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Gastric Lgr5” stem cells are the cellular origin of invasive
intestinal-type gastric cancer in mice
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The cellular origin of gastric cancer remains elusive. Leucine-rich repeat-containing G-protein-coupled receptor
5 (Lgr5) is the first identified marker of gastric stem cells. However, the role of Lgr5" stem cells in driving malignant
gastric cancer is not fully validated. Here, we deleted Smad4 and PTEN in murine gastric Lgr5™ stem cells by the
inducible Cre-LoxP system and marked mutant Lgr5" stem cells and their progeny with Cre-reporter Rosa26"""".
Rapid onset and progression from microadenoma and macroscopic adenoma to invasive intestinal-type gastric can-
cer (IGC) were found in the gastric antrum with the loss of Smad4 and PTEN. In addition, invasive IGC developed at
the murine gastro-forestomach junction, where a few Lgr5™ stem cells reside. In contrast, Smad4 and PTEN deletions
in differentiated cells, including antral parietal cells, pit cells and corpus Lgr5" chief cells, failed to initiate tumor
growth. Furthermore, mutant Lgr5” cells were involved in IGC growth and progression. In the TCGA (The Cancer
Genome Atlas) database, an increase in LGR5 expression was manifested in the human IGC that occurred at the
gastric antrum and gastro-esophageal junction. In addition, the concurrent deletion of SMAD4 and PTEN, as well as
their reduced expression and deregulated downstream pathways, were associated with human IGC. Thus, we demon-
strated that gastric Lgr5" stem cells were cancer-initiating cells and might act as cancer-propagating cells to contrib-

ute to malignant progression.
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Introduction

Gastric cancer is the fifth most common malignancy
and the third leading cause of cancer mortality worldwide
[1]. The vast majority of gastric cancer is adenocarcino-
ma, which consists of the intestinal-type and diffuse-type
according to the Lauren classification, and it is thought
to arise from the gastric epithelium via sequentially
acquired mutations in specific genes. The gastric epithe-
lium is organized into multiple gastric units that are fu-
eled by a pool of stem cells capable of self-renewal and
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multilineage differentiation. In the adult gastric antrum,
the Lgr5" stem cells reside at the base of each gland and
generate transit-amplifying cells, yielding differentiated
cells that constitute the bulk of the glandular epithelium
[2]. More recently, Troy" chief cells and Mistl " isthmus
cells in the murine gastric corpus were identified as stem
cells [3, 4], while Sox2-labeled gastric corpus isthmus
and antral stem cells are distinct from Lgr5" stem cells [5].

Theoretically, gastric stem cells are the favored tar-
gets of transformation due to their inherent capacity for
self-renewal and longevity, which permits the sequential
acquisition of mutations and/or epigenetic changes re-
quired for tumorigenesis. A recent study showed that the
murine corpus isthmus Mist1 " stem cells serve as a cellu-
lar origin of invasive diffuse-type gastric cancer (DGC)
[4]. In Mist1" stem cells, double deletions of E-cadherin
gene (Cdhl), the most frequently mutated gene in human
DGC, and p53 gene in the presence of chronic inflam-
mation lead to invasive DGC [4]. As for intestinal-type



gastric cancer (IGC), however, gastric stem cells with
several pathways altered fail to give rise to malignant or
invasive IGC [4]. Wnt signaling activation by Apc de-
letion or B-catenin stabilization in murine gastric antral
Lgr5" stem cells only leads to microadenoma even after
a 100-day period [2, 6]. Chronic Notch activation in mu-
rine antral Lgr5" stem cells induces hyperplastic polyps
within 1 year [7]. Similarly, in corpus Mistl" stem cells,
double mutations in Kras and Apc or Notch activation
lead to intramucosal intestinal-type dysplasia [4]. To fur-
ther complicate this, some clinical studies have revealed
the increased LGRS5-expressing cells or elevated LGRS
expression in IGC specimens, while some studies found
that LGR5" cells were absent in the premalignant IGC
lesions [8-11]. Thus, whether gastric stem cells could act
as cancer-initiating cells to drive malignant IGC forma-
tion lacks in vivo validation.

To elucidate the role of Lgr5" stem cells in gastric
carcinogenesis, we deleted Smad4 and PTEN in murine
gastric Lgr5" stem cells, and investigated the LGRS ex-
pression as well as the alteration of SMAD4 and PTEN in
human gastric cancers.

Results

Deletion of Smad4 and PTEN in murine Lgr5" stem cells
resulted in gastric tumor

Smad4, a central mediator of TGF-f signaling, is a
well-known tumor suppressor, as evidenced by various
murine models of different cancer types, including gas-
tric cancer [12]. However, all of these murine models of
gastric cancer arise from the germline heterozygous or
T cell-specific deletion of Smad4 [13-16]. The epithe-
lium-autonomous role of Smad4 in suppressing gastric
cancer has not yet been clearly defined. Our previous
study has demonstrated that PTEN deletion in the en-
tire gastric epithelium leads to adenoma in the corpus
and slight hyperplasia in the antrum [17], implying that
PTEN deletion alone is insufficient to initiate cancer in
the gastric antrum, where Lgr5” stem cells reside.

Thus, to fully clarify whether mutant Lgr5" stem
cells in the gastric antrum are involved in gastric tum-
origenesis, mice carrying floxed Smad4 [18] and PTEN
[19] alleles were bred with Lgr5-eGFP-IRES-CreERT?2
knock-in mice [20] to generate Lgr5-Cre"*":Smad-
4" ;PTEN"" (hereafter control), Lgr5-Cre"*";Smad4"”
".-PTEN"" (Smad4"";PTEN""), Lgr5-Cre"™";Smad-
4", PTEN" (Smad4"" ;:PTEN") and Lgr5-Cre"*":Smad-
4. pTEN™ (Smad4ﬂ/ﬂ;PTEl\ﬂ/ﬂ) mice. We also used Ro-
sa26-loxP-stop-loxP-tdTomato (Rosa™"*) reporter mice
[21] to lineage trace the mutant Lgr5" cells. Cre-mediated
recombination within the reporter locus activates the ex-
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pression of a red fluorescent protein variant, tdTomato,
which indelibly marks the recombined cells and their
progenies through their entire lifespan. Due to the pre-
viously reported low activity of Lgr5-Cre™ " transgenic
mice, tamoxifen was administered for 6 consecutive days
in 6-week-old mice, and no morphological abnormality
associated with tamoxifen was observed in the gastric
antral epithelium (Supplementary information, Figure
S1A). Because the Lgr5-eGFP-IRES-CreERT?2 knock-
in mice carried an enhanced green fluorescent protein
(GFP) cassette, Lgr5" cells could be visualized by GFP
expression. Immunofluorescence analysis of the Smad4”
M. PTEN™ antrum showed the concurrent loss of Smad4
and PTEN expression in Lgr5" stem cells (Figure 1A,
yellow arrowheads). On day 15 post induction, Smad4”

1. PTEN"-Rosa™" " antrum showed that clonal patches

were negative for Smad4 and PTEN and positive for
p-Akt and RFP (RFP antibody is also specific for Toma-
to), suggesting that Smad4 and PTEN were efficiently
deleted in the progenies of Lgr5” stem cells (Supplemen-
tary information, Figure S1B).

As early as 3 months post induction, 65% (13/20) of
Smad4 and PTEN double-mutant mice in the Rosa"""’
background developed red polyps in the gastric antrum
(Figure 1B, black arrowheads, Table 1). In addition, red
polyps adjacent to forestomach, where a few Lgr5" cells
at the base of corpus glands near forestomach/esophageal
border act as stem cells [2], were found in 25% (5/20) of
mice lacking Smad4 and PTEN (Figure 1B, blue arrow-
head). Afterwards, double-mutant mice exhibited pro-
gressive weakness and died within 5 months (Figure 1C).

Red polyps indicated that the lesions might arise as a
result of Cre activity in mutant Lgr5™ cells (Figure 1B,
arrowheads). Consistent with this, immunohistochem-
istry (IHC) analysis displayed clear loss of Smad4 and
PTEN as well as consequent p-Akt activation, which
were further supported by the western blot results (Figure
1D and 1E). Taken together, the above data demonstrate
that mutant gastric Lgr5" cells produced gastric tumors.

Mutant gastric Lgr5" stem cells gave rise to invasive
1GC

Histological examination showed a normally defined
glandular structure in the control antrum on day 60 post
induction (Figure 2A). In sharp contrast, as early as 30
days post induction, a single adenomatous gland visu-
alized by p-Akt expression appeared in the Smad4 and
PTEN double-mutant antrum (Figure 2A). On day 45,
60% (6/10) of mutant mice developed microadenomas
that consisted of more than one adenomatous gland (Fig-
ure 2A and Table 1). By 60 days, double-mutant mice
displayed robust and widespread microadenomas (Figure
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Figure 1 Deletion of Smad4 and PTEN in murine gastric Lgr5" stem cells resulted in tumorigenesis. (A) Immunofluores-
cence (IF) analysis using Smad4 (red), PTEN (white) and GFP (green; for Lgr5” cells) antibodies in Lgr5™ stem cells from
Lgr5-Cre™ ™ Smad4™":PTEN" (hereafter Smad4™:PTEN") antrum 1 day after tamoxifen (Tam) administration. White arrow-
heads indicated the wild-type Lgr5" stem cells, and yellow arrowheads indicated the deficient Lgr5" stem cells. (B) Gross
anatomy of the representative stomach of control and Smad4”:PTEN"":Rosa™™* double-mutant mice 90 days after tamoxi-
fen treatment; the latter shows macroscopic polyps (arrowheads). Of note, red polyps could be clearly seen without a micro-
scope. (C) Kaplan-Meier survival curve of Smad4™:PTEN" compound mutant mice (blue dotted line; n = 15) compared with
control mice (red solid line; n = 8; P < 0.0001 by log-rank test), Smad4™;PTEN" mice (green solid line; n = 8; P < 0.0001) or
Smad4™:PTEN" mice (purple solid line; n = 8; P < 0.0001). (D) IHC analysis of Smad4, PTEN and p-Akt confirmed complete
loss of Smad4 and PTEN and activation of Akt. (E) Western blot analysis of Smad4, PTEN and p-Akt in the control antral epi-
thelium and Smad4™":PTEN" polyps 90 days post induction. Scale bar, 50 um.
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Table 1 Cancer incidence in double-mutant and control mice
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Months Control Smad4"”";PTEN"" Smad4™: PTEN"" Smad4™: PTEN""
1.5m MA 0/9 0/8 0/8 6/10*
A 0/9 0/8 0/8 0/10
IA 0/9 0/8 0/8 0/10
3m MA 0/12 0/11 0/8 20/20%*
A 0/12 0/11 0/8 13/20%*
1A 0/12 0/11 0/8 8/20%
12m MA 0/10 5/8% 8/8* NA
A 0/10 0/8 4/8%* NA
IA 0/10 0/8 0/8 NA

MA, microadenoma; A, adenoma; IA, invasive adenocarcinoma; NA, not applicable.

*P < 0.05. The Fisher’s exact test was used for comparison with control.

2A). On day 90 post induction, 65% (13/20) of mutants
presented with macroscopic adenomas that were greater
than 2 mm x 2 mm in size and could be viewed by the
naked eye (Figure 1B and Table 1). Adenoma exhibited a
marked increase in proliferative cells and loss of differ-
entiated cells, such as chief cells, pit cells, parietal cells
and hormone-secreting G cells (Supplementary informa-
tion, Figure S2). In addition, ectopic expression of intes-
tinal epithelial markers, such as Villin, Cdx1 and Cdx2,
was observed in adenoma (Supplementary information,
Figure S3). Notably, 40% (8/20) of Smad4 and PTEN
compound deficient mice developed IGC that invaded
into the submucosa (Figure 2B, Table 1 and Supplemen-
tary information, Figure S4). Invasive lesions displayed
irregularly shaped and multi-layered glands that varied
in size, shape and contour, as well as a string of cells and
single cancer cells, which were accompanied by cytolog-
ical atypia (Figure 2C-2E and Supplementary informa-
tion, Figure S4). In addition, some cancer cells disrup-
tively infiltrated into the muscularis propria (Figure 2D).
Accordingly, a 2.5- and 2-fold increase in Ki67-positive
cells was observed in intramucosal and invasive lesions,
respectively (Supplementary information, Figure S5). In
contrast, until 12 months after tamoxifen treatment, 50%
(4/8) of Smad4 single-mutant mice presented with polyp-
oid adenoma (Supplementary information, Figure S6A,
Table 1), while 63% (5/8) of PTEN single-mutant mice
only developed microadenoma (Supplementary informa-
tion, Figure S6B, Table 1). At the gastro-forestomach/
esophageal junction, Lgr5" stem cells with Smad4 and
PTEN mutations produced identical phenotypes, while
the penetrance was 25% (5/20) and lower than that in the
antrum (Supplementary information, Figure S7). Collec-
tively, we revealed that gastric Lgr5" stem cells served as
the cellular origin of invasive IGC.

As expected, invasive adenocarcinomas were also
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found in Smad4 and PTEN double-mutant small intestine
and colon where Lgr5 also marks stem cells (Supple-
mentary information, Figure S8). Of note, the invasive
adenocarcinoma in the colon with complete penetrance
was histologically more extensive and destructive (Sup-
plementary information, Figure S8C and S8D).

In addition, we examined whether Smad4 loss
combined with alterations of other genes in gastric
Lgr5™ stem cells could lead to invasive IGC. Either
simultaneous deletion of Smad4 and p53 genes [22]
(Lgr5-Cre;Smad4"";p53"") or Smad4 deletion with
Kras®"” [23] expression (Lgr5-Cre;Smad4™;Kras®"""")
was insufficient to initiate adenoma (Supplementary
information, Figure S9A and S9B). When Kras®'*” was
expressed in the background of Smad4 and p53 double
deletion (Lgr3-Cre;Smad4™;p53™": Kras®*""), these
triple mutant mice showed hyperplasia polyps in gastric
antrum (Supplementary information, Figure S9C).

Molecular alterations in gastric cancer caused by Smad4
and PTEN deletion

Next, we investigated the downstream effectors of
Smad4 and PTEN pathways responsible for tumor for-
mation and progression. IHC and western blot results
showed that Smad4 deletion resulted in a dramatic in-
crease in the expression of Smad4 targets, cyclin D1 and
Sppl, two key effectors in cancer growth and metastasis
[24] (Figure 3A and 3B). In addition, the level of phos-
phorylated Smad2 (p-Smad2), a progression-associated
factor in human advanced gastric cancer [25], was strik-
ingly increased in Smad4 and PTEN deficient tumors
(Figure 3A). We also found that the Stat3, EGFR and
MAPK pathways were activated in adenoma and inva-
sive adenocarcinoma, as supported by phosphorylation
of Stat3, EGFR, ERK, p38 and JNK (Figure 3A and 3B).
All of them are involved in gastric cancer progression
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Figure 2 Gastric adenocarcinoma was driven by antral Lgr5” stem cells with the loss of Smad4 and PTEN. (A) H&E staining
and p-Akt IHC were performed on the serial sections from control and Smad4 and PTEN double-mutant antrum. Control mice
exhibited a normal structure of antral glands 60 days post induction. However, as early as 30 days post induction, a single ad-
enomatous gland visualized by p-Akt staining appeared in the double-mutant antrum. 45 days post induction, double-mutant
mice presented with microadenomas that were smaller than 2 mm x 2 mm in size and only detected on microscopic exam-
ination. On day 60 after tamoxifen treatment, microadenomas became robust and widespread throughout the gastric antrum.
(B) H&E staining of control and double-mutant antrum 90 days post induction. On day 90, 40% (8/20) of Smad4 and PTEN
compound deficient mice exhibited the invasive adenocarcinoma. The yellow and purple solid-line boxes in B were magnified
on the right. (C-E) The submucosal lesions of gastric antral invasive adenocarcinoma. The invasive glands exhibited irregular
outpouchings and sharp edges, and consisted of only a few epithelial cells (arrowheads). (C) The lesion is magnified from
the blue solid-line box in B. The green, red and light blue solid-line boxes in C were magnified on the right. (D) Some invasive
lesions displayed destructive infiltration into the muscularis propria. Scale bar, 50 um.
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Figure 3 Molecular alterations in Smad4 and PTEN double-mutant gastric cancer. (A) IHC analysis of control antral epitheli-
um (column 1), mucosa (column 2) and submucosa (column 3) from Smad4 and PTEN compound mutant adenocarcinoma
3 months post induction. Antibodies against cyclin D1, p-Stat3, p-Smad2, p-EGFR and GFP (for Lgr5” cells) were used. (B)
Western blot analysis of the control antral epithelium and adenoma from a Smad4 and PTEN compound mutant. Antibodies
against Spp1, GAPDH, p-ERK, ERK, p-p38, p38, p-JNK, JNK, p-Stat3 and Stat3 were used. Scale bar, 50 um.

and correlate with a poor prognosis in human gastric can-
cer [26-28]. Taken together, Smad4 and PTEN deletion in
gastric Lgr5” stem cells led to invasive IGC phenocopy-
ing the molecular alterations of human gastric cancer.

Gastric differentiated cells with loss of Smad4 and PTEN
failed to initiate tumor formation

We further examined whether Lgr5” stem cells were
more prone to driving malignant transformation than
their differentiated progeny. A previous study has shown
that Lgr5™ stem cells give rise to pit cells in the antrum
and parietal cells located at the transition zone between
the antrum and corpus on the lesser curvature [2]. We
utilized two Cre transgenic mouse lines, Capn§-Cre [29]
and Atp4b-Cre [30], in which Cre-mediated recombina-
tion occurred in pit and parietal cells. In the same Smad4
and PTEN mutant background, no morphological aberra-
tion was found in the gastric antrum or transition zone of
these two murine lines (Figure 4A and 4B; Supplementa-
ry information, Figure S10A and S10B).
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Lgr5 also marks some chief cells at the gastric less-
er curvature [31] (Supplementary information, Figure
S10C). In the same double-mutant mouse, Lgr5™ chief
cells with Smad4 and PTEN deletion did not lead to
morphological alteration at the gastric lesser curvature
even 90 days post induction (Figure 4C and Supplemen-
tary information, Figure S10C), which coincided with a
previous study performed in the setting of acute oxyntic
atrophy revealing that Lgr5" chief cells do not contribute
to the induction of metaplasia [31]. Collectively, these
results suggested that, at least in the context of Smad4
and PTEN loss, the gastric Lgr5" stem cells are favored
targets for gastric tumorigenesis.

Mutant Lgr5" cells were involved in IGC growth and
progression

Next, we assessed how Lgr5" stem cells initiated ma-
lignant gastric cancer. First, we examined Lgr5" stem
cells at the early stage of tumor formation. On day 30
post induction, the majority of antral glands deficient in
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Figure 4 No tumor formation in mice with gastric differentiated
cell-specific deletion of Smad4 and PTEN. (A) H&E staining
of gastric antrum from 3-month-old control and pit cell-specific
Smad4 and PTEN double-mutant mice driven by Capn8-Cre. (B)
H&E staining of the transition zone between the gastric antrum
and corpus on the lesser curvature from 3-month-old control
and parietal cell-specific Smad4 and PTEN double-mutant mice
driven by Atp4b-Cre. (C) H&E staining of the gastric corpus on
the lesser curvature from 3-month-old control and Lgr5”™ chief
cell-specific Smad4 and PTEN double-mutant mice driven by
Lgr5-Cre®™ ™. Scale bar, 50 um.

Smad4 and PTEN, as monitored by RFP, were morpho-
logically well-defined and indistinguishable from the
nearby neutral glands (Figure 5). The Lgr5" cell num-
ber in RFP" glands was similar between wild-type and
mutant mice (Figure 5A), and mutant Lgr5™ cells still
resided in the normal position at the gland base. How-
ever, right above the Lgr5” stem cell domain, a marked
increase of Ki67" cells and expansion of the Ki67" prolif-
erative zone were found in double-mutant mice (Figure

5B). Meanwhile, mutant Lgr5" cells failed to differentiate
into chief, parietal, pit and hormone-secreting G cells, as
confirmed by loss of the corresponding markers (Figure
5C-5F). Thus, in the early stage of tumorigenesis, al-
though the Lgr5" stem cell, as the cancer-initiating cell,
acquired the Smad4 and PTEN mutations, Lgr5" stem
cell-derived progenies mainly contributed to hyperplasia
by promoting proliferation and blocking differentiation.

Mutant Lgr5" cells still resided at the very base when
hyperplasia progressed into benign adenoma in Smad4
and PTEN double or Smad4 single mutant antrum (Figure
6A and Supplementary information, Figure S6A). Even
in the intramucosal lesion of antral IGC, Lgr5" cells were
not increased in number and were still restricted toward
the base (Figure 6A). Unexpectedly, in the invasive le-
sion of the antral IGC, the Lgr5" cells accounted for 31%
of tumor cells, which is strikingly higher than 4.4% in
the intramucosal lesion, and showed an extensive distri-
bution throughout the invasive lesion (Figure 6B). More
importantly, mutant Lgr5" cells, regardless of their po-
sition, displayed proliferative capability (Figure 6C). In
addition, a similar expression pattern of Lgr5" cells was
found in the invasive adenocarcinoma of the intestine
and colon (Supplementary information, Figure S8B and
S8E). Notably, a prior in vivo lineage tracing study iden-
tified intestinal Lgr5™ adenoma cells as so-called cancer
stem cells that promote mouse intestinal adenoma growth
[32]. Taken together, the above results suggested that
mutant Lgr5" cells contribute to gastric tumor growth
and progression.

Aberrations in the SMAD4 and PTEN pathways and in-
creased LGRS expression in human IGC

To confirm whether the murine model generated here
would recapitulate human IGC, we analyzed 152 human
gastric cancer samples from the TCGA database that
occurred at the gastric antrum and gastro-esophageal
junction (GEJ) [33]. We found that gene deletion in the
SMAD4 or PTEN locus was more frequent in the intesti-
nal subtype than in the diffuse subtype (Supplementary
information, Tables S1 and S2). As shown in Figure
7A, in the intestinal subtype, 56% (61/109) of gastric
samples had SMAD4 deletion and/or mutation, and 33%
(36/109) had PTEN deletion and/or mutation. As expect-
ed, SMAD4 or PTEN deletion was tightly associated with
low mRNA and protein expression in human intestinal
subtype gastric cancer (Figure 7B and Supplementary
information, Tables S3 and S4).

Notably, concurrent deletions in the SMAD4 and
PTEN loci were found in 24% (26/109) of the intestinal
type samples from the gastric antrum and GEJ (Figure
7A and Supplementary information, Table S5), and there
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Figure 5 Mutant Lgr5" progenies rapidly expanded and failed to differentiate. (A) Double IF analysis using RFP (for recom-
bined cells) and GFP (for Lgr5" cells) antibodies in control as well as Smad4 and PTEN double-mutant glands 30 days after
induction. Quantification of the Lgr5" cell number per RFP" gland is shown below. (B) Double IF analysis using RFP and Ki67
antibodies in control and double-mutant glands 30 days after induction. Quantification of the Ki67" cell number per RFP*
gland is shown below. (C-E) Double IF analysis of RFP and differentiated cell markers, such as Pepsinogen (C, for chief cell),
DBA (D, for parietal cell) and UEA (E, for pit cell) in control and double-mutant glands. (F) Double staining of RFP by IF and
Gastrin (for hormone-secreting G cell) mRNA by in situ hybridization in control and double-mutant glands. Significance was
calculated using Student’s t-test (n = 4). Scale bar, 50 um.

was a statistically significant difference between double  levels of SMAD4 versus PTEN were positively correlat-
and single deletion of SMAD4 and PTEN (Supplementary  ed in the intestinal type samples (Figure 7C), indicating
information, Table S5). Consistent with this, the mRNA  the contribution of SMAD4 and PTEN downregulation
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Figure 6 Lgr5" cells in antral IGC. (A) Lgr5" cells, indicated by GFP staining, were restricted to the base in control, adenoma,
and mucosal IGC lesions, but they expanded throughout the invasive IGC lesion. The green dotted line divided the mucous
layer and submucosa. Red frame (submucosa) and blue frame (muscularis propria) were magnified to clearly show Lgr5
expression. Scale bar, 50 um. (B) Quantification of the percentage of Lgr5” cells in control gastric antral epithelium and IGC.
Significance was calculated using the Student’s t-test. (C) Double IF analysis using GFP (green) and Ki67 (red) antibodies
revealed that mutant Lgr5” cells were actively proliferating. Scale bar, 25 pm.

in human gastric cancer growth. Then, we assessed the
downstream effectors of SMAD4 and PTEN pathways
in human IGC. An increase in the cyclin DI and SPPI
expression was identified in the intestinal subtype (Figure
7D). In addition, an inverse correlation between SMAD4
and cyclin D1, as well as PTEN and p-Akt"", was con-
firmed in human IGC (Supplementary information, Ta-
bles S6 and S7).

Analysis of the same data revealed elevated LGRS
expression in the intestinal subtype of gastric adeno-
carcinoma at the gastric antrum and GEJ (Figure 7E),
supporting that LGR5" stem cells might be involved in
human gastric tumor growth and progression.

Discussion

We provide the first critical in vivo evidence that gas-
tric stem cells are the cellular origin of aggressively mus-

cle-invasive gastric adenocarcinoma. Lgr5 is a well-es-
tablished tissue stem cell marker for various epithelial
types, such as gastric antrum, intestine, colon and skin
[2, 20, 34]. The tumor-initiating role of the Lgr5" stem
cell was first identified in the murine intestine where the
rapid onset of and progression to adenoma resulted from
Lgr5" stem cell-specific Apc loss [32, 35]. However, in
the gastric antral epithelium, these same mice only dis-
play microadenoma and invariably fail to develop into
adenomas during a 100-day period [2, 6], challenging the
role of Lgr5" stem cells in driving gastric tumorigenesis.
Here, in our model, microadenomas were readily visible
throughout the antrum as early as 60 days post induction
and they developed into macroscopic adenoma by 90
days, demonstrating the stem cell origin of gastric tumor.
More strikingly, following malignant transformation,
adenoma developed into aggressively invasive adeno-
carcinoma. Finally, the notion that mutant Lgr5" stem
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Figure 7 Aberrations in the SMAD4 and PTEN pathways and the increased LGR5 expression in human IGC. The DNA copy
number, mutations and RNA data of human gastric cancer were downloaded or derived from the TCGA database (Supple-
mentary information, Table S8). (A) Deletion and mutations of SMAD4 and PTEN were found in 109 human gastric cancer
samples that were classified as the intestinal subtype and occurred at gastric antrum and GEJ. The classes of deletion and
mutations were distinguished by color. (B) Deletion of SMAD4 or PTEN in human gastric cancer was associated with their
low mRNA expression. The y-axis indicated log,-transformaed reads per kilobase of transcript per million mapped reads
(RPKM). If no reads were mapped on the corresponding gene, the y-axis is set to —10. Data are presented as mean + SEM.
Significance was calculated by Student’s t-test or Wilcoxon two-sample test. SMAD4: Neutral (diploid), n = 34; shallow dele-
tion, n = 41; deep deletion, n = 12. PTEN: Neutral, n = 57; shallow deletion, n = 22; and deep deletion, n = 2. (C) Scatterplots
of SMAD4 versus PTEN mRNA expression in 94 human IGC samples. The green dotted lines indicate the average expres-
sion level of the diploid genes. The blue dots (n = 21) indicate the samples carrying the concurrent deletion of SMAD4 and
PTEN. Spearman’s correlation coefficients (r) and P-values are shown. (D) High mRNA expression of cyclin D1 and SPP1
were found in the IGC samples. Significance was calculated using the Student’s t-test or Wilcoxon’s two-sample test. Normal:
n = 29; intestinal: n = 94. (E) High mRNA expression of LGR5 was found in the IGC samples and in the intestinal subtype
subpopulation that occurred at the gastric antrum and GEJ. Significance was calculated using the Student’s t-test or Wilcox-
on’s two-sample test. Normal: n = 29; antrum: n = 62; GEJ: n = 32.

cells give rise to invasive IGC was formally validated by
Cre-reporter Rosa™"*“ that permanently marked the mu-
tant Lgr5” stem cells and their progenies.

Our group and other research groups have demonstrat-
ed cooperative functionality between Smad4 and PTEN

www.cell-research.com | Cell Research

signaling in suppressing tumorigenesis in various tumor
mouse models of different tissues, such as squamous cell
carcinoma in the skin and esophagus and adenocarcino-
ma in the prostate and pancreas [24, 36-38]. Here, we
demonstrated the synergetic effect between Smad4 and
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PTEN deletion in driving gastric tumor initiation in the
context of tissue stem cells. Most importantly, the contri-
bution of SMAD4 and PTEN loss to human gastric cancer
was verified in human gastric cancer samples. A high rate
of deletion and mutation at SMAD4 and PTEN loci was
revealed in human gastric cancer, especially in the in-
testinal subtype. Furthermore, co-occurrence of SMAD4
and PTEN deletion and mRNA downregulation was ob-
served in the intestinal subtype. Finally, the deregulated
SMAD4 and PTEN pathways in human gastric cancer
resembled the alterations that we observed in mice.

Another meaningful finding emerged from the Lgr5
expression pattern in gastric adenoma and invasive ad-
enocarcinoma. In the murine intestine, evidence from
in vitro proliferative activity and in vivo lineage tracing
analysis demonstrated that intestinal Lgr5” stem cells act
as cancer stem cells to fuel the growth of the established
intestinal adenomas [32]. Here, we observed that the
mutant Lgr5" cells were exclusively located at the base
of benign adenoma, which is similar to the previously
reported pattern in the mutant Lgr5™ cell-driven intes-
tinal adenoma [32]. Unexpectedly and not previously
reported in murine intestine models, a markedly elevated
proportion of Lgr5" cells were present throughout the
invasive region of gastric adenocarcinoma, implying that
the mutant Lgr5" cells may be involved in the malignant
transition and progression. Of note, the mutant Lgr5"
cells, regardless of their location, exhibited prolifera-
tive ability that could be measured by Ki67 staining.
Together, these data demonstrated the potential of Lgr5”
cells to promote gastric cancer growth and propagation.
Notably, two studies from human gastric cancer samples
have shown that Lgr5" cells exclusively reside at the base
of adenoma, but they have a widespread distribution in
invasive adenocarcinoma, especially at the invasive front
[8, 9]. Moreover, our analysis in human advanced gastric
cancer samples confirmed the markedly elevated LGRS
expression. Thus, the particular pattern and proliferative
capability of Lgr5" cells indicate the therapeutic potential
of targeting LGRS cells in human gastric cancer.

Materials and Methods

Mice

Smad4™, PTEN™, p53ﬂ/” and Kras®?” mice were described
earlier [18, 19, 22, 23]. The Lgr5-eGFP-IRES-CreERT2 and
Rosa26-loxP-stop-loxP-tdTomato mice were obtained from the
Jackson Laboratory [20, 21]. Cre-recombinase was induced by
six daily intraperitoneal injections of 2 mg of tamoxifen (Sigma
Aldrich, T5648) in an ethanol/corn oil mixture. Mice were injected
intraperitoneally with BrdU (Sigma Aldrich, 35002-5G, 100 mg/kg
body weight) in PBS at 10 mg/ml 2 h before sacrifice. Animal ex-
periments were approved by the Animal Experiment Committee of
the Institute of Biotechnology.

Data analysis

The data of human gastric cancer analyzed here were down-
loaded or derived from a previous TCGA (The Cancer Genome
Atlas) study [33]. Supplementary information, Table S8 lists the
detailed human gastric cancer information, including the clini-
copathological characteristics, DNA, mRNA and/or protein data
for SMAD4, PTEN, cyclin D1, SPP1, p-Akt™" and LGR5. The
mRNA and protein expression data (level 4 data) were downloaded
from The Cancer Genome Atlas (https://tcga-data.nci.nih.gov/docs/
publications/stad _2014/). Protein measurements were corrected for
loading using median centering across antibodies. A value > 0 was
defined as high expression, and a value < 0 was defined as low ex-
pression in Supplementary information, Tables S3, S4, S6 and S7.
The DNA copy number and mutation data were downloaded from
cBioPortal (http://www.cbioportal.org) in which the corresponding
TCGA data were analyzed. “-2” in copy number indicates “deep
deletion”, “~1” indicates “shallow deletion”, and “0” indicates
“diploid”. All quantitative values are presented as mean + SEM.
Statistical analysis was performed using SAS version 9.2 and
GraphPad Prism software v5. We also analyzed the data using On-
coPrinter, which is from the cBioPortal for Cancer Genomics [39,
40]. A value of P < 0.05 was considered statistically significant.

Other Materials and Methods in detail are provided in Supple-
mentary information, Data S1.
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