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Abstract

Parietal cell atrophy is considered to cause metaplasia in the stomach. We developed mice that
express the diphtheria toxin receptor specifically in parietal cells to induce their death, and found
this to increase proliferation in the normal stem cell zone and neck but not to cause metaplastic
reprogramming of chief cells. Furthermore, the metaplasia-inducing agents tamoxifen or
DMP-777 still induced metaplasia even following previous destruction of parietal cells by
diphtheria toxin. Atrophy of parietal cells alone is therefore not sufficient to induce metaplasia—
completion of metaplastic reprogramming of chief cells requires mechanisms beyond parietal cell
injury or death.
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Gastric metaplasia consistently occurs following parietal cell atrophy: in autoimmune
gastritis patientsl, Helicobacter pyloriinduced atrophic gastritis, and animal models of
acute injury3 4. Thus, it has been proposed that parietal cell death causes metaplasia,
perhaps because parietal cells elaborate gastric-differentiation-promoting factors whose loss
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elicits aberrant (metaplastic) differentiation of remaining cells. Alternatively, parietal cell
death could cause a metaplasia-promoting immune response, or injured parietal cells might
release metaplasia-promoting factors before dying.

Here, to test the role of parietal cells in metaplasia, we developed a method to precisely kill
parietal cells in adults. We bred parietal cell-specific, Cre-inducible simian Diphtheria Toxin
Receptor (Atp4b-Cre;LSL-DTR) mice [“DTR mice” (Supp. Fig. 1)], in which parietal cells
alone respond to apoptosis-inducing diphtheria toxin. As a positive control for parietal cell
atrophy and Spasmolytic Polypeptide-Expressing Metaplasia (SPEM), the metaplasia seen
in direct temporal and spatial correlation with human and mouse parietal cell atrophy?, we
used a previously described system3: ® 6 involving three daily injections of high-dose (5
mg/20 g body mass) tamoxifen (“TAM”). Consistent with previous results, TAM caused
>90% parietal cell atrophy and increased proliferation throughout the gastric unit. The
pathognomonic pattern for SPEM was identified in >75% of units: GIF* chief cells at the
unit base co-expressing the epitope for the lectin GSII. Many SPEM cells were proliferative
(yellow arrowheads, Fig. 1A,B). Three daily injections with 225 ng DT also killed >90%
parietal cells and increased proliferation from the isthmus through the neck (Fig. 1A-C).
Both atrophy and proliferation were maintained up to 14 days, whereas complete recovery
occurred at that timepoint if injections were ceased at D3 (Fig. 1C).

To confirm that DT directly targeted parietal cells, we grew gastroids from DTR x mTmG
reporter mice in which DTR-expressing parietal cells also express membrane-associated
eGFP (Supp. Fig. 1). Control gastroids showed negligible death (Supp. Fig. 2), whereas DT
caused specific extrusion of eGFP* cells without change in gastroid size or number. Thus,
DT specifically kills parietal cells.

In contrast to TAM, DT never caused substantial SPEM at any timepoint (n>40 total mice
examined). Proliferation occurred in the isthmus and neck but not in the base (Fig. 1A, B).
SPEM is thought to arise in part from reentry of chief cells into the cell cycle’- 8. We
observed that chief cells following TAM had the expected simple columnar morphology
with scant GIF observed in SPEM cells, while chief cells following DT maintained largely
normal morphology with apical GIF granules still apparent, even through day 14 (Fig. 1D,
Supp. Fig. 3A). We quantified neck cells (GSII™), chief cells (GIFY), and GSII*/GIF* cells,
and their proliferative activity (Fig. 1E,F). DT did not significantly change GIF* or
GSII*/GIF* cell census vs. control; however, TAM caused loss of chief cells and increased
costaining cells. DT and TAM both increased proliferation in unlabeled isthmal cells and
neck cells, while TAM additionally increased proliferating, GSII*/GIF* SPEM cells.

We next analyzed additional markers of SPEM. The mouse ortholog of CD44 variant 9
(CD44v)°, neck cell marker TFF2, and secreted SPEM marker Clusterin® were all increased
only in the proliferative neck of DT treated mice, whereas TAM increased expression in both
the neck and base (Supp. Fig. 3B,C,D). Thus, by all markers, parietal cell apoptosis alone
was insufficient to cause metaplasia.

We next performed quantitative analyses of normal and metaplastic differentiation markers.
GIF and the critical chief cell differentiation factor MIST1 (BHLHA15) decreased across the

Gastroenterology. Author manuscript; available in PMC 2018 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Burclaff et al.

Page 3

gastric corpus in DT mice; however, both were substantially lower in TAM mice (Supp. Fig.
4). SPEM markers Clusterin and HE4 (Wfac2)!! were also significantly increased only
following TAM (Supp. Fig. 4). TAM alone caused significantly increased expression of 6
other genes involved in metaplasia and immune response (Cd14, Ceacam10, Cftr, Ctss,
Dmbt1, Vill), with both treatments increasing proliferation-related transcripts (Ccnb2,
Chek2) (Supp. Fig. 4).

These results argued against the model wherein parietal cells constitutively elaborate
differentiation-promoting factors, as chief cells were maintained after parietal cell death.
However, it was still possible parietal cell atrophy causes metaplasia: perhaps parietal cells
dying via H pyloriinfection or TAM — but not DT — release metaplasia-inducing signals
when injured. If true, metaplasia should not occur in mice with parietal cells already killed.
Thus, we injected DTR mice with DT to kill parietal cells first and then co-injected DT and
TAM for three days (DT+TAM). Five days of DT injection caused increased isthmal/neck
proliferation without SPEM; however, TAM following DT caused proliferative SPEM
similar to TAM alone (Fig. 2A-C). Similar results were obtained with another atrophy/
SPEM-inducing agent, DMP-7774. DMP-777 treatment caused SPEM equally effectively
even with parietal cells already killed (Fig. 2D-F; Supp. Fig. 5). Therefore, SPEM can occur
without substances released from injured parietal cells.

Overall, our results show parietal cell atrophy alone is insufficient to induce metaplasia, and
signals from injured/dying parietal cells are not necessary for metaplasia induction.
Additionally, DTR mice increased proliferation only in the isthmal progenitor zone and
neck, whereas TAM/DMP777 treatment showed these plus proliferative basal metaplastic
cells. The number of metaplastic (GIF+/GSlI+) cells arising in the base was approximately
equivalent to the decrease in differentiated GIF+ only chief cells (Fig. 1E,F). Thus, parietal
cell atrophy alone can cause isthmal stem cell and mucous neck cell proliferation; however,
the rapid emergence of basal metaplastic cells likely involves an additional basal cellular
source. Our results, therefore, favor a model (supported by Ito and colleagues®) identifying
two distinct zones of proliferation that can expand during injury: 1) the isthmus/neck2: 13:
and 2) a more mature cell of the chief cell lineage that reprograms to co-label with neck cell
markers and reenter the cell cycle5-8. The reentry of differentiated secretory cells to serve as
progenitors resonates with emerging work on pancreatic acinar cell plasticity and quiescent
intestinal stem cells’.

Earlier work showed that, with constitutive absence of parietal cells throughout
development, mature chief cells never emerge, and gastric units show abundant isthmal, pre-
neck, neck, and neck/chief co-labeled cellsl4. It is unclear whether that signifies SPEM or
simply a failure of parietal cell-less units to ever adopt the adult pattern with distinct neck
and chief cell zones (juvenile gastric units are SPEM-like!®). The usefulness of those mice
as a model for adult-onset atrophy/metaplasia may thus be limited.

Future progress in understanding the process of chief cell reprogramming will require a
system allowing perpetual induced parietal cell atrophy to determine if long-term parietal
cell absence is sufficient to induce SPEM. In any case, our current results suggest that
parietal cell loss alone is insufficient to directly induce SPEM and that metaplasia induction

Gastroenterology. Author manuscript; available in PMC 2018 March 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Burclaff et al. Page 4

may require additional unidentified factors (e.g. cytokines or specific immune cell
activation) that recruit chief cells back into the cell cycle.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

A) Stomachs following three days of vehicle, DT, or TAM (fop: green: GSI|, red: anti-GIF,
magenta: anti-BrdU); arrowheads = proliferating SPEM cells. Botton. red anti-VEGFB
(parietal cells). B,C) Quantification. D) Unit bases with anti-E-Cadherin (green) and anti-
GIF (red). E) Quantification of chief cells (GIF*, red), SPEM cells (GIF*/GSII*, yellow),
and neck cells (GSII*, green) per unit. F) Quantification of proliferating cell types per unit
with isthmal (double negative) cells in blue. “*” (p<0.05), “**” (p<0.01), “***” (p<0.001) in
ANOVA,; (B,C) with Dunnett; (E,F) with Tukey; n=3 mice/group.
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Figure 2.
A Stomachs following five days control, DT, or DT then TAM (green: GSII, red: anti-GIF,

magenta: anti-BrdU; arrowheads = proliferating SPEM cells. B) Quantification. C) H&E. D)
Stomachs following 16 days control, DT, or DT then DMP-777, stained as panel A. E)
Immunofluorescence data quantified. F) H&E. “*” (p<0.05), “**” (p<0.01), “***”
(p<0.001) vs. Control, ANOVA with Dunnett; n=3 mice/group.
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