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Abstract: Mouse models with conditional activation of K-ras (K-rasG120) are used widely to investigate the role of onco-
genic K-ras in a tissue-specific manner. However, the effect of ubiquitous activation of K-ras in adult mice has not
been well studied. Herein, we report that systemic activation of K-ras in mice leads to rapid changes in gastric cellular
homeostasis. Conditional activation of K-ras results in activation of the MAPK pathway and hyperproliferation of
squamous epithelium in the forestomach and metaplasia in the glandular stomach. Parietal cells almost completely
disappear from the upper part of the stomach adjacent to forestomach of K-ras activated mice. CDX2, a caudal-
related homeobox transcription factor normally expressed in the intestine, is upregulated in parts of the stomach,
following activation of K-ras in mice. Cyclooxygenase 2 (COX-2), a mediator of inflammation, is also upregulated in
parts of the stomach of the K-ras activated mice with concomitant infiltration of hematopoietic cells in the hyperplas-
tic tissue. Moreover, in K-ras activated mice, the expression of putative progenitor cell marker Dcamkll is upregu-
lated in the glandular stomach. Expression of CD44, a candidate stomach cancer stem cell marker, is also increased
in forestomach and the glandular stomach. These results suggest that cells of the stomach, potentially stem or pro-
genitor cells, are highly susceptible to K-ras activation-induced initiation of gastric precancerous lesions. The histo-
logical changes in the K-ras activated mice resemble the pre-neoplastic changes that take place during gastric car-
cinogenesis in humans. Thus, a mouse model with systemic K-ras@12D activation could be useful for studying the early
molecular events leading to gastric carcinogenesis.
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Introduction
K-ras, a member of the ras gene family that en-

Gastric cancer, which can be divided into two
major histologic sub-types, intestinal and dif-
fuse, is the second leading cause of cancer-
related deaths worldwide [1]. According to the
Lauren classification, the intestinal-type gastric
cancer is well- differentiated and is often ac-
companied with intestinal metaplasia (IM),
whereas the diffuse-type cancers are poorly
differentiated [2]. IM of the stomach is a precur-
sor legion for intestinal-type gastric cancer [3].

code small GTPases, plays an important role in
cell differentiation, growth, and apoptosis
through multiple effector proteins including
MAPKs (mitogen activated protein kinases)/
ERKs (extracellular signal-regulated kinases)
[4]. K-ras mutation has been frequently de-
tected in a number of human cancers such as
pancreatic, colonic, and lung, amongst others
[5]. Activating K-ras mutations are also found in
approximately 5-20% of gastric cancers [6]. Mu-
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tations of K-ras are more prevalent in intestinal-
type gastric cancers [7]. K-ras mutations are
also detected frequently in squamous cell carci-
noma caused by carcinogens from betel quid
[8], as well as in a subset of Barrett's esopha-
gus and adenocarcinoma at the gastro-
esophageal junction [9].

Several K-ras mouse models of human cancer
are available to study human cancers in a tissue
-specific manner. The mouse model with knock-
in of inducible K-rasG12D (LSL-K-rasG12D) has the
advantage of expressing endogenous levels of
oncogenic K-ras612D protein following removal of
the Stop element by activated Cre [10]. The
mouse model that ubiquitously expresses a con-
ditional knock-in K-ras, using a CMV promoter-
driven Cre recombinase, does not show any
effect on major organs except for the lungs after
seven months [11], perhaps due to a low per-
centage (5-15%) of the cells expressing the acti-
vated K-ras in adult mice. By contrast, condi-
tional expression of the K-rasG2D transgene
from the keratin 5 (K5) promoter causes
squamous cell carcinoma in the skin, the oral
cavity, the esophagus and the forestomach in
mice with high penetrance within 3 to 4 weeks
[12]. Thus, it is possible that the effect of K-ras
activation may depend on which population of
cells (such as stem/progenitor cells) is targeted.
As the K-ras transgene was driven by the exoge-
nous K5 promoter, the activated K-ras might be
expressed at a higher level than that from its
endogenous promoter. Hence, we decided to
ubiquitously express activated K-ras from its
endogenous promoter in all cellular populations
to study whether the endogenous levels of acti-
vated K-ras have any early impact on tumor ini-
tiation from the digestive system.

Lgr5, an orphan G protein coupled receptor, a
marker of stem cells in the small intestine, co-
lon, and hair follicles [13,14], is also a bona fide
marker for gastric epithelial stem cells for the
squamous forestomach and the pylorus [15],
but not for the corpus of the stomach in adult
mice. In this regard, Doublecortin and calcium/
calmodulin- dependent protein kinase-likel
(Dcamkll) is expressed in the neck/isthmus
region of the glandular stomach where the pro-
genitor cells are believed to reside, and may
serve as a candidate marker for gastric progeni-
tor cells in the corpus [16,17]. It is also thought
that gastric cancer stem cells can contribute to
gastric carcinogenesis [18]. In the case of gas-
tric cancer, CD44 is a transmembrane glycopro-
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tein, and CD44(+) cells have been shown to
possess the properties of cancer stem cells
[19].

In the current study, we show that after sys-
temic and conditional K-ras activation in adult
mice, histologic changes that occur in the stom-
ach of the mice resemble the events that occur
during the early stages of gastric neoplasia in
humans.

Materials and methods
Mice

All mouse experiments were approved by the
Institutional Animal Care and Use Committee
(IACUC) of the University of Pennsylvania and
were performed according to institutional and
national guidelines. The KrasGi2b/+ mice
(C57BL/6 and 129/Sv mixed background) were
obtained from Dr. Tyler Jack’s group via Dr. Ben
Stanger, and crossed with Ubc9 promoter
driven Cre-ERT2 mice (C57B6 background) that
were provided by Dr. Eric Brown [20]. Animal
genotyping was done by PCR according to pub-
lished methods using DNA extracted from tails,
as well as stomach tissues [10]. PCR primers
used were as follows P1 5' gtc ttt ccc cag cac
agt gc 3', P2 5' ctc ttg cct acg cca cca get ¢ 3,
P3 5’ agc tag cca cca tgg ctt gag taa gtc tgc a 3'.

Activation of K-ras by tamoxifen

Kras@120/+;Ubc9 Cre-ER and their littermate con-
trols,Ubc9 Cre-ER around six weeks old, were
fed tamoxifen (TAM) at 200mg/kg.bw/day by
gavaging for two consecutive days, followed by
one day off and then, for two more consecutive
days.

Histopathology

The mice were monitored closely and ill mice
were sacrificed when they exhibited signs of
strong distress. For histological examination,
tissues were fixed in 10% neutral buffered for-
malin followed by dehydration in graded solu-
tions of alcohol, embedded in paraffin, sec-
tioned at 5 uym, and stained with hematoxylin
and eosin (H & E).

Measurement of blood glucose

Blood glucose levels were measured before the
animals were sacrificed, using One Touch Ultra
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test strips (Lifescan, Milpitas) on venous blood
from the tail vein.

Immunohistochemical (IHC) / immunofluores-
cence (IF) staining

Mice were injected with BrdU at 100mg/kg in
phosphate buffered saline, 2 hrs before collect-
ing tissue samples to study BrdU incorporation.
Stomach sections (5 yum) were stained with anti-
bodies against BrdU (1:250, Accurate Chemical
and Scientific Corporation), H* K* ATPase
(1:2000, Medical and Biological Laboratories
Co.), CD44 (1:100, B.D. Biosciences), CD45
(1:25, B.D. Biosciences), CD68 (1:100, Abcam),
COX-2 (1:100, B.D. Biosciences), CDX2 (1:200
Biogenex), phospho- ERK1/2 (1:250, Cell Sig-
naling Technologies) phospho p38 (1:50 Cell
Signaling  Technologies), chromogranin A
(1:2000), and Dcamkll (Abjent, 1:100), as per
manufacturer’s instructions. The signal for im-
munohistochemical analysis was visualized us-
ing the Vectorstain Elite Kit (Vector Laborato-
ries). For immunofluorescence, alexafluor la-
beled secondary antibodies were used. The
number of BrdU positive cells were counted in
three microscopic fields per tissue sample
(three tissue samples per condition) and a
mean was recorded.

Western blot analysis

The whole stomach tissue samples were ho-
mogenized in RIPA buffer containing protease
inhibitor cocktail (Sigma), 0.2 M sodium fluoride
and 0.2 M B-phosphoglycerate. Protein super-
natants (50ug) were separated on 4-12% SDS
gradient gels (Invitrogen) and transferred to
nitrocellulose membranes. The primary antibod-
ies used were Phospho Mek, Mek, phospho
Erk1/2, Erk 1/2, phospho p38, p38 (1:1000,
Cell Signaling Technologies), CD44, Lgrb
(1:2000 Abcam) and CDX2 (1:1000 Biogenex).
ECL detection system (Amersham Biosciences)
was used for visualization of the bands.

Alcian blue staining

Paraffin sections were deparaffinized and
placed in 3% acetic acid for 3 min, incubated in
1% Alcian blue in 3% acetic acid, pH 2.5, for 30
min, and washed in water. The slides were then
incubated in 0.1% nuclear fast red for 5 min as
a counter stain, washed in water, dehydrated,
and mounted with Cytoseal. Alcian blue stains-
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weakly acidic sulfated mucosubstances, hyalu-
ronic acid and sialomucins- dark blue.

Statistical analysis

Microsoft Excel and GraphPad Prism software
was used for statistical analysis. Student's t-test
was used to determine the significance of the
results. Kaplan-Meier statistical analysis was
performed with the log-rank test.

Results

Systemic K-ras activation causes hyperplasia of
the forestomach and the glandular stomach

To determine the effect of systemic activation of
K-ras on mice, we bred LSL-K-rasG12D/* mice
with mice expressing the Ubc9 Cre-ERT2 trans-
gene (referred to as control mice hereafter) that
was driven by the pan-active Ubc9 promoter, to
generate LSL-K-rasG12b/+;:Ubc9 Cre-ERT2
(referred to as K-rasGi20/+ mice hereafter).
These mice allow inducible and conditional acti-
vation of K-rasé2/+ ubiquitously after ta-
moxifen (TAM) feeding (Figure 1A). Control and
K-rasG12b/+ mice were fed with TAM to activate
the Cre recombinase. K-rasG120/+ mice did not
express K-rasG12D allele before treatment with
TAM (data not shown). To examine the effi-
ciency of Cre-mediated recombination, PCR was
performed with mouse tail and stomach DNA
samples using specific primers for genotyping.
The results showed complete excision of the
LSL stop sequence upstream of K-rasG12D gllele
in the stomachs of the K-rasé12b/+ mice (Figure
1B, lane 2, P2/P3). Genotyping of lung, pan-
creas, intestine and colon tissue samples
showed similar levels of K-ras activation in
these tissues (data not shown). Notably, K-
rasG12b/+ mice started dying 13-18 days after
TAM treatment (Figure 1C). The ill mice did not
show any obvious tumor formation in the pan-
creas, lung, liver, kidney, small intestine and
colon (Figure 2 and data not shown), except for
one mouse showing oral papilloma.

However, all ill mice had enlarged stomachs
and a large mass was found along the lesser
curvature, near the gastroesophageal junction
spreading throughout the stomach in advanced
cases (Figure 1F). The stomachs of K-rasG120b/+
mice were devoid of any food, perhaps partly
due to very limited space within the thickened
wall of the stomach. The body weights of K-ras
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Figure 1. Activation of K-ras leads to quick death of mice. A) Schematic of LSL-K-rasG12D |ocus. K-ras12D with an
upstream LoxP-STOP-LoxP cassette that can be excised by Cre recombinase. P1, P2 and P3, primers for genotyping.
B) Genotyping products, before and 15 days after TAM treatment. 500 bp LSL cassette, 625 bp wild-type and 650 bp
recombined fragments. TAM-induced activation of K-ras decreases survival of mice. C) Kaplan-Meier curve of control
Ubc9 CreER mice and LSL-K-rasG120/+ Ubc9 Cre ER mice after TAM feeding. Mice with K-ras activation had D) de-
creased body weights and E) decreased random blood glucose levels. F) Tumor in stomach of K-ras Ubc9 Cre-ER
mice.

Figure. 2. Histology of tissues from mice two weeks after tamoxifen treatment. H & E staining of A) lung, B) Pancreas,
C) Colon and D) Small intestine.

435 Am J Cancer Res 2011;1(4):432-445



Oncogenic K-ras induces gastric preneoplastic legions

Forestomach

A Control B.

Glandularstomach

Control D K-ragG12bi+

Figure 3. Activation of K-ras causes hyperplasia of squamous epithelium and glandular epithelium within 15 days
after TAM treatment. A) Control and B) K-ras120/+ H and E staining of gastric squamous epithelium. C) Control and D)
KrasG120/+ H and E staining of glandular epithelium. E) Glandular stomach in Krasé120/+ mice in higher magnification

(100X). F) Cross section of tumor in Krasé12b/+ mice.

activated mice were significantly reduced
(Figure 1D), and blood glucose levels were also
substantially decreased (without obviously af-
fecting pancreatic beta cells) in these mice as
compared to the control mice (Figure 1E), sug-
gesting that death may be attributed to mal-
nourishment and hypoglycemia.

For histological sections, stomachs were cut
open from the larger curvature, and were sec-
tioned along longitudinal axis. Histological ex-
amination showed that K-rasG2l/+ mice har-
bored hyperplasia of squamous epithelium of
forestomach (Figure 3A and B) and mucus
gland metaplasia of the glandular stomach
(more prominent at the junction of forestomach
and glandular stomach) (Figure 3C, D and E).
The cross section of the stomach shows that the
enlarged mass was composed of hyperplastic
glands (Figure 3F).

To examine the effect(s) of K-ras activation on
cell proliferation, K-rasG120/+ and the control
mice were injected with BrdU to detect rapidly
cycling cells. Mouse forestomach, which is com-
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parable to distal esophagus of humans in physi-
ology and cellular composition, is composed of
keratinized stratified squamous epithelium. The
immunofluorescence staining showed that the
BrdU positive cells in the squamous epithelium
of control mice were sparse among the basal
cells (Figure 4A); whereas their percentage was
significantly increased in the K-ras activated
mice (Figure 4B) indicating enhanced cell prolif-
eration in the K-ras activated mice (Figure 4C).

In the glandular part of the stomach, the normal
cell proliferation zone is in the isthmus region
[21]. In the control mice, the immunofluores-
cence staining clearly showed the BrdU-labeled
cells in the isthmus (Figure 4D). However in the
K-ras activated mice, the BrdU-labeled cells
were shifted closer to the crypts (Figure 4E).
The H & E staining showed that the glandular
region of the stomach in K-ras activated mice
was metaplastic . These metaplastic glands
were highly hyperproliferative, as indicated by
the quantitation of the BrdU positive cells in the
stomachs of K-ras activated mice as compared
to the control mice (Figure 4F).

Am J Cancer Res 2011;1(4):432-445
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Figure 4. A) Control and B) K-rasG120/+ BrdU incorporation of sqamous epithelium and C) Quantitation of BrdU positive
cells in squamous epithelium. D) Control and E) K-ras120/+ BrdU incorporation in glandular epithelium. F) Quantita-
tion of BrdU positive cells in glandular epithelium. Immunofluorescence staining with H*/ K+ ATPase antibody to de-
tect parietal cells in G) control and H) K-ras activated mice. Immunofluorescence staining with Chromogranin A anti-

body to detect enteroendocrine cells in I) control and J) K-ras activated mice. Scale bar 200uM.

Activation of K-ras leads to depletion of parietal
cells in the glandular part of the stomach

Parietal or oxyntic cells of the stomach are acid-
secreting cells and play an important role in the
digestion of food. H*/K* ATPase is an enzyme
specifically expressed in parietal cells, serving
as a reliable marker for parietal cells [22]. To
determine whether K-ras activation affects the
identity or fate of these cells, we performed im-
munofluorescence staining for H*/K+ ATPase.
TAM-induced K-ras activation led to almost com-
plete depletion of parietal cells in the glandular
stomach close to the forestomach (Figure 4H ),
and also dramatic reduction of parietal cells in
the body of the stomach (data not shown) as
compared to the control mice (Figure 4G and
data not shown). Mechanisms for rapid loss of
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parietal cells in K-ras activated mice remain to
be further investigated. We further examined
whether K-ras activation also affects the entero-
endocrine cells. Immunofluorescence staining
for chromogranin A, a marker of enteroendo-
crine cells, showed that enteroendocrine cells
were barely detectable in the stomachs of K-ras
activated mice (Figure 41 and J).

Gastric cancer develops in a multi-step process,
and intestine metaplasia (IM) is considered a
premalignant lesion of tumorigenesis in which
the gastric mucosa is replaced by mucus-
secreting intestinal mucosa [23]. To determine
whether K-ras activation caused IM in gastric
mucosa, the gastric tissues were stained with
Alcian blue to identify acidic mucins that are
normally found only in the goblet cells of the
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Figure 5. K-ras activation causes intestinal metaplasia in 13-16 days after TAM treatment. Alcian blue staining for A)
Control and B) K-ras activated mice. Immunohistochemistry staining for CDX2 level in C) Control and D) K-ras acti-
vated mice. Scale bar 200uM. E) Western blot for CDX2.

small intestine ,colon and pylorus part of stom- may be involved and need to be further investi-
ach. The mucins are not found in the part of gated.
stomach adjacent to forestomach, unless there
is intestinal metaplasia [24]. Although the gas- MAPK pathway is activated in the stomach of
tric mucosa of control mice contained no Alcian mice carrying a K-ras mutation
blue-stained cells (Figure 5A), a significant num-
ber of positively stained cells were found in the To test whether downstream targets of the K-ras
K-ras activated transgenic mice (Figure 5B), signaling pathway were upregulated in K-ras
indicating that the glandular epithelium was activated mice, we examined the expression of
replaced with the intestinal-type columnar epi- downstream effectors, phosphorylated MEK,
thelium (the figure shows the part of glandular phosphorylated ERK1/2, and phosphorylated
epithelium next to forstomach region). p38 by Western blot analysis. We found that
expression of phosphorylated MEK, phosphory-
Intestine-specific gene expression is increased lated ERK1/2, and phosphorylated p38 were
in K-ras activated mice upregulated in K-ras activated mice (Figure 6A,
lanes 4-6) as compared to the control (Figure
CDX2, a transcription factor involved in intesti- 6A, lanes 1-3). Western blotting showed that
nal cell proliferation and differentiation, is often total p38 was also upregulated in the K-ras acti-
upregulated in IM [25]. Immunohistochemical vated mice, consistent with an earlier report
analysis showed that CDX2 was upregulated in that total p38 is upregulated in some gastric
K-ras activated mice as compared to the control tumors [26]. Immunohistochemical staining
(Figure 5C, D). The results were confirmed by showed that phosphorylated ERK1/2 was
Western blot (Figure 5E, lanes 4-6 vs. 1-3). upregulated mostly at the top of the crypts in K-
Since ectopic expression of Cdx2 in the stom- ras activated mice (Figure 6C), as compared to
ach of transgenic mouse induces intestinal the control (Figure 6B), while expression of
metaplasia [24], our results strongly suggest phosphorylated p38 was upregulated at the top
that activation of K-ras-induced expression of and the bottom of the crypts in K-ras activated
CDX2 may play an important role in induction of mouse (Figure 6E) as compared to the control
IM in the stomach, promoting development of (Figure 6D). These results suggest that the clas-
gastric pre-neoplasia. However, other pathways sical MAPK pathway is activated in the stom-
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Figure 6. Activation of downstream targets of the MAPK pathway within 13-16 days after TAM treatment. A) Western
blot for phospho MEK, phospho Erk1/2, and phosphor p38 in K-ras activated mice and control mice. Immunohisto-
chemical staining for phospho Erk1/2 in the stomach of the B) control and C) K-ras activated mice, or for phospho

p38 (D and E), respectively, 15 days after tamoxifen feeding. Scale bar 200uM.

achs of mice upon K-ras activation.

K-ras activation induces chronic inflammatory
response in the stomach of mice

Chronic gastritis is an important risk factor for
the development of IM and gastric cancer [27].
The presence of macrophages and lymphocytes
indicates a chronic inflammatory state. H & E
staining of stomachs of K-ras activated mice
showed infiltration of cells with small nuclei in
the submucosal layer of the foresomatch
squamous epithelium (Figure 7B), while the
control mice did not show such staining (Figure
7A). To determine whether K-ras activation in
mice induced inflammation in the stomach, we
performed immunohistochemical staining for
CD45, a marker of hematopoietic cells and ob-
served infiltration of hematopoietic cells
throughout the squamous epithelium of the
forestomachs of K-ras activated mice (Figure
7D), but not in the control mice (Figure 7C). We
also observed the presence of macrophages
(stained with CD68) in the areas of chronic in-
flammation (Figure 7F), but not in the control
mice (Figure 7E). The inflammatory response
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was observed also in the glandular stomach of
K-ras activated mice (data not shown).

Cyclo-oxygenase 2 (COX-2) is an inducible en-
zyme found in activated macrophages and other
cells at the site of inflammation. COX-2 expres-
sion is significantly upregulated in gastric can-
cer[28-30]. Recent studies have suggested a
strong link between K-ras activation and COX-2
expression[31,32]. Immunohistochemical stain-
ing of stomach tissues in K-ras activated mice
showed COX-2 expression in a subset of hema-
topoietic cells at the site of inflammation and
also, in the surrounding forestomach squamous
epithelial cells (Figure 7H), but not in the control
mice (Figure 7G). Together, these results sug-
gest that K-ras activation may induce an inflam-
matory response in the stomach tissues.

K-ras activation results in expansion of cells
expressing putative progenitor cell marker
Dcamklland also candidate gastric cancer
stem cell marker CD44

Rapid induction of hyperplasia of the forestom-
ach squamous epithelium and hyperplasia and

Am J Cancer Res 2011;1(4):432-445
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Figure 7. Activation of K-ras induces inflammatory response within 15 days after TAM treatment. H and E staining for
stomach of A) control and B) K-ras activated mice, Immunohistochemistry for CD45 in stomach of C) control and D) K-
ras activated mice. Immunohistochemistry for CD68, a macrophage marker, in E) control and F) K-ras activated mice.
Immunohistochemical staining for COX-2 from G) control and H) K-ras activated mice. Scale bar 200uM.

IM of the glandular stomach after K-ras activa-
tion prompted us to investigate the potential
alteration of stem/progenitor cell markers in the
stomach. Lgr5, a marker for adult stomach
stem cells, is expressed at the base of pylorus
in gastric antrum and squamous forestomach of
the adult mouse [15]. Notably, the expression of
Lgr5 was found to be reduced drastically in K-
ras activated mice compared to control mice, as
shown by Western blotting (Figure 8A, lanes 4-
6). However, we could not perform immunohis-
tochemical staining to detect the precise loca-
tion of Lgrb expression because of the unavail-
ability of a suitable antibody.

CD44 is a candidate for gastric cancer stem
cells [19]. The expression of CD44 was dramati-
cally increased in the stomachs of K-ras acti-
vated mice compared to the control, as shown
by Western blotting (Figure 8B, lanes 4-6). Im-
munofluorescence staining showed that the
expression of CD44 was particularly high in the
basal cells of the K-ras activated mice and ap-
peared to be present in multiple layers of fores-
tomach squamous epithelium compared to the
control mice, which show CD44 (+) cells only at
the base (Figure 8C and D). This region coin-
cides with the highly proliferative BrdU positive
region.
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In the glandular part of the stomach, the CD44
(+) cells were especially located at the bottom
of the crypts. Although cells in the large intes-
tine express CD44 at the basolateral region of
the crypt [33], the CD44-positive cells in the K-
ras activated mice were present in a consider-
ately larger part of the crypts (Figure 8F), while
the control did not show any CD44 positive cells
(Figure 8E) except at the base of the pylorus
region (data not shown). Thus, the highly prolif-
erative region of the stomachs in K-ras acti-
vated mice was also found to express CD44. It
has been reported that in intestinal metaplasia,
v5 and v6 exons of CD44 are expressed similar
to intestinal- type gastric cancer[34]. Thus,
these results suggest that elevated expression
of CD44 might be an early, important event in
stomach pre-carcinogenesis. Dcamkll, a puta-
tive progenitor cell marker in glandular stomach
is normally expressed in the isthmus/neck re-
gion of stomach. The control mouse showed a
few Dcamkll expressing cells in isthmus region
of stomach (Figure 8G). Notably, Dcamkl1l ex-
pressing cells were increased and detectable in
a larger part of glandular stomach of K-ras acti-
vated mice (Figure 8H). Collectively, our results
indicate that K-ras activation altered the expres-
sion of gastric stem cell markers or fate of po-
tential gastric progenitor cells.

Am J Cancer Res 2011;1(4):432-445
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Figure 8. Change in stem cell markers in K-ras activated mouse within 15 days after TAM treatment. Western blot for
A) LGR5 or B) CD44 from the lysates of stomach from control or K-ras activated mice 13-16 days after TAM treat-
ment. Immunofluorescence staining for CD44 in the forestomach of the C) control and D) K-ras activated mice, or in
the glandular stomach (E and F), 15 days after TAM feeding. Immunofluorescence staining for Dcamkl1 in stomach of
@) control and H) K-ras activated mice. Scale bar 200uM.

Discussion gastric phenotype include the K-rasGi2V ex-

We found that acute and ubiquitous K-ras acti-
vation in adult mice had dramatic and rapid
effects on the stomach, namely hyperplasia, IM,
an inflammatory response, and changes in the
expression of candidate progenitor cell markers,
while we did not detect obvious tumors in other
organs examined up to 18 days after K-ras acti-
vation. Moreover, the forestomach epithelium
and the adjacent glandular stomach epithelium
are more dramatically affected by K-ras muta-
tion. These results indicate that amongst all the
tissues in which K-ras is activated, the stomach
appears to be most susceptible to K-ras muta-
tion in an earliest window of time, suggesting a
crucial role of K-ras activation in initiation of IM.

Thus far, reported K-ras models that show a
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pressed from the K19 promoter [35] and tetra-
cycline-inducible expression of the K-rasG12D
transgene from the K5 promoter [12]. K-ras12v
expressed from the K19 promoter causes hy-
perproliferation of mucus neck cells with an
expansion of this compartment in 6-12 months,
and the mice are viable; it is conceivable that
stem cells or progenitor cells might reside also
in this compartment. Another mouse model con-
ditionally expresses the K-rasé12D transgene
from the K5 promoter leads to squamous cell
hyperplasia within 3-4 weeks [12]. Knock-in
KrasG12D induced by the expression of Mx-cre
induces hyperplasia in the forestomach along
with myeloproliferative disorder with mean sur-
vival of 35 days [36]. However, the reported
phenotype and/or the K-ras expression systems
used in these studies were different from our
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studies. In our mouse model, K-rasé12b/+ was
expressed from the endogenous K-ras promoter
and only one allele of the knock-in K-ras6120 was
activated in mice induced by the expression of
Ubc9-cre. We did not observe any skin, oral cav-
ity and esophageal lesions [23]. Ubiquitous in-
duction of mutant K-ras in our mice rapidly re-
sulted in forestomach squamous cell hyperpla-
sia and dysplasia, as well as hyperplasia and
intestinal metaplasia of the glandular stomach
within two weeks, the latter of which resemble
the precancerous stages of intestinal-type hu-
man gastric cancer [25]. Therefore, the condi-
tional and systemic activation of K-ras in the
adult mouse may be very useful to study the
precancerous legions which are the early events
in human gastric carcinogenesis.

Overexpression of EGFR(HER1), an upstream
activator of K-ras, has been detected in more
than 70% of gastro-esophageal cancers [37].
While K-ras mutations have been detected in
gastric cancers, the significance of K-ras activa-
tion in the pre-neoplastic legions of gastric can-
cer is not well studied. A clinical study per-
formed on a large number of patients with atro-
phic gastritis suggests that K-ras mutation is a
good predictor of progression of pre-neoplastic
legions [38], indicating that activation of the K-
ras pathway can be an early event in gastric
tumorigenesis. Furthermore, it is possible that
activation of this pathway, even in the absence
of a K-ras mutation in certain cell populations,
can drive cells to proliferate faster, facilitating
neoplastic transformation.

K-ras can activate multiple downstream signal-
ing proteins, and typical effectors are MAPK/
MEK/ERKs [4], which also have pleiotropic roles
including induction of cell proliferation. We ob-
served that K-ras activation increased phos-
phorylation and activation of MEK1 and ERK1/2
in the forestomach and the glandular stomach
and also enhanced cell proliferation. Notably, in
the gastric epithelium of K-ras activated mice
that underwent IM in the stomach, expression
of CDX2 was markedly increased. These find-
ings are consistent with the notion that K-ras
activated MEK/ERKs increases cell proliferation
of the gastric epithelium leading to IM. The
mechanisms involved in the intestinalization of
gastric epithelium need to be further investi-
gated.

Clinical data suggest that adenocarcinoma of
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the cardia region is closely associated with in-
flammation and IM [39]. We found that K-ras
activation resulted in an inflammatory response
and enhanced expression of COX-2 in certain
areas of the forestomach and the glandular
stomach. COX2 is upregulated in the gastric
epithelium, and in the infiltrating inflammatory
cells in the stomach with gastritis [40,41], and
sulindac suppresses the progression of gastric
cancer in mice [42]. Hence, a K-ras activation-
induced inflammatory response may facilitate
formation of IM and promote progression of
gastric cancer. TGF-B signaling in fibroblasts can
affect epithelial growth and induce oncogenesis
[43]. As gastric cancer can originate from bone
marrow derived cells [44], K-ras activated he-
matopoietic cells or stromal cells in stomach
may also contribute to the phenotype. The bone
marrow transplant from K-ras activated mice to
the donor mice leads to hematological malig-
nancies in mice with C57BL/6J genetic back-
ground in three months, with no abnormality
reported in other organs [45]. A similar bone
marrow transplant study in mice with 129Sv
and C57BL/6 mixed background (same as in
this study) did not show any phenotype and the
mice were healthy for at least 120 days [36].
Thus, it is less likely that the phenotype is en-
tirely a result of recruitment of K-ras activated
hematopoietic cells to the stomach. Neverthe-
less, it remains possible that a combination of K
-ras activation in gastric epithelial cells along
with activation in hematopoietic system contrib-
ute to the phenotype.

Deletion of Apc in the stem cell population of
intestine, leads to their transformation within
days, whereas the same gene deleted in the
cells of the transit amplifying region has little
impact on tumorigenesis [46], suggesting that
targeting the stem cell population enhances
carcinogenesis. In our mouse model, K-ras was
activated systemically in almost all cellular com-
partments, leading to the rapid initiation of IM in
the stomach, perhaps via targeting a stem/
progenitor cell population. K-ras activation in-
duced IM and expression of CD44, a putative
marker for gastric cancer stem cells [19], but
did not lead to development of gastric cancer
within two weeks, suggesting that CD44 may act
as an oncogenic factor rather than a cancer
stem marker at an early stage.

We found that the gastric epithelial stem cell
marker Lgr5, which only marks the stem cells
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for the forestomach, at the junction of forestom-
ach and glandular stomach and pylorus was
decreased substantially in the K-ras activated
mice. It is possible that K-ras-induced prolifera-
tion of the normal stem cell population led to
exhaustion of this population. Alternatively, it is
also possible that the stomach stem cell popu-
lation in the forestomach and at the junction of
forestomach and glandular stomach are more
susceptible to K-ras activation-induced change
of fate. In the glandular stomach, the cells ex-
pressing a putative progenitor cell marker,
Dcamkll, was increased in the K-ras activated
mice. Thus, there appears to be differential
regulation of stem/progenitor cell population in
the forestomach and glandular stomach of K-
ras activated mice. The molecular mechanisms
underlying the link between K-ras activation and
regulation of stem/progenitor cell self- renewal
remain to be further investigated. Our mouse
model demonstrates the genetic and histologi-
cal changes during the initiation of gastric car-
cinogenesis [47,48], serving as a useful tool to
study the early molecular events during the
process of tumorigenesis.
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