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he incidence of esophageal adeno-

carcinoma (EAC) is rapidly rising in
the western world and accounts for 2%
of all cancer-related deaths. The precur-
sor lesion for EAC is Barrett esophagus
(BE), which is strongly associated with
gastresophageal reflux disease. A major
limitation to the study of EAC has been
the absence of tractable and genetically
modifiable preclinical models of BE.
A mouse model of BE and EAC that
resembles human disease could pro-
vide novel insights into the origins and
molecular pathogenesis of BE. In addi-
tion, validated animal models could help
stratify BE patients given the limited
predictive power of current standard
endoscopic measures and clinical assess-
ment. Here, we review the findings from
recently developed mouse models of BE
and EAC and their impact on clinical
decision making, surveillance programs
and therapeutic options. The data, taken
together, suggest potential origins of BE
from the gastric cardia, a role of bile acid
and hypergatrinemia for carcinogenesis,
a growing importance for columnar-like
epithelium and a critical role for Notch
signaling.

Introduction

There has been a considerable amount
of controversy and debate on the topic of
Barrett esophagus (BE) regarding clinical
surveillance strategies, useful biomarkers
and the origin of this disease."”> Here, we
aim to summarize the current knowledge
and discuss recent insights derived from a
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novel genetic mouse model of inflamma-
tion-dependent esophageal metaplasia.’
Barrett esophagus (BE) is a premalignant
condition of the distal esophagus defined
by replacement of the normal squamous
epithelium in the esophagus by colum-
nar epithelium, typically with intestinal
metaplasia. Barrett esophagus represents
the initial step in the histopathologic pro-
gression that can lead to low-grade dyspla-
sia, high-grade dysplasia and esophageal
adenocarcinoma (EAC). The incidence
of EAC, which comprises both esopha-
geal and gastresophageal junction cancers,
has increased at a rate of 4-10% annu-
ally in Western countries, an increase
greater than that for any other cancer’
This increase has occurred despite the
introduction of powerful acid-suppressant
medications (proton pump inhibitors or
PPIs) to treat GERD, and has been associ-
ated with a rapid decline in the prevalence
of Helicobacter pylori in the United States
(Fig. 1).

Risk factors for esophageal adeno-
carcinoma include white race, older age,
male sex, gastro-esophageal reflux disease
(GERD), smoking and obesity. BE is the
precursor of esophageal adenocarcinoma
and the most important risk factor. In
developed countries, substantial resources
are expended on surveillance of BE, with
the goal of early detection of high-grade
dysplasia or esophageal adenocarcinoma.
However, recent studies demonstrating
rates of progression lower than previously
reported raise questions regarding the cost
effectiveness and overall utility of endo-
scopic surveillance as currently employed.
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Figure 1. The increasing incidence of esophageal adenocarcinoma (EAC) between 1975 and 2005 and associated factors. During this period of time,
esophageal squamous cell carcinoma (ESCC) has declined in incidence, as has its major risk factor, tobacco use. EAC incidence has risen concomitantly
with obesity, which is one risk factor for the disease. Despite the advent of medical therapies such as acid inhibition through H, receptor antagonists
and proton pump inhibitors (PPIs), and the treatment of H. pylori, EAC has continued to rise in incidence. Techniques such as endoscopic mucosal
resection (EMR) and RFA (radiofrequency ablation) have also failed to stem the rise in EAC incidence. Data from the Surveillance Epidemiology and End
Results (SEER) database of the National Cancer Institute.

The rate of progression from non-dys-
plastic BE to EAC had been previously
accepted as ~0.5% per year.® However,
two recent, large population-based studies
reported rates of progression from non-
dysplastic BE to cancer of 0.10-0.13%
per year. These figures correspond with a
relative risk of EAC of ~11 for a patient
with BE, a substantial drop from the
30- to 40-fold increased risk estimated in
carly reports.”® Nevertheless, surveillance
strategies could be improved by the iden-
tification of additional risk factors, or bio-
markers could be found to target a higher
risk population. Research on validated
preclinical models could assist in this
search by providing new insight into the
biology of inflammation-driven metapla-
sia, and the factors that lead to the devel-
opment of BE and EAC. Mouse models
of Barrett-like metaplasia have provided
further clarification of the mechanisms by
which bile acid and inflammation induce
metaplasia, the molecular pathways that
drive proliferation and expansion of the
columnar epithelial lineage and the pro-
genitor cells that represent the origins of
BE and EAC. Greater knowledge and
understanding of the cell of origin of BE,
and the molecular pathways that promote
and trigger carcinogenesis, are likely to
be critical in stratifying BE patients and

www.landesbioscience.com

identifying the subset that is at greatest
risk for progression to EAC.

Modeling Barrett Esophagus
in the Mouse

Despite the fact that EAC is the most
rapidly increasing cancer in the western
world, and BE as broadly defined is the
predominant precursor lesion for EAC,
there have been a relatively small num-
ber of basic research studies or preclini-
cal models that have been able to address
important questions in the field, or that
have been useful to clinicians managing
these patients. A major challenge in the
field has been to identify suitable preclini-
cal models whereby esophageal metaplasia
resembling Barrett esophagus precedes the
development of neoplasia. Until recently,
the best animal model used to study BE
has been a rat surgical model, in which
an esophagojejunostomy is used to induce
gastroduodenal reflux." However, this is
a model that has been difficult to repro-
duce in mice. We recently generated a
novel transgenic mouse model for BE
and EAC that has provided fundamental
insights into the early pathogenesis of BE,
and offers a molecular basis for an emerg-
ing paradigm shift regarding the cell of
origin of BE and EAC.?> We established
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a mouse line that carried the EBV-L2-
IL-1B transgene, where IL-1f3 was overex-
pressed in the esophageal and squamous
forestomach mucosa (Fig. 2). The mice
exhibited esophagitis, and with no addi-
tional intervention, the mice progressed
to BE by 12 mo and spontaneously to
adenocarcinoma with older age. However,
with the addition of bile acids to the
drinking water (0.2% deoxycholic acid),
the mice developed accelerated BE and
earlier onset tumorigenesis. Furthermore,
with the addition of both bile acids and
nitrosamine (N-methyl-N-nitrosourea) in
the drinking water, the mice developed
markedly accelerated BE and tumors.
The tumors could be identified in mice
through a novel endoscopic technique
and also through PET scanning. The
L2-IL-1B mouse model of BE and EAC
was validated through electron micros-
copy (EM) studies, which showed ultra-
structural similarities between human and
murine lesions through microarray profile
comparing human BE to murine lesions
and through microarray analysis by LCM
of dysplastic lesions. Finally, similar to the
notion proposed in the original paper by
Dr. Norman Barrett himself,'" the murine
model of BE and EAC has suggested that
the metaplastic lesions originate from

progenitor cells in the gastric cardia,'!?
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Figure 2. The L2-IL-18 mouse model of Barrett esophagus (BE) and esophageal adenocarcinoma (EAC). (A) Histological appearance of BE lesions,
consisting of columnar mucosa and mucus-producing cells at the squamocolumnar junction (SCJ) in the L2-IL-18 mouse. (B) Anatomical differences
between human and mouse stomach. The SCJ is distal to the esophago-gastric junction and comprises the border between the squamous forestom-
ach and the columnar-lined stomach in the mouse. In the figure on the far right, the mouse stomach has been opened along the greater curvature to
demonstrate the location of the SCJ. The vertical line demonstrates the location of the sagittal section seen in Figure 2A. (with kind permission from
Cancer Cell / Elsevier, Quante, Bhagat et al. 2012) (C) Human Barrett esophagus, containing columnar cells and goblet cells. (D) Electron microscopic
appearance of mouse BE lesions demonstrating columnar appearance, mucin granules, and surface microvilli. (E) Tumor at the SCJ seen during upper
endoscopy of an L2-IL-1b mouse. (F) Macroscopic appearance of tumor at the SCJ in the L2-IL-1b mouse.

which, over time, appear to migrate proxi-
mally into the squamous esophagus and
are strongly associated with the develop-
ment of dysplasia in both human and
murine BE. In particular, using Lgr5-
CreERT mice, we were able to demon-
strate that the metaplasia can arise from
an Lgr5+ cardia stem cell. Lgr5 and other
progenitor markers are absent from nor-
mal murine and human squamous mucosa
but are markedly upregulated in Barrett
esophagus in both the mouse and human
models. We also observed upregulation of
other progenitor markers, including K19,
CCK2R and Dclkl.

Nevertheless, there are some limita-
tions to both the mouse and rat models,
in that the presence of the squamous
forestomach distinguishes the upper GI
tract of rodents from that in the human.
However, the squamocolumnar junc-
tion (SCJ) of the mouse still comprises
the junction of the esophagus and gastric
cardia, as in the human. In our mouse
model, the main pathologic changes
occur at the SCJ adjacent to the esopha-
gus, and the tumors consistently arise
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in the distal esophagus. However, these
anatomical differences between mice and
humans do need to be taken into consid-
eration when extrapolating findings from
the mouse model to human patients.
Another mouse model of BE was recently
described by Frank McKeon’s group® in
p63-deficient neonatal mice (since p63-/-
mice die several weeks after birth), which
exhibit a Barrett-like lesion characterized
by “well-developed columnar epithelium”
with “positive staining with Alcian blue
and periodic acid-Schiff (PAS),” similar
in many respects to the metaplasia in our
model. However, this particular model
was a developmental study; it was not
physiologic, with no modulation by bile
acids or inflammatory stimuli, and there
was no progression to dysplasia. Therefore,
the study could only partly address the
origins of metaplasia in the adult animal.
However, taken together, the two models
point to the origin of metaplasia from cells
present at the squamous-columnar junc-
tion, and they suggest that at least some BE
does not arise from the squamous epithe-
lium. These insights from mouse models

Cell Cycle

into the origin of BE are clearly more than
of minor academic interest, since the find-
ings are likely to shape future screening
and therapeutic approaches, which may
include targeting stem cells of BE in the
gastric cardia, as a recent review by Frank
McKeon’s group also suggests.”

Importance of Inflammation
and Bile Acids

BE and EAC are strongly associated with
gastresophageal reflux disease (GERD),
and the development of BE has been
primarily attributed to chronic GERD.
Approximately 40% of US adults report
heartburn symptoms at least monthly; one-
third of these patients have esophagitis, and
10% have BE. GERD is thought to induce
chronic esophageal inflammation, known
as reflux esophagitis, a risk factor for both
BE and EAC. Thus, chronic inflamma-
tion is thought to be one of the primary
mediators of both BE and EAC. The link
between inflammation and cancer is now
well-established, and while the mechanism
is still not completely understood, it is clear
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that inflammatory cells release a variety
of mediators that establish an inflamma-
tory and pro-carcinogenic microenviron-
ment."*® Chronic inflammation, likely
induced by reflux of both gastric acid and
bile acids, promotes the proliferation and
survival of malignant cells by subverting
innate and adaptive immune responses
and altering responses to hormones and
chemotherapeutic agents. In particular,
elevated levels of IL-6, a downstream tar-
get of NFkB, have been identified as an
important mediator of tumorigenesis in
mouse models of colon and liver cancer,
and are potentially responsible for gen-
der disparities in cancer.'®” A number of
clinical studies have suggested that genetic
polymorphisms in pro-inflammatory cyto-
kines are associated with cancer.’®"” IL-1p,
along with IL-8, has been shown to be con-
sistently upregulated in BE, particularly
at the SCJ,* pointing to the relevance of
our mouse model. In the L2-IL-18 mouse
model, high levels of IL-1B induce chronic
inflammation and spontaneous carcino-
genesis in an IL-6-dependent manner,
indicating that these two cytokines (IL-1B
and IL-6), which are often upregulated in
preneoplastic tissues and the tumor micro-
environment, are important factors in the
development of BE and EAC in humans
as well.?> Not surprisingly, an abrogation of
esophageal inflammation is considered an
important treatment goal in patients with
esophagitis and BE.

Nevertheless, esophagitis and Barrett
metaplasia arise in the setting of reflux of
both gastric contents (acid) and duodenal
contents (bile acids) into the esophagus.
The role of bile reflux has been estab-
lished from surgical models in rats, where
esophagojejunostomy and esophagogas-
troduodenostomy results in a mixed bile
and gastric refluxate that leads to intesti-
nal metaplasia, with many similarities to
human BE, including early induction of
Cdx1 and Cdx2 expression and the devel-
opment of a columnar-lined epithelium
containing

goblet cells,

26,27

intestinal
21-25

mucin-secreting
and esophageal adeno-
carcinoma. Bile acids, particularly
unconjugated bile acids such as deoxy-
cholate that induce DNA damage, are one
component of gastroduodenal reflux that
has been strongly linked to the develop-

ment of BE, as well as to other cancers
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(e.g., colorectal cancer).”*?% Bile acids
have been shown to activate both sur-
vival and anti-apoptotic pathways in cul-
tured cells, and unconjugated bile acids
are increased in the refluxate in patients
on a high-fat diet and in patients taking
proton pump inhibitors.*® The exposure
to bile acids has been reported to lead to
promoter demethylation and activation of
the Cdx2 promoter in esophageal cells.”?!
The L2-IL-1B mouse model demonstrates
that bile acids accelerate the development
of BE and EAC, but only in the setting
of an existing inflammatory condition in
the esophagus (e.g., in L2-IL-1B mice),
analogous to reflux-induced esophagitis
in humans. Interestingly, a number of
recent studies have now shown that feed-
ing 0.2% unconjugated bile acids to mice
induces mild esophagitis and metaplasia
over time,” although we were not able
to reproduce this phenotype in our WT
mice’> In the inflammatory L2-IL-18
mouse, bile acids induced an early ampli-
fication of a TFF2-expressing columnar-
type metaplasia in the distal esophagus,
and increased Cdx2 gene expression was
found in inflamed esophageal mucosa
before other
increased, similar to earlier studies that

intestinal markers were
suggested that columnar cell differentia-
tion is also an early event in the forma-
tion of BE.* Importantly, in the L2-IL-13
mouse model, chronic exposure to uncon-
jugated bile acids rather than gastric acid
contributed heavily to the development of
metaplasia and initiation of carcinogen-
esis. In summary, the data suggest that
the combination of inflammation and bile
acid exposure is critical to the induction of
intestinal metaplasia of the esophagus and
plays an important role during esophageal
carcinogenesis. Further studies are needed
to determine if bile acids or gastric acid are
more important for induction of chronic
inflammation and cancer promotion,
since clarification of this issue would likely
guide future therapeutic and chemopre-
vention strategies in patients with BE.

Proton Pump Inhibitor Therapy
and Hypergastrinemia in BE

Omeprazole was introduced into the

United States in 1989, and the use of
proton pump inhibitors (PPLs) for the
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treatment of GERD has since grown
tremendously over the past 20 years
(currently 5% of the U.S. population
takes PPIs). PPIs have numerous ben-
eficial effects, including symptom control,
reduction of inflammation and healing of
esophageal ulceration. While gastric acid
is believed to be an important etiological
factor in the pathogenesis of BE, there has
been a dramatic increase in the incidence
of BE and EAC despite the widespread
use of PPIs (Fig. 1). Currently PPIs have
become the mainstay of therapy in BE;
between 95-98% of patients with BE
are prescribed these drugs.*** However,
roughly 30-50% of BE patients diag-
nosed in the clinical setting do not have

reflux,3¢37

and population-based studies
also suggest that roughly one-half of all
BE patients do not have GERD* (Rex,
2003 #27637). Use of PPIs have been
shown to normalize esophageal pH, lower
cell proliferation and promote cell differ-
entiation,” but long-term PPI treatment
does not reduce the length of the BE seg-
ment.” Studies on the beneficial effects of
PPIs have been conflicting. A few studies
suggest that there may be an inverse asso-
ciation between the use of PPI and risk of
EAC or HGD in individuals with BE.442
In addition, in one study, a delay in using a
PPI for 2 years or more after diagnosis with
BE was associated with an increased risk
of developing LGD and an increased risk
of developing HGD or EAC.** However,
other studies have suggested that treat-
ment with PPI or other acid-suppressing
drugs was associated with an increased
risk of EAC.#* While PPIs may reduce
the rate of progression in some patients
with BE, they also induce significant
hypergastrinemia in a subset of patients by
reducing acid-inhibitory feedback path-
ways. Gastrin plays an important role in
the regulation of epithelial proliferation
and differentiation of the gastrointestinal
tract through binding of gastrin peptides
to the CCK-2/gastrin receptor. An impor-
tant study by Haigh et al. showed that the
CCK-2 receptor is expressed at low levels
in normal esophageal squamous mucosa
and markedly increased in reflux esopha-
gitis, Barrett metaplasia and the majority
of EACs with a functional importance to
the development of BE.* In theory, hyper-
gastrinemia secondary to PPI treatment
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could lead to increased Barrett prolif-
eration and amplification of metaplastic
clones within the esophagus. While epide-
miologic studies have provided conflicting
data on the effect of PPIs on EAC risk,
none of these studies stratified patients on
the basis of serum gastrin levels. While
the role of PPIs in the development of BE
has been controversial, elevated serum
gastrin was associated with a significantly
increased odds of high-grade dysplasia
or adenocarcinoma? and correlated with
proliferation (Green DA, et al., 2011). A
number of highly specific gastrin/ CCK2R
antagonists have been developed in recent
years, but none have yet been investigated
clinically in BE. Our group has previously
shown that a specific and active CCK2R
antagonist, YF476, can reduce prolifera-
tion and inhibit Helicobacter-dependent
gastric neoplasia.*® In addition, we showed
that a closely related molecule, YMO022,
was able to block colonic proliferation,
expansion of colonic stem/progenitor
cells and inhibit AOM-dependent colonic
neoplasia.”” Thus, one can postulate that
hypergastrinemia could play a role in BE
progression, although further studies are
needed to examine this notion in a pre-
clinical model. Additional prospective
studies are needed in human BE patients
to confirm this association between serum
gastrin levels and progression to dysplasia.
Most GI specialty societies recommend
PPIs for the management of reflux symp-
toms in the setting of Barrett esophagus,
yet stop short of advocating PPIs solely
for chemoprevention in asymptomatic BE
patients,*®!
confirmed that the available data are insuf-
ficient to draw any definite conclusions or
support a chemopreventive effect.’>%

as two recent reviews have

Cell of Origin
of Barrett Esophagus

The incidence of BE and EAC are increas-
ing rapidly, but the reasons for this trend as
well as the source of the neoplastic lesions
remain poorly understood.’* Given the
stable nature of BE—which most often
does not progress to cancer for decades,
if at all—the development of BE probably
reflects the expansion of a novel or altered
stem cell population that is long-lived,
distinct from normal squamous cells and
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can acquire the genetic changes neces-
sary for malignant transformation. Thus,
one of the major questions in the field of
BE/EAC, and one that has been debated
for decades, is the cell of origin for BE.”
It seems reasonable to assume that EAC
arises from the same progenitors that give
rise to BE, making the identification of
the progenitors responsible for BE a high
priority, but there has been little consensus
on which set of stem cells represents the
most likely candidates. One possibility is
that the development of BE involves the
reprogramming of normal squamous stem
cells into intestinal epithelial stem cells.
However, another possibility is that BE
develops from a novel stem cell recruited
into the squamous esophagus, such as a
gastric cardia stem cell, a submucosal stem
cell (squamous gland duct cells)” or even
a circulating (e.g., bone marrow-derived)
stem cell.?>*° The finding that Barrett het-
erogeneity results from multiple indepen-
dent stem/progenitor clones, would tend
to argue against a transdifferentiation
model.”” This question has been difficult
to address in part due to the absence of
useful in vitro or in vivo models, such as a
tractable animal model of BE that would
allow definitive lineage tracing (Fig. 3).
In most tissues, stem cells within a
niche are assumed to be present in rela-
tively small numbers. These cells are
thought to remain largely quiescent or
undergo division at a relatively slow rate,’®
such that they are generally negative for
most proliferation markers. The very
proximal stomach, or gastric cardia, while
difficult to define anatomically, represents
a zone of 4-5 glands units just below
the SCJ that shows a paucity of parietal
and zymogenic cells and resembles more
closely the gastric antrum or the intestine/
colon. The absence of parietal cells and
the abundance of progenitor markers in
this area suggests that the gastric cardia
is a transitional epithelium. Stem cells in
the cardia have not been intensively inves-
tigated, but stem cells have been shown
to exist at the base of the antral glands
and in the crypts of the small intestine
and colon.”” In the gastric corpus, stem
cells reside in the gastric isthmus, where
they give rise to two sets of progenitors
that undergo bidirectional migration.*
Recently, a single marker, Lgr5/GPR49,
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a leucine-rich orphan G protein-coupled
receptor, was shown to specifically label
stem cells in the small intestinal and colon
crypts, the so-called crypt based columnar
(CBC) cells.®%* Activation of Wnt sig-
naling in Lgr5+ cells was able to induce
intestinal neoplasia.®* Furthermore, isola-
tion of single Lgr5+ cells showed that at
least some of these cells were able to pro-
duce intestinal glands in vitro.®® Lgr5 has
been identified as a valid marker for stem
cells at the base of the antral glands and
the gastric cardia, but is reportedly not
expressed in the gastric corpus.®

In the L2-IL-1B mouse model, we
that Lgr5-labeled
functioned as stem cells in the gastric
cardia (Quante M, et al., 2011), as pre-
viously shown.®® Interestingly, in lineage

demonstrated cells

tracing experiments in the IL-13 mouse
model, we observed labeled BE metapla-
sia, indicating that Lgr5+ cells within the
cardia may function as cells of origin for
BE and dysplasia. Furthermore, in mice
and humans we observed increased Krt19
expression, which is a known marker for
surface mucus and gastric progenitor

cells, 66

as well as increased expression
of TFF2, which labels an eatly progeni-
tor cell in the secretory lineage in the
stomach.®” Lgr5, Krtl9 and TFF2 are
not normally expressed in the esophageal
squamous epithelium. These data sug-
gest that BE (and EAC) most likely do
not arise from differentiated cells of the
squamous epithelium of the esophagus,
but rather migrate up from the stomach
to form a columnar-lined epithelium with
intestinal differentiation. Given the fact
that de-differentiation of any differenti-
ated cell has not been achieved in normal
human or mouse tissue, except in the case
of reprogramming using exogenous tran-
scription factors,” we argue that the stem
cell population within the gastric cardia,
which is by origin and definition primed
to generate columnar cells, is the cell of
origin for columnar-lined esophagus
(CLE) and intestinal metaplasia in BE.
This notion is supported by a recent study
that also suggests that BE arises from cells
at the SCJ; in this study, p63-knockout
mice were shown to develop a Barrett-like
metaplasia in the squamous forestom-
ach, and retrograde growth of a popula-
tion of Car4-expressing cells located at
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Figure 3. Schematic diagram of hypothesized cells of origin for BE. (A) Lgr5+ stem cells migrate proximally from the cardia into the esophagus in
response to proinflammatory stimuli (Quante, Bhagat et al. 2012). (B) Car4+/Krt7+ residual embryonic cells expand proximally from the SCJ into the
esophagus (Wang, Ouyang et al. 2011). (C) Esophageal squamous epithelial cells de-differentiate and expand to form squamous metaplasia. (D) Stem
cells of the submucosal esophageal glands expand and give rise to BE (Leedham SJ et al., 2008).

the SCJ was proposed as the origin of the
metaplasia, although no formal lineage
tracing was performed. The authors simi-
larly concluded that the metaplasia did
not originate from transdifferentiation
of squamous epithelial cells, but instead
appeared to be arising from cells at the
cardia, in this case, remnants from embry-
onic development.”

The issue of the cell of origin for BE
and EAC is closely related with the ques-
tions of clonality and of clonal malignant
progression of BE to EAC. Clonal pro-
gression of BE metaplasia has been previ-
ously studied using flow-purified analysis
of a series of whole biopsies and assess-
ment of the mutational profile of relevant
genes, including CDKN2A (P16) and
TP53.%% Using these methods, it has
been demonstrated that an entire Barrett
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segment can be clonally derived, with
rapid spread of mutations through the
epithelium. However, a separate analysis
at a crypt-by-crypt level showed that BE
metaplasia was genetically heterogeneous,
containing many apparently independent
clones.” Analysis for deficiency of cyto-
chrome c oxidase (CCO; a mitochondri-
ally encoded enzyme) allows for the clear
identification of a clonal lineage in human
tissue, since loss of CCO is typically asso-
ciated with mtDNA mutations. In this
study, patches of CCO-deficient cells that
share mtDNA mutations revealed clonal
expansion of independent stem cell popu-
lations. Adjacent metaplastic BE glands
were clearly derived from distinct clones,”
indicating the presence of multiple stem
cells, which would be consistent with
migrating stem cell populations from the
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cardia (Fig. 2). The finding by the same
group that squamous and columnar cells
rarely originate from the same population
of stem cells was an intriguing observation
that requires further study.

Other putative progenitor markers have
been reported to be upregulated in Barrett
esophagus. Doublecortin  and CaM
Kinase-Like-1 (Dclkl or DCAMKLI1) is
a microtubule-associated-kinase that has
been postulated to be expressed in gut
epithelial progenitors.”> In our L2-IL-13
mouse model and in human BE, we found
an accumulation of Dclk1+ cells, and this
was confirmed in a study by another group,
which reported a progressive increase of
Dclkl expression in BE from dysplasia
to EAC.”? Dclkl+ cells are highly abun-
dant in the gastric cardia, particularly in
areas immediately adjacent to the SCJ.
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However, formal lineage tracing for Dclkl
has not been reported, and the function of
these cells remains to be defined.

In summary, data from the L2-IL-18
mouse model suggest that a progenitor/
stem cell population within the gastric
cardia increases during the development
of BE. Lgr5+ cells, in particular, possess
the ability to differentiate into a secretory
cell lineage and migrate into the esopha-
gus to give rise to Barrett metaplasia and
dysplasia. These findings have signifi-
cant potential to impact prevention and
surveillance strategies of BE patients. If
findings from the mouse model are con-
firmed in humans, then greater attention
will need to be given during endoscopic
evaluations to the gastric cardia, and
the carditis that is associated with reflux
esophagitis will likely be given much
greater scrutiny. Moreover, the current
findings from the mouse model, which
suggest a lineage relationship between
the gastric cardia and BE metaplasia, may
enable us to broaden the definition of BE
histologically. Indeed, cardiac mucosa
seems to be an abnormal metaplastic epi-
thelium that expands into the esophagus
in response to injury or inflammatory sig-
nals. If a histologic rather than anatomic
definition were to be used for junctional
tumors, it seems apparent that the major-
ity of adenocarcinomas presently classified
as “esophagogastric” or “gastric cardiac”
in western countries are indeed identical
to the adenocarcinoma of the esophagus.

Notch Signaling
in Barrett Esophagus

Theimportance of classical intestinal (gob-
let cell) metaplasia has been much debated
by pathologists in the field,* and the
recent discussions regarding the US defi-
nition of BE was largely in response to the
observations by a few pathologists regard-
ing the “well-defined risk of neoplasia in
patients with esophageal columnar meta-
plasia but without goblet cells.””* While
BE with prominent goblet cell metapla-
sia has been better studied than patients
with columnar lined esophagus (CLE)
alone or CLE with rare goblet cells, data
from the L2-IL-1B mouse model argue
that nongoblet cell metaplasia might be a
greater risk factor for cancer. Indeed, the
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development of IM in the mouse occurs in
a low Notch signaling environment, while
maintenance of the CLE phenotype and
progression to dysplasia occurs in a high
Notch signaling environment. As has been
shown for the intestine, differentiation of
the migrating cardia stem/progenitor cells
into goblet cells is associated with inhibi-
tion of Notch signaling. A recent study
from the Netherlands” demonstrated
in a rat BE model that Notch inhibition
resulted in both a reduction in cellular
proliferation and increased goblet cell dif-
ferentiation, again suggesting that the two
phenomena are inversely correlated, and
that pharmacological induction of goblet
cell metaplasia could be a viable strategy
for prevention of EAC in BE patients. We
demonstrated a similar effect in our mouse
model—an increase in intestinal gene
expression and decreased proliferation
with Notch inhibitors. Indeed, we provide
important evidence pointing to the utility
of Notchl expression and activated Notch
signaling as a biomarker for the activated
cardia stem/progenitors that migrate into
the esophageal squamous epithelium in
the setting of chronic inflammation. The
Notch pathway regulates binary cell-
lineage specification and differentiation
through cell-cell communication and is
critically important during early develop-
ment, suggesting, as a conclusion of the
results from the rat and mouse models,
that proliferation and progression of BE
is promoted by Notch signaling, and that
Notch inhibition can induce goblet cell
differentiation and prevent transformation
of BE metaplasia to EAC.

Definition of Barrett Esophagus

Early studies from the 1950s that first
described Barrett esophagus initially men-
tioned the proximal stomach, or cardia, as
a potential source of Barrett esophagus.”®
Barrett himself described the ulcerated
columnar lining of his patient as “histo-
logically gastric in type””” and assumed
that BE resulted from proximal migra-
tion of stomach epithelium just below the
GE junction. However, in the 1980s, the
prevailing hypothesis formed that reflux-
induced damage to the esophageal squa-
mous epithelium leads to reprogramming
or transdifferentiation of multipotent
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stem cells in the basal layer of the squa-
mous epithelium. In addition, the notion
developed that intestinal (goblet cell)
metaplasia, the most common type of BE,
was the epithelial cell type most associated
with cancer development. Consequently,
researchers in the US chose to define BE
by the presence of intestinal metaplasia
(IM), and a number of gastroenterology
organizations (e.g., the ACG) adopted this
narrow definition.

However, prior work points to a more
diverse spectrum of esophageal metaplasia
that can occur in association with chronic
reflux esophagitis. In 1976, Paull et al.
described three types of columnar epithe-
lia in the esophagus: a cardia-type, a gas-
tric fundic-type and IM, which was also
referred to as specialized columnar epithe-
lium."? As noted above, for the last several
decades, specialized columnar epithelium
or IM was considered to be mandatory for
the diagnosis of BE in the United States.
However, gastric cardia-type epithelium
or CLE also represents an abnormal
metaplastic epithelium that develops as a
consequence of GERD. It is noteworthy
that BE and EAC are, in the vast major-
ity of cases, located just above the GE]J
and, thus, always arise contiguous with
the gastric cardia. Indeed, junctional or
cardia cancers appear biologically identi-
cal to EAC and are difficult to distinguish
at a clinical and pathological level. The
notion of a gastric cardiac origin for BE/
EAC has been supported by histopatho-
logical studies of patients following surgi-
cal esophagogastrostomy, where cardiac
type mucosa regenerated at the anastomo-
sis, followed later by Barrett-like mucosa
in association with reflux, suggesting
that BE was derived from cardiac and/or
fundic mucosa.”® Indeed, gastric cardiac
mucosa has been found in association with
esophageal cancer in 100% of cases in a
large series of 131 consecutive patients.””
The trigger for activating progenitors in
the gastric cardia may be a disorder called
carditis, chronic inflammation of the
proximal stomach associated with GERD.
In GERD patients, “carditis” is highly
localized to a region immediately adjacent
to the SCJ, and Lembo et al. suggested
that cytokines upregulated in esophagitis
may interact with the cardia columnar
cells, leading to histologic changes.®* In
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Figure 4. (A) Pooled analysis of studies that characterized the mucosa adjacent to esophageal adenocarcinoma in patients as intestinal metaplasia
(IM, in %) or columnar-lined esophagus (CLE, %). In these nine studies comprising 1328 patients, there was no significant difference between the pres-
ence of IM or CLE as the tissue adjacent to EAC (p = 0.88) (with kind permission from Cancer Cell / Elsevier, Quante, Bhagat et al. 2012). (B) Histopatho-
logic evaluation of the mucosa adjacent to EAC in 31 specimens in a German cohort. CLE was most commonly seen, compared with IM, cardia-type

many cases of BE, however, both goblet
cell and gastric-type metaplasia are pres-
ent and coexist. Nevertheless, data from
the mouse model and from clinical stud-
ies raise the interesting possibility that
non-goblet cell metaplasia might represent
more of a risk for EAC than classic goblet
cell metaplasia. European societies such as
the BSG include cardia-type epithelium
for the diagnosis of BE, based on a belief
that cardia metaplasia is at risk for progres-
sion, and a recent AGA Institute technical
review now concurs that any epithelium
that can progress such as columnar epithe-
lium should be considered BE.>*!

In the L2-IL-18 mouse model, we only
rarely observed true goblet cells within the
secretory cell lineage at the SCJ in the distal
mouse esophagus; nevertheless, 20-30%
of the mice developed dysplasia and can-
cer, indicating that the cancer most likely
does not arise from goblet cells, but instead
originates from the heterogeneous popu-
lation of columnar cells within Barrett
metaplasia. While IM is present in BE in
the vast majority of cases, it is not present
in every case, as noted by Gatenby®' and
Takubo.® Moreover, columnar-like epi-
thelium seems to precede the development
of IM, and progression to IM is associ-
ated with the extent of metaplasia and the
duration of the disease.’ We were able to
confirm these earlier findings in a review of
published studies, which showed no signif-
icant difference (p = 0.88) between CLE

and IM as adjacent tissues associated with
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EAC (Fig. 4A).? Interestingly, in the above
study, investigators observed that the rate
of progression to the next more differen-
tiated step (IM, LGD, HGD and EAC)
was increased in CLE compared with IM,
supporting our concept of stepwise pro-
gression, where the cardia progenitor first
differentiates into CLE and only later dif-
ferentiates into IM or EAC. In this regard
it seems of interest for risk evaluation that
TFF2 might mark a progenitor cell in the
columnar-lined epithelium that finally dif-
ferentiates into TFF3+ IM in mice and in
humans (Fig. 5). In addition, we have per-
formed our own evaluation on a German
cohort of 31 resection samples with EAC.%
In histopathological analysis of 31 single
2-4 cm specimens harboring esopha-
geal mucosa and EAC, we found that in
six cases, EAC was adjacent to IM; in 12
cases, EAC was adjacent to cardia-type tis-
sue; and in 28 cases, the EAC was adjacent
to CLE (Fig. 4B). Thus, there is strong
evidence that EAC can arise in CLE and
does not require IM as a direct precursor
lesion. These histopathological observa-
tions, along with the results from the novel
L2-IL-1B BE mouse model, will hopefully
inspire further prospective studies that will
determine the cancer risk of “goblet cell
poor” vs. “goblet cell rich” metaplasia.

Therapeutic Conclusions

Despite numerous advances over the years
in the field of Barrett esophagus and
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esophageal adenocarcinoma, we continue
to lack a clear understanding of the ori-
gins of BE and its progression to cancer.
Studying the origins of BE in humans has
been particularly challenging given the
low population prevalence, lack of iden-
tified precursors and its apparent rapid
development and subsequent static nature.
All of our knowledge related to progres-
sion has relied on the presence of intestinal
metaplasia. However, as clearly demon-
strated by recent data on rates of progres-
sion,”® IM is a very crude marker of EAC
risk. Basing broad clinical strategies solely
on the presence or absence of IM has led
to cost-ineffective management and little
to no appreciable impact on mortality.
Therefore, arguably the most important
initial goal from a clinical standpoint is
the identification of truly “atrisk” tis-
sue for the development of EAC. The
L2-IL-1B mouse model now provides the
opportunity to employ a rational bench-
to-bedside approach to address these clini-
cally important gaps in our knowledge.
For example, Notch signaling in the
mouse is a key driver of the develop-
ment of CLE and subsequent progres-
sion to cancer. Notch inhibition results
in decreased proliferation, conversion to
a goblet cell-rich phenotype and reduced
progression to EAC.3”> Therefore, does
increased Notch signaling in humans
result in goblet-cell poor columnar-lined
epithelium that is actually at high risk
for progression? Could the application of
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Figure 5. Expression of TFF2 and TFF3 in human columnar-lined epithelium (CLE) and intestinal metaplasia (IM). TFF2 marks an early precursor cell in
the columnar lineage; staining is seen in CLE, but (B) with the development of IM, TFF2 staining decreases. (C) Conversely, TFF3 staining is not seen in

topical Notch inhibitors transform a high-
risk BE patient into a goblet cell-rich, low-
risk patient?

Once we identify patients who are at
high risk for progression, the subsequent
focus would be to devise patient-specific
targeted strategies and interventions to
maximize cost-effective EAC prevention.
Experiments in the L2-IL-1 mouse show
that expansion of Cck2r+ progenitor cell
lineages occurs prior to established BE,?
suggesting that gastrin could potentially
have a direct influence on the develop-
ment of BE. Gastrin also has numerous
effects in BE that could promote progres-
sion to EAC,%84% and there is an asso-
ciation between hypergastrinemia and
advanced neoplasia in patients with BE.”
Cck2r inhibition in the L2-IL-1 mouse
markedly reduces proliferation, and there
is now an ongoing study evaluating the
effects of a Cck2r antagonist in human
patients with BE (NCT01298999). Do
patients with high circulating gastrin lev-
els have an increased risk of progression?
And can Cck2r inhibition effectively
reduce the risk of EAC, particularly in
hypergastrinemic patients?

Endoscopic ablative techniques have
come to the forefront in the management
of patients who develop high-grade dys-
plasia and early adenocarcinoma. While
early results have demonstrated high
rates of BE eradication with ablation,®%
longer-term follow-up data are emerging
to indicate that recurrence of BE as well
as dysplasia and EAC occur at a clini-
cally significant rate.®® Recurrence of
BE after ablation, however, may serve as
a good human model to study the origins
of BE and to validate findings from the
L2-IL-18 mouse model. These studies
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could, in turn, lead to the development of
adjuvant treatments to improve durability
of treatment. For example, can therapeutic
targeting of intestinal stem cells after abla-
tion reduce the risk of recurrence?

As we apply lessons learned from the
mouse model to humans, we will begin to
understand the origins of Barrett esopha-
gus, its progression to cancer and factors
that influence these processes. Hopefully,
this will lead to the accurate identification
of high-risk patient subgroups as well as
the development of risk-stratified clinical
algorithms that include patient-specific
and biologically based chemopreventive
strategies.
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