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Abstract

Background & Aims: Chronic atrophic gastritis can lead to gastric metaplasia and increase risk 

of gastric adenocarcinoma. Metaplasia is a precancerous lesion associated with an increased risk 

for carcinogenesis, but the mechanism(s) by which inflammation induces metaplasia are poorly 

understood. We investigated transcriptional programs in mucous neck cells and chief cells as they 

progress to metaplasia mice with chronic gastritis.

Methods: We analyzed previously generated single cell RNA-sequencing (scRNA-seq) data of 

gastric corpus epithelium to define transcriptomes of individual epithelial cells from healthy 

BALB/c mice (controls) and TxA23 mice, which have chronically inflamed stomachs with 

metaplasia. Chronic gastritis was induced in B6 mice by Helicobacter pylori infection. Gastric 

tissues from mice and human patients were analyzed by immunofluorescence to verify findings at 

the protein level. Pseudotime trajectory analysis of scRNA-seq data was used to predict 
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differentiation of normal gastric epithelium to metaplastic epithelium in chronically inflamed 

stomachs.

Results: Analyses of gastric epithelial transcriptomes revealed that gastrokine 3 (Gkn3) mRNA 

is a specific marker of mouse gastric corpus metaplasia (spasmolytic polypeptide expressing 

metaplasia, SPEM). Gkn3 mRNA was undetectable in healthy gastric corpus; its expression in 

chronically inflamed stomachs (from TxA23 mice and mice with Helicobacter pylori infection) 

identified more metaplastic cells throughout the corpus than previously recognized. Staining of 

healthy and diseased human gastric tissue samples paralleled these results. Although mucous neck 

cells and chief cells from healthy stomachs each had distinct transcriptomes, in chronically 

inflamed stomachs, these cells had distinct transcription patterns that converged upon a pre-

metaplastic pattern, which lacked the metaplasia-associated transcripts. Finally, pseudotime 

trajectory analysis confirmed the convergence of mucous neck cells and chief cells into a pre-

metaplastic phenotype that ultimately progressed to metaplasia.

Conclusions: In analyses of tissues from chronically inflamed stomachs of mice and humans, 

we expanded the definition of gastric metaplasia to include Gkn3 mRNA and GKN3-positive cells 

in the corpus, allowing a more accurate assessment of SPEM. Under conditions of chronic 

inflammation, chief cells and mucous neck cells are plastic and converge into a pre-metaplastic 

cell type that progresses to metaplasia.
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INTRODUCTION

Gastric cancer is a significant cause of global morbidity and mortality.1 Chronic 

inflammation, generally due to Helicobacter pylori (H. pylori) infection, is the most 

common disease process precipitating gastric carcinogenesis.2 While autoimmune gastritis 

(AIG) has been traditionally associated with neuroendocrine tumors rather than gastric 

adenocarcinoma, recent studies demonstrate that AIG patients develop atrophy and 

metaplasia, and have a significantly increased risk of adenocarcinoma similar to patients 

with chronic H. pylori infection.3–8 Gastric cancer development, whether during chronic 

autoimmunity or H. pylori infection, is strongly associated with several pre-neoplastic events 

thought to be critical for eventual malignant transformation: parietal cell loss (atrophy), 

mucous neck cell hyperplasia, spasmolytic polypeptide-expressing metaplasia (SPEM), and 

intestinal metaplasia.9, 10 The cellular and molecular biology of SPEM has been given 

particular attention, as it is considered a potential cellular origin of intestinal metaplasia, 

dysplasia, and eventually adenocarcinoma.11–13 There is a significant possibility that the 

programs induced by inflammation in gastric epithelium to promote metaplastic change is 

conserved in other organ systems and cancer types.14

SPEM can arise from mature chief cells that undergo cellular reprogramming (recently 

termed paligenosis) that involves cell structure degradation, progenitor-associated gene 

activation, and re-entry into the cell cycle.14 This process likely serves as an acute reparative 

lesion in injury models such as DMP-777, L-635, acid-induced ulcers, and high dose 

Bockerstett et al. Page 2

Gastroenterology. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



tamoxifen (HDT).14–18 However, it is possible that mucous neck cells also demonstrate 

plasticity and contribute to SPEM lesions during chronic inflammation, a critical question to 

resolve since most human SPEM arises in the context of chronic gastritis.19 Mucous neck 

cell plasticity has not been adequately studied in the context of SPEM, and our previous 

work using single cell RNA-sequencing (scRNA-seq) demonstrated that SPEM could not be 

distinguished from hyperplastic/hypertrophic mucous neck cells by the expression of mature 

murine chief cell transcripts such as Gif.20 This indicates that SPEM cells are not 

necessarily limited to the base of corpus glands where Gif expression is highest, but are also 

likely to be present throughout the neck region of the gland normally considered mucous 

neck cell hyperplasia/hypertrophy. This suggests that epithelial plasticity during tissue 

damage may not be limited to chief cells, but that multiple epithelial lineages along the 

gland axis could contribute to SPEM, particularly mucous neck cells.

These data raise two fundamental questions concerning the nature of SPEM: 1) How can 

SPEM be differentiated from other cells in the gastric corpus during chronic inflammation?; 

2) What are the most likely cellular origin(s) of SPEM based on the effect of chronic 

inflammation on the transcriptomes of mucous neck and chief cells? Here, we analyzed the 

transcriptional programs of gastric epithelial cells from healthy and chronically inflamed 

gastric corpus to address these critical gaps in knowledge.

We identified mucous neck and chief cells from the healthy gastric corpus as well as mucous 

neck cells, chief cells, and SPEM cells from chronically inflamed gastric corpus. 

Transcriptional and immunofluorescent analyses determined that gastrokine-3 (Gkn3) 

transcripts, absent from the healthy corpus, were expressed specifically by SPEM cells in the 

gastric corpus resulting from both autoimmune gastritis and H. pylori infection. 

Immunofluorescent staining of human gastric tissue samples paralleled our murine results 

and determined that GKN3 is expressed in the glandular cells of healthy human antrum, is 

not detected in the healthy corpus, but expression is induced in the corpus during chronic 

atrophic gastritis. Additionally, during inflammation, both mucous neck cells and chief cells 

transition to a mucinous phenotype that lacks SPEM-associated or intestinal transcripts, 

indicating that these cells are not yet SPEM but may constitute a “pre-SPEM” cell type. 

Finally, pseudotime trajectory analysis was used to calculate, in an unsupervised manner, the 

lineage relationships between healthy and inflamed mucous neck and chief cells and bona 

fide SPEM. This machine-learning algorithm predicted that both mucous neck and chief 

cells contribute to SPEM that develops in a setting of chronic inflammation. These studies 

identified the mucous neck and chief cell-specific responses to inflammation and determined 

that both cell types are likely contributors to SPEM, marked specifically by Gkn3 
transcripts. This broadens the understanding of the origins of inflammation induced SPEM 

and reveals additional epithelial plasticity within the metaplastic corpus glands.

RESULTS

Identifying mucous neck cells, chief cells, and SPEM cells in single cell transcriptional 
data sets

In order to measure the impact of chronic inflammation on the transcriptional programs of 

mucous neck cells and chief cells, we analyzed single cell datasets of epithelial cells from 
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healthy and chronically inflamed gastric corpora in mice.20 Briefly, these libraries contain 

transcriptional data from more than 18,000 individual epithelial cells from the corpus region 

of healthy BALB/c and stomachs which had chronic inflammation for three months from 

TxA23 mice, a mouse model of autoimmune gastritis demonstrated to develop parietal cell 

atrophy, SPEM, and gastric intraepithelial neoplasia.21–24 Mucous neck cells and chief cells 

were identified using uniform manifold approximation and projection (UMAP), a recently 

developed dimensionality reduction algorithm that provides higher reproducibility and more 

meaningful cluster organization than t-distributed stochastic neighbor embedding (tSNE) for 

single cell transcriptional datasets.25 UMAP clustering of epithelial cell libraries from 

healthy and chronically inflamed stomachs identified 30 clusters of cells, successfully 

separating mucous neck cells, foveolar cells, chief cells, parietal cells, ECL cells, and 

neuroendocrine cells (G cells, D cells, etc.) (Figure 1A, Supplemental Figure 1). Clusters 

containing mucous neck cells and chief cells were identified based on expression of the 

murine lineage-defining genes Mucin 6 (Muc6) for mucous neck cells and gastric intrinsic 

factor (Gif) for chief cells. Muc6 was detected at much higher levels in the mucous neck cell 

cluster and nearly absent from healthy chief cells while Gif was strongly associated with the 

chief cell cluster and only sporadically detected at much lower levels in the mucous neck 

cell cluster (Figure 1B). The cluster containing SPEM cells was identified by having the 

highest expression level for Tff2, also known as trefoil factor 2/spasmolytic polypeptide, 

from which the term SPEM was coined,26 as well as other known SPEM transcripts such as: 

Cd44, Cftr, and Wfdc2.20 Analysis of cluster-defining transcripts revealed that that the 

SPEM cluster was also most strongly associated with Gkn3 transcript expression which was 

absent or expressed at very low levels in any other cluster of cells (Figure 1C). While Muc6 
and Gif transcripts are both strongly expressed in the SPEM cluster, these transcripts are also 

highly expressed in other clusters that lacked SPEM-associated transcripts, making them 

poor criteria for the definition of SPEM in single cell data sets (Supplemental Figure 1C). A 

small subset of foveolar cells in cluster 11 demonstrated a low level of Gkn3 transcript 

expression, but only the SPEM cell cluster was transcriptionally defined by the expression of 

Gkn3. These data demonstrate the separation of chief cells, mucous neck cells, and SPEM 

cells using single cell transcriptional data.

GKN3 is expressed specifically by SPEM in the murine gastric corpus

Single cell transcriptional analyses determined that the Gkn3 transcript identified the SPEM 

cell cluster more specifically than any other transcript. Gastrokine-3 (Gkn3) is normally 

expressed in the murine gastric antrum but little is known about the function(s) of this 

protein. It has been previously associated with gastric corpus atrophy and metaplasia,27, 28 

but the precise cellular source(s) for Gkn3 has not been described. SPEM is thought to 

coincide with “antralization” of the gastric corpus, and it has been demonstrated that SPEM 

cells can aberrantly express antral genes such as Pdx1.29 We hypothesized that aberrant 

expression of the antral gene Gkn3 was specific to SPEM in the gastric corpus. To test this, 

we used a multicolor RNA in situ hybridization technique, RNAscope (Figure 2A). Healthy 

antrum, healthy corpus, and chronically inflamed corpus from TxA23 mice were stained 

with probes for Gkn3 (cyan), Tff2 (yellow), and Muc6 (red) transcripts. As expected, Gkn3 
was detected in the antrum but not detected in the healthy gastric corpus. In chronically 

inflamed atrophic mucosa, Gkn3 emerged in areas of Muc6+Tff2+ SPEM at the base of 
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gastric glands. GKN3 protein expression in SPEM was measured by immunofluorescent 

staining with antibodies to Gif (red), GSII (green), anti-TFF2 (magenta), and anti-GKN3 

(yellow) in gastric corpus tissue from healthy BALB/c mice (top), TxA23 mice with chronic 

autoimmune gastritis (middle), and B6 mice chronically infected with H. pylori (bottom). 

Healthy mice have normal staining patterns of GIF in chief cells, GSII and TFF2 in mucous 

neck cells, with no GKN3 detected. Mice with GIF+GSII+Tff2+ SPEM in areas of corpus 

atrophy, caused either by autoimmune gastritis or chronic H. pylori infection, expressed 

GKN3 (Figure 2B). These studies confirm the single cell RNA sequencing data and show 

that Gkn3/GKN3 is specific for SPEM cells in the gastric corpus of mice with chronic 

atrophic gastritis caused by either autoimmunity or chronic infection with H. pylori. 
Critically, this transcript is expressed at high levels and enables the identification cells 

running the SPEM transcriptional program and differentiates SPEM from non-SPEM.

GKN3 is expressed in normal human antrum and induced in the human corpus during 
gastritis

The determination that GKN3 is a specific marker of SPEM cells in the murine corpus is a 

critical finding, but human expression of GKN3 has not been determined. Based on 

predictions from sequencing analyses of the GKN3 locus it has been hypothesized that 

GKN3 may be a pseudogene in humans; however, there are a limited number of non-

tolerated mutations in the locus and there is a possibility of alternatively spliced transcripts, 

both of which are inconsistent with pseudogenicity.27, 28 Additionally, protein expression 

has not been rigorously assessed. We used immunofluorescent staining with Hoechst (blue), 

GSII (green), and anti-GKN3 rabbit sera (red) to analyze GKN3 expression in healthy 

antrum, healthy corpus, and biopsies of chronic atrophic gastritis. In these analyses we 

stained 3 healthy human antra, 5 healthy human corpora, and 16 biopsies of corpus gastritis 

from different patients. Staining of healthy antrum and corpus determined that GKN3 

expression was detected in antral glands but largely absent from healthy corpus, 

recapitulating the staining pattern of this protein in mice (Figure 3A). Critically, staining of 

biopsies from the corpus of patients with chronic atrophic gastritis revealed that GKN3 

expression was detected in the 4 patients with metaplasia development. Furthermore, this 

staining is primarily increased at gland bases in inflamed corpus tissue, a pattern identical to 

that of metaplasia development. Menheniott et al. predicted that perhaps only the African 

population might be expected to produce GKN3 based on the retention of an ancestral 

variant of the GKN3 in this group.27 However, the group of 4 positive patients we identified 

contained 3 Caucasian patients and 1 patient of African descent, suggesting GKN3 

expression outside of the African population. These results demonstrate that the same anti-

sera that identifies GKN3 in murine gastric tissue also stains human gastric tissue in a 

conserved pattern. This suggests that GKN3 may be expressed in healthy human antrum but 

induced in the corpus when chronic atrophic gastritis develops, similar to observations in 

mice.

Mucous neck cells and chief cells enact a mucinous transcriptional program in response 
to inflammation

To determine how mucous neck and chief cells respond to chronic inflammation, we 

separated the transcriptomes of mucous neck and chief cells (previously identified in Figure 
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1) for independent analyses. The unsupervised UMAP algorithm grouped mucous neck and 

chief cells separately from one another, and within the mucous neck cell and chief cell 

clusters were cells from both healthy and inflamed stomachs. We hypothesized that 

comparing the transcriptomes of healthy and inflamed epithelial cells in these clusters would 

identify the early epithelial transcriptional responses to inflammation. We compared the 

transcriptomes of mucous neck and chief cells from chronically inflamed corpus to the 

normal mucous neck and cell transcriptomes that were placed in the same clusters. The 

average per-cell expression level of all detected transcripts of 2109 mucous neck cells from 

inflamed corpus was compared to 744 mucous neck cells from healthy stomachs in the same 

cluster, revealing that mucous neck cells upregulated several inflammatory response genes 

(e.g. H2-Eb1 (MHC class II), Cd74, H2-K1 (MHC class I), Pigr, B2m, S100a11, etc. 

Supplemental Table 1). Additionally, mucus production (Muc6) was also significantly 

increased in mucous neck cells from inflamed stomachs. Of note, there was no significant 

increase in the expression of SPEM associated transcripts (e.g. Gkn3, Cftr, Cd44, Wfdc2) in 

this subset of inflamed mucous neck cells, although there was significant upregulation of the 

long non-coding RNA Xist, which has been previously associated with SPEM during H. 
pylori infection (Figure 4A–B, Supplemental Table 1).30 The early chief cell response to 

inflammation was similarly assessed by comparing the per-cell average expression level of 

all detected transcripts between 1900 chief cells from inflamed corpus and 1357 chief cells 

from normal corpus. In contrast to mucous neck cells, chief cells exposed to inflammation 

demonstrated significant transcriptional reprogramming by adopting a transcriptional 

signature very similar to that of mucous neck cells during inflammation. This involved a 

significant upregulation of both inflammatory genes (e.g. H2-Eb1, Cd74, H2-K1, Pigr, B2m, 
S100a11, etc., Supplemental Table 2) and genes associated with mucus production such as 

Muc6, Agr2, and Tff2. While there was a small decrease in the proportion of cells 

expressing some of these inflammatory genes such as B2m, average expression levels of 

these genes was significantly higher in the cell population from the inflamed condition. 

Notably, there was no induction of SPEM-associated transcripts (e.g. Gkn3, Cftr, Cd44, 

Wfdc2) in these cells (Figure 4C–D, Supplemental Table 2). These results indicate that, 

during chronic inflammation, both mucous neck cells and chief cells enact transcriptional 

programs indicative of an inflammatory response but distinct from SPEM.

Mucous neck and chief cells adopt a “pre-SPEM” phenotype type during chronic 
inflammation

Having established that mucous neck cells and chief cells undergo distinct transcriptional 

changes in response to inflammation, we compared the transcriptional profiles of mucous 

neck cells and chief cells from inflamed corpus to SPEM cells. To do this we generated a 

data set that included the previously analyzed mucous neck and chief cells from the 

chronically inflamed corpus as well as 271 SPEM cells identified by having the highest 

expression level of SPEM-associated transcripts including: Tff2, Gkn3, Xist, Wfdc2, and 

Cftr (Supplemental Table 3 and 4). No SPEM cells were co-classified as either mucous neck 

cells or chief cells. The average per-cell expression level of all detected transcripts of 

mucous neck cells isolated from inflamed stomach was compared to SPEM cells to 

determine the significant transcriptional differences. This analysis revealed that, compared to 

mucous neck cells, SPEM cells from the chronically inflamed corpus expressed significantly 
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higher levels of Muc6 and Tff2, but also upregulated SPEM-associated transcripts such as 

Gkn3, Cftr, and Wfdc2 (Figure 5B). Surprisingly, while Xist is associated with SPEM, Xist 
expression in SPEM cells was similar to mucous neck cells from chronically inflamed 

stomachs. (Figure 5A–B, Supplemental Table 3). This indicates that Xist is not necessarily a 

SPEM-associated transcript as previously thought but could potentially represent a transcript 

activated by inflammation in mucous neck cells that is retained in SPEM cells. Next, the 

gene expression profiles of chief cells from inflamed corpus were compared to SPEM. Both 

chief cells exposed to inflammation and SPEM cells expressed Muc6 and Tff2, but SPEM 

cells had significantly higher expression of metaplastic transcripts (e.g. Cftr, Wfdc2 and 

Gkn3, Supplemental Table 4). Unlike mucous neck cells, however, chief cells did not 

express Xist (Figure 5C–D, Supplemental Table 4). This identifies Xist as a transcript 

potentially specific to the inflammatory transcriptional program of mucous neck cells. 

Similar to mucous neck cells, this comparison determined that the inflammatory 

transcriptional program in chief cells, while distinct from healthy cells, did not yet express 

SPEM-specific transcripts. Combined with previous results showing transcriptional 

differences induced by inflammation in mucous neck and chief cells, these data indicate that 

both mucous neck cells and chief cells adopt a “pre-SPEM” phenotype in the inflamed 

gastric corpus defined by transcripts that differ significantly from both healthy mucous neck 

and chief cells and SPEM.

Pseudotime analysis traces the origin of inflammation induced SPEM to both mucous neck 
cells and chief cells

Based on the transcriptional data indicating that mucous neck cells and chief cells respond to 

inflammation by activating a metaplastic transcriptional program, we hypothesized that both 

mucous neck cells and chief cells contribute to inflammation induced SPEM. To test this, we 

used a machine learning approach, pseudotime trajectory analysis, in combination with the 

newly identified murine SPEM-specific transcript, Gkn3. Pseudotime analysis makes use of 

the fact that cells do not differentiate synchronously, meaning that cells collected at the same 

timepoint are likely to be at various stages of differentiation, in this case, developing into 

SPEM. It employs machine learning to calculate the likely differentiation trajectory of a 

group of cells and calculates each cell’s distance from the start of the trajectory using a unit 

called pseudotime.31 This computational approach was recently used to establish the lineage 

relationships of gastric corpus isthmal stem cells32 but has not yet been used to infer the 

lineage relationship between mucous neck cells, chief cells, and SPEM. We subjected 

mucous neck cells and chief cells from healthy and inflamed stomachs and SPEM to 

pseudotime trajectory analysis to elucidate the likely differentiation of SPEM during chronic 

inflammation. Critically, this unsupervised algorithm identified both mucous neck cells and 

chief cells from healthy stomach as cellular origins of Muc6+Tff2+Gkn3+Gif+/− SPEM 

(Figure 6A–B). Additionally, both mucous neck and chief cells are related to SPEM via a 

shared “pre-SPEM” trajectory of differentiation comprised of mucous neck and chief cells 

from inflamed gastric corpus. Finally, the algorithm also inferred that the trajectory 

terminated in two different SPEM subsets. However, branch pathway analysis of the 

terminal SPEM branches determined that the divergence of the trajectory was driven by 

differences in inflammatory response genes (e.g. H2-Eb1, Cd74, H2-K1, Pigr, B2m, 
S100a11, etc.) rather than metaplasia associated transcripts (Figure 6A, C). These results are 
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consistent with a model in which both chief cells and mucous neck cells contribute to SPEM 

during chronic inflammation.

METHODS

Murine and Human Tissue

Healthy BALB/c background mice were originally purchased from the Jackson Laboratory 

and bred in our animal facility. TxA23 mice express a transgenic T cell receptor specific for 

a peptide from H+/K+ ATPase alpha chain on a BALB/c background and have been 

previously described.23, 24, 33, 34 All mice were maintained in our animal facility and cared 

for in accordance with institutional guidelines. Studies were performed on a mixed group of 

male and female mice with co-housed littermate controls. Formalin fixed paraffin embedded 

tissue from Helicobacter pylori infected B6 mice were as previously described.35 All human 

gastric specimens were obtained with approval from the institutional review boards of the 

Washington University and Saint Louis University Schools of Medicine (St. Louis, MO).

Gastric Epithelial Single Cell Libraries

Analyses were performed on 10x Genomics single cell gene expression libraries from 

healthy BALB/c and inflamed TxA23 mice. Cell isolation and library preparation for these 

samples was described previously.20 Briefly, the libraries are comprised of over 18,000 

corpus gastric epithelial cells from 5 unmanipulated 8–12 week old BALB/c mice and 5 

chronically inflamed 12 week old TxA23 mice per group, sequenced in two separate 

reactions for each cohort.

Data Processing & Statistical Analysis

Raw data were processed through the CellRanger 3.0 pipeline (10x Genomics) and 

secondary clustering and differential expression analysis were conducted in Seurat/R.36 

Pseudotime trajectory inference was performed in Monocle.31 Detailed discussion of the 

analysis pipeline can be found in the supplementary methods.

Immunofluorescence

Stomachs were prepared, stained, and imaged using methods modified from Ramsey et. al.37 

Briefly, paraffin-embedded specimens were cut into 5 μm sections, deparaffinized and 

rehydrated. After antigen retrieval with 10 mM sodium citrate (pH 6.0), sections were 

washed with phosphate-buffered saline (PBS) and blocked in 1% bovine serum albumin and 

0.3% Triton X-100 in PBS followed by overnight incubation with primary antibodies. The 

primary antibodies used for immunostaining were previously described rabbit anti-GKN3 

serum (1:400),28 rabbit anti-TFF2 (1:100, ab49536, Abcam), and goat anti-GIF (1:10,000, 

gift from David Alpers, Washington University in St. Louis). After washing, sections were 

incubated with secondary antibodies and GS-II lectin (1:500, L21415, ThermoFisher). 

Sections were washed, stained with Hoechst (62249, ThermoFisher) 1:20,000 in PBS and 

mounted in ProLong Gold Antifade mountant (P36934, ThermoFisher).
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Multicolor RNA- In Situ Hybridization (RNAscope)

Tissue fixation and RNAscope assay (Advanced Cell Diagnostics, Hayward, CA) was 

performed according to manufacturer recommendations. Briefly, gastric tissue was harvested 

from BALB/c and TxA23 mice and fixed for 24 hours in 4% paraformaldehyde at 4 degrees 

Celsius. Stomach tissue was then moved to 10% sucrose in PBS until tissue sank to the 

bottom, approximately 18 hours. Tissue was then moved to a 30% sucrose solution in PBS 

until sinking to the bottom of the tube, about 18 hours. Sections were pretreated using 

protease and incubated with probes targeting Tff2 (Cy3.5), Gkn3 (FITC), and Muc6 (Cy5.5). 

Slides were washed thoroughly using wash buffer (Advanced Cell Diagnostics) after each 

hybridization step at room temperature. Staining was performed on antrum and corpus tissue 

from 3 mice per group.

DISCUSSION

Gastric adenocarcinoma almost always develops in the context of SPEM, which is strongly 

associated with the loss of acid-secreting parietal cells during chronic inflammation.12, 13, 38 

Therefore, understanding the cellular responses to inflammation that give rise to SPEM is 

critical for understanding the pathogenesis of adenocarcinoma. Chief cells respond to acute 

tissue damage by losing zymogenic functions and reprogramming into mucinous TFF2-

expressing SPEM cells.15–17, 39 Chief cell reprogramming into SPEM reflects a multi-organ 

general cell response termed “paligenosis” and has also been observed in pancreatic acinar-

to-ductal metaplasia.14 While these studies have been critical in understanding the cellular 

mechanisms by which chief cells alter their cellular phenotype in the setting of injury, it is 

unclear whether chief cells are the only population capable of plasticity during chronic 

inflammatory responses that last months or years compared to acute drug induced models 

that act over days or weeks.19 We previously found that SPEM cannot be separated from 

mucous neck cell hyperplasia by the expression of mature chief cell transcripts such as Gif 
and that the metaplastic program operating in acute SPEM cells is highly conserved in 

chronic inflammatory SPEM.20 The goal of these studies was to determine the early lineage-

specific transcriptional responses to inflammation and their relationship to the SPEM 

transcriptional program.

We identified healthy and inflamed mucous neck and chief cells using unsupervised 

clustering of over 18,000 gastric corpus epithelial cells from healthy and chronically 

inflamed stomachs from our previously generated scRNA-seq data set.20 Importantly, 

unsupervised clustering placed both healthy and inflamed cells belonging to the same 

lineage together within clusters. This indicated that, despite being isolated from a 

chronically inflamed environment, the overall transcriptional programs of mucous neck and 

chief cells from inflamed stomachs were still similar enough for an unbiased algorithm to 

place them in the same cluster as mucous neck and chief cells from healthy stomachs. This 

clustering result determined that these cells are mature mucous neck and chief cells 

undergoing the early responses to inflammation rather than a separate lineage of metaplastic 

cells. Additionally, these are unlikely to be cells transitioning normally out of the low neck 

into the high base as these would have a hybrid phenotype between mucous neck and chief 

rather than increased mucus production with no induction of chief cell transcripts.
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Importantly, we identified Gkn3 as a SPEM-specific transcript in the murine gastric corpus. 

Gkn3 encodes for a secreted protein normally expressed with Tff2 in the gastric antrum was 

reported to be upregulated in response of atrophy and metaplasia.27 Our dataset of 18,000 

epithelial cells from healthy and inflamed corpus region of stomachs detected Gkn3 only in 

the SPEM cluster. To verify that this transcript could be used to faithfully identify SPEM, we 

stained for the presence of Gkn3 transcript and GKN3 protein in healthy and metaplastic 

gastric corpus. These analyses detected Gkn3/GKN3 only in the TFF2+GSII+GIF+/− SPEM 

glands in chronically inflamed corpus. While previous immunofluorescent studies identified 

GKN3 protein in the healthy gastric corpus,27, 28 this could be accounted for by differences 

in the polyclonal antibodies used from the two different studies. Of note, earlier studies 

showed relatively rare cells at the transition of the neck and base regions of the gastric unit, 

so there may be low-level GKN3 expression in normal corpus in cells that are poised for pre-

metaplastic conversion. GKN3-specific reagents are commercially restricted, and the use of 

immunized animal sera could have batch-to-batch variation. Regardless, the mRNA-based 

data shown here indicate that Gkn3 transcripts are specific for SPEM in scRNA-seq data sets 

in a way that would be very useful for identifying SPEM lesions in future studies. This is 

particularly important because chief cells can lose Gif expression in the transition to SPEM, 

meaning that identifying SPEM as Muc6+Tff2+Gif+ cells only identifies a subset of SPEM 

that has not yet lost Gif expression. Tff2 is a normal feature of healthy gastric corpus, but 

SPEM can be identified pathologically when TFF2+ cells are found at the base of the gland 

which is normally reserved for GIF+TFF2− chief cells. In scRNA-seq data sets, the in situ 
location is unknown. Therefore, the identification of a SPEM-specific transcript expressed at 

high levels, like Gkn3, is critical for the successful separation of SPEM cells from 

hyperplastic/hypertrophic mucous neck cells for analysis.

Critically, combined with our previous work demonstrating that Gif expression does not 

uniquely identify SPEM cells,20 these results indicate that Gkn3+ SPEM cells are found 

both in the neck region of the gland and at the base, necessitating an expansion of which 

cells are considered metaplastic during chronic inflammation. The fact that 

immunofluorescent staining of human gastric tissue with the same polyclonal anti-sera 

mirrored these results suggest that GKN3 may not be a pseudogene in humans.27, 28 As 

discussed in Geahlen et al., several aspects of the GKN3 locus do not fit with 

pseudogenicity. For example: although predictive sequence analysis of potential genetic loci 

for GKN3 suggest a large portion of the population have stop codon in the predicted 3rd 

codon of GKN3, the predicted stop codon was not found in all human sequences. 

Furthermore, analyses of the human GKN3 sequence revealed a lack of non-tolerated 

mutations across the human population, which is inconsistent with the notion that GKN3 has 

evolved into a pseudogene.28 Interesting, GKN3 has been identified in proteomic databases 

of human tissue (https://www.proteomicsdb.org/proteomicsdb/#protein/proteinDetails/

52447/projects).40, 41 Further molecular studies are necessary in order to definitively 

establish whether GKN3 is expressed in humans, including the identification of alternatively 

spliced transcripts that could be responsible for the staining pattern we observed in human 

tissue. Thus, there are several interesting features of this gene locus to resolve with future 

work in mice and humans; with respect to both its role in normal physiology of the antrum 

and in the corpus epithelial response to inflammation.
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Transcriptional comparisons of mucous neck cells from healthy and inflamed stomachs 

determined that, in addition to significant upregulation of inflammatory response genes (e.g. 

H2-Eb1 (MHC class II), Cd74, H2-K1 (MHC class I), Pigr, B2m, S100a11, etc.), both cell 

types adopted a mucinous phenotype that lacked metaplastic gene expression. These 

transcriptional changes in chief cells are consistent with paligenosis, a cellular process by 

which chief cells redifferentiate from the mature zymogenic cell into mucin-secreting 

proliferative SPEM cells. These results suggest that even during chronic inflammatory 

responses chief cell reprogramming contributes to SPEM. Additionally, the role of epithelial 

cell antigen presentation to both CD4 and CD8 T cells via inflammation induced expression 

of major histocompatibility complexes I and II in progression of gastritis to metaplasia is an 

important question of critical interest. These findings suggest that gastric epithelial cells may 

be capable of presenting antigens from self or non-self (e.g. H. pylori) proteins, and 

activating CD4+ and CD8+ T cells in the tissue.20

Characterizing the mucous neck cell and chief cell responses to inflammation indicated that 

both of these cell types contribute to the bona fide SPEM lesions that develop during chronic 

inflammation. We used pseudotime trajectory analysis to computationally infer the 

differentiation relationships from healthy and inflamed mucous neck cells and chief cells to 

SPEM. Critically, this unsupervised, unbiased approach generated a trajectory in which 

healthy chief and mucous neck cells are on a shared differentiation pathway that progresses 

to SPEM. The trajectory further supports the hypothesis that chief cells dedifferentiate/

transdifferentiate into SPEM, as both mucous neck cells and chief cells share the “pre-

SPEM” trajectory that leading to the SPEM terminus rather than approaching SPEM from 

separate paths. Understanding that these two different cell types can contribute to SPEM 

through two unique cellular processes is critical for determining which signals and 

molecular mechanisms regulate metaplastic development induced by inflammation - it is 

possible that the signals which induce chief cell paligenosis are unique from those that drive 

mucous neck cells into the SPEM phenotype. Finally, the pseudotime analysis identified two 

terminal SPEM branches based on the level of a given cell’s inflammatory response. This 

likely identifies cells isolated from somewhat less inflamed regions of the gastric corpus 

during the initial single cell preparation. Since metaplasia-associated transcripts are not 

differentially expressed between the two branches of SPEM, it is unlikely that these 

represent functionally unique cell types from a metaplastic standpoint.

These studies provide critical transcriptional, pathological, and computational evidence in 

support of the hypothesis that both mucous neck cells and chief cells are capable of 

plasticity during inflammation and differentiate into SPEM via a “pre-SPEM” transcriptional 

phenotype. The possibility of multiple origins of SPEM during inflammation is a critical 

finding with significant implications for the understanding of carcinogenesis, necessitating 

increased study of what factors and cellular processes are important for mucous neck cell 

transition to SPEM and how these differ from chief cells. A better understanding of the cell-

type specific responses to inflammation that drive plasticity, metaplastic change, and 

carcinogenesis is critical across all organ systems in which inflammation drives neoplastic 

transformation.
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Figure 1. Identification of mucous neck cells, chief cells, and SPEM cells in single cell 
transcriptional data sets.
(A) Uniform manifold approximation and projection (UMAP) based unbiased clustering of 

gastric epithelial cell suspensions isolated from healthy BALB/c and chronically inflamed 

TxA23 mice. Cells are colored by cluster identity. Clusters corresponding to mucous neck 

cells are circled in green and clusters corresponding to chief cells are circled in orange. (B) 
Violin plots of mucous neck cell and chief lineage specific gene expression within the 

mucous neck and chief cell clusters identified in Figure 1A. Violin plots are divided in half 

by the library the cell was identified in, left side showing gene expression in healthy 

BALB/c cells (red), right side showing gene expression in chronically inflamed cells (green). 

(C) Violin plots of Tff2 and Gkn3 gene expression levels in all identified clusters of the 

combined healthy and inflamed scRNA-seq libraries. The cluster identified as SPEM is 

outlined in red.
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Figure 2. GKN3 is expressed by SPEM cells in the murine gastric corpus.
(A) Representative RNAscope images of healthy antrum, healthy corpus, and atrophic 

corpus from TxA23 mice with chronic gastritis. Nuclei identified with DAPI (white). The 

identified transcripts were Gkn3 (cyan), Tff2 (yellow), and Muc6 (red). Fluorescent images 

are representative of 3–5 mice per group from 1–2 separate experiments. (B) Representative 

fluorescent images gastric corpus from healthy mice, mice with chronic autoimmune 

gastritis (“Autoimmune”) and mice with chronic Helicobacter pylori infection (“H. pylori”). 

Tissue is stained with anti-GIF (red), GSII (green), anti-TFF2 (magenta), and anti-GKN3 

(yellow).
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Figure 3. GKN3 is expressed in normal human antrum and in the inflamed human corpus.
(A) Representative fluorescent images of normal human antrum and corpus. Tissue is 

stained with GSII (green) and anti-GKN3 (red). (B) Representative fluorescent images of 

corpus biopsies from human patients diagnosed with corpus gastritis. Tissue is stained with 

GSII (green) and anti-GKN3 (red). Magenta boxes indicate high magnification inserts 

demonstrating GSII+GKN3+ cells in human gastritis biopsies.
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Figure 4. Mucous neck cells and chief cells adopt a mucinous transcriptional program in 
response to inflammation.
(A) Dot plot of the relative expression of all detected transcripts calculated from the per-cell 

average relative expression from scRNA-seq data sets of Mucous neck cells from healthy 

stomachs vs mucous neck cells from inflamed stomachs. (B) Violin plots of select gene 

expression levels in healthy (red) and inflamed (green) mucous neck cells. (C) Dot plot of 

the relative expression of all detected transcripts calculated from the per-cell average relative 

expression from scRNA-seq data sets of chief cells from healthy stomachs vs chief cells 

from inflamed stomachs. (D) Violin plots of select gene expression levels in healthy (red) 

and inflamed (green) chief cells. * indicates p value <0.001 by Wilcoxon rank sum test with 

Bonferroni post-test correction.
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Figure 5. Mucous neck cells and chief cells transition to a “pre-SPEM” cell type in response to 
inflammation.
(A) Dot plot of the relative expression of all detected transcripts calculated from the per-cell 

average relative expression from scRNA-seq data sets of mucous neck cells from inflamed 

stomachs vs SPEM cells. (B) Violin plots of select gene expression levels in inflamed 

mucous neck cells (red) and SPEM cells (green). Violin plot for Cftr has individual cell 

points visualized as black dots overlaid on the violin distribution. (C) Dot plot of the relative 

expression of all detected transcripts calculated from the per-cell average relative expression 

from scRNA-seq data sets of chief cells from inflamed stomachs vs SPEM cells. (D) Violin 

plots of select gene expression levels in inflamed chief cells (red) and SPEM cells (green). 

Violin plot for Cftr has individual cell points visualized as black dots overlaid on the violin 

distribution. * indicates p value <0.001 by Wilcoxon rank sum test with Bonferroni post-test 

correction.
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Figure 6. Pseudotime trajectory analysis traces the origins of inflammation-induced SPEM to 
both mucous neck cells and chief cells.
(A) Calculated pseudotime trajectory based on differentially expressed genes in healthy and 

inflamed mucous neck cells, healthy and inflamed chief cells, and SPEM cells. Cells are 

colored according to computed pseudotime coordinate, with darker cells denoting earlier 

time points in the trajectory and lighter cells denoting later time points. Branches of the 

timeline containing healthy chief cells (orange), healthy mucous neck cells (green), “Pre-

SPEM” comprised of inflamed mucous neck and chief cells (pink), and SPEM cells (red) are 

circled. (B) Pseudotime trajectory as shown in Figure 4A, but cells are now colored 

according to gene expression for Gif, Gkn3, Muc6, Tff2, and H2-Eb1. Darker cells indicate 

Bockerstett et al. Page 20

Gastroenterology. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



lower expression, lighter cells indicate higher expression. (C) Select significant differentially 

expressed genes between the terminal SPEM branches shown in 4A.
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