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Abstract

Background and Aims: The gastric epithelium undergoes continuous turnover. Corpus 

epithelial stem cells located in the gastric isthmus serve as a source of tissue self-renewal. We 

recently identified the transcription factor Mist1 as a marker for this corpus stem cell population 

that can give rise to cancer. The aim here was to investigate the regulation of the Mist1+ stem cells 

in the response to gastric injury and inflammation.

Methods: We used Mist1CreERT;R26-Tdtomato mice in two models of injury and inflammation: 

the acetic acid-induced ulcer and infection with Helicobacter felis. We analyzed lineage tracing 

at both early (7–30d) and late (30–90d) time points. Mist1CreERT;R26-Tdtomato;Lgr5DTR-eGFP 

mice were used to ablate the corpus basal Lgr5+ cell population. Constitutional and conditional 

Wnt5a knockout mice were used to investigate the role of Wnt5a in wound repair and lineage 

tracing from the Mist1+ stem cells.
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Results: In both models of gastric injury, Mist1+ isthmus stem cells more rapidly proliferate 

and trace entire gastric glands compared to the normal state. In regenerating tissue, the number 

of traced gastric chief cells was significantly reduced, and ablation of Lgr5+ chief cells did not 

affect Mist1-derived lineage tracing and tissue regeneration. Genetic deletion of Wnt5a impaired 

proliferation in the gastric isthmus and lineage tracing from Mist1+ stem cells. Similarly, depletion 

of innate lymphoid cells (ILC2), the main source of Wnt5a, also resulted in reduced proliferation 

and Mist1+ isthmus cell tracing.

Conclusion: Gastric Mist1+ isthmus cells are the main supplier of regenerated glands and are 

activated in part through Wnt5a pathway.
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Introduction:

Acute epithelial injury results in increased tissue turnover and regeneration through the 

activation of stem and progenitor cells. Over time, chronic injury can lead to excessive 

stem cell activation and a higher risk of tumor development [1]. In the stomach, chronic 

inflammation such as Helicobacter pylori-dependent gastritis represents a risk factor for 

gastric cancer development [2]. While chronic gastritis is a long-lasting inflammatory 

condition that is often asymptomatic, peptic ulcer disease represents a more acute gastric 

injury that can lead to serious complications. At a pathological level, gastric ulcer comprises 

an epithelial defect that involves the entire mucosal thickness of the stomach. The healing of 

gastric ulcers consists of changes in both the epithelium and the stroma. Granulation tissue 

forms at the base as a protective covering and to assist in ulcer healing, while the margins 

of the ulcer formed by the adjacent epithelium are gradually reduced [3]. In addition, ulcer 

healing occurs in a series of stages. Immediately after ulcer formation, the healthy gastric 

glands in the adjacent healing zone become dilated, and epithelial cells on the surface begin 

to migrate inwards to cover the defect in a process known as restitution. Subsequently, 

the gastric glands surrounding the ulcer increase their rate of proliferation to expand the 

epithelial compartment and re-epithelialize the injured area [4].

The gastric epithelium, like other epithelia, has a great capacity for self-renewal and 

undergoes rapid turnover to maintain homeostasis. This process is maintained by gastric 

stem cells that reside within a stem cell niche [5]. Since the first description of an 

undifferentiated, “granule-free”, gastric stem cell [6], several potential markers of stem or 

progenitor cell populations in the gastric corpus and antrum have been reported, including 

Lgr5, Sox2, CCK2R, eR1 and Lrig1 [7–12]. A recent multi-color labeling study showed that 

int the corpus, isthmus stem cell-derived clones more rapidly expand when parietal cells are 

injured [13]. We previously identified the transcription factor Mist1 (also known as Bhlha15) 

as a marker of slowly dividing isthmus stem cells, and showed that Mist1+ cells can give 

rise to cancer in both the gastric corpus and antrum [14, 15]. In addition to its expression in 

isthmus stem cells, Mist1 also marks gastric chief cells, and several studies have described 

a potential role of chief cells in the response to injury and the development of metaplasia 

[16, 17]. While there has been no clear consensus on the role of chief cells in metaplasia and 

Nienhüser et al. Page 2

Gut. Author manuscript; available in PMC 2023 July 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



gastric cancer, recent studies have established that mature chief cells may not be required for 

the development of gastric metaplasia [18–20].

Chronic injury and inflammation represent major risk factors for the development of 

metaplasia, and are mediated by a complex network of pro- and anti-inflammatory cytokines 

[21]. A key regulator orchestrating the response of intestinal stem and progenitor cells to 

injury are the Wnt protein family members [22, 23]. While the function in regeneration 

of classical (canonical) members of this family is relatively well understood, much less is 

known about the role of atypical (non-canonical) Wnt family members. Recent data suggest 

that Wnt5a is particularly crucial for gastrointestinal wound healing [24]. Wnt5a is reported 

to be essential for the development of the intestine, and Wnt5a-null mice die at birth [25]. 

In the adult organism, Wnt5a is believed to regulate several cellular functions, including 

migration and proliferation, in diverse disease states [26]. In gastric cancer, high expression 

of Wnt5a is associated with more advanced and aggressive tumors [27]. Work from our 

laboratory has shown that Wnt5a is expressed in innate lymphoid type 2 cells (ILC2) that 

contribute to the niche for Mist1+ isthmus stem cells in the stomach, with upregulation 

of Wnt5a contributing to the development of gastric cancer. In this study, we sought to 

investigate the role of Mist1+ gastric isthmus stem cells in response to injury and ulceration 

of the stomach, and to determine how this process is mediated by the Wnt5a-dependent stem 

cell niche.

Methods:

Mice

Mist1-CreERT2 mice [28], Wnt5aflox/flox mice [29], and Wnt5a+/− [30] mice have been 

described previously and were purchased from Jackson lab. Lgr5-DTR-eGFP mice were 

provided by Genentech. Cxcr4-eGFP mice were kindly provided by Richard J. Miller 

(Northwestern University Medical School, USA). Cag-CreERT mice, R26-Tdtomato mice 

and C57/B6 wild-type (WT) mice were purchased from Jackson Lab. All animal studies 

were approved by the Institutional Animal Care and Use Committee (IACUC) at Columbia 

University.

A detailed description of all methods used in this study can be found in the supplementary 

information.

Results:

Mist1 lineage tracing increases in response to acute injury and inflammation

We used the acetic acid ulcer model to investigate the response of Mist1+ gastric corpus 

stem cells to acute injury. Mist1CreERT2;R26-Tdtomato mice were given tamoxifen, and 

acetic acid was applied to the corpus 7 days later (Fig. S1A). We previously reported that 

under homeostatic conditions, the average doubling time of Mist1 corpus isthmus stem cells 

is around 5 days, leading to the first appearance of partially traced glands at 90 days after 

induction [14]. At d30 after ulcer injury, there was a significant increase in lineage tracing 

by Mist1;TdT+ cells in the regenerating tissue compared to control glands (Fig. 1A). The 

first partially traced glands in the regenerating tissue were observed as early as 15 days after 
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injury, with a significantly increased number of traced glands at 30 days post-injury (d15: 

16.0 glands/section; d30: 23.0 glands/section). At these time points, uninjured sections from 

the same animals did not show any partially traced glands (Fig. 1B/C).

The process of gastric ulcer healing involves re-epithelialization from the margins followed 

by expansion of stem and progenitor cells [3]. To investigate the role of isthmus stem 

cells in this healing zone, Mist1-CreERT2;R26-Tdtomato mice were induced with tamoxifen 

as described above, and wound edges were examined at d7 after ulcer induction (Fig. 

1D). At this early time point, we found an increased number of traced cells derived 

from isthmus Mist1;TdT+ stem cells in the healing zone at the wound edges (Fig. 

1E/G) compared to uninjured tissue. Ki67+ staining revealed a significant increase in 

proliferation in the isthmus region adjacent to ulcers (Fig. 1F/H). While under homeostatic 

conditions only a minor percentage of the Mist1;TdT+ isthmus cells are Ki67 positive, 

this fraction significantly expanded in the healing zone. Co-staining of Ki67 in these Mist1-

CreERT2;R26-Tdtomato traced mice showed a significant higher percentage of Ki67+/TdT+ 

cells compared to controls (Fig. 1I), suggesting increased proliferation by Mist1+ cells in 

response to acute injury.

The acetic acid ulcer model is a short-term injury model with almost complete epithelial 

regeneration evident at d30. Nevertheless, long-term changes in the epithelium can be 

observed after healing of peptic ulcers, particularly in the setting of chronic H. pylori-
associated gastritis [31]. To investigate the response of Mist1;TdT+ cells to long-term 

damage by chronic inflammation, we used the Helicobacter felis infection model. Mist1-

CreERT2;R26-Tdtomato mice were induced with tamoxifen and then infected with H. felis 
(Fig. S1B). Successful infection with H. felis was confirmed by Steiner silver staining at d30 

after inoculation (Fig. S2E). Similar to acute injury, chronic inflammation increased lineage 

tracing from Mist1;TdT+ cells, and partially traced glands could be observed as early as 30 

days post injury (Fig. 2A). Under homeostatic conditions, the first partially traced glands 

were detected at 90 days, but even at this time point, the number of lineage traced glands 

was significantly higher in Helicobacter-infected mice (Fig. 2B). Similar to the acetic acid 

ulcer model, we found a significantly higher number of Ki67+/TdT+ cells after H. felis 
infection compared to uninfected controls (Fig. 2C/E), indicating the presence of increased 

proliferation by Mist1;TdT+ cells in response to chronic infection. Areas with increased 

lineage tracing by Mist1;TdT+ cells showed increased staining for CD45+ inflammatory 

cells, suggesting a correlation between local inflammation and increased tracing activity by 

Mist1;TdT+ cells (Fig. S2F).

As Mist1 labels not only isthmus stem cells but also gastric chief cells, we quantified 

the number of Mist1;TdT+ cells at the base of the corpus glands. In H. felis-infected 

mice, the number of Mist1;TdT+ cells at the gland base was significantly lower compared 

to uninfected control animals. We validated that these cells were in fact chief cells by 

immunostaining with gastric intrinsic factor (GIF) antibody, which confirmed the presence 

of significantly fewer GIF+ cells in the infected epithelium (Fig. 2C/F). Similar findings of 

decreased traced chief cells were observed in the ulcer area in the corpus of mice with acetic 

acid-induced injury at d30 after ulcer induction when induced with tamoxifen seven days 

before the injury (Fig. 3E, see Fig S1A for details).
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Taken together, these two independent models show a significant increase in lineage tracing 

of Mist1;TdT+ cells in response to short term injury as well as to chronic inflammation.

Lgr5 ablation does not affect Mist1;TdT+ tracing in regeneration

While Lgr5 marks active stem cells in the intestine [32], in the gastric corpus Lgr5+ 

expression is localized to the glandular base where it marks chief cells. Under normal 

conditions, chief cells do not function as progenitors or contribute to the epithelial turnover, 

but do show some increases in proliferation following injury [8, 33]. To test the contribution 

of corpus Lgr5+ cells to epithelial regeneration after the ulcer injury, we generated 

Mist1CreERT2;R26-Tdtomato;Lgr5-DTR-eGFP mice. Lgr5-DTR+ cells were ablated by 

treatment with diphtheria toxin (DT) (Fig. S1D). Similar to previous reports [8], at 24h 

after the last DT injection, we found a mild alteration in glandular structure coincident with 

chief cell loss (Fig. 3A). In DT-treated mice, Lgr5 mRNA levels showed a 50% reduction 

compared to WT animals (Fig. 3B) and histological analysis revealed a significant reduction 

in the number of eGFP+ cells (Fig. S2G/H), indicating an successful ablation of Lgr5-DTR+ 

cells. Notably, we did not observe the dramatic phenotype as previously reported [8]. Similar 

to the ablation of the Lgr5-DTR+ cells, we observed a significant reduction of Mist1;TdT+ 

cells at the base of the gland by over 80% (Fig. S2I).

Next, we analyzed gastric wound healing and regeneration in these chief cell-deficient 

mice at d7 and d15 after ulcer induction. Interestingly, we did not observe any difference 

in Mist1;TdT+ lineage tracing or macroscopic ulcer size (Fig. 3C/D), suggesting that 

corpus Lgr5+ cells are dispensable for corpus regeneration following ulcer injury. We 

next investigated changes in the number of gastric chief cells after injury. In both 

models, we found a significant decrease in recombined Mist1;TdT+ cells at the base 

of the corpus glands. This observation was confirmed by first applying ulcer injury to 

Mist1CreERT2;R26-Tdtomato mice and then later inducing the mice with tamoxifen at d7 

after injury. These mice were then sacrificed 36h after tamoxifen induction, and analysis 

revealed a marked reduction of basal Mist1;TdT+ cells compared to the uninjured control 

tissue (Fig. S3A). To validate that chief cells are in fact lost in acute injury or inflammation, 

we performed gastric intrinsic factor (GIF) staining in both models, which showed a 

significant decrease in the number of GIF+ gastric chief cells (Fig. 3E/F) compared to 

the uninfected/uninjured control tissue.

In contrast to Lgr5+ zymogenic cells, which did not appear to participate in epithelial 

regeneration of the gastric corpus, tuft cells marked by the Doublecortin and calcium/

calmodulin-dependent protein kinase-like-1 (DCKL1) were significantly expanded in the 

regenerating tissue (Fig. S3B). Additionally, we found a significant increase in DCLK1 

mRNA levels (Fig. 3F), confirming the observation by others that DCLK1+ cells expand 

during gastric epithelial regeneration [31, 34]. The increased number of DCLK1+ cells and 

reduced number of GIF+ cells were supported by corresponding changes in gene expression 

(Fig. 3F). In addition, we confirmed the previously reported findings [31] that parietal cell 

markers such as H/K-ATPase decrease during gastric corpus regeneration, while SOX9, a 

marker of progenitor cells in the gastric corpus, and GS-II, a marker of mucus neck cells, are 
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upregulated. In contrast to previous reports, we did not observe a difference in CD44 mRNA 

expression between healthy and regenerating gastric epithelium (Fig. 3F/S3B).

Wnt5a regulates the process of wound healing in the gastric corpus

In order to identify potential regulators in the response of Mist1;TdT+ corpus stem cells to 

injury, we measured mRNA levels of all Wnt-ligands in the regenerating epithelium at d5 

after ulcer induction. Wnt ligands are known to modulate the response of stem cells to injury 

and inflammation [35], and have been shown to be essential for epithelial wound healing in 

the colon [24].

Among all Wnt-ligands, Wnt5a was the highest expressed Wnt-ligand in the regenerating 

tissue (Fig. 4A). In addition, compared to uninjured control tissue, Wnt5a mRNA-levels 

were significantly increased in the regenerating tissue (Fig. 4B). Besides Wnt5a, only 

mRNA expression of Wnt11 was significantly upregulated upon injury (Fig. S4A). To 

verify the expression of Wnt5a in the regenerating gastric epithelium, we performed in 
situ hybridization (ISH) for Wnt5a in the healing ulcer at d5 after induction. These ISH 

studies confirmed the expression of Wnt5a in stromal cells adjacent to the gastric isthmus 

(Fig. 4E) and revealed a significantly higher number of Wnt5a+ cells in the ulcer area. In 

addition to the Wnt5a+ cells near the Mist1TdT+ cells in the gastric isthmus (Fig. 4E, boxed 

area), we found an abundant number of Wnt5a+ cells in the submucosal region (dotted 

boxed area). Taken together, these results reinforce our previous observations, where Wnt5a 

was more abundantly expressed in Helicobacter-infected mice [14], supporting that Wnt5a 

is an important factor regulating the response of Mist1+ isthmus stem cells to injury and 

inflammation.

We previously reported that in the gastric corpus, innate lymphoid cells (ILC-2) are the 

primary source of Wnt5a. ILC-2 modulate the restoration of mucosal defects and regulate 

the response to inflammatory stimuli [36]. Moreover, we showed that ILC-2 express 

CXCR4, and therefore we investigated the number of CXCR4+ cells in the ulcer using 

Cxcr4-eGFP mice. We found a significantly higher number of Cxcr4-eGFP+ cells within the 

injured stomach compared to control (Fig. S4B/C) indicating their putative involvement also 

in these models of gastric injury. In addition to the increased number of Cxcr4-eGFP+ cells 

we found an accumulation of other inflammatory cells in the submucosa of the healing zone 

which was confirmed by CD45 staining (Fig. S4E).

Wnt5a depletion impairs wound healing after acetic ulcer injury

To investigate the role of Wnt5a in ulcer healing, we generated a conditional knock-out of 

Wnt5a using CagCreERT;Wnt5aflox/flox mice. These mice were induced, and gastric ulcer 

was created three days later (Fig. S1C). Tamoxifen induction decreased Wnt5a mRNA by 

over 80% compared to initial levels proofing successful depletion of Wnt5a in this model 

(Fig. S4D). The natural time course for the healing of acetic acid-induced corpus ulcers 

showed that mucosal defects with the largest size were found around d7, with a gradual 

decrease in size thereafter (Fig. S2D). Given the peak of Wnt5a mRNA expression occurred 

at d5, we investigated macroscopic ulcer size at d10. At this time point, the ulcer size was 

significantly larger in Wnt5a-deficient animals compared to Cre-negative control animals, 
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underlining that Wnt5a deficiency impairs gastric ulcer healing (Fig. 4C/D and Fig. S6A). 

While we did not observe an overall difference in Ki67+ cells at the healing wound edge, 

we did find significantly more Ki67+ cells in the isthmus region of the gastric glands next to 

the ulcer, where the Wnt5a+ cells reside (Fig. 4F/G). Thus, an increase in proliferation was 

clearly evident when we analyzed the percentage of Ki67+ cells in this area (Fig. 4G right 

bar graph).

The main receptor targets for transducing non-canonical Wnt5a activity are the Retinoic 

acid-related Orphan Receptor 1/2 (Ror 1/2) [37] and the Frizzled 5 receptor (Fzd5) [38, 

39]. Through binding to these receptors, Wnt5a has been shown to activate cell motility and 

actin cytoskeleton reorganization. We investigated the mRNA levels of these three receptors 

in the whole tissue of the ulcer area at d5 and in the regenerated tissue at d30 after the 

ulcer injury. Compared to uninjured control tissue we found that all three receptors had a 

decreased mRNA levels compared to control tissue at d5 (Fig. 5A). These ratios changed at 

d30, where we found a significant increase in mRNA levels of Ror2 and a trend (p=0.09) 

towards upregulated Fzd5 levels. The mRNA levels of Ror1 did not show any difference 

to control tissue (Fig. 5B). When comparing total expression levels of all receptors in the 

regenerating tissue at d30 after the injury, we found that Fzd5 mRNA was expressed at a 

significantly higher level compared to Ror1/2 mRNA (Fig. 5C).

In order to investigate the expression levels of these receptors in Mist1+ cells, we sorted 

Mist1;TdT+ cells from the corpus at d7 after induction with tamoxifen and analyzed the 

mRNA levels of the Wnt5a receptors (Fig. S5A). Validation of the strategy by RT-PCR for 

Mist1 mRNA showed a successful enrichment of Mist1 in the sorted cells (Fig. S5B). While 

this approach included all Mist1;TdT+ cells, (basal Mist1+ chief cells and isthmus cell), we 

used the above described Mist1CreERT;R26-Tdtomato;Lgr5-DTR mice to ablate the basal 

Mist1+ cell population. Mice were induced with tamoxifen and received two doses of DT 

(Fig. S1D). The remaining Mist1;TdT+ cells from the corpus were isolated by FACS. In 

these sorted cells, which were enriched for isthmus stem cells, we found a significantly (p = 

0.01) higher expression of Fzd5, while the other two receptors had decreased mRNA levels 

comparable to the whole Mist1;TdT+ cell population (Fig. 5D). To confirm that Frizzled5 

is mainly expressed by Mist1;TdT+ cells in the isthmus and not by chief cells at the base 

of the gland, we performed immunostaining for Fzd5 in MistCreERT;R26-Tdtomato animals 

at d3 after tamoxifen induction. We found that Mist1;TdT+ cells in the isthmus stained 

positive for Fzd5, while we did not observe any staining at the base of the gland (Fig. 5E). 

These findings confirm that Mist1+ isthmus stem cells express Fzd5 at significantly higher 

levels compared to the rest of the Mist1 lineage, rendering them potentially more sensitive to 

Wnt5a signaling.

We also examined the response of Mist1;TdT+ cells in mice with constitutive, whole 

body knockout of Wnt5A. As Wnt5a homozygous knock-out mice die at birth [25], we 

crossed Wnt5a heterozygous knockout mice (Wnt5a+/−) to MistCreERT2;Tdtomato mice. 

In homeostasis, the gastric mRNA levels of Wnt5a in the hemizygous (Wnt5a+/−) mice 

were reduced by approximately 40% compared to WT (Wnt5a+/+) animals (Fig. S5C). 

When comparing baseline Mist1;TdT+ lineage tracing in Wnt5a+/− to Wnt5a+/+ animals, 

we found a significant reduction in Wnt5a+/− mice (Fig. 6B). This observation supports the 
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theory that Mist1+ isthmus cells are Wnt5a dependent. Furthermore, following Helicobacter 
felis infection, we did not observe a difference at the first time point (d30) but at the later 

time point (d90) noted a significant reduction of partially traced glands in the Wnt5a+/− 

group (Fig. 6A). Nevertheless, we did not find any difference in lineage tracing in the gastric 

ulcer model either d15 or d30 (Fig. S5C/D), likely because the mRNA levels of Wnt5a in 

the regenerating tissue of Wnt5a+/− animals are not reduced enough compared to Wnt5a+/+ 

animals (Fig S5F).

As described above one of the main sources of Wnt5a in the stomach are ILC-2 that 

express CD90.2. As previously reported we found CD90.2+ cells in direct proximity to the 

Mist1;TdT+ cells in the gastric isthmus (Fig. 6C). In the regenerating tissue we observed 

an increase in the number of CD90.2+ cells in the gastric isthmus indicating an increase 

in ILC-2 next to the Mist1;TdT+ cells. To reduce the levels of Wnt5a we depleted the 

ILC-2 population by application of an anti-CD90.2 antibody as previously described and 

validated [14]. By this strategy we could significantly reduce the healing of the ulcer 

compared to vehicle injected control animals (Fig. 6E and Fig. S6B). Even given the 

fact that CD90.2 does not exclusively label ILC-2, in combination with the data from the 

Cxcr4-eGFP animals, we can surmise that the depletion of Wnt5a producing ILC-2 impairs 

wound healing and tissue regeneration.

Discussion:

In this study, we have investigated the role of Mist1+ corpus isthmus stem cells in models of 

gastric injury and inflammation. As we have shown previously that Mist1+ isthmus cells are 

regulated by niche ILC-2 cells and can give rise to cancer, the aim of the current study was 

to investigate the regulation of isthmus stem cells under non-malignant conditions. Using 

two well-established injury models, we found that Mist+ isthmus cells are activated and 

show increased lineage tracing in response to injury and inflammation. In contrast, Mist1+ 

zymogenic cells at the base were mostly lost adjacent to the ulcer and did not show evidence 

of activation or increased lineage tracing.

In the gastric corpus, Mist1 labels two distinct cell populations: isthmus stem cells and 

chief cells at the gland base. Over the last decade, several studies have focused on these 

two distinct populations and their contribution to regeneration, metaplasia and cancer [16, 

18, 40]. Our current study reveals that in regenerating tissue, as well as in Helicobacter-
dependent gastritis, the number of basal Mist1;TdT+ chief cells significantly decreases 

while the Mist1+ stem cell population in the isthmus expands. To exclude basal Mist1+ 

mature chief cells as a possible source of the expanded Mist1-traced population (e.g. through 

transdifferentiation) [41], we ablated chief cells by DT to Lgr5-DTR mice. In contrast to 

findings in other studies, we did not observe any significant effect on regeneration or healing 

following ablation of this cell population. A potential explanation for this discrepancy 

compared to earlier studies [8] might be the different types of injury models, as the ulcer 

model represents a different type of injury that may necessitate a greater role by the stem 

cell compartment. However, we cannot completely rule out by this experiment that some 

tracing and regeneration comes from a basal Mist1TdT+ cell that is negative for Lgr5, but 
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given all our data in the ulcer model, it is quite unlikely that large portions of the tracing 

come from basal cells rather than from the described stem cells in the isthmus.

In addition to the ulcer model, we found an increase in lineage tracing following infection 

with Helicobacter felis. The observation that infection with Helicobacter increases lineage 

tracing of stem cells has been made in the gastric antrum as well [42]. In the study by 

Sigal et al., the authors showed an increase in lineage tracing by Lgr5+ cells in the antrum 

in response to Helicobacter pylori infection. As a further observation, colonization with 

Helicobacter in the corpus occurred more densely in the isthmus area, raising the possibility 

of more direct effects. Taken together, these findings point to a model of stem cell activation 

in the gastrointestinal tract in response to tissue injury and colonization with microbial 

pathogens.

To further investigate the mechanism of Mist1+ stem cell expansion in response to injury 

and inflammation, we analyzed the expression of known Wnt ligands, and found Wnt5a 

to show the highest level of expression. As noted earlier, the physiological roles of Wnt5a 

have not been fully elucidated yet. Previous reports indicated that expression of Wnt5a in 

gastric cancer correlated with an aggressive tumor phenotype [27], supporting our previous 

findings in the mouse model [14]. In other tumors, Wnt5a seems to have opposite effects. 

In breast cancer, the loss of Wnt5a activity correlates with more advanced disease and 

rescue of Wnt5a signaling has tumor suppressive effects [43]. However, the role of Wnt5a 

in response to gastric injury has not been previously studied. Interestingly, in addition to 

the upregulation of Wnt5a, we found a significant increase in Wnt11 in the regenerating 

epithelium. Recent studies have suggested similar effects of Wnt5a and Wnt11 during 

the embryonic development [44] but so far there are no studies on Wnt11 in the gastric 

epithelium. Future studies are needed to investigate the specific role of Wnt11 in the 

regeneration of the gastric epithelium.

We have previously shown that in the stomach, Wnt5a is highly expressed in CXCR4+ 

ILC-2 and contributes to the development of diffuse gastric cancer. CXCR4+ cells have been 

shown to be recruited to injured tissue areas and facilitate regeneration [45], and we showed 

in this study an increase in Cxcr4-eGFP+ cells after gastric injury or inflammation. While 

there is evidence that ILC-2 and Wnt5a can regulate the repair of mucosal defects [24, 36], 

the receptor(s) Wnt5a is binding and the specific cell types that are responding have yet 

to be described. In this study, we show that Mist1+ isthmus stem cells highly express the 

Wnt5a receptor Fzd5, as mRNA levels for this receptor are significantly enriched in the 

Mist1+ stem cell population. This finding of selective expression of Fzd5 by isthmus cells 

was confirmed by immunostaining as well. In addition, we provide evidence that Mist1+ 

isthmus cells are responsive to Wnt5a signaling, as lineage tracing of Mist1+ cells is reduced 

under Wnt5a deficient conditions. The main source of Wnt5a in the gastric corpus are the 

ILC-2. When depleting this population, we observed reduced lineage tracing from Mist1+ 

isthmus stem cells under conditions of ulceration and homeostasis, indicating the importance 

of Wnt5a in regulation gastric tissue. In addition to ILC-2, there are other potential sources 

of Wnt5a, as monocytes and macrophages in particular have been reported to produce 

Wnt5a under inflammatory conditions [46, 47]. While our data point to an important role 

for Wnt5a in the regulation of Mist1+ stem cells, we would acknowledge that Wnt5a is 
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unlikely to be the sole niche factor for Mist1+ stem cells and that other niche factors like 

R-spondins may also contribute to stem cell activation and regeneration. Another major 

limitation of our study is that we cannot rule out that at least some of the tracing comes 

from basal Mist1TdT+ cells. The accumulated data from different experiments make a 

large contribution to regeneration by basal cells unlikely, but future studies using newly 

established genetic engineered mouse models, such as the Kitl-CreERT mice [48], are 

needed to fully clarify all of the origins of the observed increase in tracing. In addition, acute 

ulcer healing clearly involves multiple other stromal and epithelial cell types, including both 

short-term progenitors and terminally differentiated cells. Mist1+ stem cells express high 

levels of Fzd5 and recent studies have suggested a role of Fzd5 in cancer development [49]. 

However, the mechanism by which Fzd5 modulates progenitor cell and the intracellular 

signaling pathways downstream have yet to be defined. In vitro studies using human 

lymphoma cells have shown that knock-down of Fzd5 leads to a reduced activation of 

intracellular RhoA [50] which might be one pathway activated by Wnt5.

In summary, we show that Mist1+ isthmus stem cells expand in response to injury 

and inflammation. Wnt5a secreted by ILC-2 plays an important role in modulating this 

expansion. These findings point to the importance of ILC-2 in regeneration and tissue 

repair, thus defining this cell population and secreted Wnt5a as targets for modulating tissue 

regeneration and repair. Future studies will have to show if Wnt5a and ILC-2 could be used 

as predictor for tissue regeneration and healing processes in gastric ulcer patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Short summary

What is already known about this subject?

• Gastric stem cells marked by the transcription factor Mist1 can give rise to 

cancer in the gastric corpus and antrum in mice.

• In the gastric corpus Mist1 labels basal chief cells and a small population of 

slowly dividing isthmus stem cells.

What are the new findings?

• Mist1+ isthmus stem cells but not basal chief cells expand in regeneration and 

inflammation.

• In the regenerating tissue, we observed high levels of Wnt5a and conditional 

deletion of Wnt5a impairs healing in experimental gastric ulcer

• The Wnt5a receptor Frizzled5 (Fzd5) is significantly higher expressed in

Mist1+ isthmus stem cells compared to basal chief cells

• How might it impact on clinical practice in the foreseeable future?

• The Wnt5a – Fzd5 signaling axis plays an important role in gastric 

regeneration and inflammation and could be a potential target in patients with 

peptic ulcer disease
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Figure 1: Mist1 lineage tracing increases in epithelial regeneration
(A) Immunofluorescence of a cross section through the stomach epithelium of 

Mist1CreERT2;R26-Tdtomato mice at d30 after ulcer injury. Boxed area shows the 

regenerating epithelium in the corpus. (Scale bar = 500μm) (B) HE staining and 

immunofluorescence of Mist1CreERT2;R26-Tdtomato mice at d15 and d30 after ulcer 

injury. White arrows indicate Mist1;TdT+ isthmus stem cells in the control tissue. (Scale 

bars = 100μm) (C) Quantification of partially traced glands by Mist1;TdT+ cells at d15 

and d30 after injury. Results are presented as means +/− SEM, *** p<0.001, * p<0.05 
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(n=6–7 animals per time point) (D) HE staining of the ulcer area in a WT mice at d7 after 

injury. Boxed area shows high magnification of healing zone at the wound edge. (Scale bars 

= 100μm) (E) Immunofluorescence of the healing zone in a Mist1CreERT;R26-Tdtomato 

mice at d7 after injury and corresponding imaging of uninjured control tissue. The white 

arrow in the control image indicates Mist1;TdT+ cells in the isthmus. (Scale bars = 100μm) 

(F) Image panel top: Ki67 staining of the healing zone in a WT mouse at d7 after injury 

and of corresponding uninjured control tissue. Ki67+ cells are labeled in brown. (Scale 

bars = 100μm) Image panel bottom: Ki67 staining and immunofluorescence of the healing 

zone and corresponding control tissue in Mist1CreERT;R26-Tdtomato mice at d7 after ulcer 

injury. Ki67+ cells are labeled in green. (Scale bars = 50μm) (G) Graph bar quantification of 

Mist1;TdT+ cells in the top half of the gland. (n=4) (H) Quantification of Ki67+ cells/gland 

and (I) percentage of Ki67+ Mist1;TdT+ cells in healing zone and control tissue (n=3)

In all figures results are presented as means +/− SEM, **** p<0.0001, *** p<0.001, ** 

p<0.01, * p<0.05
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Figure 2: Mist1 lineage tracing increases in response to Helicobacter infection
(A) HE staining and immunofluorescence of Mist1CreERT2;R26-Tdtomato mice at d30 

and d90 after infection with Helicobacter felis (B) Quantification of partially traced glands 

by Mist1;TdT+ cells at d30 and d90 after Helicobacter felis infection (n=4–5 animals per 

timepoint) (C) Ki67 staining and immunofluorescence Helicobacter infected and uninfected 

Mist1CreERT2;R26-Tdtomato mice at d30 after infection. Ki67+ cells are labeled in 

green. (D) Top: Immunostaining of sections of the gastric corpus for GIF in Helicobacter 

infected and uninfected Mist1CreERT2;R26-Tdtomato mice. GIF+ cells are labeled in 
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green. Bottom: High magnification of corresponding co-stainings for GIF (green) with 

immunofluorescence of Mist1;TdT (red). (E) Bar graphs showing the percentage of Ki67+ 

Mist1;TdT+ cells and (F) the number of GIF+ cells (left) and in Helicobacter infected and 

uninfected Mist1CreERT2;R26-Tdtomato mice at d30 post infection (n=4). All scale bars = 

100μm
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Figure 3: Lgr5+ chief cells are dispensable for healing and do not affect lineage tracing of 
isthmus Mist1+ cells
(A) HE stainings of gastric corpus sections in Lgr5-DTR mice at d7 after DT administration 

and vehicle injected control animals (Scale bars = 100μm). (B) Graph bar showing the 

mRNA level of Lgr5 from whole corpus tissue in fold change to mRNA levels from 

WT animals (left bar) in vehicle (middle) and DT injected Lgr5-DTR mice (n=3 per 

group) (C) HE staining and immunofluorescence of corpus sections from Lgr5-DTR; 

Mist1CreERT2;R26-Tdtomato mice at d7 after DT (left) and vehicle (right) administration 

(Scale bars = 100μm). (D) Left: Bar graph quantifying the macroscopic ulcer size at 
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d7 after injury in DT and vehicle injected Lgr5-DTR; Mist1CreERT-R26tdTomato mice 

(n=4). Right: Quantification of the number of Mist1;TdT+ cells in the healing zone of 

Mist1CreERT2;R26-Tdtomato;Lgr5-DTR-eGFP mice after DT and vehicle injection (n=3–

4). (E) Cross sections of the whole stomach with immunostaining for GIF (green) and 

immunofluorescence (red) of Mist1;TdT+ cells at d30 after ulcer induction. Boxed area 

indicates the regenerating area. (Scale bar = 500μm) (F) Graph bars showing the relative 

mRNA levels of GIF, HKATPase, DCLK-1, Sox9 and CD44 in the regenerating tissue at d30 

after ulcer injury in fold change to uninjured control tissue (n=6 per group).
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Figure 4: Wnt5a regulates the healing of gastric corpus ulcer
(A) Graph bar showing the mRNA levels of all Wnt ligands (rel. to beta-actin) in the 

regenerating tissue at d5 after ulcer injury. (WT mice, n=4) (B) Quantification of mRNA 

levels of Wnt5a from whole tissue of WT mice at d5 after ulcer injury and uninjured control 

tissue. (n=3) (C) Macroscopic pictures of the ulcer at d10 after injury in CagCreERT;Wnt5a 

flox/flox (left) and Cre-negative control mice (right). Dotted circle indicates the localization 

of the ulcer. (scale bars = 1cm). (D) Quantification of the macroscopic ulcer size (in 

mm2) in CagCreERT;Wnt5a flox/flox (left) and Cre-negative control mice (right). (n=6/per 
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group) (E) In-situ hybridization of the healing zone with a Wnt5a probe (green dots) and 

immunostaining for RFP (red) Mist1CreERT-R26tdTomato mice at d5 after ulcer injury. 

Boxed area is shown in high magnification. (Scale bars = 100μm) (F) Ki67+ staining 

of the healing zone at d10 after ulcer injury in CagCreERT;Wnt5a flox/flox (top) and 

Cre-negative control mice (bottom). Right panel shows high magnification of the boxed 

areas. Dotted lines indicates the reduced number of Ki67+ cells in the isthmus region of 

CagCreERT:Wnt5a flox/flox mice (Scale bars = 100μm) (G) Bar graph showing the number 

of Ki67+/gland in CagCreERT;Wnt5a flox/flox (left) and Cre-negative control mice (right) 

(n=6)
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Figure 5: Wnt5a receptors are upregulated in the regenerating tissue and Fzd5 is the highest 
expressed Wnt5a target in Mist1+ cells
(A) Bar graph showing the fold change in mRNA levels of Fzd5, Ror1 and Ror2 in the ulcer 

area (whole tissue) compared to control tissue at d5 after ulcer induction. (n=7) (B) Bar 

graph showing the fold change in mRNA levels of Fzd5, Ror1 and Ror2 in the regenerating 

tissue (whole tissue) compared to control tissue at d30 after ulcer induction. (n=9) (C) 

Total mRNA expression (rel. to beta-actin) in whole tissue of Fzd5, Ror1 and Ror2 at d30 

after injury (n=9) (D) Bar graph showing the mRNA expression of the indicated Wnt5a 

receptor in sorted Mist1;TdT+ cells after DT ablation (“Isthmus”) and in vehicle injected 
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Mist1;TdT+ sorted cells (“All”) from Mist1CreERT;TdT:Lgr5-DTR animals (n=8) (E) 

Immunofluorescence of gastric corpus sections from Mist1CreERT;R26-Tdtomato animals 

at d3 after induction with tamoxifen. Positive staining for Fzd5 (green) was primarily 

observed in TdT+ cells the isthmus area (top image left), while TdT+ cells at the base of the 

gland did not show any staining signal (bottom image left).
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Figure 6: Wnt5a deficiency reduces Mist1 lineage tracing in homeostasis and in Helicobacter 
infection
(A) Immunofluorescence of gastric corpus sections from Mist1CreERT;R26-

Tdtomato;Wnt5a+/− and Wnt5a(+/+) animals at d90 after infections with Helicobacter felis 

(top) and without infection (bottom) (B) Bar graph showing quantification of partially traced 

glands per section in Helicobacter infected (top) and uninfected (bottom) (n=3–4 per group). 

(C) Immunofluorescence of the gastric corpus (Isthmus area) showing Mist1;TdT+ cells 

(red) and CD90.2+ cells (green) under homeostatic conditions (D) Immunofluorescence of 

the gastric corpus (Isthmus area) showing Mist1;TdT (red) and CD90.2+ cells (green) at d15 
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in the regenerating epithelium (E) bar graph and macroscopic image showing the ulcer area 

(in mm2) in CD90.2 depleted and vehicle injected control animals (n=3/per group)
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