

The gastric epithelium is a physiologically self-renewing tissue[21].  

Anatomically, the stomach can be divided into three parts: the forestomach (in 

mice) or the cardiac region (in humans), the fundus, and the antrum. Gastric 

functional units called gastric glands penetrate deep into the mucosa and contain 

distinct cell lineages. In the gastric fundic mucosa, the main body of the stomach, 

gastric gland is divided into four distinct zones (pit, isthmus, neck, base) based 

on the presence of characteristic cell types. Short-lived (2–3 days) surface 

mucous cells are the main cell type of the pit. Directly below the pit, the isthmus 

contains immature, fast-dividing progenitor cells. Below the isthmus, the neck 

region contains mucous neck cells that are thought to transdifferentiate into chief 

cells in a period of weeks [21, 22]. In base, Chief cells populate and produce 

digestive enzymes. Scattered throughout all regions are acid-producing parietal 

cells and rare, hormone-secreting enteroendocrine cells. Chief and parietal cells 

are long-lived, with an estimated turnover rate of months[23]. 

Progenitor cells located in the isthmus give rise to 4 types of all gastric  

epithelial cells including chief cells, parietal cells, and 2 types of mucous cells: 

surface mucous cells and mucous neck cells.[23] Surface mucous cells secrete 

trefoil factor family 1 (TFF1) and mucin 5AC, whereas mucous neck cells secrete 

spasmolytic polypeptide/TFF2 and mucin6. As mucous neck cells migrate 
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towards the bases of fundic glands they re-differentiate into chief cells, which 

secrete both pepsinogen and intrinsic factor in rodents[23]. The pre-chief cells 

display granules showing features intermediate between those of neck cells and 

chief cells.  

The Correa pathway proposes that gastric cancer develops via a stepwise 

progression through a sequence of histopathologic changes: gastritis, oxyntic 

atrophy (loss of parietal cells), metaplasia, dysplasia, and eventually neoplasia.  

Gastric metaplasia which is known as the early lesion of gastric cancer 

consistently occurs after oxyntic atrophy, in autoimmune gastritis patients[24], in 

Helicobacter pylori–induced atrophic gastritis[25], and in animal models of 

drug(DMP777, L-636, High-dose tamoxifen) induced acute injury[26, 27]. The 

oxyntic atrophy to increased proliferation by gastric stem and progenitor cells and 

is associated with metaplasia that is likely to arise from zymogenic chief cells 

recruited back into the cell cycle. As a result, abnormal metaplastic cells appear 

from base of gastric gland[27]. These metaplastic changes are referred to as 

spasmolytic polypeptide-expressing metaplasia (SPEM) because of the 

expression of spasmolytic polypeptide (also known as trefoil factor 2- TFF2) by 

the metaplastic cells[28]. Thus, it has been proposed that oxyntic atrophy causes 

metaplasia, perhaps because parietal cells elaborate gastric-differentiation–

promoting factors whose elicits metaplastic differentiation of remaining cells 

especially chief cells. Alternatively, parietal cell death could cause a metaplasia-

promoting immune response or injured parietal cells might release metaplasia-
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promoting factors before dying[29]. The SPEM is characterized by expression of 

lower levels of chief cell proteins such as the digestive enzyme pepsinogen 

C(PGC) and, gastric intrinsic factor(Gif), with markers of mucous neck cells 

(TFF2 and Muc6 as well GSII-lectin binding)[22]. This lineage has also expresses 

a number of other antral lineage markers including CD44 variant 9 (CD44v9) and 

clusterin[30-32]. One marker that is present uniquely in SPEM, but not in antrum, 

is the HE4 [12, 20]. SPEM also may represent a reparative lineage equivalent to 

the ulcer-associated lineages identified in association with healing mucosa in 

inflammatory bowel disease[31].  Indeed, recent studies have noted that SPEM 

develops at the edges of healing gastric. Thus, SPEM which represent precursor 

to gastric cancer, also is believed to be a repair response to acute injury[32, 33]. 

Several mouse models have been established to examine gastric metaplasia:  

1. Helicobacter felis infection, 2. Administration of DMP-777 or L-635, 3. High-

dose Tamoxifen injection. Helicobacter felis infection in mice recapitulates the 

inflammatory and pre-neoplastic cascade of human H. pylori infection[27].  In 

the murine Helicobacter infection model, SPEM develops after 6 to 12 months 

of infection. The administration of either drugs DMP-777 or L-635 induces 

SPEM by selectively ablating parietal cells. Oral administration of DMP-777, a 

cell permeant inhibitor of neutrophil elastase, which also acts as a parietal cell 

specific protonophore[34], leads to the emergence of SPEM within after 7 days 

of treatment, but in the absence of a significant inflammatory response[26, 

35].  Remarkably, gastric histology returns to nearly normal by 2 weeks. In 



9 

contrast, administration of L635, a protonophore analog of DMP-777 that lacks 

elastase inhibition, results in a prominent inflammatory infiltrate response and 

induces a SPEM lineage in just 3 days of treatment[27, 36]. The phenotype of 

mice treated L635 for 3 days is similar to that for mice infected with H. felis for 

6 months or more[36].  

 Tamoxifen, a selective estrogen receptor modulator, injection (3 consecutive 

days, intraperitoneal, 5 mg/20g mouse body weight) caused apoptosis of >90% 

of all parietal cells and SPEM within 3 days. Like a DMP-777, gastric histology 

returns to nearly normal by 3 weeks[37].  

It has recently been reported that in gastric cancer cell line, silencing the HE4 

inhibited proliferation and migration and enhanced apoptosis. Using endometrial 

cancer cell lines and mouse subcutaneous cancer models, Other groups have 

shown that overexpression of HE4 led to increased cell proliferation and faster 

cancer progression. In ovarian cancer, HE4 was found to promote cancer cell 

growth in vitro [38-40]. HE4-induced anti-apoptosis and drug resistance in 

ovarian cancer cell lines have also been reported [41, 42]. Though many previous 

findings showed direct linkage between HE4 expression and many malignancies 

and metaplasia, there are no reports about HE4 on cellular function, and role in 

metaplasia and cancer development.  

In this study, I have sought to assess the effect of HE4 expression in gastric 

microenvironment on the metaplasia after the induction of parietal cell loss using 

HE4 knockout mice (HE4 KO). To assess the effect of HE4 on stomach 
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homeostasis and metaplasia, I used the above mentioned three models for 

pharmacological induction of acute oxyntic atrophy with DMP-777, L-635 and 

High-dose tamoxifen. I observed that oxyntic atrophy was inhibited in HE4 KO 

mice compared to WT mice. In addition, I performed reconstitution of 

recombinant HE4 (rHE4) to HE4 KO mice using osmotic pump to identify 

whether systemic HE4 reconstitution accelerate process of metaplasia. Although 

HE4 is rarely expressed in normal gastric gland, blood circulating-rHE4 

effectively regenerated SPEM in HE4 KO mice. Next, I have performed 

Affymetrix transcriptome analysis with stomach sample of untreated WT and 

HE4 KO mice to find out linkage between loss of HE4 and inhibition of SPEM.     

I found that M1 macrophage population significantly increased in HE4 KO mice 

but other immune cells were not significantly changed. Next, I eliminate M1 

macrophage by pre-treatment of GdCl3 which specifically targeted M1 

macrophage, eliminating its population and administered DMP-777 to evaluate 

whether the increased M1 macrophage in HE4 KO stomach prevented SPEM 

development. Surprisingly, I observed SPEM signature and oxyntic atrophy like 

DMP-777 treated WT in GdCl3 pre-treatment HE4 KO mice. Therefore, I suggest 

that HE4 necessary to induce metaplasia and oxyntic atrophy. Thus, HE4 KO 

mice retains strong resistance to drug induced SPEM and this protective 

mechanism might be related with immune system, especially M1 macrophage. 
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II. MATERIALS AND METHODS 

 

1.Mice 

All animal experiments were conducted in accordance with the Public Health 

Service Policy in Humane Care and Use of Laboratory Animals and were 

approved by the IACUC of the Department of Laboratory Animal Resources of 

Yonsei University College of Medicine, an AAALAC-accredited unit (#001071). 

7 to 9-week-old C57BL/6 background mice, maintained in specific pathogen-free 

conditions (SPF), were used for all experiments. For HE4 experiments, HE4 KO 

mice (Wfdc2em1Kor) were generated by injecting targeted embryonic stem cells 

into blastocysts. 

 

2.Pharmacological SPEM models 

DMP-777 treatment 

Five Male mice were used for each experimental group. DMP-777 (a gift from 

DuPont- Merck Co.) dissolved in 1% methylcellulose was administered by oral 

gavage (350mg/kg) once a day for 3, 7 and 14 consecutive days. Mice were 

sacrificed the at four independent time points the day after phase drug and follow 

14 days.  
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L-635 treatment 

Each experimental group consisted of five male mice. L635 (synthesized by the 

Chemical Synthesis Core of the Vanderbilt Institute of Chemical Biology), 

dissolved in deionized DNA and RNA-free water, was administered by oral 

gavage (350 mg/kg) once a day for three consecutive days. Mice were sacrificed 

on the third day of L635 administration. 

High-dose Tamoxifen 

Each experimental group consisted of five male mice. Tamoxifen (5mg/20g; 

Sigma; #T6548), dissolved in a vehicle of 10% ethanol and 90% sunflower seed 

oil (Sigma), was injected intraperitoneally for three days to and mice were 

sacrificed at 3 days after last tamoxifen injection.  

 

3.Recombinant HE4(rHE4) reconstitution 

To determine effect of secretory and systemic HE4 in SPEM generation, I 

implanted Osmotic pumps (0.25ul/hour release rates; ALZET; #1002) loaded 

with recombinant HE4 protein (60ng/day; LSbio; LS-G26352) subcutaneously 

into WT and HE4 KO mice. 

 

4.Selective depletion of M1 macrophage 

To eliminate M1 macrophage and investigate its protective function in HE4 

KO mice, I injected GdCl3 (50mg/kg; sigma; #10138-52-0) intraperitoneally 
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once which induces apoptosis of M1 macrophage via competitive inhibition of 

Ca2+ mobilization and damage to plasma membranes. 

 

 

 

5.Immunocytochemistry 

Stomachs from mice were fixed in 4% paraformaldehyde overnight and 

transferred into 70% ethanol for subsequent paraffin embedding. Five µm 

sections were used for all immunohistochemistry studies. Sections were 

deparaffinized and rehydrated through a descending graded series (100%, 95% 

and 70%) of ethanol. Target Retrieval Solution (DakoCytomation, Glostrup, 

Denmark) was used for antigen retrieval in a pressure cooker. After cooling down 

on ice for at least 1 hour, sections were incubated in 3% H2O2 for 30 minutes for 

blocking endogenous peroxidase. Slides were washed 2 times with PBS and 

incubated with blocked using Protein Block Serum-free (DakoCyomation) for 

1~2 hour at room temperature. Treatment with M.O.M (Vector, BMK-2202) 

reagent for 1 hour was performed when using mouse primary antibodies. Primary 

antibodies were incubated overnight at 4℃. After 3 washes in PBS, sections were 

incubated in HRP-conjugated secondary antibody (DAKO, K4003) (DAKO, 

K4001) for 15 minutes at room temperature. For immunohistochemistry, DAB 

(DAKO, K3468) was used for development of antibodies and Mayer’s 

Hematoxylin (DAKO, S3309) was used for counter staining. Each experiment 
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was performed using an identical time for DAB development. For 

immunofluorescence, primary antibodies were detected with Alexa488-

conjugated anti-mouse IgG, cy3-conjugated anti-mouse IgG, Alexa488-

conjugated anti-rabbit IgG or cy5-conjugated anti-rabbit IgG (Jackson 

Laboratories). Slides were incubated with secondary antibody at room 

temperature for 1 hour. After washing with in PBS, slides were mounted with 

ProLong Gold Antifade reagent (Molecular Probes, Oregon, USA). 

immunofluorescence images were acquired with an EVOS-FL microscope. For 

BrdU assay, BrdU (Sigma, B5002) was dissolved in PBS (20 mg/ml) at room 

temperature and immediately administered to WT and HE4 KO mice by 

intraperitoneal injection (4 mg/20 g). After 2 hours, mice were sacrificed, and the 

stomach samples were fixed in 4% paraformaldehyde. BrdU staining was 

performed following the immunohistochemistry protocol detailed above. 

 

6.Antibodies 

The following primary antibodies were incubated at 4°C overnight in Antibody 

Diluent with Background Reducing Components (DakoCyomation): anti-gastric 

intrinsic factor (1:2000, a gift from Dr. David Alpers, Washington University, St. 

Louis, MO), anti-Ki-67 (1:500; Abcam; #ab16667), anti-Muc5ac (1:1000; 

Invitrogen; #ma5-12178), anti-H/K ATPase (1:5000; MBL; #D031-3), anti-mist1 

(1:2000; Abcam; #ab187978), anti-TFF2 (1:2000; Proteintech; #1361-1-AP),  

Alexa 488 conjugated Lectin GS-II from Griffonia simplicifolia (1:2500; 
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Invitrogen; #L21415), anti-F4/80 (1:500; Invitrogen; #ab6640), anti-CD163 

(1:500; Novus; #NB110-59935SS), anti-iNOS(1:200; Invitrogen; #PA3-030A). 

 

 

 

7. Transmission Electron Microscopy (TEM) 

Samples were fixed for 24 hours in 2% Glutaraldehyde - Paraformaldehyde in 

0.1 M PBS and washing in 0.1 M phosphate buffer (PB). They were post fixed 

with 1% OsO4 dissolved in 0.1 M PB for 2 hr and dehydrated in an ascending 

graded series (50 - 100%) of ethanol and infiltrated with propylene oxide. 

Specimens were embedded by Poly/Bed 812 kit (Polysciences). After pure fresh 

resin embedding and polymerization at 65℃ vacuum oven (DOSASKA, TD-700) 

for 24 hours, sections of 200~250 nm in thickness were initially cut and stained 

with toluidine blue (Sigma, T3260) for light microscopy. 70 nm thin sections 

were double stained with 6% uranyl acetate for 20 min and lead citrate for 

contrast staining. Sections were cut by LEICA EM UC-7 with a diamond knife 

and transferred onto copper and nickel grids. All of the sections were examined 

under transmission electron microscopy (JEM-1011, JEOL) at voltage of 80KV. 

 

8. Quantitative real-time PCR (qRT-PCR) 

RNA was extracted from tissues with TRIzol (Life Technology). cDNAs were 

synthesized from 1μg samples with treatment of DNase (Takara). cDNA was 



16 

synthesized using the ImProm-II™ reverse transcription system (Promega). 

POWER SYBR Green Master Mix from Applied Biosystems (Life 

technologies, #4367659) was used to perform real time PCR. The specific 

sequences of primers were blow. 

 

Primers used in qRT-PCR 

 

9. Immunoblot 

For immunoblot for mice tissue, mice were euthanized in a CO2 chamber. The 

tissue was carefully cut and collected in 1.5 ml microtubes. Proteins were 

extracted from sections with protein lysis buffer (20 mM HEPES (pH 7.0), 0.15 

M NaCl, 10% Glycerol, 1% Triton X-100, 1 mM EDTA, 1 mM EGTA, 10 mM 

β-phosphoglycerate) with protease and phosphatase inhibitor cocktails 

(Thermo). All lysates were collected by centrifugation (13000 rpm, 15 min) and 

boiled in 1X SDS-PAGE sample buffer (62.5 mM Tris–HCl (pH 6.8)), 2 % 

SDS, 5 % β-mercaptoethanol, 10 % glycerol, 0.01 % bromophenol blue) after 

measurement of protein concentration. 20 μg protein samples were separated by 

SDS-PAGE and transferred to a PVDF membrane (Millipore, Billerica, USA). 

 

Target gene Primer sequence (5'-3') 

Forward Reverse 

HE4 CCA AGC CTA ATG GAC CGA GC TGG CTT CGT GGA GAC TTG AC 

iNOS GCA GAA TGT GAC CAT CAT GG ACA ACC TTG GTG TTG AAG GC 

TNFa GAT CTC AAA GAC AAC CAA CG CTC CAG CTG GAA GAC TCC CC 

CD86 TCT CCA CGG AAA CAG CAT CT CTT ACG GAA GCA CCC ATG AT 
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The membranes were incubated overnight at 4℃ with primary antibodies. After 

the incubation, secondary antibodies conjugated by HRP were incubated at 

Room-temperature for 1 hour. The bands were visualized using ECL solution 

(Thermo). 

 

10. Affymetrix Whole transcript Expression Arrays 

Tissue sampling 

Mice were killed and their stomachs were excised and opened along the greater 

curvature and collected fundus tissue. I conducted Affymetrix transcriptome 

analysis with Fundus tissue of untreated WT and HE4 KO mice without 

contamination of antrum. 

RNA quality check 

RNA purity and integrity were evaluated by ND-1000 Spectrophotometer 

(NanoDrop, Wilmington, USA), Agilent 2100 Bioanalyzer (Agilent 

Technologies, Palo Alto, USA).  

Arrays Methods 

The Affymetrix Whole transcript Expression array process was executed 

according to the manufacturer's protocol (GeneChip Whole Transcript PLUS 

reagent Kit). 

cDNA was synthesized using the GeneChip WT (Whole Transcript) 

Amplification kit as described by the manufacturer.  
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The sense cDNA was then fragmented and biotin-labeled with TdT (terminal 

deoxynucleotidyl transferase) using the GeneChip WT Terminal labeling kit. 

Approximately 5.5 μg of labeled DNA target was hybridized to the Affymetrix 

GeneChip Mouse 2.0 ST Array at 45°C for 16hour. Hybridized arrays were 

washed and stained on a GeneChip Fluidics Station 450 and scanned on a 

GCS3000 Scanner (Affymetrix). Signal values were computed using the 

Affymetrix® GeneChip™ Command Console software. 

Raw data preparation and Statistic analysis  

 Raw data were extracted automatically in Affymetrix data extraction protocol 

using the software provided by Affymetrix GeneChip®  Command Console®  

Software (AGCC). After importing CEL files, the data were summarized and 

normalized with robust multi-average (RMA) method implemented in 

Affymetrix®  Power Tools (APT). We exported the result with gene level RMA 

analysis and performed the differentially expressed gene (DEG) analysis.  

Statistical significance of the expression data was determined using LPE test 

and fold change in which the null hypothesis was that no difference exists 

among groups. For a DEG set, Hierarchical cluster analysis was performed 

using complete linkage and Euclidean distance as a measure of similarity. 

Gene-Enrichment and Functional Annotation analysis for significant probe list 

was performed using Gene Ontology and KEGG All data analysis and 

visualization of differentially expressed genes was conducted using R 3.1.2. 
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11.Statistical analysis 
 

 
The data are presented as mean ± SEM. Statistical significance was determined 

using unpaired Student’s t test or One-way ANOVA. P < 0.05 was considered 

significant. 

 

III. RESULTS 

 
1. Generation of HE4 knockout mice. 

I generated HE4 knockout mice by deleted exon 2(Fig1.A), which had no 

obvious macroscopic abnormalities throughout their life span (data not shown). 

HE4 is not expressed in stomach at normal state[12]. So, I validated the knockout 

of HE4 at Lung, which is a positive control tissue by qRT-PCR and western blot. 

(Fig1.B)  
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Figure 1. Generation of HE4 Knockout mice.  

(A) Construction of the targeted allele of the mouse HE4 gene. (B) Gene 

expression of HE4 in WT and HE4 KO mice lung, as determined by qRT-PCR 

and Western blot.  
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2. Oxyntic atrophy was prevented in DMP777 treated HE4 KO mice.  

To examine the effect of HE4 on stomach homeostasis and metaplasia, I used 

models for pharmacological induction of acute oxyntic atrophy with DMP-777, 

L-635 and High-dose tamoxifen (Fig2.A). The same results were observed for all 

three drugs models, so the DMP-777 results will be shown as a representative 

figure and the data for the other two models will be shown on (Fig7). (Fig1.B) 

shows representative histopathological images of DMP-777 treated WT and HE4 

KO mice. In the untreated state, there is no significant differences between WT 

and HE4 KO mice. Following administration of DMP-777, morphological 

changes were seen in the fundus of all groups of mice. However, When treated 

with DMP777, WT showed severe oxyntic atrophy and abnormal structure which 

are characteristics of DMP-777 induced SPEM[34]. Whereas, HE4 KO showed 

relatively intact structure and almost no parietal cell loss. Gastric pathology was 

scored using an established scoring system[43]. DMP-777 treated WT mice had 

mean pathology scores of 6.72 at D14 a time when the effects of drugs peak while 

HE4 KO mice exhibited relatively intact gastric lesions with a mean score of 3.2. 

Next, to examine whether loss of HE4 expression altered the drug induced 

oxyntic atrophy progression. I performed immunohistochemistry staining for 

H/K ATPase as parietal cell marker in WT and HE4 KO mice treated with DMP-

777. I assessed the number of H/K ATPase positive cells (Fig2.C). Among 

untreated mice, no significant differences in the number or distribution of parietal 

cells were identified. Following administration of DMP-777, the number of 
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parietal cells in WT mice were significantly reduced, Conversely, loss of parietal 

cell was remarkably prevented in HE4 KO mice. DMP-777 is a well-known drug 

that causes SPEM by inducing oxyntic atrophy in both sexes, in multiple 

strains[34]. However, when DMP-777 was administered to HE4 KO mice, the 

oxyntic atrophy was prevented. Thus, These findings indicate that DMP-777 

induced oxyntic atrophy is regulated by expression of HE4 in gastric 

microenvironment. 
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Figure 2. Oxyntic atrophy was prevented in DMP777 treated HE4 KO 

mice. 

(A) Schematic representation of Pharmacological SPEM models. Five Male 

mice were used for each experimental group. Mice were sacrificed the at 

marked independent time points. (B) Representative H&E images and gastric 

pathology score of gastric fundus of WT, HE4 KO mice treated with DMP-

777. (C)To identify parietal cells, representative sections from WT and HE4 

KO mice treated with DMP-777 for 0, 3, or 14 days or treated for 14 days 

and then allowed to recover for 14 days (R14) were stained for H/K ATPase. 

Parietal cell numbers of each group were quantitated. data represent mean ± 

SEM (Unpaired student’s t test, **p<0.01).  
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3. SPEM formation through chief cell trans-differentiation is 

inhibited in DMP777 treated HE4 KO mice. 

Loss of parietal cells in mice or human correlates with the induction of SPEM 

in the fundus[20, 27, 37, 44, 45] In particular, SPEM is characterized by increase 

of TFF2 positive cell from gland base. Therefore, to examine whether loss of HE4 

expression altered the emergence of SPEM cell, I performed 

immunohistochemistry staining for TFF2 as a SPEM cell marker. TFF2 is 

expressed in the normal gastric mucosa in mucous neck cells located in the middle 

portion of the fundic glands (Fig3.A) However, TFF2 positive cell numbers 

increased after 7 days of treatment from gland base (Fig3.A). By 14 days of 

treatment, I observed glands where up to 40% of the gland length was dominated 

by intensely stained TFF2 Positive cells. After withdrawal of drug treatment for 

14 days, both the number of TFF2 positive cells and the pattern of staining 

returned to the morphological appearance of normal mucous neck cells (Fig3.A). 

The number and the distribution of TFF2 positive cells per gland in HE4 KO mice 

without treatment with DMP-777 were similar to those in WT mice (Fig3.A).       

However, after treatment of DMP-777, The increased number of TFF2 positive 

cells were significantly reduced HE4 KO mice and the distribution is similar to 

untreated group all DMP-777 treated time point. Other well-known feature of 

SPEM is loss of mature chief cells. The Mouse model and examination of human 

tissue suggest that many of these chief cells do not die, but trans-differentiate or 
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reprogram into a metaplastic mucous secreting lineage after loss of parietal 

cells[46]. The chief cells are trans-differentiation by down-regulate expression of 

chief cell differentiation markers Mist1 after the loss of parietal cells and 

simultaneously SPEM cell which express lower levels of chief cell proteins (PGC 

and Gif), with markers of mucous neck cells (TFF2 , MUC6 and GSII Lectin 

binding protein) arise from gland base chief cell zone[27]. Thus, it is thought that 

SPEM is caused by trans-differentiation of the chief cell. Therefore, to examine 

the development feature of SPEM during drug induced loss of parietal cells in 

HE4 KO mice, I performed immunohistochemistry staining for Mist1 as a mature 

chief cell marker and dual immunofluorescence staining for GSII Lectin and Gif 

as a trans-differentiated chief cell marker in WT and HE4 KO mice treated with 

DMP-777.  Mist1 positive chief cells were gradually eliminated from gland base 

in WT mice following DMP777 treatment (Fig3.B). However, population of 

mist1 positive chief cells were relatively well maintained in KO mice. At 7days 

of DMP777 treatment, GSII-Gif double positive cells (precursor of SPEM cells) 

arise from gland base of WT mice but the number of double positive cells were 

significantly reduced in HE4 KO mice. (Fig3.C) At 14 days of DMP777 treatment, 

double positive cells were fully trans-differentiated to mature SPEM cells with 

GSII positivity but there is no such signature in HE4 KO mice. Thus, These 

findings indicate that DMP-777 induced SPEM formation through chief cell 

trans-differentiation is inhibited as well as loss of parietal cell in HE4 KO mice. 
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Figure 3. SPEM formation through chief cell trans-differentiation is 

inhibited in DMP777 treated HE4 KO mice. 

(A)-(C) Representative sections from WT and HE4 KO mice treated with DMP-

777 for 0, 3, or 14 days or treated for 14 days and then allowed to recover for 

14 days (R14) were stained for TFF2(A) and Mist1(B), GSII/Gif(C). Positive 

cell numbers of each group were quantitated.  data represent mean ± SEM 

(Unpaired student’s t test, *p<0.05, **p<0.01).  
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4. Proliferative SPEM reduced in HE4 KO mice treated with 

 DMP-777.  

In the normal fundus glad, proliferative cells positive for Ki67 or BrdU were 

localized at the neck of the gland known as isthmus which has been shown to be 

the predominant location of immature cells [47-49]. However, in SPEM glands, 

proliferating cells emerge throughout the whole gland also SPEM cells often 

show proliferation (GSII/GIF/Ki67 -positive cells). This seems to be an 

activation of progenitor cells to restore the damaged gland. Thus, the increased 

proliferating cells can be seen as a recovery process at the same time as indicating 

the degree of gland damage [50].  

Therefore, to examine the emergence of proliferating cells during drug induced 

loss of parietal cells in HE4 KO mice, I performed immunohistochemistry 

staining for Ki67 as proliferation cell marker in WT and HE4 KO mice treated 

with DMP-777. Untreated WT and HE4 KO mice have low levels of Ki67 

positive proliferation cells localized only to the isthmus. The number of Ki67 

positive proliferating cells in HE4 KO mice less increased compared to WT mice 

after DMP-777 treatment. In addition, the distribution of proliferating cells was 

observed in the whole gland of WT mice, whereas in HE4 KO mice it was 

relatively concentrated in the isthmus region like a normal fundus. (Fig4.A) Next, 

to examine proliferating SPEM cells (GSII/Ki67-positive cells), Sections 

were dual immunofluorescence stained for GSII Lectin and Ki67. Proliferating 
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SPEM cells which are double positive for GSII/Ki67 in green box were increased 

in WT mice after DMP-777 treatment, but those cells were significantly 

decreased in HE4 KO mice. (Fig4.B) Thus, based on the previous results, it is 

thought that the DMP-777 induced damage of the gland was relatively less and 

therefore the gland repair process is less working in DMP-777 treated HE4 KO 

mice.  
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Figure 4. Proliferative SPEM reduced in HE4 KO mice treated with  

DMP-777.  

(A)-(B) Representative sections from WT and HE4 KO mice treated with DMP-

777 for 0, 3, or 14 days or treated for 14 days and then allowed to recover for 

14 days (R14) were stained for Ki67(A) and Ki67/GSII(B). Positive cell 

numbers of each group were quantitated. Also, Ki67 Positive cells plotted by 

cell position (A). data represent mean ± SEM (Unpaired student’s t test, 

**p<0.01).  
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5. Foveolar cell hyperplasia was not prevented in HE4 KO mice. 

Treatment of mice with DMP-777 causes acute oxyntic atrophy, as well as 

foveolar hyperplasia, followed by the emergence of SPEM. Because, loss 

of parietal cells causes decreased stomach acid (hypochlorhydria), which causes 

gastrin-secreting cells in the antrum of the stomach (G cells) to secrete gastrin in 

an attempt to stimulate parietal cell function. The increased gastrin has several 

effects, including inducing foveolar hyperplasia[26]. Cessation of DMP-777 after 

administrating DMP-777 for 14 days leads to recovery of parietal cells, usually 

to a level greater than in untreated animals, and SPEM and foveolar hyperplasia 

resolve[51]. Therefore, to examine the foveolar hyperplasia during drug induced 

loss of parietal cells in HE4 KO mice, I performed immunohistochemistry 

staining for Muc5ac and PAS as foveolar cell marker in WT and HE4 KO mice 

treated with DMP-777. In untreated mice, the number of Muc5ac and PAS-

positive cells in WT and HE4 KO mice was equivalent. After 7 days and 14 days 

of treatment, the number of Muc5ac and PAS positive cells is significantly 

increased and there are no difference in both groups. By R14, the number of 

positive cells returned to its initial level in WT and HE4 KO mice. Thus, These 

findings indicate that DMP-777 induced foveolar hyperplasia is similar in WT 

and HE4 KO mice. This is probably because HE4 KO mice are getting some drug 

induced oxyntic atrophy and it is thought to be enough to cause foveolar 

hyperplasia, though it is not enough to cause SPEM. 
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Figure 5. Foveolar cell hyperplasia was not prevented in HE4 KO mice. 

(A) Representative sections from WT and HE4 KO mice treated with DMP-

777 for 0, 3, or 14 days or treated for 14 days and then allowed to recover for 

14 days (R14) were stained for Muc5ac and PAS. Staining positive length /gland 

of each group were quantitated. data represent mean ± SEM (Unpaired student’s 

t test, *p<0.05).  
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6. Acute parietal cell necrosis induced DMP-777 was prevented in HE4 

KO mice. 

As I mentioned above, DMP-777 is a cell-permeant neutrophil elastase inhibitor, 

which also acts as a parietal cell-specific protonophore and specifically ablates 

parietal cells by induce necrosis[27, 36].  However, when DMP-777 was 

administered to HE4 KO mice, the loss of parietal cells was prevented (Fig2). 

Thus, to examine whether loss of HE4 expression altered directly the acute 

parietal cell necrosis induced DMP-777, I observed WT and HE4 KO parietal cell 

with DMP-777 treatment by Transmission Electron Microscopy (TEM). WT 

parietal cell with DMP-777 treatment showed shrink morphology as well as 

reduction of mitochondria and leakage of tubulovesicles from cytoplasm to 

gastric lumen like necrotic death cells. However, HE4 KO parietal cells showed 

intact morphology compared to WT (Fig6.A). Also, I observed WT and HE4 KO 

chief cell with DMP-777 treatment (Fig6.B). because, As I mentioned above, the 

loss of parietal cells elicits chief cell trans-differentiation. As I observed in the 

above experiment (Fig3.C), WT chief cells were trans-differentiated to SPEM 

cells without zymogen granule. But, HE4 KO chief cells maintained their 

characteristics (Zymogenic granule). These results suggest that, acute parietal cell 

necrosis induced DMP-777 was prevented in HE4 KO mice. 
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Figure 6. Acute parietal cell necrosis induced DMP-777 was prevented in 

HE4 KO mice.  

(A)Parietal cell and (B)chief cell from untreated and DMP-777 treated Mice were 

fixed in glutaraldehyde, embedded in plastic resin, and sectioned thin for 

transmission electron microscopy Scale bar shown is 5000nm  
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7. Oxyntic atrophy and SPEM was prevented regardless of 

pharmacological models. 

The administration of either drugs DMP-777 or L-635 induces SPEM by 

selectively ablating parietal cells. Oral administration of DMP-777, a cell 

inhibitor of neutrophil elastase, which also acts as a parietal cell specific 

protonophore[34], leads to the SPEM within after 7 days of treatment, but in the 

absence of a significant inflammatory response[26, 35]. In contrast, 

administration of L635, a protonophore analog of DMP-777 that lacks elastase 

inhibition, results in a prominent inflammatory response and induces a SPEM in 

just 3 days of treatment[27, 36].  

 Tamoxifen, a selective estrogen receptor modulator, high dose injection for 3 

days caused apoptosis of  most parietal cells by unknown mechanism and 

SPEM within 3 days[37]. I performed immunohistochemistry staining using 

gastric epithelium cell marker used above to examine oxyntic atrophy and SPEM 

development in other two model. As I mentioned above, these three drugs have 

different characteristics, however, oxyntic atrophy and SPEM was prevented in 

HE4 KO mice regardless of pharmacological models (Fig7).  
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Figure 7. Oxyntic atrophy and SPEM was also prevented regardless of 

Pharmacological models.  

(A-B) Representative sections from WT and HE4 KO mice treated with L-635 

or high dose tamoxifen for 3days were stained for gastric epithelium cell 

marker used above.  
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8. High dose of recombinant HE4 induced spontaneous SPEM . 

I have investigated loss of function effect of HE4 with drug induced SPEM 

model. However, as previous data revealed, HE4 is rarely exist in normal stomach 

involving parietal cell[12]. I also confirmed that HE4 expression was remarkably 

low or absent in stomach compared to lung (Fig8.A). Those data made I wondered 

how to the protective phenotypes appeared in HE KO mice despite the initially 

vary low or absent expression of HE4 in stomach regardless WT and HE4 KO. 

Although endogenous HE4 is not expressed in stomach, HE4 is secretary protein 

and circulating through blood vessel[2]. As previously reported, I could detect 

HE4 expression in blood serum by ELISA (Fig8.B). Therefore, I hypothesized 

that secretory and systemic HE4 has responsible to SPEM generation.  

Supporting my speculation, I treated high dose recombinant HE4(60ng/day) 

which 3 times the concentration measured in the normal state serum to WT mice 

by osmotic pump and I found that spontaneous SPEM was generated within 14 

days (Fig8.B). These results suggest that, circulating high-dose HE4 through 

blood stream has responsible to SPEM generation.  
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Figure 8. High dose of recombinant HE4 induced spontaneous SPEM.  

(A)qRT-PCR of HE4 in lung and stomach tissue. (B)ELISA of HE4 in blood 

serum effect on proliferation of cancer cell lines. (C) Representative H&E images 

of gastric fundus of WT mice treated with High-dose recombinant HE4. Data 

represent mean ± SEM. (Unpaired student’s t test, **p<0.01, ***p<0.001)  
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9. Recombinant HE4 reconstitution induced SPEM in HE4 KO mice. 

Next, to examine whether reconstitution of recombinant HE4(12ng/day) which 

the concentration measured in the normal state serum to WT mice in HE4 KO 

mice regenerate SPEM or not. I treated rHE4 to WT and HE4 KO mice by 

osmotic pump and simultaneously administered High dose tamoxifen and DMP-

777(Fig9.A). Fig8.B is representative histopathological images. Single treatment 

of low dose rHE4 did not induced significant change. but Surprisingly, In the 

reconstituted HE4 KO mice which was simultaneously treated DMP777 or High-

dose tamoxifen, they are showed severe SPEM signature similar to those of the 

WT group. (Fig9.C-F) Reconstitution of recombinant HE4 in HE4 KO mice 

induced severe oxyntic atrophy similar to those of WT mice (Fig9.C) and also 

induced chief cell loss similar to those of WT mice (Fig9.D). Moreover, in rHE4 

infused HE4 KO mice, Ki67 positive proliferating cells were increased and 

scattered through whole gland after DMP-777 or High-dose tamoxifen treatment 

(Fig9.E). By immunofluorescence staining with anti-Mist1, anti-GSII, I 

confirmed that SPEM cells arisen from base gland through chief cell trans-

differentiation in Both WT and HE4 KO mice. These findings indicate that 

secretory and systemic HE4 promoted SPEM in HE4 KO mice. Thus, systemic 

HE4 is required for development of oxyntic atrophy and SPEM cell After drug 

induced gastric Injury. 
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Figure 9. Recombinant HE4 reconstitution induced SPEM in HE4 KO 

mice.  

(A) Schematic representation of recombinant HE4 reconstitution SPEM model. 

Five Male mice were used for each experimental group. Mice were sacrificed 

the at marked independent time points. (B) Representative H&E images of 

gastric fundus of WT and HE4 KO mice treated recombinant HE4 by osmotic 

pump and simultaneously administered DMP-777 and High dose tamoxifen  

(C)-(F) Representative sections from WT and HE4 KO mice each experimental 

group were stained for H/K ATPase (C) , Mist1(D), Ki67(E) and GSII/Mist1(F) 

Positive cell numbers of each group were quantitated. data represent mean ± 

SEM (Unpaired student’s t test, **p<0.01).  
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10. M1 macrophage population is elevated in HE4 KO mice stomach. 

I found out loss of function effect of HE4 and also demonstrated reconstitution 

of HE4 regenerated SPEM in HE4 KO mice. Next, I tried to find out linkage 

between loss of HE4 and inhibition of SPEM, I conducted Affymetrix 

transcriptome analysis with Fundus sample of untreated WT and HE4 KO mice 

without contamination of antrum. As a result, I found significant differences 

between WT and HE4 KO mice (Fig10.A). Especially, cellular response to 

interferon-alpha and toll like receptor signaling pathway and blood vessel 

development showed significance, which pathways are related with tumor 

microenvironment. I also found that tamoxifen resistance and inflammatory 

response and innate immune response gene set showed significance through 

GSEA data. In addition, previous data revealed the potential role of HE4 in the 

innate immunity (Fig10.B)[52]. Based on those data, I assumed that loss of HE4 

and its protective effect might be related with immune system. Supporting this, 

CIBERSORT data which an analytical tool developed to provide an estimation of 

the abundances of member cell types in a mixed cell population, using gene 

expression data showed that M1 macrophage population significantly increased 

in HE4 KO mice but other immune cells were not significantly changed(Fig10.C). 

To validate of Affymetrix transcriptome analysis, I performed M1 macrophage 

markers qRT-PCR(CD86, iNOS and TNFa). qRT-PCR analysis also indicated that 

M1 macrophage marker including CD86, iNOS and TNFa were increased in HE4 

KO mice compared to WT mice (Fig10.D). I also validated array data by 
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immunofluorescence staining for F4/80 as M1 macrophage marker, CD163 as 

M2 macrophage marker and iNOS as another M1 macrophage marker. I found 

that F4/80 positive and iNOS positive cells were markedly increased in HE4 KO 

mice but M2 marker (CD163) positive cells were not significantly changed 

compare to WT mice (Fig10.E). These findings indicate that tissue resident M1 

macrophage population is elevated in HE4 KO mice stomach. 
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Figure 10. M1 macrophage population is elevated in HE4 KO mice stomach. 

(A)Scheme of Affymetrix transcriptome analysis with Fundus sample of 

untreated WT and HE4 KO mice and significant differences gene hierarchical 

clustering image between WT and HE4 KO mice. (N=3-4) (B) Gene set 

enrichment analysis data comparing the expression profile between untreated WT 

and HE4 KO mice. (C)-(E)Validation of Affymetrix transcriptome analysis data. 

(C) The immune cell population in untreated WT and HE4 KO mice stomach 

sorted by CIBERSORT data analysis. (D)To validate of Affymetrix 

transcriptome analysis data, M1 macrophage markers qRT-PCR was performed 

using RNA isolated from untreated WT and HE4 KO fundus. (E)To validate 

Affymetrix transcriptome analysis data, Representative sections from untreated 

E 
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WT and HE4 KO mice were stained for F4/80 and iNOS as M1 macrophage 

marker, CD163 as M2 macrophage marker. Positive cell numbers of each group 

were quantitated. data represent mean ± SEM (Unpaired student’s t test, 

**p<0.01). Scale bar shown is 50 μm. 
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11. Depletion of M1 macrophage in HE4 KO mice promoted oxyntic 

atrophy. 

I revealed that tissue resident M1 macrophage population was elevated in HE4 

KO mice stomach. Next, to determine the role of elevated tissue resident M1 

macrophage in development of SPEM, I depleted M1 macrophage in HE4 KO 

mice by single intraperitoneally injection of Gadolinium chloride 50mg/kg 

(GdCl3) which specifically targeted M1 macrophage, eliminating its population 

via competitive inhibition of Ca2+ mobilization and damage to plasma 

membranes [53]. 

 I validated depletion of M1 macrophage in GdCl3 treated WT mice by FACS 

analysis, I observed depletion of CD11b+, F4/80+, CD80+ typical M1 

macrophage population compared to its PBS treated control (Fig11.A). Also, I 

validated that single treatment of GdCl3 did not induced any pathological 

change and SPEM but leads to only depletion of tissue resident M1 

macrophage(iNOS+) in stomach. Notably, tissue resident M2 macrophage 

population (CD163+) was not significantly changed with GdCl3 treatment 

(Fig11.B). Next, I depleted tissue resident M1 macrophage by pretreatment of 

GdCl3 and administered 7days of DMP-777 treatment. After DMP-777 

treatment, I investigated whether depletion of tissue resident M1 macrophage 

in HE4 KO mice altered its protective phenotypes. (Fig11.C) Surprisingly, I 

obviously observed SPEM signature and oxyntic atrophy in GdCl3 pretreatment 

HE4 KO mice. These findings indicate that depletion of M1 macrophage in HE4 



54 

KO mice eliminated its protective effect to drug induced oxyntic atrophy and 

promoted SPEM. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



55 

 

  

 

 

 

A 

B 



56 

 
 

 

 

 

 

 

 

 

Figure11. Depletion of M1 macrophage in HE4 KO mice promoted oxyntic 

atrophy.  

(A)-(B) Selective depletion of M1 macrophages in fundus of stomach. 

GdCl3(50mg/kg) was injected into intraperitoneal. (A) FACS data of PBS or 

GdCl3 injected mice for to sort type of peritoneal macrophage. I sorted 1M 

macrophage as CD11b+, F4/80+, CD80+ cell. (B)To confirm the ability of GdCl3 

to selectively deplete M1 macrophage, Representative sections from PBS or 

GdCl3-injected mice stomach were stained for iNOS as M1 macrophage marker 

C 
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and CD163 as M2 macrophage marker. Positive cell numbers of each group 

were quantitated. (C) Scheme of DMP-777 model for M1 macrophage depleted 

HE4 KO mice. To examine the oxyntic atrophy signature, Representative 

sections from PBS or GdCl3 injected mice stomach were stained for H&E and 

H/K ATPase as parietal cell marker. Positive cell numbers of each group were 

quantitated. data represent mean ± SEM (Unpaired student’s t test, **p<0.01, 

***p<0.001).  
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IV. DISCUSSION 

Human epididymis protein (HE4), also known as WFDC2 is secreted putative 

extracellular protease inhibitor proteins. HE4 is highly expressed in epithelial 

ovarian cancer and upregulated in spasmolytic polypeptide expressing gastric 

metaplasia (SPEM) whereas it is present at very low or non-expression levels in 

normal human and mouse stomach tissues[12]. While previous studies suggested 

that a direct linkage between HE4 expression and metaplasia, its physiological 

and pathological mechanisms have not been clearly understood. 

In this study, on the basis of previous report on HE4 expression in SPEM, I 

investigated the effect of HE4 expression in gastric microenvironment on 

metaplasia using HE4 knockout mice. To assess the effect of HE4 on stomach 

homeostasis and metaplasia, I used well-established three model for 

pharmacological induction of acute oxyntic atrophy with DMP-777, L-635 and 

high dose tamoxifen[34, 37]. I observed that parietal cell loss and SPEM develops 

in WT mice in three acute oxyntic atrophy models, however, parietal cell loss and 

SPEM development were inhibited in HE4 KO mice regardless of 

pharmacological models. I also identified systemic recombinant HE4 

reconstituted HE4 KO mice induced severe oxyntic atrophy in pharmacological 

models. Previous studies reported several SPEM inhibited mouse models[54-56]. 

Matzuk et al. reported that xCT was up-regulated early as chief cells transitioned 

into SPEM and xCT activity was required for chief cell reprogramming into 

SPEM after pharmacological induction of oxyntic atrophy[54]. Inhibition of xCT 
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or small interfering RNA knockdown blocked trans-differentiation of Chief cell 

to metaplastic cells but did not block the oxyntic atrophy. However, in this study, 

I found that not only SPEM formation through chief cell trans-differentiation but 

also oxyntic atrophy is inhibited in drug treated HE4 KO mice. The loss of 

parietal cells, also known as oxyntic atrophy, is considered an absolute 

requirement and trigger for the chief cell trans-differentiation and development 

of metaplasia. Also, many previous studies reported that SPEM occurs 

sequentially after the parietal cell loss[45, 57, 58].  On the basis of sequential 

progression of SPEM development, I hypothesize that loss of HE4 did not 

directly block the trans-differentiation of the chief cell, but rather loss of HE4 

inhibit oxyntic atrophy which initial event of SPEM development therefore the 

chief cell trans-differentiation did not happen. Indeed, when I treated DMP-777 

or high dose tamoxifen to recombinant HE4 reconstituted HE4 KO mice, I found 

severe oxyntic atrophy as well as chief cell trans-differentiation.  

Next, I tried to find out linkage between loss of HE4 and inhibition of oxyntic 

atrophy induced SPEM, I conducted Affymetrix transcriptome analysis and 

validate array data by immunofluorescence staining. I observed that loss of HE4 

did not induced severe gastric lesion or SPEM in normal condition, however, 

immune cell population residing in gastric gland was different between WT and 

HE4 KO mice. Especially, M1 macrophage was significantly increased in HE4 

KO mice but M2 macrophage population was not changed between WT and HE4 
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KO mice. I also identified that depletion of M1 macrophage by GdCl3 in HE4 KO 

mice promoted oxyntic atrophy when DMP-777 treated.  

Previous studies have attempted to ascertain the role of immune factors on 

parietal cell loss and the development of SPEM.  Petersen CP et al. identified 

infiltrating M2 macrophages as necessary for the proliferation and 

intestinalization of metaplasia in mice [59]. Macrophage depletion in L635 

treated mice resulted in a less advanced metaplasia. Also, M2 macrophages 

promoted the progression of metaplasia, but is not required for metaplasia 

induction[60]. Roth et al. found that Rag1 knockout mice, deficient in mature T 

and B lymphocytes, do not lose parietal cells when infected with H. pylori. Also, 

they found that T-cells were necessary for parietal cell loss during H. pylori 

infection[55]. However, in this study, I found M1 macrophage was significantly 

increased in HE4 KO mice but other immune cell population was not changed 

and depletion of M1 macrophage in HE4 KO mice promoted oxyntic atrophy. 

Thus, I hypothesize that upregulation of M1 macrophage residing stomach gland 

in HE4 KO mice have protective effect to pharmacological induced oxyntic 

atrophy. Probably, in the early stages of drug treatment, tissue resident M1 

macrophage perform a defensive action by unknown mechanism. After that, 

when the defense reaction by M1 macrophage exceed the capacity, the oxyntic 

atrophy will be progressed by another immune cell population, especially, M2 

macrophage associated proinflammatory cytokines. Previous studies have 

evaluated the role of specific cytokines secreted by macrophage is such as IFNγ , 
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IL-11 and IL-17a in oxyntic atrophy and SPEM[61-63]. Also, previous studies 

reported that M2 macrophages are attributed to the progression of several 

reported disease states include SPEM and advancement of metaplasia [59, 64, 

65]. However, there is no report on the cytoprotective role of M1 macrophage in 

SPEM models. I am currently investigating on exact relation between HE4 and 

M1 macrophage and effect of M1 macrophage in oxyntic atrophy induced SPEM 

development. In this study, I used three acute injury model. Previous studies have 

evaluated DMP-777 , L635, High dose tamoxifen  treatments directly induce 

parietal cell loss bypassing the mechanisms that require to induce oxyntic atrophy 

in association with chronic Helicobacter infection[36, 37, 55, 59]. So, I am 

currently investigating on loss of HE4 effect in H.felis infected chronic disease 

model. 

 In summary, I clearly observed that pharmacological induced oxyntic atrophy 

and SPEM was inhibited in HE4 KO mice compared to WT mice. Also, I 

demonstrated that M1 macrophage was significantly increased in HE4 KO mice 

but M2 macrophage population was not changed. Also, depletion of M1 

macrophage in HE4 KO mice promoted pharmacological induced oxyntic 

atrophy and SPEM.  

Taken together, I argue that the secretory HE4 play a crucial role in oxyntic 

atrophy induced metaplasia development and loss of HE4 might inhibit SPEM 

via cytoprotective effect of M1 macrophage. Also, HE4 KO mouse models will 
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be a useful tool for understanding the role of the microenvironment in metaplasia 

and tumor development.   
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V. CONCLUSION 

In this study, I first investigated the loss of function effects of HE4 using HE4 

KO mice. I observed inhibition of oxyntic atrophy and progression to SPEM in 

DMP-777 or   L-635 or high dose tamoxifen treated HE4 KO mice. Loss of 

HE4 inhibits of oxyntic atrophy induced SEPM regardless of pharmacological 

models. Next, I investigated the gain of function effects of HE4 using 

recombinant HE4 reconstitution to HE4 KO mice. I found reconstituted HE4 KO 

mice exhibited the similar level of oxyntic atrophy and SPEM signature.   

Next, I investigated to find out linkage between loss of HE4 and inhibition of 

oxyntic atrophy induced SPEM, I conducted Affymetrix transcriptome analysis 

with Fundus sample of untreated WT and HE4 KO mice. Microarray analysis 

showed fairly increased M1 macrophage population in HE4 KO mice compared 

to WT mice. Also, M1 type macrophage depletion by GdCl3 leads to oxyntic 

atrophy in DMP777 treated HE4 KO mice. Altogether, the study showed that HE4 

play a crucial role in oxyntic atrophy induced metaplasia development by 

regulating tissue residing M1 macrophage. 
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ABSTRACT (IN KOREAN) 

 

전암병변인 화생에서 HE4의 역할에 관한 연구  

<지도교수 남 기 택> 

 

연세대학교 대학원 의과학과 

 

이 부 현 

 

 

HE4 (human epididymis protein 4)는 1991년에 Kirchhoff 

등에 의해 발견된 11 kDa의 four disulfide core family에 속한 

단백이며 WFDC2로도 불린다. 원래 남성의 부고환에서 발견된 

세포 외 분비성 단백질로, 정자의 성숙과 세포 외 단백분해 

저해 (Extra cellular matrix protease inhibitor) 기능을 

수행한다고 보고되었다. HE4는 정상 조직에서 그 발현이 매우 

낮거나 없지만 위 전암병변인 화생(Metaplasia)과 난소암 

조직에서 특이적으로 과발현되어 있고, 환자의 혈청에서도 그 

농도가 상승되어 있다는 연구결과가 보고되었다. 이 후 상피성 

난소암의 가장 특이적인 종양표지자로 이용되고 있다. 하지만, 

HE4가 화생과 종양생성 일어나는 동안 어떠한 기능을 
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수행하는지에 대한 연구는 미미하며 동물 모델을 이용한 

연구결과는 보고된 바가 없다. 

본 연구에서는 HE4가 제거된 유전자변형마우스(HE4 KO)에 

위내 벽세포를 특이적으로 사멸시켜 화생을 유도하는 약물인 

DMP-777, L-635, 고농도 Tamoxifen을 투여하여 

미세환경(microenvironment)에 존재하는 HE4가 위에서 

발생하는 화생 진행에 어떠한 영향을 미치는지에 대해 

분석하였다. HE4 KO 마우스는 모든 약물에 대하여 벽세포 

소실과 화생이 억제되는 것을 관찰하였다. 또한 HE4 KO 

마우스에 재조합 HE4 단백질을 주입하고 약물 투여했을 때 

벽세포 소실과 화생이 유도됐다. 다음으로 mRNA 어레이 

스크리닝 실험을 통해 HE4 KO 마우스의 위에 존재하는 M1 

대식세포의 수가 정상 마우스와 비교했을 때 유의성 있게 

증가되어 있는 것을 확인하였다. 실제로 증가된 M1 대식세포가 

약물에 의한 벽세포 소실과 화생을 억제하는지 확인하기위해 

HE4 KO 마우스에 M1 대식세포를 특이적으로 제거하는 염화 

가돌리늄(GdCl3)을 처리한 뒤 DMP-777 투여하였다. 그 결과 

HE4 KO 마우스 위에 존재하던 많은 수의 M1 대식세포가 
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제거됨과 동시에 약물에 의한 벽세포 소실과 화생이 관찰되었다.  

본 실험 결과를 통해 HE4의 발현이 위에 존재하는 M1 

대식세포를 조절하고 이는 벽세포 소실과 화생에 직접적으로 

관련 있음을 증명하였다. 

--------------------------------------------------- 

핵심되는 말:  HE4, WFDC2, 화생, 벽세포 소실, M1 대식세포, 

DMP-777, L-635, 고농도 Tamoxifen 

 

 

 

 

 

 

 

 

 

 

 


