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Abstract

Spasmolytic polypeptide-expressing metaplasia (SPEM) develops in patients with chronic atrophic
gastritis due to infection with Helicobacter pylori; it might be a precursor to intestinal metaplasia
and gastric adenocarcinoma. Lineage tracing experiments of the gastric corpus in mice have not
established whether SPEM derives from proliferating stem cells or differentiated, post-mitotic
zymogenic chief cells in the gland base. We investigated whether differentiated cells can give rise
to SPEM using a non-genetic approach in mice. Mice were given intraperitoneal injections of 5-
fluorouracil, which blocked gastric cell proliferation, plus tamoxifen to induce SPEM. Based on
analyses of molecular and histological markers, we found SPEM developed even in the absence of
cell proliferation. SPEM therefore did not arise from stem cells. In histologic analyses of gastric
resection specimens from 10 patients with adenocarcinoma, we found normal zymogenic chief
cells that were transitioning into SPEM cells only in gland bases, rather than the proliferative stem
cell zone. Our findings indicate that SPEM can arise by direct reprogramming of existing cells—
mainly of chief cells.
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Spasmolytic Polypeptide-Expressing Metaplasia (SPEM) arises in the setting of chronic
atrophic gastritis (CAG) in humans infected with Helicobacter pylori and may be a precursor
to intestinal metaplasia and gastric adenocarcinomal2. CAG is characterized by chronic
inflammation, parietal cell death, and metaplastic expansion of cells coexpressing
spasmolytic polypeptide (TFF2) and zymogenic chief cell (ZC) markers. Genetic lineage
tracing studies have not definitively identified the cell-of-origin for SPEM cells. Tracing
from Mist1€"eERTZ.expressing cells indicated ZCs at the gland base gave rise to SPEM3-7.
Another report disputed this because occasional cells in the upper, isthmal stem cell region
of the gland also expressed Mist1<"ERTZ indicating SPEM might be derived isthmally8. We
use a new approach to determine if differentiated cells can give rise to SPEM.

For an isthmal stem cell to generate a gland full of SPEM cells, its progeny must proliferate
to reach the gland base. We inhibited proliferation with the anti-mitotic drug 5-Fluorouracil
(5FU) and found one 150mg/kg* intraperitoneal injection of 5SFU was sufficient to block
proliferation for 24h with return to near-normal levels by 48h (Figure 1A,B).

Long-term 5FU is toxic beyond 4-5 days, thus we used a SPEM induction method shown by
multiple labs to cause maximal, synchronous SPEM within three days: high dose tamoxifen
(HDT)%10, Our selected 5SFU+HDT regimen caused no mouse mortality, but blocked nearly
all proliferation at the peak SPEM stage: <0.5 in 5SFU+HDT vs. >8 cells/unit in HDT alone
(Figure 1C).

We monitored SPEM by immunofluorescence for the ZC marker, gastric intrinsic factor
(GIF; red), and a lectin (GSII; green), which co-labels with TFF2. In control mice, GIF was
located in ZCs at the gland base, separated from the GSII* mucous neck cells in the middle
of the gland. Consistent with previous reports®1%, HDT caused SPEM, defined by
pathognomonic GSII*GIF* co-staining at the gland base (Figure 1D), yet few SPEM cells
appeared at 24h (Supplementary Figure 1). 5FU alone, or with HDT, did not significantly
alter outcomes at any timepoint. At 72h, similar numbers of SPEM cells formed in HDT and
HDT+5FU: 6.0+1.5 SPEM cells in HDT, 5.6+1.0 in HDT+5FU (Figure 1D,E). Additionally,
5FU vs. HDT+5FU mice displayed a similar magnitude of GIF* cell loss and GIF*GSII*
SPEM cell increase (A —3.7+1.3 GIF* cells/unit, A +5.2+0.8 GIF*GSII™ cells/unit), while
GSII* neck cells decreased only slightly (AG: —0.76 +£0.75), implicating ZCs as the principal
source for SPEM cells when proliferation is blocked.

Equivalent SPEM was confirmed in HDT+5FU mice by qRT-PCR for SPEM-associated
transcripts Mistl, Gif. He4, and Clusterint! (Supplementary Figure 2) and
immunofluorescence for Clusterin (Figure 1F).

We examined the differentiation pattern and location of occasional cells escaping the 5FU
blockade at 72h. Proliferating cells in control mice lacked neck/ZC markers, indicating
proliferation primarily in isthmal stem cells (Figure 2A,B). HDT mice harbored proliferating
isthmal, neck, SPEM, and occasional BrdU* ZCs (Figure 2A,B). The 5FU+HDT regimen
was designed such that cells escaping 5FU blockade at 72h would be in their first cell cycle,
as gastric epithelial cells average one division per day!2. As expected, <1 cell/unit was BrdU
*at 72h 5SFU+HDT, and units with >1 BrdU™* cell were exceedingly rare (Figure 2A).
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Proliferating cells could not be found prior to 72h (Supplementary Figure 3). Proliferating
cells at 72h expressed neck, SPEM, or ZC markers (Figure 2B). Interestingly, the largest
cohort did not label with GSII or GIF. We suspect these cells are parietal cell progenitors
based on cells, at 96h following HDT, expressing BrdU and beginning to show the
characteristic, thick apical staining of parietal cell marker, ezrinl3 (Supplementary Figure 4).
Figure 2C plots zones in which proliferating cells emerged from isthmus to base, excluding
upper pit/foveolar cells (Supplementary Figure 5A). In control mice, almost all proliferation
was in the isthmus. In HDT and 5FU+HDT, proliferating cells appeared throughout the
gland. Thus, multiple lines of evidence presented here indicate, in addition to isthmal stem
cells, multiple cell types throughout the gland exhibit plasticity and can proliferate in
response to damage.

We stained for proliferative SPEM with CD44v (CD44v9 in humans)!l. HDT and 5FU
+HDT mice exhibited CD44yv staining at the gland base (Supplementary Figure 5B) and
increased expression of proliferation-associated markers Check2and CcnbZ2by qRT-PCR,
indicating basally-located cells are poised to divide in 5SFU+HDT stomachs (Supplementary
Figure 5C).

Our data suggest stem cells are responsible for pit- and neck cell-localized proliferation
following HDT; however, SPEM itself is largely derived from ZCs, supporting previous
work suggesting two foci of proliferation in the stomach4. Our mouse experiments reflect
ZC to SPEM transitions observed in humans previously extensively characterized from a
large dataset of adenocarcinoma and gastritis biopsy and resection specimens?®. Figures 2D—
F and Supplementary Figure 6 depict representative stomach glands from 10 additional
patients with gastric adenocarcinoma. We again observe hybrid cells (cells with features of
mature ZCs and SPEM cells) occurred predominantly in the base. Specifically, we see
apparent transition among a variety of cell phenotypes from mature ZCs (expressing PGC in
large apical granules) to cells expressing abundant PGC with scant GSII (likely indicating
early SPEM change) to phenotypically complete SPEM conversion (scant PGC with
abundant GSII) (Figure 2F). A stem cell-origin of SPEM in humans would mean cell fate
changes to SPEM cells should occur at the isthmus, and SPEM cells would have to expand
downward and replace mature ZCs to populate the base. Thus, the interpretation that SPEM
originates exclusively from the isthmus would be inconsistent with the presence of cells
transitioning to SPEM consistently found in the base.

Differentiated cells are long-lived and may accumulate mutations that become unmasked
upon cell cycle re-entry after injury. For example, Kras mutations in ZCs or pancreatic
acinar cells can fuel tumorigenic transformation®. Therefore, our current work, highlighting
how differentiated cells are called back into the cell cycle in an acute injury model, should
interest those studying tumorigenesis and/or regeneration.

Materials and Methods

Animals and Injections

All experiments involving animals were performed according to protocols approved by the
Washington University School of Medicine Animal Studies Committee. Mice were
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maintained in a specified pathogen-free barrier facility under a 12-hour light cycle. Wild-
type C57BL/6 mice were purchased from Jackson Laboratories (Bar Harbor, ME). All mice
used in experiments were females 6-8 weeks old. To induce SPEM, tamoxifen (250mg/kg
body weight; Toronto Research Chemicals, Inc, Toronto, Canada) was administered daily for
3 days by intraperitoneal injection. Tamoxifen was dissolved in a vehicle of 10% ethanol and
90% sunflower oil (Sigma). Previously described!. To block proliferation, 5-Fluorouracil
(150mg/kg body weight; Sigma F6627) was given by intraperitoneal injection twice daily
for 2 days. 5-Fluorouracil was dissolved in a solution containing 10% DMSO and 0.9%
sodium chloride. All mice were given an intraperitoneal injection containing 5-bromo-2’-
deoxyuridine (120mg/kg) and 5-Fluoro-2” deoxyuridine (12mg/kg) 90 minutes prior to
sacrifice.

Patient Samples

Human gastric tissue was obtained with approval from the Institutional Review Board of
Washington University School of Medicine. The database of metaplastic samples showing
hybrid SPEM forms has been previously described?4.

Immunofluorescence and Immunohistochemistry

Imaging

Stomachs were excised immediately, flushed with PBS via the duodenal stub and then
inflated with freshly prepared 4% paraformaldehyde. The stub was clamped by hemostat,
and the stomach suspended in fixative in a 50 ml conical for 8-12 hours, followed by 3
rinses in 70% ETOH, arrangement in 2% agar in a tissue cassette, and routine paraffin
processing. Sections (5 m) were cut, deparaffinized and rehydrated with graded xylenes,
alcohols and water, then antigen-retrieved in Sodium Citrate Buffer (2.94g Sodium citrate,
500ul Tween 20, pH 6.0) using a pressure cooker. Slides were blocked in 5% Normal Goat
Serum, 0.2% Triton-X 100, in PBS. Slides were incubated overnight at 4°C in primary
antibodies, then rinsed in PBS, incubated 1 hour at RT in secondary antibodies and/or
fluorescently labeled lectin (Alexafluor647 made by directly conjugating E-Y Labs lectin to
Molecular Probes Alexauor647), rinsed in PBS, mounted in ProLong Gold Antifade
Mountant with DAPI (Molecular Probes). For immunohistochemistry, steps were identical
except the following. An extra quenching step was performed for 15 min in a methanol
solution containing 1.5% H,0, following antigen retrieval. Substrate reaction and detection
was performed using ImMmPACT VIP Peroxifase (HRP) Substrate Kit (MVector Laboratories)
as detailed per the manufacture’s protocol and slides were mounted in Permount Mounting
Medium.

Fluorescence microscopy was performed using a Zeiss Axiovert 200 microscope with an
Axiocam MRM camera and Apotome Il instrument for grid-based optical sectioning. Post-
imaging adjustments including contrast, fluorescent channel overlay, and pseudo-coloring,
were performed with Axiovision and Adobe Photoshop CS6. Histology of stomach and
immunohistochemistry were imaged using an Olympus BX51 light microscope and
Olympus SZX12 dissecting microscope w/12 MPixel Olympus DP70 camera. Images were
analyzed and post-imaging adjustments were performed with Adobe Photoshop CS6.
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Primary antibodies used in this study were as follows: Fluorescently conjugated Anguilla
anguilla lectin (AAA; Alexa Fluor 647; 1:1000; EY Labs), goat anti-5-bromo-2’-
deoxyuridine (1:20,000; a gift from Dr Jeff Gordon, Washington University, St Louis, MO),
rat anti-CD44 v10-e16, ortholog of human v9 (1:200; Cosmo Bio, Tokyo, Japan), goat anti-
Clusterin (1:100; Santa Cruz Biotechnology), mouse anti-ezrin (1:250; Santa Cruz
Biotechnology), fluorescently conjugated Griffonia simplicifolia-11 lectin (GSII; Alexa Fluor
647; 1:1,000; Invitrogen), rabbit anti-human gastric intrinsic factor (1:10,000; a gift from Dr
David Alpers, Washington University, St Louis, MO), sheep anti-Pepsinogen C (PGC;
1:10,000; Abcam). Secondary antibodies included AlexaFluor (488, 594, or 647) conjugated
donkey anti-goat, anti-rabbit, or anti-mouse (1:500; Molecular Probes).

Immunofluorescence and Immunohistochemistry Quantification

gRT-PCR

For counts from units expressing neck, chief, and proliferative markers all time points were
quantified with at least 3 mice. Stomach corpus slides were stained for 5-bromo-2’-
deoxyuridine (BrdU), the neck cell marker GSII lectin, and zymogenic cell marker GIF.
Images were captured as TIFF files from a Zeiss Axiovert 200 microscope with an Axiocam
MRM camera with an Apotome optical sectioning filter (Carl Zeiss, Jena, Germany). Each
stomach had at least five randomly distrubuted 20x images taken, which contained 10 or
more well-oriented gastric units. Units were counted using the neck staining, and total
quantifications of proliferating cells (5-bromo-2”-deoxyuridine) were averaged over the total
unit numbers per mouse. For total proliferation counts from immunohistochemistry at least 3
mice per treatment group were quantified. Stomach corpus slides were stained with an
antibody for 5-bromo-2’-deoxyuridine (BrdU). Whole slides were scanned using a
NanoZoomer 2.0 HT microscope and analyzed with NanoZoomer Digital Pathology
software (Hamamatsu; Hamamatsu City, Japan). At least 40 corpus units were analyzed and
counted per stomach. Proliferation rate for each mouse was an average of all units counted.

RNA was isolated using RNeasy (Qiagen) per the manufacturer’s protocol. The quality of
the MRNA was verified with a BioTek Take3 spectrophotometer and electrophoresis on a
2% agarose gel. RNA was treated with DNase I (Invitrogen), and 1 pg of RNA was reverse-
transcribed with SuperScript 111 (Invitrogen) following the manufacture’s protocol.
Measurements of cDNA abundance were performed by gRT-PCR using either a Stratagene
MX3000P detection system or a Bio-Rad CFX Connect system. Power SYBR Green master
mix (Thermo Scientific) fluorescence was used to quantify the relative amplicon amounts of
each gene (normalizing gene was TATA box binding protein). Primer design and sequence in
Table 1.

Graphing and statistics

All graphs and statistics were completed in GraphPad Prism (La Jolla, CA), using 1-way
analysis of variance with the Tukey post hoc multiple comparison test to determine
significance. Sample sizes were determined based on statistical significance and practicality.
A P-value of <0.05 was considered significant.
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Figure 1. SPEM can occur without proliferation
A) IHC staining for BrdU after one dose of 5FU (150mg/kg; intraperitoneal injection). Eosin

Y counterstain. B) Experimental timeline and proliferation quantification. C) 5FU+HDT
experimental timeline and proliferation quantification. D) Immunofluorescence of stomachs
after 72h vehicle, 5FU, HDT, or 5SFU+HDT treatment (red, GIF; green, GSlI; blue, DAPI).
Dotted line: gastric unit. E) Cell populations quantified, # indicates significance compared to
vehicle, * indicates significance between treatment groups. R is significance between red
columns, Y between yellow columns. F) Immunofluorescence of stomachs (red, GIF; green,
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Clusterin; blue, DAPI). *p=<0.05, **p<0.01 ***p<0.001, variance analyzed with ANOVA/
Tukey (N = 3 mice/group)
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Figure 2. Metaplastic cells arise below the isthmus
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A) Immunofluorescence of stomachs after 72h vehicle, 5FU, HDT, or 5SFU+HDT (green,
GSlII; red, GIF; white, BrdU; blue, DAPI; arrowheads, rare BrdU™* cells in 5FU+HDT). B)
Proliferating cell populations quantified. C) Location of BrdU™ cells below the bottom-most
AAA" pit cell. D) Hematoxylin & eosin of early human SPEM (yellow circle) E)
Immunofluorescence on serial section from 2D (red, PGC; green, GSI|I; blue, DAPI;
arrowhead: SPEM cell). Yellow circle is SPEM area. F) Human SPEM within gland base
showing transitional ZC—>SPEM forms. Dotted box indicates area shown at higher
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magnification. Cells outlined in colors according to cell type (red, normal ZCs; blue, hybrid
SPEM,; yellow, full SPEM). *p<0.05 **p<0.01 ***p<0.001, variance analyzed with
ANOVA/Tukey (N = 3 mice/group)
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Table 1
gRT-PCR primer sequences:
Clusterin Forward CCAGCCTTTCTTTGAGATGA
Clusterin Reverse CTCCTGGCACTTTTCACACT

GIF Forward GAAAAGTGGATCTGTGCTACTTGCT
GIF Reverse AGACAATAAGGCCCCAGGATG
HE4 Forward TGCCTGCCTGTCGCCTCTG

HE4 Reverse

TGTCCGCACAGTCCTTGTCCA

Mistl Forward

GAGCGAGAGAGGCAGCGGATG

Mistl Reverse

AGTAAGTATGGTGGCGGTCAG

TATA Binding Protein Forward

CAAACCCAGAATTGTTCTCCTT

TATA Binding Protein Reverse

ATGTGGTCTTCCTGAATCCCT
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