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Abstract

Background & Aims—Gastric cancer develops in the context of parietal cell loss, spasmolytic
polypeptide-expressing metaplasia (SPEM), and intestinal metaplasia (IM). We investigated
whether expression of the activated form of Ras in gastric chief cells of mice leads to development
of SPEM, as well as progression of metaplasia.

Methods—We studied Mist1-CreERT2Tg/+;LSL-K-Ras(G12D)Tg/+ (Mist1-Kras) mice, which
express the active form of Kras in chief cells upon tamoxifen exposure. We studied Mist1-
CreERT2Tg/+;LSL-KRas (G12D)Tg/+;R26RMTmG/+ (Mistl-Kras-mTmG) mice to examine
whether chief cells that express active Kras give rise to SPEM and IM. Some mice received
intraperitoneal injections of the MEK inhibitor, selumetinib, for 14 consecutive days. Gastric
tissues were collected and analyzed by immunohistochemistry, immunofluorescence, and
quantitative PCR.

Results—Muist1-Kras mice developed metaplastic glands, which completely replaced normal
fundic lineages and progressed to IM within 3—-4 months after tamoxifen injection. The
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metaplastic glands expressed markers of SPEM and IM, and were infiltrated by macrophages.
Lineage tracing studies confirmed that the metaplasia developed directly from Kras (G12D)-
induced chief cells. Selumetinib induced persistent regression of SPEM and IM and reestablished
normal mucosal cells, which were derived from normal gastric progenitor cells.

Conclusions—Expression of activated Ras in chief cells of Mist1-Kras mice led to the full
range of metaplastic lineage transitions, including SPEM and IM. Inhibition of Ras signaling by
inhibition of MEK might reverse pre-neoplastic metaplasia in the stomach.

Keywords
carcinogenesis; MAP kinase; differentiation; signal transduction

INTRODUCTION

Gastric cancer, the second highest cause of cancer-related death in the world,! develops in
the setting of predisposing mucosal changes including parietal cell atrophy and two
metaplastic processes: Spasmolytic polypeptide-expressing metaplasia (SPEM) and
intestinal metaplasia (IM).2=> Chief cells, a long-lived cell population in the gastric oxyntic
glands, represent a cryptic progenitor population, which can give rise to pre-neoplastic
metaplasia when induced by the loss of acid-secreting parietal cells, as observed after
chronic Helicobacter infection.® Recent studies in mouse models have demonstrated that
SPEM arises from transdifferentiation of chief cells.® In humans, increasing evidence
suggests that SPEM may then give rise to IM.3: 7 Investigations in mouse models of
Helicobacter infection have demonstrated increasing intestinalization of SPEM lineages
leading to dysplasia,® @ but these studies have not recapitulated the induction of IM as
observed in humans.

While several studies in humans have indicated that SPEM progresses into IM and gastric
cancer, the signaling pathways involved in metaplastic transitions remain obscure 10 11
Although activating mutations in Ras proteins are common in many epithelial cancers,
activating Ras mutations are present in only 10-15% of gastric cancers.12 13 Nevertheless,
recent profiling studies have noted signatures for activation of Ras activity in at least 40% of
gastric cancers.14 15 Previous studies have noted hyperplastic and metaplastic changes in the
mouse gastric mucosa following global expression of activated Kras, but these mouse
models were not able to address the influence of Kras activation in the processes of chief
cell transdifferentiation into SPEM or metaplastic progression in the body of the
stomach.16-18

In this study, we hypothesized that Ras activation in chief cells influences both the induction
and progression of metaplasia in the body of the stomach. We have utilized a mouse model,
which develops SPEM and IM following induction of active Kras(G12D) expression®
targeted to chief cells. Induction of active Kras expression in chief cells caused their
transdifferentiation into SPEM within a month and progressed to IM over a four-month
period. Lineage tracing of chief cells confirmed that the metaplasia developed directly from
active Kras induced in chief cells. Thus, induction of active Kras in chief cells leads to the
full range of metaplastic changes including both SPEM and IM. Treatment with a MEK
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inhibitor for two weeks led to the regression of IM and re-establishment of normal mucosal
cells. Our results indicate that activation of Ras in chief cells elicits a cascade of metaplastic
lineage transitions. Interruption of this process with MEK inhibitors may represent an
effective therapeutic approach to reversing metaplasia and preventing gastric carcinogenesis.

Generation of Mistl-Kras, Mistl-Kras-mTmG, Mistl-mTmG mice

The generation of Mist1-CreERT2T9*, LSL-K-ras(G12D)T9*, R26R™TMG/* mice has been
described previously.5: 19. 20 All the Mist1-CreERT2T9*, LS -K-ras(G12D)T9*or
R26R™TMG/* mice were maintained on a C57BL6 background. Mist1-CreERT2TY* mice
were bred with LSL-K-ras(G12D)T9* to activate Kras in chief cells. Mist1-CreERT2T9T9
mice were also bred with LSL-K-ras(G12D)T9*;R26R™T™G/* 1o trace Kras activated chief
cells or R26RMTMG/* tg trace the chief cells. To activate Cre recombinase in Mist1-
CreERT219"*: .S -K-Ras(G12D) "9+ mice, Mist1-CreERT2T9+; R26RMTMG/* mice and
Mist1-CreERT2T9'*; .9 -K-Ras(G12D)T9*; R26R™T™G/* mice, 5 mg of tamoxifen dissolved
in corn oil was administered to male and female mice at 8 weeks of age by subcutaneous
injection once per day for three consecutive days. Mice were sacrificed 1 week, 1 month, 2
months, 3 months, and 4 months after tamoxifen treatment. The care, maintenance and
treatment of the mice used in this study followed protocols approved by the Institutional
Animal Care and Use Committees of VVanderbilt University and Johns Hopkins University.

Selumetinib treatment

Selumetinib (AZD6244) purchased from Selleckchem was dissolved in DMSO to obtain 100
mg/ml of stock solutions and stored at =80 °C. Selumetinib was further diluted from stock
solutions to working solutions of 1 mg/ml. To induce 1M before Selumetinib treatment,
Mist1-CreERT2T9'*; LS -K-Ras(G12D)T9"*; R26R™TMG/* (Mist1-Kras-mTmG) mice 8
weeks of age were treated with 5 mg of tamoxifen by subcutaneous injection once per day
for three consecutive days. After 3 months of tamoxifen treatment, the mice were treated
with either DMSO (n=5) or 2 mg/kg of Selumetinib (n=4) by intraperitoneal injection, once
per day for 14 consecutive days. All the mice were killed after 1 day after 14 days of
treatment. In addition, a group of 3 mice were also treated with Selumetinib for 14 days and
then sacrificed 14 days following the last Selumetinib administration (drug recovery).

Immunohistochemistry and immunofluorescence

Mouse stomachs from wild type, Mist1-Kras, Mist1-Kras-mTmG, and Mist1-mTmG mice
were fixed overnight in 4% paraformaldehyde solution (Affymetrix, 19943) and embedded
in paraffin. Paraffin sections (5 um thickness) were de-paraffinized in Histoclear solution
(National Diagnostics, Atlanta, Ga) and hydrated, and antigen retrieval was performed in the
Target Retrieval solution (Dako North America, Inc.) using a pressure cooker. After
incubating paraffin sections in Protein Block solution (Dako North America, Inc., X0909) at
room temperature for 1.5 hours, primary antibodies used for immunohistochemistry and
immunofluorescence (Supplementary Table) were incubated at 4°C overnight. For
immunohistochemistry, the Dako Envision+ System-HRP DAB (Dako North America, Inc.)
was used for secondary antibody incubation and DAB development. For
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immunofluorescence, secondary antibodies conjugated with Cy2, Alexa 488, Cy3, Alexa
555, Alexa 647, Cy5, or Alexa 790 (1:500) were incubated at room temperature for 1 hour.
DAPI (1:10,000) was added for nuclear DNA staining in paraffin sections.

Human samples

A human tissue array containing SPEM and IM was used for immunohistochemistry with an
anti-phosphoERK1/2 antibody and immunofluorescence staining with GSlI-Lectin, anti-
phosphoERK1/2 and anti-DMBT1 or anti-Ki67 antibodies. Specimen information of human
tissue array described previously. 21 22

Quantitative PCR

Paraformaldehyde-fixed paraffin-embedded (FFPE) stomach tissue blocks were used to
extract total RNAs from the proximal corpus of five Mistl-mTmG mice and six Mist1-Kras
mice. Five pm paraffin sections were stained for H&E to identify proximal fundic glands
and 2 mm biopsy punches were used to extract the proximal fundic glands. The Qiagen
RNeasy FFPE kit was used to extract total RNAs, according to the manufacturer’s protocol.
One pg of RNA was used for reverse transcription using High-Capacity cDNA Reverse
Transcription Kit (Thermo Fisher Scientific). Fresh stomach tissue biopsies were also used
to extract total RNAs from proximal corpus of three corn oil control mice and five
tamoxifen treated mice using Trizol (Thermo Fisher Scientific) according to the
manufacturer’s protocol. Samples were analyzed in triplicate and the PCR reactions were
performed using EXPRESS SYBR GreenER gPCR SuperMix (Invitrogen). TBP (TATA-
box binding protein) gene was used as an endogenous control and the 2-66Ct method was
used to compare samples when assessing the expression of the IM markers, such as TFF3,
Muc2, Cdx1 and Cdx2. The specific primers used were: TFF3; forward
TTGCTGGGTCCTCTGGGATAG and reverse TACACTGCTCCGATGTGACAG, Muc?;
forward ACAAAAACCCCAGCAACAAG and reverse GAGCAAGGGACTCTGGTCTG,
Cdx1; forward GGACGCCCTACGAATGGATG and reverse
TCTTTACCTGCCGCTCTGTGAG, Cdx2; forward GCAGTCCCTAGGAAGCCAAGTGA
and reverse CTCTCGGAGAGCCCGAGTGTG, ATP4a; forward
TGGCGTGAGGCCTTCCAGACAG and reverse GCGGCATTTGAGCACAGCATCA.
Statistical significance (p<0.05) was determined by the Mann-Whitney 1-tailed test.

Immunofluorescence and immunohistochemistry quantitation

All immunofluorescence images were captured with a Zeiss Axio Imager 2 using a 20X
objective. 3 to 5 representative images were captured for each mouse stomach and then the
glands of interest for each comparison study were counted and lineage markers were
quantitated per gland. For phospho-ERK1/2 and intrinsic factor and/or GSII-Lectin positive
or CD44v and Ki67 positive cell counting, labeled cells were counted in 4 images per mouse
in a 20x field image. For Clusterin and TFF3-positive cell or Muc2-positive cell counting,
labeled cells were counted for 40 to 60 glands per mouse. For GFP -positive cell or Ki-67
and GFP positive cell counting, labeled cells were counted for 30 to 50 glands per mouse.
For phospho-ERK1/2-positive cell counting, all stained tissues were scanned using an Ariol
SL-50 automated slide scanner at 20X magnification. The phospho-ERK1/2-positive cells
were identified and counted only in the entire mucosal area of corpus using Ariol digital
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analysis. Images were captured at 20X magnification with a resolution of 0.323 um/pixel.
The phospho-ERK1/2-positive cells were identified by upper and lower thresholds for color,
saturation and intensity for both blue Hematoxylin staining of nuclei and for brown DAB
reaction products. Counted phospho-ERK1/2-positive cell numbers were recorded for each
tissue area. Each experimental group contained 3 to 5 mice. Human metaplasia tissue array
for metaplastic lesions from the corpus of the stomach 21 were stained with an anti-phospho-
ERK1/2 antibody and were imaged on an Ariol SL-50 automated slide scanner (Leica) at
20X magnification. The cores which were positive for phospho-ERK1/2 in the nucleus of
mucosal gland cells were considered as phospho-ERK1/2 positive cores. The means,
standard deviation, and standard error of the means of quantitation data were generated
using Excel. For all comparisons, statistical significance (P < 0 .05) was calculated using the
Mann-Whitney 1-tailed test for two group comparisons and for multiple comparisons we
utilized an ANOVA with post hoc examination of significant means with Bonferroni’s test
(Prism).

Activated Kras expressed in gastric chief cells induces metaplasia

In the stomach, expression of the transcription factor Mist1 is restricted to zymogen-
secreting chief cells.23 We utilized a Mist1-CreERT2 driver to examine the effects of active
Kras induction in chief cells in the Mist1-CreERT2T9'*; L9 -K-Ras(2D) "9+ (Mist1-Kras)
mouse?4 (Figure 1A). One week after tamoxifen treatment, the stomachs in the Mist1-Kras
mouse showed normal oxyntic glands containing parietal cells and chief cells (Figure 1D),
as in the normal mucosa in vehicle control and tamoxifen-injected Mist1-CreERT2 control
mice (Figure 1D and Supplemental Figure 1). While the glands were negative for Alcian
blue (AB) staining (Supplemental Figure 2), phospho-ERK1/2 expression was observed in
15.61+5.65 % of chief cells, indicative of induction of active Kras (Supplemental Figure 3).
At four weeks, we observed parietal cell loss, foveolar hyperplasia and SPEM in 94% of the
fundic mucosa glands (Figure 1B & C, Supplemental Figure 4). Glands with parietal cells
appeared to be compressed towards the basal lamina by expansion of the metaplastic glands
(Supplemental Figure 4). However, only one activated caspase-3-positive parietal cell was
observed among 60 glands at 4 weeks after tamoxifen treatment, indicating that Kras
activation in chief cells does not induce parietal cell apoptosis (Supplemental Figure 5).
SPEM cells were positive for PAS staining and weakly-positive for Alcian blue (AB)
staining (Supplemental Figure 1B).

The expansion of metaplastic glands evolved into advanced SPEM with intestinalizing
characteristics (SPEM-IC) at 2 months after tamoxifen treatment. Stomach sections showed
a phenotype similar to the one-month post-treatment stomach (Figure 1D), but 9.6+2.4% of
the metaplastic glands showed gland fission (n=8), and also stained strongly for both PAS
and AB (Supplemental Figure 2C). At 3 months after tamoxifen, Mist1-Kras mice
developed Goblet cell IM. The strong signals of both PAS and AB were still observed in
cells in the base and neck regions of metaplastic glands. Many cells with Goblet morphology
were observed in the neck area of the metaplastic glands (Supplemental Figure 2D) and
gland fissions were more abundant (18.6+5.1%, n=9) (Figure 1D). Invasive lesions were
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observed at 4 months post tamoxifen treatment in 13% of mice (n=2/15). The AB staining
was significantly decreased in the metaplastic glands at 4 months (Supplemental Figure 2E).

Characterization of metaplastic glands using SPEM and IM markers

To investigate the characteristics of metaplastic glands present, the Mist1-Kras mouse
stomachs were co-immunostained with several antibodies against markers of SPEM
(Clusterin, GSllI-lectin or CD44v) or IM (TFF3 or Muc2). Our previous studies
demonstrated that binding of GSlI-lectin, which reflects expression of Muc6, and Clusterin
are present in normal mucous neck cells, but are strongly upregulated in SPEM.2>-27 To
identify glands with SPEM more specifically, we stained for CD44variant 9 (CD44v), a
discrete splice variant of the CD44 gene, described as a novel marker for SPEM and early
gastric cancer, which is not expressed in the normal body mucosa.28-39 At one week after
tamoxifen treatment, Clusterin and GSI|I lectin staining was observed only in mucous neck
cells, while Intrinsic Factor staining was observed in the chief cells (Figure 2A). No staining
for the IM markers, TFF3 or Muc2, was observed in the Mist1-Kras mouse stomachs as
expected in a histologically normal gastric mucosa.

At one month after tamoxifen treatment, all of the CD44v-positive metaplastic glands were
co-positive for Clusterin and GSllI-lectin, confirming that the metaplastic glands were SPEM
(Supplemental Figure 6). Clusterin was observed in the entire area of metaplastic glands and
GSII was also observed at the bases of metaplastic glands (Figure 2A). However, the
expression of Intrinsic Factor, a marker for chief cells and early SPEM, was dramatically
decreased. TFF3, an IM Goblet cell marker, was present in the luminal cells of 88% of the
metaplastic glands, which also co-expressed Clusterin (Figure 2B). Muc2, also a Goblet cell
marker, was observed in 6% of the metaplastic glands (Figure 2A,C).

At 2 months after tamoxifen treatment, 90% of the metaplastic glands co-expressed clusterin
and TFF3 (Figure 2A,B), and Muc2-positive Goblet cells were identified in 13% of the
metaplastic glands (Figure 2A,C). At 3 months after tamoxifen treatment, TFF3 was
strongly expressed in cells along the entire length of 94% of the glands, with Muc2-positive
Goblet cells in 20% of the glands (Figure 2A,B,C). Since Cdx1 is present in human 1M 31. 32
and overexpression of Cdx1 induces IM in mouse stomachs,33 we investigated the
expression of Cdx1 in the Mist1-Kras mouse stomachs at 3 months post tamoxifen
treatment. We observed nuclear Cdx1 expression in the basal cells of metaplastic glands
(Supplemental Figure 7). We did not observe detectable staining for Cdx2 in any metaplastic
glands. We also examined the expression of RNA transcripts for IM markers in whole
fundic tissue. Muc2 mRNA was significantly increased at 3 months after tamoxifen
injection, but TFF3, Cdx1 and Cdx2 mRNAs were not changed in whole tissue
(Supplemental Figure 8). These findings suggest that levels of some IM markers may be
regulated by post-transcriptional mechanisms. We also stained the Mist1-Kras mouse
stomachs at 3 months for PAS and AB and performed transmission electron microscopy to
determine whether the TFF3 and Muc2-positive cells truly represented Goblet cells (Figure
2D). The PAS-positive cells contained AB-positive cytoplasmic mucin in a Goblet cell
morphology and the electron micrographs showed Goblet cells containing apical mucus
granules (Figure 2D). At 4 months after tamoxifen treatment, Muc2 and TFF3-expressing
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Goblet cells were mostly confined to the bases of gastric glands (Figure 2A). Interestingly,
the basal cells were still positive for all SPEM markers, Clusterin, GSII and CD44v
(Supplemental Figure 5), in many glands. These results confirmed that induction of active
Kras in chief cells rapidly elicits SPEM, which progresses to IM.

Metaplastic glands are associated with macrophage infiltrates

We have recently noted that M2-macrophages promote the progression of SPEM in mouse
models and are associated with IM in humans 2°. In Mist1-Kras mice at 4 months after
tamoxifen treatment, we observed F4/80-positive cells at the bases of metaplastic glands,
which were co-positive for CD163, an M2-macrophage marker (Figure 3A). The CD163-
positive M2-macrophages were significantly increased beginning at 2 months after
tamoxifen treatment, when the SPEM glands were progressing into IM (Figure 3C). Mist1-
Kras mouse stomachs were also immunostained with an antibody against neutrophils, Ly6B.
2 (Figure 3B). Similar numbers of Ly6B.2-positive neutrophils were observed in the control
and the Mist1-Kras mouse stomachs. These results indicate that M2-macrophages were
recruited into the gastric mucosal layer during metaplastic changes in Mist1-Kras mouse
stomachs.

SPEM and IM and are derived from Kras-induced chief cells

To examine whether the Mist1-expressing chief cells give rise to the observed metaplastic
lineages, we performed lineage tracing from gastric chief cells using Mist1-

CreERT219*: L9 -K-Ras(G12D) 9+ ; R26RMTMG/* (Mist1-Kras-mTmG) mice (Figure 4A).
In the control lineage tracing of gastric chief cells in Mistl-mTmG mice lacking the
Kras(G12D) allele, we observed GFP labeling in chief cells of the normal gastric corpus at 1
month after tamoxifen injection (Figure 4B). A minor population of single cells located in
the upper neck region of less than 1% of corpus glands was also noted. These cells may
represent rare progenitor or pre-pit cells that have some Mistl1-trancrtiptional activity. In
Mist1l-Kras-mTmG mice, we found GFP staining along the entire length of SPEM glands at
1-month post tamoxifen injection (Figure 4B). At 1 week after tamoxifen injection, only
1.4% of GFP-expressing cells stained for Ki67, but 13% of GFP-expressing cells were Ki67-
positive at 1 month, indicating that the GFP-expressing glands are more proliferative at 1
month after tamoxifen injection (Supplemental Figure 9). Furthermore, the SPEM and IM
lineages also expressed GFP at 2 and 4 months post tamoxifen treatment. These GFP-
expressing cells in the metaplastic glands were co-positive for Clusterin, Muc2 and CD44v
(Figure 4C), indicating that chief cells expressing active Kras gave rise directly to the
metaplastic lineages. Therefore, expression of active Kras in chief cells is sufficient to
induce the complete program of lineage changes that lead to SPEM and IM. It should be
noted that we did observe gland lineages that expressed clusterin, CD44v, but were negative
for GFP, indicating that not all of metaplastic glands derived from Kras-induced chief cells
were traced by GFP in Mistl-Kras-mTmG mouse stomachs (Figure 4C). Thus, the two loci
for LSL-K-Ras(G12D)T9'* (Kras) and R26R™TME* (mTmG) 20 may respond to the Cre
recombinase activity with differing efficiencies, thereby accounting for the presence of
metaplastic glands, which are negative for GFP in the Mist1-Kras-mTmG mice. In addition
to this likely mosaic activation of the mTmG allele, we are unable to exclude entirely non-
cell autonomous recruitment of other cell types in the formation of metaplastic epithelium.
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Inhibition of MEK leads to regression of IM and restoration of normal gastric lineages

We performed studies with MEK inhibitor treatment to address whether metaplastic
progression can be inhibited by targeting downstream mediators of Kras signaling. We
treated Mist1-Kras-mTmG mice at 3 months post tamoxifen treatment, when the mucosa
displays prominent IM, either with DMSO vehicle control or a MEK inhibitor, Selumetinib
(AZD6244, 2 mg/kg, once daily) for 2 weeks (Figure 5A).34 The treatment with the MEK
inhibitor led to a remarkable regression of metaplasia (Figure 5B). While the metaplastic
glands in the DMSO control mouse stomachs were maintained (Figure 5B), the metaplasia
in Selumetinib-treated mice was reduced. In addition, normal gastric lineage cells were
observed in the glands of mice treated with Selumetinib (Figure 5B).

We also detected reductions in phospho-ERK1/2 staining in the Mist1-Kras mice-treated
with Selumetinib (Figure 6). The expression of phospho-ERK1/2 was observed in cell nuclei
throughout metaplastic glands in the DMSO-treated mouse stomachs (Figure 6A). We also
examined human corpus metaplasia tissue array samples, where over 90% of human
SPEM/IM samples showed expression of phospho-ERK1/2 (Supplemental Figure 10), as
demonstrated in a previous study.30 Phospho-ERK1/2 was positive in both SPEM and IM
lineages. Additionally, as demonstrated in a serial section, phospho-ERK1/2-positive
metaplastic lesions were also co-positive for Ki67, indicating that the phospho-ERK1/2-
positive cells were present in proliferating human SPEM lesions and transitional cells
between SPEM and IM. However, the expression of phospho-ERK1/2 was significantly
decreased in the Selumetinib-treated mouse stomachs (Figure 6B). Many cells in the
remaining metaplastic glands in the Selumetinib-treated mouse stomachs did not express
phospho-ERK1/2 and the phospho-ERK1/2 activity decreased 50% in cells of the entire
fundic mucosa, compared to DMSO-treated mouse stomachs (Figure 6E). While CD163-
positive macrophages were decreased 30% in the Selumetinib-treated mouse stomachs
(Supplemental Figure 11), significant M2 macrophage infiltrates were still present.

We also traced GFP-expressing metaplastic glands after Selumetinib treatment to determine
the fate of metaplastic cells derived from chief cells. This lineage tracing demonstrated that
the DMSO-treated mouse stomachs showed GFP positivity in cells along the entire length of
metaplastic glands (Figure 5B). In contrast, the number of GFP-positive cells in metaplastic
glands decreased after 2 weeks of Selumetinib treatment (Figure 5B). Interestingly, while
the GFP-positive metaplastic cells were relocated towards the surface area, where the
phospho-ERK1/2 positive cells remained, GFP-negative normal mucosal cells, including
parietal cells, were present in the basal regions of glands in Selumetinib-treated mice (Figure
5B). Thus, GFP-positive metaplastic cells do not give rise to the normal gastric lineage cell
types that repopulate the mucosa after Selumetinib treatment.

Additionally, we examined the proliferation of metaplastic cells. We observed a 43%
decrease in proliferating metaplastic cells (defined as Ki67+/CD44v+ cells) after
Selumetinib treatment. Nevertheless, consistent with a re-establishment of normal gastric
lineages, we also observed a 2-fold increase in normal progenitor cell proliferation (defined
as Ki67+/CD44v- cells) (Figure 7D). Other normal gastric lineage cells, such as mucous
neck cells (CD44v—/GSlI+/Intrinsic Factor+) and chief cells (CD44v—/GSlI-/Intrinsic Factor
+), were also present in the basal regions of glands from Selumetinib-treated mouse

Gastroenterology. Author manuscript; available in PMC 2017 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Choi et al.

Page 9

stomachs (Figure 5F). These findings indicate that Selumetinib treatment not only inhibited
the progression and proliferation of metaplasia, but also allowed recrudescence of normal
gastric lineages.

We finally examined whether the inhibition of the progression and proliferation of
metaplasia and re-establishment of normal gastric lineages would persist after withdrawal of
Selumetinib treatment. We treated Mist1-Kras-mTmG mice at 3 months post tamoxifen
treatment with Selumetinib for 2 weeks, and then analyzed the stomachs of mice 2 weeks
following Selumetinib withdrawal (Figure 7A). As in mice actively treated with
Selumetinib, 2 weeks after cessation of Selumetinib treatment, the metaplasia was still
reduced and normal glands were apparent containing parietal cells and chief cells (Figure
7B). Also, phospho-ERK1/2 expression was prominently reduced even after Selumetinib
withdrawal (Figure 6). Interestingly, the AB staining was decreased in the remaining
metaplastic glands after Selumetinib withdrawal and many chief cells were clearly observed
by H&E staining (Figure 7B). We also traced GFP-expressing metaplastic glands, revealing
that the GFP-positive glands were decreased further in the stomachs 2 weeks following
Selumetinib withdrawal. The GFP-positive cells were observed in the remaining metaplastic
glands, but no GFP-positive cells were found in normal mucosal lineage glands. Instead,
parietal cells were observed throughout the glands and chief cells were located at the basal
area in the normal mucosal lineage glands (Figure 7C). Moreover, groups of chief cells
(CD44v-/GSlI-/Intrinsic Factor+) in the basal regions of glands were detected indicating the
presence of chief cells differentiated from mucous neck cells (CD44v—/GSII+/Intrinsic
Factor-) (Figure 7C). The decrease in proliferating metaplastic cells (as defined as Ki67+/
CD44v+ cells) and increase in proliferating normal lineage cells (as defined as Ki67+/
CDA44v~ cells) persisted even after Selumetinib withdrawal (Figure 7C and 7D). These
results suggest that even after withdrawal of Selumetinib treatment, re-establishment of
normal gastric lineages continued with replacement of metaplastic glands with glands
containing normal lineages.

DISCUSSION

Chief cells, a long-lived cell population in the gastric oxyntic glands, represent a cryptic
progenitor population, which can give rise to pre-neoplastic metaplasia induced by the loss
of parietal cells associated with chronic Helicobacter infection.® In the present
investigations, we have described a novel mouse model of metaplasia in the stomach that
recapitulates the full range of metaplastic changes including both SPEM and IM.14 15. 30,
Previous investigations in mice, including those involving infection with Helicobacter felis,
have produced SPEM in the body mucosa, but have not shown progression to Goblet cell
IM, as is seen in humans.3® 36 Previous investigations have examined either systemic
expression of activated Kras or global expression of activated Kras in the gastric mucosa
(e.g. using the K19 promoter).1>-17 While foveolar hyperplasia and metaplasia were
observed in the stomach, no systematic analysis of lineage derivation leading to metaplasias
was possible. The Mist1-Kras model shows all of the pre-neoplastic stages seen in human
gastric carcinogenesis, including transdifferentiation of chief cells into SPEM as an
initiation step of metaplastic changes, evolution of SPEM into IM, and development of
invasive metaplasia. Since all of these events are driven by induced expression of activated
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Kras(G12D) exclusively in chief cells, these results also define the transdifferentiation of
chief cells as the proximate event in development of metaplastic lesions (Supplemental
Figure 12). Moreover, the lineage tracing studies demonstrate that the chief cells are the
direct origin of metaplasia and continuing activation of Ras signaling can drive further
progression of metaplasia. The success of this model to recapitulate the full metaplastic
program likely accrues from the role of Ras activation at all of the key steps. In humans,
each of these transitions may involve different candidate agonists of Ras activation.
Nevertheless, it is important to note that PANIN lesions do not develop in the Mist1-Kras
mouse until 2-3 months after active Kras induction, suggesting that the earliest stage of
metaplasia promotion in the pancreas may not require Ras activation. Unfortunately, we
were not able to examine the effect of active Kras expression at longer time points than 4
months after tamoxifen treatment to determine whether this mouse model develops gastric
adenocarcinoma, because around 4 months after tamoxifen treatment the mice develop
hyperplastic lesions in their salivary glands, which require humane sacrifice. Nevertheless,
the progression of metaplastic lesions during the four months of induction suggests that Ras
activation may promote all of the critical transitions in the development of pre-neoplastic
lesions.

Recent studies have utilized MEK inhibitor treatment for several types of cancer, targeting
Kras signaling both in mouse models and human patients.34 37 38 While these studies have
focused on treatment of cancers with a high incidence of activating Kras mutations, gastric
cancers do not usually harbor Ras mutations. Rather, recent reports have suggested that
gastric cancers may have high levels of Ras activation in at least 40% of tumors, due to
amplification of upstream signaling pathways.1# 15 Other investigations have suggested that
treatment with a MEK inhibitor may be efficacious in a subset of gastric cancer patients.3°
Our present results suggest for the first time the possibility of using a MEK inhibitor,
Selumetinib, as a means to prevent gastric cancer in patients with metaplasia in the stomach
by reversing the metaplastic process and allowing the repopulation of the mucosa by normal
gastric lineages. The Mist1-Kras-mTmG mouse stomachs showed prominent changes in the
metaplastic glands after 2 weeks of Selumetinib treatment. The metaplastic cells were
relocated towards the surface area, while normal mucosal cells, such as parietal cells,
mucous neck cells and chief cells, were reestablished in the basal regions of mucosa. This
pattern continued to progress even after withdrawal of Selumetinib treatment. The
proliferating metaplastic cells were decreased, whereas proliferation in the normal
progenitor cells was increased. It is important to note that the bases of metaplastic glands
were associated with M2-macrophage infiltrates. In the present studies and in more chronic
scenarios, macrophages may in turn secrete factors that lead to elevations in epithelial cell
Ras activity. Thus, the effects of Selumetinib may arise from blockade of both epithelial and
macrophage Ras activities. All of these findings indicate that Selumetinib treatment
inhibited the progression of metaplasia, while also allowing recrudescence of normal gastric
lineages. Importantly, the lineage tracing study revealed that the emergence of normal
gastric lineages following MEK inhibitor treatment was not derived from redifferentiation of
metaplastic lineages, but rather accrued from the re-establishment of normal gastric
progenitor cells latent within the metaplastic mucosa. Overall, these studies indicate that
normal progenitor cells likely lie dormant within the metaplastic mucosa and that, following
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MEK inhibitor treatment, these cells can regenerate the normal gastric lineage complement
causing the extrusion of metaplastic glands from the oxyntic mucosa.

Taken together, our results indicate that expression of active Kras in chief cells can induce
their transdifferentiation into SPEM and subsequent development of IM and invasive
metaplasia. It is important to note that although eradication of H. pylori is routine in patients
with Stage | gastric cancer, who undergo endoscopic submucosal resection, these patients
maintain a 2-5% per year risk of developing of a second gastric cancer.40: 41 Thus, therapies
that can alter the course of gastric pre-cancer remain a clear priority. Since treatment with a
MEK inhibitor could ameliorate the progression of metaplasia in Mist1-Kras mice and also
lead to reestablishment of the normal gastric lineages, MEK inhibitor treatment may show
efficacy in the treatment of patients with metaplasia and early-stage gastric cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Mist1Cre-mediated active Kras expression in chief cells
A) Experimental strategy of Cre-mediated recombination in the (Mist1-Kras) mouse

stomachs. Active Kras(G12D) expression was induced after STOP cassette excision by
tamoxifen treatment. B) Histological staining of the stomachs of Mist1-Kras mice. Sections
from Mist1-Kras mouse stomachs at 1 month post vehicle control or tamoxifen (induced)
injection were examined by hematoxylin and eosin (H&E) staining. Dotted boxes indicate
regions enlarged. C) 150 glands in the proximal region of corpus were examined in each
group (n=7). 94.76% of glands showed parietal cells loss and SPEM. D) Key metaplastic
stages were defined after active Kras induction. Data are representative of n = 3 mice for 1
week time point and n = 10 to15 mice per time point between 1 and 4 months. Dotted boxes
denote regions enlarged in the second row. Scale bars are 100 pm.
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Figure 2. Development of metaplasia in the Mist1-Kras mouse
A) Co-immunostaining for various SPEM and IM markers in the corpus of stomach sections

from mice corn oil control, 1 week and 1 to 4 months post tamoxifen treatment (n=3).
Clusterin (green) was observed in the mucous neck cells in corn oil control mouse stomachs
and at 1-week post tamoxifen treatment, and also in SPEM or IM cells beginning at 1 month
post tamoxifen treatment. TFF3 (red) was observed in the metaplastic glands beginning at 1
month. Intrinsic factor (IF, red) and GSlI-Lectin (GSII, gray)-positive cells indicate SPEM.
Muc2-positive Goblet cells (green) were present in the middle of metaplastic glands
beginning at 2 months post tamoxifen treatment (white arrows). B) Quantitation of
immunohistochemical analysis of SPEM (Clusterin) and/or IM (TFF3) marker-expressing
glands in Mist1-Kras mouse stomachs from 1 to 4 months. C) Quantitation of
immunochemical analysis of glands with Muc2-positive Goblet cells in Mist1-Kras mouse
stomachs from control (0) to 4 months. * = p< 0.05. D) Sections from Mist1-Kras mouse
stomachs at 3 months after tamoxifen injection were examined by periodic acid-Schiff
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(PAS) or Alcian blue staining (AB). Transmission electron micrograph of the metaplastic
glands showing Goblet cells filled with mucus granules. 6500x. Boxes indicate regions
enlarged. Scale bars = 100 pm.
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Figure 3. Immunofluorescence staining of macrophage markers in Mist1-Kras mouse stomachs
A and B) Corpus regions from uninduced wild type mouse stomachs (control) or Mist1-Kras

mouse stomachs (Mist1-Kras) at 4 months post tamoxifen treatment were co-immunostained
with antibodies against macrophage M2 marker, CD163 (green), and macrophage and
dendritic cell marker, F4/80 (red) (A) or with antibodies against neutrophil and
polymorphonuclear cell marker, Ly6B.2 (red), and GSlI-lectin (B). The F4/80-positive
macrophages were observed in the Mist1-Kras mouse stomachs and were co-positive for
CD163 (white arrow). The Ly6B.2-positive neutrophils were observed both in the control
and the Mist1-Kras mouse stomachs. DAPI was used for nuclear staining (blue). Dotted box
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indicates regions enlarged. Scale bars = 100 um. * = p<0.05. C) CD163-positive
macrophages were counted per 20X field of images taken in the corpus from corn oil
control, 1 week, and 1 to 4 months after tamoxifen treatment (n=3 to 4). * = p<0.05.
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Figure 4. Lineage mapping of Cre-induced chief cells in Mistl-mTmG and Mist1-Kras-mTmG
mice

A) Experimental strategy of Cre-mediated recombination in the Mist1-Kras-mTmG mouse
stomachs. The R26R™T™G/* allele expresses red fluorescent protein in the membrane prior to
Cre recombinase-mediated excision (mT). However, after Cre-dependent excision, cells
express green fluorescent protein in the membrane (mG). B) Immunohistochemistry for GFP
in stomach sections of control Mist1-mTmG mice (no Kras) or Mistl-Kras-mTmG mice. C)
The GFP (+) metaplastic glands in the corpus were co-immunostained with antibodies
against Clusterin, Muc2, or CD44v from Mist1-Kras-mTmG mouse stomachs at 2 months
after tamoxifen injection. DAPI was used for nuclear staining. Boxes indicate regions
enlarged. Scale bars = 100 pm.
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Figure 5. Regression of Kras-induced metaplasia by MEK inhibition
A) Selumetinib treatment schematic. At 3 months post tamoxifen treatment, Mist1-Kras-

mTmG mice were treated with either DMSO (n=5) or 2 mg/kg Selumetinib (n=4) once daily
for 2 weeks. B) Top row: H&E stained stomachs from mice treated with DMSO or with
Selumetinib. DMSO treated mice showed severe metaplasia (arrow), but normal mucosal
cells were observed in glands of Selumetinib-treated mice (arrows). Sections of the corpus
from DMSO or Selumetinib treated mouse stomachs were immunostained with antibodies
against GFP (green) and H/K-ATPase (red) (middle row) or with antibodies against CD44v
(green), Ki67 (red) and intrinsic factor (blue), and GSllI-lectin (white) (bottom row). DAPI
was used for nuclear staining. Mucous neck cells (GSI1+/CD44v-, white arrow) and chief
cells (IF+/CD44v-, yellow arrow) were also observed in the Selumetinib-treated mice.
Yellow dotted lines indicate the junction of zones between proliferating metaplastic cells
and normal progenitor cells. Boxes indicate regions enlarged. Scale bars = 100 pm.
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Figure 6. Immunohistochemistry of phospho-ERK1/2 in Selumetinib treated mouse stomachs
Sections of the fundic glands from Mist1-Kras-mTmG mice treated at 3 months after

tamoxifen treatment with DMSO, Selumetinib-treated, or 2 weeks post Selumetinib
treatment and wild type mouse (control) were examined for phospho-ERK1/2
immunostaining. A) The stomachs from Mist1-Kras-mTmG mice treated with DMSO
showed strong phospho-ERK1/2 staining throughout the metaplastic glands. The stomachs
from Mist1-Kras-mTmG mice treated with Selumetinib (B) or at 2 weeks post Selumetinib
treatment (C) showed decreases in phospho-ERK1/2 compared to the DMSO treated mice.
D) In the control mouse stomachs, phosphorylation of ERK1/2 was occasionally observed in
the foveolar or progenitor cells in the neck region. Boxes indicate regions enlarged. Scale
bars = 100 um. E) The phospho-ERK1/2 (+) cells were counted in all mucosal areas of

Gastroenterology. Author manuscript; available in PMC 2017 April 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Choi et al.

corpus from DMSO- (n=5), Selumetinib-treated (n=4) or at 2 weeks post Selumetinib
treatment (n=3) mice. *p< 0.05.
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Figure 7. Continued re-establishment of normal gastric lineages after Selumetinib withdrawal
A) Selumetinib treatment schematic. At 3 months after tamoxifen treatment, Mist1-Kras-

mTmG mice were examined at the end of 2 weeks of Selumetinib treatment (n=4) or two
weeks following cessation of Selumetinib (n=3). B) H&E stained stomachs from mice
treated with Selumetinib or 2 weeks post Selumetinib treatment. C) Sections of the corpus
from the mouse stomachs 2 weeks after cessation of Selumetinib treatment were
immunostained with antibodies against GFP (green), H/K-ATPase (red), DAPI (white) and
IF (blue) (top row), or against IF (green), CD44v (red), DAPI (blue) and GSlI-lectin (white)
(middle row), or against CD44v (green), Ki67 (red) and GSlI-Lectin (blue) (bottom row).
Several mucous neck cells (GSII1+/CD44v-, white arrows) and chief cells (IF+/CD44v-,
yellow arrows) were observed. Boxes indicate regions enlarged. Scale bars = 100 um. D)
Quantitation of proliferating cells in Selumetinib-treated Mist1-Kras-mTmG mouse
stomachs. Two classes of Ki67-positive cells, Normal proliferating cells (Ki67+/CD44v-)
and Metaplastic proliferating cells (Ki67+/CD44v+), were counted in glands in the corpus
from DMSO- (n=5) or Selumetinib-treated (n=4), or 2 weeks post Selumetinib-treated (n=3)
mouse stomachs. *p<0.05.
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