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Synopsis
The past few years have brought new advances in our understanding of the molecular mechanisms
underlying the development of Barrett’s esophagus and esophageal adenocarcinoma. Although
knowledge of the genetic basis for these conditions has not yet translated into clinically useful
biomarkers, the current pace of biomedical discovery holds endless possibilities for molecular
medicine to improve the diagnosis and management of patients with these conditions. This article
provides a useful conceptual basis for understanding the molecular events involved in the making
of Barrett’s metaplasia and in its neoplastic progression and provides a rationale for evaluating
studies on the application of molecular medicine to the diagnosis and management of patients with
Barrett’s esophagus and esophageal adenocarcinoma.
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Introduction
While overall cancer incidence in the United States has decreased in recent years1, the
number of new cases of esophageal cancer is increasing2. According to American Cancer
Society estimates, there were 16,470 new cases and 14,530 deaths in this country in 2009
from esophageal cancer3. Esophageal cancer has two main histologic subtypes: squamous
cell carcinoma and adenocarcinoma. In the West, the incidence of the former has remained
stable or decreased since the 1970s, while the incidence of the latter has risen steadily during
the same time period2. Esophageal adenocarcinoma has now become the more prevalent
histologic subtype in the United States2.
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Esophageal adenocarcinoma typically arises in the distal one-third of the esophagus, and its
main risk factors are gastroesophageal reflux disease (GERD) and Barrett’s esophagus. For
patients with Barrett’s esophagus, endoscopic surveillance to detect dysplasia is the primary
strategy recommended to decrease morbidity and mortality from esophageal
adenocarcinoma4. This strategy has not proven effective, as evidenced by the rising
incidence of esophageal adenocarcinoma and the results of a recent study showing that the
majority of patients with this cancer have no prior diagnosis of Barrett’s esophagus and,
therefore, are not enrolled in surveillance programs5.

Basic investigations that have defined the genetic events underlying colonic carcinogenesis
have led to effective strategies for the management and prevention of colorectal cancer6.
Analogously, it is important to understand the molecular carcinogenesis of Barrett’s
esophagus in order to identify specific targets to guide the development of effective
diagnostic strategies and novel therapeutic agents. To do this, we must first understand the
molecular events that lead to the replacement of normal esophageal squamous cells by
metaplastic Barrett’s cells. Building on this understanding, we can appreciate how the
genetic abnormalities acquired by metaplastic Barrett’s cells disrupt their normal properties
so they can take on the morphologic and physiologic features of dysplasia and cancer. This
report provides a conceptual basis for how normal esophageal squamous cells undergo
columnar metaplasia and how metaplastic Barrett’s cells progress to dysplasia and
carcinoma. Some of the main genetic alterations involved in the development and neoplastic
progression of Barrett’s esophagus will be reviewed; however, the reader should appreciate
that these represent a fraction of the genetic changes required for the making of Barrett’s
metaplasia, dysplasia, and esophageal adenocarcinoma.

The Making of Barrett’s Metaplasia
Most, if not all, esophageal adenocarcinomas arise from Barrett’s esophagus, the condition
in which the normal squamous cells lining the distal esophagus are replaced by intestinal-
type columnar cells7. Barrett’s esophagus develops through the process of metaplasia, the
replacement of one adult cell type by another. Metaplasia is thought to arise as a protective
response to chronic tissue inflammation8, which in the esophagus is thought to be due to
GERD. Barrett’s metaplasia can result from either changing fully differentiated esophageal
squamous cells directly into intestinal-type columnar cells or from changing the
differentiation pattern of esophageal stem cells8.

Metaplasia Through Transdifferentiation
Transdifferentiation is the switch of one fully differentiated cell type directly into another. In
general, this switch occurs between cell phenotypes that were present in the organ during
embryonic development8. During embryogenesis, the esophagus is initially lined by ciliated,
columnar cells which are replaced by stratified squamous cells as maturation proceeds
(Figure 1)9-10. Data from ex vivo organ cultures of embryonic mouse esophagus demonstrate
direct conversion of the columnar cells lining the esophagus into squamous cells, a process
found to be independent of cell proliferation or apoptosis11. In theory, a reversal of this
normal developmental switch in cell phenotype may occur during the formation of Barrett’s
metaplasia. In support of this hypothesis, studies using scanning electron microscopy have
demonstrated a “distinctive cell” at the squamo-columnar junction in Barrett’s mucosa that
expresses cytokeratin markers and demonstrates morphologic features of both squamous and
columnar epithelium; moreover, this “distinctive cell” has not been detected at the squamo-
columnar junction in patients without Barrett’s mucosa12. Once Barrett’s metaplasia is
established, the epithelium must undergo maintenance and self-renewal, processes which are
not explained by the transdifferentiation hypothesis, however.
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Metaplasia Through Stem Cells
Stem cells can proliferate, self renew, give rise to a variety of cell types, and regenerate
tissue following injury13. A stem cell origin would account for the persistence and
maintenance of Barrett’s epithelium and could explain the predisposition of this tissue to
neoplastic transformation. The stem cell for Barrett’s esophagus may reside in the esophagus
itself or originate in the bone marrow. During development, tracheoesophageal progenitor
cells express p63, a homologue of p5314. As the esophageal lining forms, p63+ progenitor
cells differentiate into ciliated, columnar cells that lack p63 expression14. After stratified
squamous epithelium replaces the ciliated, columnar epithelium, cells in the proliferative
basal layer of the squamous epithelium continue to stain strongly for p63, whereas cells in
the fully differentiated more superficial layers demonstrate no p63 staining14. In mice null
for p63, the esophagi completely lack stratified epithelium and are lined by simple columnar
epithelium, suggesting that p63+ cells are necessary to establish a stratified squamous
epithelium14. Barrett’s epithelium has been found to lack immunostaining for p63,
suggesting that the Barrett’s stem cell differs from the p63+ embryonic esophageal
progenitor cell and the adult, squamous esophageal stem cell14-15. These findings do not
eliminate the possibility that the stem cells for Barrett’s metaplasia reside in esophageal
submucosal glands or in glands of the gastric cardia, adjacent to the gastroesophageal
junction, as has been suggested by some investigators16-17.

A second potential source of stem cells for the esophagus is the bone marrow. In mice
treated with high dose irradiation to induce esophagitis, injection of either esophageal
progenitor cells or bone marrow cells was able to repair the injured esophagus through
regeneration of new squamous cells18. Using a rat model of severe reflux esophagitis, our
group investigated the possibility that bone marrow cells can give rise to metaplastic
Barrett’s epithelium. Female rats were lethally irradiated and then rescued with bone
marrow from male donor rats. An esophagojejunostomy was then performed on the female
rats to induce the reflux of both acid and bile salts19. Eight weeks post-op, the esophagi of
the female rats contained squamous and metaplastic cells with a Y chromosome, suggesting
that bone marrow cells can hone to the esophagus and give rise to both squamous and
columnar epithelium. In humans, cells from male donors have been found within the
gastrointestinal tract of females who have undergone bone marrow transplant20.

Regardless of where the stem cell originates, it is likely that the environment in the
inflamed, reflux-damaged esophagus mediates the phenotypic switch from a squamous cell
to an intestinal-like columnar cell (Figure 1). This phenotypic switch presumably occurs by
altering the expression of a few key master genes that regulate cell phenotype. Candidate
master genes that are upregulated in Barrett’s esophagus compared to neighboring
esophageal squamous epithelium include the transcription factors CDX1, CDX2, and SOX9
(Figure 1)21-23. Not only are these genes normally expressed in the intestine, but target
genes of these transcription factors define an intestinal phenotype24-25.

Role for CDX1, CDX2, and SOX9 in Barrett’s Metaplasia
Homeotic genes define the developmental pattern of an organism. Cdx1 and Cdx2 are
homeobox genes which specify intestinal epithelial differentiation26. Studies in mice suggest
that Cdx2 is required for intestinal differentiation and that Cdx1 may specify a columnar
cell27-28. CDX1 and CDX2 mRNA and protein expression have been detected in esophageal
biopsy specimens from non-dysplastic Barrett’s metaplasia, Barrett’s metaplasia with
dysplasia, and Barrett’s-associated adenocarcinomas, but not in normal esophageal
squamous epithelium29-31. Sox9 is another transcription factor, expressed by potential stem
cells in intestinal crypts, that plays a role in the formation of goblet cells32-33. Recently,
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SOX9 protein has been shown to be expressed in Barrett’s metaplasia, Barrett’s with
dysplasia, and adenocarcinoma, but not in esophageal squamous epithelium23.

How GERD May Induce Barrett’s Metaplasia
Barrett’s metaplasia is a sequelae of chronic GERD. Components of the refluxed gastric
juice (e.g. acid, bile salts) and/or the resulting esophageal inflammation (reflux esophagitis)
could cause esophageal metaplasia by inducing transcription factors or activating
developmental signaling pathways that determine an intestinal phenotype.

Stimulation of the CDX Transcription Factors by GERD
In mouse esophageal squamous epithelial cells, exposure to bile acids or acid activates Cdx2
expression34-35. In human esophageal squamous cells (HET-1A), exposure to a combination
of acid and bile salts increases CDX2 expression and leads to squamous cells forming crypt-
like structures and expressing intestinal genes such as Villin, Sucrase-isomaltase, and
MUC236-37 In addition, data suggest that GERD-induced inflammation activates CDX
expression in esophageal squamous epithelial cells. In a rodent model of esophageal
intestinal metaplasia, squamous cells begin to express Cdx2 prior to the development of
intestinal metaplasia38. In human esophageal biopsies, CDX2 expression has been found in
inflamed esophageal squamous epithelium, but not in non-inflamed squamous epithelium31.
In telomerase-immortalized normal esophageal squamous cells established from GERD
patients with and without Barrett’s esophagus, exposure to acid and/or bile salts increased
CDX2 expression in the squamous cells from Barrett’s patients, but not in those from GERD
patients without Barrett’s esophagus39. Inhibition of nuclear factor-κB (NF-κB), a well
established mediator of GERD-induced inflammation, prevented the increase in CDX2
expression in esophageal squamous cells from Barrett’s patients in response to acid and/or
bile salt exposure, suggesting that inflammatory signaling cascades can also activate CDX2
expression in esophageal squamous cells39.

Stimulation of Developmental Signaling Pathways by GERD
An attractive hypothesis is that esophageal activation of developmental signaling pathways
involved in maintaining or developing the normal intestine may lead to Barrett’s metaplasia.
These include pathways that are required for normal intestinal development, such as Wnt
and Notch, or pathways that are expressed in the embryonic esophagus to maintain a
columnar phenotype, such as Hedgehog and Bone Morphogenic Protein (Bmp) 4. Wnt is
required to maintain the intestinal crypt progenitor cell population and regulates the
expression of Cdx140-41. Wnt pathway activation (as determined by nuclear β-catenin) has
not been found in non-dysplastic Barrett’s metaplasia, but has been observed in Barrett’s
metaplasia with dysplasia and in esophageal adenocarcinomas42.

The Notch pathway also participates in maintaining the intestinal crypt progenitor pool and
perhaps even that of the esophagus43. As intestinal cells begin to differentiate, persistent
Notch signaling leads to an absorptive enterocyte fate, while the lack of Notch signaling
leads to a secretory fate as an enteroendocrine, goblet, or Paneth cell44-45. Unlike the other
developmental signaling pathways, components of the Notch signaling pathway are present
in the normal adult esophagus46. As noted above, CDX2 overexpression in squamous
HET1A cells causes the cells to form crypt-like structures36. In these same cells, expression
of Hes1, a downstream target of Notch, is down-regulated by CDX2 overexpression,
suggesting that inhibition of Notch signaling by CDX2 may play a role in metaplasia
formation36. Bile salt exposure has also been shown to decrease expression of Notch
pathway components in esophageal adenocarcinoma cells47. Recently, in an animal model
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of reflux and Barrett’s esophagus, inhibitors of Notch signaling caused the proliferative
Barrett’s cells to differentiate into goblet cells48.

Bmp4 is normally expressed within the stroma of the embryonic columnar-lined esophagus,
but it is absent in the adult squamous-lined esophagus49-50. In a rodent model of reflux
esophagitis and Barrett’s esophagus, investigators demonstrated Bmp4 expression in the
stroma underlying inflamed esophageal squamous epithelium and specialized intestinal
metaplasia, but not in the stroma underlying normal esophageal squamous epithelium50.
When human esophageal squamous cells were treated with BMP4 in vitro, the squamous
cells began to express cytokeratins characteristic of columnar cells, suggesting that stromal
BMP4 expression promotes the change in the esophageal epithelium from squamous to
columnar50.

Finally, the Hedgehog signaling pathway likely plays a role in esophageal metaplasia. Sonic
hedgehog, the most ubiquitous Hedgehog ligand, is expressed by the embryonic esophagus
while it has a columnar epithelium and before it takes on a stratified squamous phenotype51.
Recently, Sonic hedgehog expression was observed in Barrett’s metaplasia, but not in
normal adult esophageal epithelium23. In a mouse model of reflux esophagitis and Barrett’s
esophagus, Sonic hedgehog expression was found in the Barrett’s metaplasia as well as in
esophageal squamous cells prior to the development of intestinal metaplasia23. Since Bmp4
is a target of Hedgehog signaling, it was not surprising that stromal BMP4 expression was
seen adjacent to Barrett’s epithelium from esophagectomy specimens23. Activation of
BMP4 signaling in HET-1A cells induced SOX9 expression and subsequent expression of
cytokeratins characteristic of columnar cells23.

The Making Of Barrett’s-Associated Dysplasia and Adenocarcinoma
The histologic diagnoses of dysplasia and cancer are based on a compilation of morphologic
features of the tissue which indicate that the cells have acquired “abnormal” physiologic
properties. In 2000, Hanahan and Weinberg characterized six physiologic properties of
cancer, also called “hallmarks”, that normal cells acquire as cancer ensues52. These
hallmarks include the ability of cells to provide their own growth signals, avoid growth
inhibitory signals, resist apoptosis, replicate without limit, synthesize new blood vessels, and
invade and metastasize52 (Table 1). Surprisingly, studies have shown that these cancer
hallmarks can be acquired by normal cells through disruptions in only a few key growth
regulatory pathways including the p16/Retinoblastoma (Rb) and p53 pathways, the Ras
signaling pathway, and the telomerase-dependent senescence pathway53 (Table 1). Recently,
cancer-related inflammation has been proposed as a seventh physiologic hallmark of
cancer54.

Key Growth Regulatory Pathways that Contribute to Carcinogenesis
p16/Rb Pathway

In order to appreciate the contribution of the p16/Rb pathway to carcinogenesis, a brief
review of cell proliferation and the cell cycle is in order. The cell cycle encompasses the
events that take place in order for a cell to divide. The cycle is partitioned into 4 phases
called gap 1 (G1), DNA synthesis (S), gap 2 (G2), and mitosis (M) (Figure 2). The major
point of regulation for cell proliferation occurs in the transition from G1 into S phase of the
cell cycle, and Rb is the protein that has master control of this critical juncture (Figure 2).
The ability of cells to bypass this key regulatory point allows them to avoid growth
inhibitory signals and to replicate without limit. Although the data are inconclusive, it
appears that Rb itself is targeted for inactivation in the latter stages of Barrett’s
carcinogenesis (i.e. dysplasia and carcinoma), but not in non-dysplastic Barrett’s
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metaplasia55-56. Inactivation of Rb is not the only way to bypass this key regulatory point.
p16 is a member of the INK4 family of cell cycle inhibitors. p16 regulates the synthesis of
proteins that alter the function of Rb such that cells cannot proceed through the cell cycle.
Thus, inactivation of p16 would allow cells to pass unhindered from G1 into S phase and is,
in fact, the earliest and most common genetic alteration found in non-dysplastic Barrett’s
metplasia57. For example, studies have reported p16 inactivation in 73-87% of biopsy
specimens from patients with non-dysplastic Barrett’s esophagus58-59.

p53 pathway
p53 is a tumor suppressor gene that inhibits cell proliferation by preventing passage of cells
from G1 to S phase of the cell cycle. Like p16, p53 regulates the synthesis of proteins that
alter the function of Rb such that cells cannot continue through the cell cycle. p53 also plays
a central role in the induction of apoptosis. Therefore, disruption of the p53 pathway gives
cells the ability to avoid growth inhibitory signals, to replicate without limit, and to resist
apoptosis. Using immunohistochemical staining, mutant p53 expression has been detected in
non-dysplastic Barrett’s metaplasia and the frequency of mutant p53 detection increases as
dysplasia and adenocarcinoma ensue60-62.

Ras Pathway
The Ras pathway is one of the main intracellular signaling cascades activated following the
binding of growth factors to their receptors located on the surface of cells63. Ras-mediated
signals regulate the function of proteins that promote passage from G1 into S phase of the
cell cycle and proteins that influence apoptosis64. Therefore, disruption of the Ras pathway
allows cells to acquire the ability to provide their own growth signals, to resist apoptosis,
and to synthesize new blood vessels. The majority of human tumors demonstrate mutations
in Ras (i.e. oncogenic Ras) that cause the constant stimulation of downstream signaling
cascades independent of growth factor-mediated receptor activation65. Expression of
oncogenic K-Ras or H-Ras is rare in non-neoplastic Barrett’s metaplasia; however,
expression of both oncogenic Ras proteins has been frequently detected in dysplastic
Barrett’s metaplasia and adenocarcinoma66-69. Ras pathway activation does play a role in
the early stages of Barrett’s carcinogenesis; however, it does so in a more “physiologic”
fashion by transmitting signals downstream of the epidermal growth factor receptor (EGFR)
and its ligand, transforming growth factor alpha (TGF-α). Increased levels of both EGFR
and TGF-α have been found in biopsy samples of non-dysplastic Barrett’s metaplasia and
been proposed to account for increased activation of the mitogenic Ras pathway in the early
stages of Barrett’s carcinogenesis70.

As noted above, dysfunction of the Ras pathway also allows cells to acquire the ability to
synthesize new blood vessels, a process termed angiogenesis. Binding of vascular
endothelial growth factors (VEGFs) to their receptors, the vascular endothelial growth factor
receptors (VEGFRs) initiates the proliferation and migration of endothelial cells into the
tissue via Ras pathway signaling. Non-dysplastic Barrett’s metaplasia has increased
expression of VEGF-A, VEGF-C, and VEGFR-2 as compared to esophageal squamous
epithelium71. In fact, an enhanced vascular network has been proposed to account for the
salmon color characteristic of Barrett’s esophagus. Esophageal adenocarcinomas have been
shown to express even higher levels of VEGF mRNA and protein compared to non-
dysplastic or dysplastic Barrett’s metaplasia72.

Telomerase-dependent senescence pathway
Senescence is an intrinsic mechanism of cells that limits their proliferative capacity and is
triggered by the progressive loss of telomeres. Telomeres are long stretches of repetitive
pieces of DNA located at the ends of chromosomes. With each cell division, some of these
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telomeric repeats are lost. When telomere loss is such that only a small amount remains, the
cell exits the cell cycle into a permanent state of growth arrest which has been termed
senescence. In order to overcome senescence, the cell must maintain telomere length.
Telomerase is the enzyme that synthesizes and maintains telomeres73. Therefore, disruption
of the telomerase-dependent senescence pathway allows cells to replicate without limit and
become immortalized. Most normal cells lack telomerase, including normal esophageal
squamous cells. Non-dysplastic Barrett’s biopsy specimens express low levels of telomerase
which increase as the degree of dysplasia increases74. Esophageal adenocarcinomas also
express high levels of telomerase75.

Cancer-Related Inflammation
Cancer-related inflammation can be established through two pathways: 1) an extrinsic
pathway in which clinical disorders such as reflux esophagitis cause tissue inflammation that
contributes to carcinogenesis, and 2) an intrinsic pathway in which the precancerous cells
acquire genetic abnormalities that produce an inflammatory tumor microenvironment54. The
intrinsic and extrinsic inflammatory pathways can converge on certain key downstream
targets (e.g. cytokines and transcription factors) that promote further inflammation and
tumor cell proliferation54. Among the key molecules in cancer-related inflammation are
transcription factors such as NF-κB and STAT3. NF-κB is well known to mediate both
inflammation and tumor progression. NF-κB expression has been found in 40-60% of biopsy
specimens of Barrett’s metaplasia and in 61% to 80% of Barrett’s adenocarcinomas, but in
only 13% of biopsy specimens of reflux-injured squamous epithelium76-77. Moreover, NF-
κB activation has been found to increase as metaplastic Barrett mucosa develops dysplastic
changes of progressive severity, suggesting that an inflammatory response might be
contributing to carcinogenesis77.

STAT3 is another transcription factor that is well known to mediate both inflammation and
tumorigenesis. In biopsy specimens of Barrett’s epithelium, expression of the active form of
STAT3 increases with the severity of dysplasia, also suggesting a link between the
inflammatory response and Barrett’s carcinogenesis78. The molecular mechanisms that
mediate invasion and metastasis remain unclear; however, data suggest that perhaps the
inflammatory response may be playing a role. For example, matrix metalloproteinases
(MMPs) are proteolytic enzymes that can degrade the extracellular matrix and contribute to
tumor invasion and metastasis79. MMP-1, -2, -7 and -9 expression has been found in non-
dysplastic Barrett’s metaplasia and esophageal adenocarcinoma80-82. STAT3 has been found
to regulate expression of MMP-2 and -9, potentially linking inflammation with Barrett’s-
associated tumor cell invasion and migration83.

CONCLUSION
The rate of increase in the incidence of esophageal adenocarcinoma over the past several
decades is quite startling. GERD and Barrett’s esophagus are recognized as major risk
factors for esophageal adenocarcinoma. Since most esophageal adenocarcinomas are
thought to arise from Barrett’s esophagus, the pathogenesis of esophageal metaplasia at the
molecular level has become an area of intense investigation. Molecular markers of
metaplasia may soon be used to identify individuals at risk for developing Barrett’s
esophagus rather than relying on epidemiologic risk factors alone. Moreover, the use of
molecular markers to identify the stem cell of Barrett’s esophagus may allow for the
targeting of endoscopic or pharmacologic ablative therapies specifically to the stem cells,
thereby eliminating Barrett’s esophagus itself and thus the risk for esophageal
adenocarcinoma.
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Advances in tumor biology have revealed that the complexity of human tumorigenesis can
be boiled down to disruptions in a few key growth regulatory pathways and an inflammatory
microenvironment. This approach provides a useful conceptual basis for evaluating studies
on molecular markers for detecting cancer progression and for developing chemoprevention
and chemotherapeutic strategies. The reader should appreciate however that these are
pathways comprised of multiple genes and proteins, and that pathway disruption can be
caused by any number of different modifications in genes and/or in proteins within each
pathway. Thus panels of molecular markers will likely be used to indicate molecular
“signatures” predictive of neoplastic progression, and the molecular characterization of
individual tumors will likely be used to tailor therapeutic strategies to an individual patient.
Molecular medicine is reshaping our understanding of the biology of Barrett’s metaplasia,
dysplasia and adenocarcinoma. Clinicians should stay tuned as molecular medicine unfurls
endless possibilities to improve the diagnosis and management of patients with Barrett’s
esophagus.
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Figure 1. Phenotypic changes in esophageal epithelium occur during normal development and
Barrett’s esophagus
During esophageal development (top), the embryonic esophagus is initially lined by
columnar epithelial cells expressing the transcription factor Sox9. As the embryo matures,
the esophageal epithelium transitions into a stratified squamous epithelium that does not
express Sox9. In Barrett’s esophagus (bottom), the stratified squamous epithelium is
exposed to acid and bile acids. The ensuing inflammation and injury repair response activate
signaling pathways such as Hedgehog, Bmp4, and NF-κB and downregulate Notch
signaling. These signals lead to increased expression of Cdx1, Cdx2, and Sox9 which
induces columnar metaplasia.
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Figure 2. Cell Cycle
There are 4 phases of the cell cycle, gap 1 (G1), DNA synthesis (S), gap2 (G2), and mitosis.
The Rb regulatory point controls passage from G1 into S phase.
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Table 1

Cancer Hallmarks and the Key Growth Regulatory Pathways that Contribute to Carcinogenesis in Barrett’s
Esophagus. The pathways that cause invasion and metastasis and establish the inflammatory
microenvironment are not yet known. The establishment of an inflammatory microenvironment might
contribute to the ability of tumor cells to invade and metastasize

Cancer Hallmark Key Growth Regulatory Pathway

provide growth signals Ras Pathway

Avoid Growth Inhibitory Signals p16/Rb and p53 Pathways

Resist Apoptosis p53 Pathway, Ras pathway

Replicate Without Limit Telomerase-Dependent Senescence Pathway, p16/Rb
pathway, p53 pathway

Synthesize New Blood Vessels Ras Pathway

Invade and Metastasize ??
?? Inflammatory Microenvironment

Inflammatory Microenvironment ??
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