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A B S T R A C T

Esophageal adenocarcinoma (EAC) has one of the fastest rising incidence rates in the U.S. and many other
Western countries. One of the unique risk factors for EAC is gastroesophageal reflux disease (GERD), a chronic
digestive condition in which acidic contents from the stomach, frequently mixed with duodenal bile, enter the
esophagus resulting in esophageal tissue injury. At the cellular level, progression to EAC is underlined by
continuous DNA damage caused by reflux and chronic inflammatory factors that increase the mutation rate and
promote genomic instability. Despite recent successes in cancer diagnostics and treatment, EAC remains a poorly
treatable disease. Recent research has shed new light on molecular alterations underlying progression to EAC
and revealed novel treatment options. This review focuses on the genetic and molecular studies of EAC. The
molecular changes that occur during the transformation of normal Barrett’s esophagus to esophageal adeno-
carcinoma are also discussed.

1. Introduction

1.1. Epidemiology, etiology, and pathology

Esophageal cancer is a group of diseases characterized by un-
controlled proliferation of cells, which may originate from epithelial,
neuroendocrine, lymphoid or mesenchymal tissues. The vast majority
of esophageal tumors are carcinomas (i.e. derived from epithelial cells),
with two main histological types: squamous cell carcinoma (ESCC) and
adenocarcinoma (EAC). Both tumor types primarily affect older in-
dividuals and are three to four times more common in men than in
women [1]. It was estimated that 572,034 new esophageal cancer cases
and 508,585 deaths occurred in 2018 worldwide [2]. Geographical
variation in the incidence rate and tumor type is striking. The highest
incidence rate is found in Asia and Southern and Eastern Africa. In
Asian region, often referred to as the “esophageal cancer belt”, which
stretches from Northern Iran through the Central Asia to Mongolia and
North-Central China, 90% of cases are squamous cell carcinomas [3]. In
contrast, in Western countries, where the incidence rate for esophageal
cancer is typically low, EAC has been rapidly increasing and in some
countries has overtaken ESCC. In the US, the incidence of EAC among
men surpassed that for ESCC around 1990 and continues to increase

[4,5].
Despite recent successes in cancer diagnostics and treatment, eso-

phageal cancer remains a poorly treatable disease, and the surgery that
is the mainstay of current therapy carries notable morbidity and mor-
tality. In the US, the overall 5-year survival rate for individuals diag-
nosed with esophageal cancer was estimated 19% [6]. It is significantly
lower for patients diagnosed with metastatic disease, at this point the 5-
year survival rate declines to 5%. Unfortunately, most esophageal tu-
mors are found when metastases already have occurred [6].

Cigarette smoking and excessive alcohol consumption account for
the majority of ESCC cases in the US and Western countries [7]. Chronic
gastroesophageal reflux disease (GERD), Barrett’s esophagus, obesity,
and cigarette smoking are the risk factors for EAC. Among these risk
factors, GERD is considered being most prominent [8]. Weekly symp-
toms of GERD increase the odds of EAC fivefold and daily symptoms
sevenfold compared with individuals without symptoms or less fre-
quent symptoms [9]. In the center of tumorigenic alterations induced
by GERD is a persistent cycle of damage and regeneration of esophageal
tissues. At the cellular level, esophageal epithelial cells are periodically
exposed to a refluxate that contains acidic gastric juice frequently
mixed with duodenal bile, causing cellular and DNA damage. It also
induces inflammatory esophagitis, which in turn, may exacerbate
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mucosal injury [10–12]. If the damage persists, it can cause hyperplasia
and Barrett’s esophagus (BE), a condition in which the normal squa-
mous epithelial lining is replaced by a metaplastic intestinal type of
epithelium. About 5 to 15% of patients with GERD are found to have BE
[13]. GERD can lead to further accumulation of genetic alterations in
BE cells and progression to EAC at a rate approximately 0.12%-0.6%
per year [8].

In this review, we will discuss genetic and epigenetic changes that
play an integral role in the progression of Barrett’s esophagus to eso-
phageal adenocarcinoma. The effect of cell cycle dysregulation and
alterations of key oncogene and tumor suppressor signaling networks
will also be discussed.

2. Genetic and epigenetic alterations

Based on a comprehensive comparison across more than 3000
cancers and 27 tumor types, EAC was included in a group of tumors
with the most frequent copy-number alterations (CNA) [5,14,15]. In
EAC, the median frequency of chromosomal rearrangements was re-
ported at 172 per tumor (range of 77-402). Approximately 20% of these
rearrangements were classified as interchromosomal translocations.
The mutation frequency was estimated to be 9.9 mutations/Mb (range
of 7.1-25.2) relative to a haploid genome. This frequency translates into
a median of 26,161(range of 18,881-66,225) mutations across the
genome per tumor [5].

During the past three decades, our understanding of genetic changes
in EAC has been evolving following the development of new and more
advanced techniques. Early cytogenetic studies using chromosome-
banding and flow cytometry have identified aneuploidy, tetraploidy,
and specific losses of chromosomes 4, 18, 21, and Y, as well as recurrent
gains of chromosomes 14 and 20 in dysplastic BE and adenocarcinoma.
The loss of the Y chromosome has been found as a one of the most
common numeric chromosomal abnormalities. Recurrent structural
rearrangements at 1p, 3q, 11p, and 22p and frequent mutations in the
TP53 gene, which encodes p53, a well-known tumor suppressor, have
also been found [16,17].

Fluorescent in situ Hybridization (FISH) has helped to identify ad-
ditional numeric changes in chromosomes 4, 6, 7, 8, 9, 10, 11, 12, 17,
18, Y, and X that were found to be an early change in dysplastic regions
[18,19]. Further studies using comparative genomic hybridization
(CGH) revealed common regions of gain at 20pq, 17q, 8q, 7p, 13q, 10q,
6p, 15q, 2pq and loss at 4pq, 14q, 18q, 5q, 16q, 17q, 9p, 7q and Y
[20–23]. The frequencies of losses and gains were found to correlate
with aneuploidy and significantly increased during neoplastic pro-
gression from low-grade to high-grade dysplasias and invasive carci-
nomas [19,24]. Chromosomal alterations were also found in BE ad-
jacent to cancer sites [23,25]. Several studies have suggested that
recurrent gains (8q, 6p, 10q) and losses (13q, Y, 9p, 17p) occur in
Barrett’s metaplastic cells even in the absence of dysplasia and adeno-
carcinoma, although to a lesser extend [23,26]. These studies outlined
complex structural and whole chromosome abnormalities in EAC. The
CGH analyses also yielded a wealth of data for identification of specific
EAC related genes. Multiple candidate tumor-suppressor genes (APC,
MCC, MTS1, CDKN2, TSHR, DCC, PI5, FHIT, RCA1) and oncogenes
(MLVI2, NRASL3 EGFR, MYC, IGF1R, ERBB2/HER2-neu, TGFB1, BCL3,
AKT2, PCNA, MYBL2, PTPN1) have been identified (Fig. 1) [20,21].

Further development of array-based profiling and next generation
sequencing (NGS) improved resolution of genomic analyses and helped
to identify new recurrent genetic alterations and specific signaling
pathways associated with EAC. The initial systematic NGS study by
Dulak et al, which included 149 EAC tumor – normal pairs, found
mutations in 8,331 genes, of which 199 were mutated in 5% or more of
the EACs. A search for genes with significantly recurring mutations
identified 26 genes. The TP53 gene was found to be the most frequently
mutated gene in EACs. Seventy two percent of EACs carry p53 muta-
tions. Similar frequencies of p53 mutations (71-72%) were reported in

studies conducted by the Cancer Genome Atlas (TCGA) Research
Network [27] and the Oesophageal Cancer Clinical and Molecular
Stratification (OCCAMS) Study Group [28].

High frequency of mutations was also found in the CDKN2 gene,
which is known to regulate the cell cycle. The TCGA studies revealed
that the CDKN2A gene is inactivated by deletions, epigenetic silencing,
or mutations in 76% of EACs. Cell cycle regulation is affected not only
by inactivation of CDKN2A but also by amplification of CDK6, CCNE1
and CCND1 genes, which encode cell division protein kinase 6 (CDK6)
and cyclins E1 and D1, respectively (Fig. 1). The MYC gene, which
regulates proliferation, is also amplified in approximately 30% of EACs.
Among frequently altered genes are receptor tyrosine kinases (RTKs) of
the EGFR family and their downstream mediators. Amplification of the
ERBB2 gene is the most prominent receptor alteration in EACs that was
found in 32% of tumors. EGFR gene is amplified in 15% of EACs [27].
The phosphatidylinositol-3-kinase (PI3K) pathway was the most fre-
quently altered oncogenic pathway by mutations and CNAs found in
24% of tumors [5,27]. In addition to ERBB2 and EGFR gene amplifi-
cations, which can potentially activate the PI3K pathway, mutations
were reported in PI3KCA, PI3KR1, PTEN and other related genes. K-
RAS gene amplifications were found in 14% of tumors. The Rho family
GTPase, RAC1, is also frequently activated primarily by mutations in
DOCK2 and ELMO1 genes that are important regulators of RAC1. Given
that dysregulation of DOCK2 and ELMO1 is associated in cancers with
enhanced cell migration and invasion, it may help to explain the highly
invasive nature of EACs. In addition, EACs shows amplifications of
VEGFA, FGFR2, IGF1R, and MET genes (Fig. 1). Given that many re-
ceptor and non-receptor kinases can be inhibited with specific drugs,
these findings open new opportunities for targeted therapy in EAC.

NGS analyses also revealed dysregulation of the TGFβ pathway. Its
components were mutated in 18% of tumors; the most recurrently al-
tered gene in this pathway was SMAD4. The product of this gene forms
transcription complexes with other members of the SMAD protein fa-
mily and regulates TGFβ-mediated transcription. Interestingly, SMAD4
is primarily mutated in EAC, but not in high grade dysplasia (HGD)
providing a genetic distinction between EAC and HGD [29].

In addition, some EACs showed activation of the WNT/β-catenin
pathway by mutations or loss of AXIN1, APC or CDH1 genes, although
dysregulation of this pathway was less frequent than in other tumor
types. Mutations of the CTNNB1 gene, which encodes β-catenin, were
found to be relatively uncommon.

EAC also shows loss-of-function mutations and CNAs of ARID1A,
ARID2, SMARCA4, and PBRM1 genes that encode components of the
SWI/SNF (SWItch/Sucrose Non-Fermentable) chromatin-remodelling
complex (Fig. 1). The SWI/SNF complex is an evolutionarily conserved
multi-subunit complex involved in chromatin restructuring that con-
tribute to transcriptional activation and repression. Alterations of the
SWI/SNF complex are not unique to EAC and are found in over 20% of
human malignancies.

Among other prominent alterations were amplifications of GATA4/
6 genes, deletions of RUNX1, WWOX, FHIT genes that have potential
tumor suppressor roles, and mutations in genes that regulate the ad-
herens junctions, CDH1, HEWCW 1, AJAP1, and inflammatory re-
sponse, TLR4. It is important to mention, however, that many sig-
nificantly altered genes are poorly characterized and their functions
remain unclear.

The mutational signatures revealed three distinct molecular sub-
types for EAC: (i) enrichment for BRCA signature with prevalent defects
in the homologous recombination pathway; (ii) dominant T>G mu-
tational pattern associated with a high mutational load and neoantigen
burden; and (iii) C>A/T mutational pattern with evidence of an aging
imprint [30].

WGS studies assessed the molecular relationship between BE and
EAC. BE was found to be polyclonal and highly mutated even in the
absence of dysplasia [28]. It was reported that early stages of disease
and BE often have a higher rate of mutations than many common
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dysplastic tumors [31]. At the same time, comparison of EAC and ad-
jacent BE often showed surprisingly little overlap (< 20%) in the
spectrum of mutations [28]. This is in contrast to early studies showing
that many mutations in EAC are already present in BE [32]. The un-
derlying reason for these differences is unclear but it may possibly be
attributable to clonal variations and the presence of dysplastic cells in
analyzed specimens.

The mutational landscape of BE and EAC differs more dramatically
at the chromosomal level. Genomes of BE tissues were found to be re-
latively more stable than those of invasive tumors [31]. It was shown
that approximately a third of EAC cases (32%) are characterized by
massive localized chromosome translocations (chromothripsis) that
may cause rapid activation of oncogenes and inactivation of tumor
suppressors. These catastrophic genome rearrangements may potentially
explain fast progression of EAC in some BE patients [33].

Similar to other tumor types, genetic alterations in EAC are ac-
companied by significant changes of the epigenome. DNA methylation
is the most studied epigenetic mark in the esophagus. Methylation of
DNA was assessed by many researchers using a broad spectrum of
methylation assays including methylation arrays and whole genome
bisulfite sequencing. The latter methods permit to obtain genome-wide
epigenetic information on the entire regulatory regions and compare
DNA methylation of normal tissues with precancerous and cancerous
lesions. These studies not only revealed a vast amount of new
groundbreaking data on cancer-related alterations but also demon-
strated that regulation of DNA methylation is complex and significantly
affected by age, obesity, tobacco smoking and other risk factors [34].

Increased levels of the CpG island methylation were found in
Barrett’s metaplasia compared to normal squamous epithelium
[35–37]. Comparison with other types of normal tissues suggests that
epigenetic alterations in BE may reflect the actual tumorigenic process,

rather than simply due to acquisition of metaplastic phenotype [38].
Methylation of the CpG islands is further increased following progres-
sion to HGD and EAC, which between them have significant similarities
in the methylation profiles [39]. Tumorigenic process in the esophagus
is characterized not only by hypermethylation of the CpG islands, but
also by decreasing DNA methylation outside of the CpG islands [40].
These two coexisting epigenetic phenomena force global transcriptome
alterations that play significant roles in the development and progres-
sion of EAC [35].

Several studies attempted to find methylation markers that dis-
criminate between high- and low-risk BE. It was shown that the pro-
moter hypermethylation of MGMT [41], p16/ RUNX3/HPP1 [42],
HPP1/p16/RUNX3 [43], TIPM3/APC/TERT [44] genes or gene com-
binations such as SLC22A18+PIGR+GJA2+RIN2 [39], p16+APC
[45], RUNX3+p16+HPP1+NELL1+TAC1+ SST+AKAP12+CDH13
and hypomethylation of ORF3A4 gene [46] may help to stratify the risk
of cancer development in patients with non-dysplastic BE. Clinical ap-
plication of these epigenetic biomarkers, although promising, requires
additional investigation in large-scale clinical trials.

Among other critical epigenetic alterations that contribute to the
development and progression of EAC are posttranslational modifica-
tions of histones and alterations of multiple non-coding RNAs, including
microRNA and lncRNA. We refer to recent comprehensive reviews on
the subject [47,48].

3. DNA damage in conditions of esophageal reflux injury

As discussed above, GERD is a prominent risk factor for EAC. Due to
its complex local and systemic effects, many questions remain on how
reflux promotes esophageal adenocarcinomas. Among known tumori-
genic factors associated with reflux is DNA damage. It has been

Fig. 1. Key molecular alterations associated with progression of Barrett’s metaplasia to esophageal adenocarcinoma. Gastroesophageal reflux and other carcinogenic
stimuli cause genetic and epigenetic alterations. Multiple pathways regulating cell growth, proliferation, apoptosis, differentiation, inflammation and angiogenesis
are commonly affected. The molecular changes occur at early stages of tumorigenic process and increase with tumor progression. COX-2 – Cyclooxygenase-2; VEGF –
Vascular endothelial growth factor; TGF-α – Transforming growth factor α; NFκB – Nuclear factor kappa-light-chain-enhancer of activated B cells
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demonstrated that reflux have genotoxic effect on esophageal cells.
Hydrochloric acid (HCl) and bile salts are the most characterized
components of the refluxate that induce DNA damage, although other
ingredients of gastric juice, pancreatic and duodenal secretions, and
consumed food may also have additive effects. In the experimental
setting in vitro, a short exposure to acidic pH and bile salts, which mi-
mics an episode of reflux, induces reactive oxygen species (ROS), oxi-
dative stress and DNA damage [11,49–52]. Both mitochondria and
NADPH oxidases (NOX) have been found to be responsible for excessive
production of ROS (Fig. 2) [52,53]. Reflux activates NOX1 and NOX2
enzymes in the esophagus of GERD and BE patients [53]. NOX5-S, a
truncated variant of NOX5, is also activated in acidic conditions
[44,54,55]. These enzymes produce superoxide anion O2

- and hydrogen
peroxide H2O2 that damage genomic DNA. ROS is also thought to in-
duce mutations in mitochondrial DNA in Barrett’s metaplasia [56].

Multiple studies reported DNA damage in esophageal tissues of
GERD and BE patients [57–59]. Experiments with esophageal perfusion
were especially demonstrative. Perfusion of the esophagus of BE pa-
tients with HCl acid or deoxycholic acid (DCA) increased DNA damage
in the esophagus even after a short exposure to these reflux ingredients
[50,60]. Another strong evidence on the reflux-induced DNA damage
was produced by animal studies in which reflux was purposely induced
by surgical procedures [61–63]. It was also shown that induction of bile
reflux increases the mutational rate (primarily transitions C to T and G
to A) in the rat esophagus [64]. These data are consistent with the
preponderance of C to T transitions in human esophageal adenocarci-
nomas, suggesting that reflux may be responsible for their generation
[5].

Although the entire spectrum of reflux-induced DNA lesions is
currently unknown, it has been shown that exposure of esophageal cells
to acid and bile salts promote formation of single- and double-strand
DNA breaks, oxidized and nitrated DNA lesions. Nucleotide derivatives
such as 8-oxo-deoxyguanineosine (8-oxo-dG) and 8-nitroguanine (8-

nitro-dG), which are formed as a result of reflux, increase mutagenesis.
Double strand breaks of DNA are even more detrimental as these lesions
are extremely difficult to repair resulting in highly cytotoxic and mu-
tagenic effects.

In addition to direct genotoxic effects, chronic inflammatory reac-
tions caused by reflux significantly contribute to tissue and DNA da-
mage in the esophagus (Fig. 2) [65]. Under inflammatory conditions,
inflammatory and epithelial cells release ROS. The produced super-
oxide radical O2

- can react with nitric oxide (NO) resulting in genera-
tion of peroxynitrite (ONOO−), highly reactive species that cause
oxidation, nitration, and deamination reactions of different biomole-
cules including DNA. During gastroesophageal reflux, large quantities
of nitric oxide are produced from dietary nitrate at the GE junction and
gastric cardia [66]. Another source of NO is inducible nitric oxide
synthase (iNOS), an enzyme that is activated by multiple inflammatory
stimuli. Formed reactive nitrogen species (RNS) can nitrate, deaminate
DNA, and produce DNA strand breaks and mutations [67].

Normally, the integrity of DNA is restored by the DNA repair ma-
chinery, which detects and promptly repairs damaged DNA. A number
of studies suggested inhibitory role of reflux on DNA damage repair
(DDR). For example, levels of DDR enzymes MUTYH and OGG1, which
are involved in repair of oxidative DNA damage, were significantly
decreased after treatment of esophageal cells with bile acid [68]. In-
hibition of MUTYH was also shown in rats, in which reflux was induced
by duodenoesophageal anastomosis [69].

DDR is inhibited by various mechanisms. MGMT protein, which is
involved in repair of alkylated DNA lesions, is downregulated by pro-
moter hypermethylation in BE [41]. Decreased efficiency of DNA da-
mage repair may also occur due to polymorphisms in DNA repair genes
[70–72]. Not all DDR enzymes are inhibited by reflux. Induction of
APE1, an enzyme involved in base excision repair, is activated by acidic
bile salts and provide a survival advantage to esophageal tumor cells
[73].

Fig. 2. Gastroesophageal reflux induces genotoxic stress and promotes esophageal tumorigenesis. Gastroesophageal reflux causes aberrant production of reactive
oxygen species (ROS), which cause DNA damage and multiple genetic and epigenetic alterations. Mitochondria and NADPH oxidases are strong inducers of ROS in
the esophagus. Reflux-induced ROS mediate the isoLG adduction of p53 protein and its inhibition. SSBs – Single strand breaks; DSBs – Double strand breaks.
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Reflux also negatively affects the redox homeostasis resulting in an
increased production of ROS. Activities of redox regulating enzymes,
such as superoxide dismutase (SOD) [62,74] and glutathione perox-
idases (GPxs), were found to be inhibited by reflux [75–77].

Inhibition of DNA damage induced by reflux can be a promising
strategy for chemoprevention of esophageal cancer [11,49,75]. Sup-
pression of excessive production of reactive oxygen radicals and other
reactive compounds is one obvious possibility. Prevention of chronic
inflammation, which, in turn, can help to control production of ROS
and RNS, also holds great promises. Studies of antioxidants showed
their ability to suppress DNA damage induced by acid and bile
[11,78–80]. Among antioxidants, natural products are of particular
interest because of their low toxicity, health safety, and general ac-
ceptance as dietary supplements. One interesting example is a natural
antioxidant apocynin, which not only scavenges ROS but also sup-
presses NOX activity and activates DNA damage repair [11].

4. Molecular signaling networks in esophageal adenocarcinoma

4.1. p53 protein family

Over the last two decades, significant progress has been achieved in
defining the key signaling molecules and pathways involved in devel-
opment and progression of EAC. p53 tumor suppressor is among the
most affected proteins in EAC. As discussed above, p53 is frequently
inactivated by mutations, which typically occur during transition from
non-dysplastic BE to high-grade dysplasia [29]. TP53 gene mutations in
BE tissues increased the adjusted risk of progression 13.8-fold (95%
confidence interval, 3.2-61.0; p< 0.001). The comparison of BE tissues
from patients with or without later progression to HGD or EAC found
significantly higher numbers of TP53 mutations in BE from patients
with subsequent progression [81].

These mutations are primarily missense variants that inhibit the
binding of p53 protein to DNA causing inhibition of p53-dependent
transcription. The p53 gene is also characterized by high frequency of
loss of heterozygosity (LOH) [82]. LOH for chromosome 17p, which
harbors the p53 gene, has shown promise as a biomarker for neoplastic
progression in Barrett’s esophagus [83–88]. Activity of p53 protein is
also inhibited by non-mutational mechanisms during the early stages of
tumorigenesis. Several studies including ours have also demonstrated
significant inhibition of wild type p53 protein in conditions of acidic
reflux [63,89–91]. One recently discovered mechanism includes the
formation of p53 protein adducts [90]. It was shown that gastro-
esophageal reflux produces reactive isolevuglandins (isoLG), a family of
γ-ketoaldehydes generated by the free radical-induced peroxidation of
lipids and COX2 enzyme, that form adducts on the p53 molecule [92].
This results in inhibition of p53 activity and protein precipitation
(Fig. 2) [90].

Given the important role played by p53 in tumor suppression and
chemotherapeutic drug response, a number of compounds, such as
STIMA-1, PRIMA-1, MIRA-1, RITA and others, have been identified to
restore activity of mutant p53 (reviewed in [93]). PRIMA-1 and its
analog APR-246 are the most investigated compounds in this category
of the p53-targeting compounds. APR-246 was tested in EAC cells
harboring mutant p53 and found to upregulate p53 target genes and
induce apoptosis [94,95]. It can also enhance the inhibitory effects of
chemotherapeutic drugs cisplatin and 5-fluorouracil through p53 ac-
cumulation in tumor cells [94]. Notably, APR-246 showed limited cy-
totoxic effect on normal cells. An initial phase I clinical trial has shown
APR-246 to be safe in humans. Phase Ib/II study (NCT02999893)
evaluating the efficacy of APR-246 in the treatment of advanced and
metastatic esophageal or gastro-esophageal junction cancers is cur-
rently ongoing.

In contrast to the TP53, TP63 and TP73 genes, which encode other
members of the p53 protein family, are rarely mutated in EAC [96,97].
In esophageal tissues, p63 and p73 proteins are expressed as an

intertwined mix of protein isoforms that are generally divided into two
groups, termed TA and ΔN. The former isoforms have “p53-like”
properties. Similar to p53, TA isoforms can transactivate the set of
target genes overlapping with p53, induce cell cycle arrest, and apop-
tosis. In contrast, ΔN isoforms lack the N-terminal transactivation do-
main and exert a dominant negative effect toward TA isoforms. How-
ever, some ΔN isoforms, such as ΔNp63α retain transcriptional activity
through additional transactivation domains (reviewed in [97]). Normal
esophageal squamous epithelium shows strong nuclear staining for
ΔNp63α in cells of the basal and in the suprabasal cell layers. p63 has
also been detected in the ducts of esophageal mucosal and submucosal
glands. This is in contrast to Barrett’s metaplastic and EAC epithelia,
where levels of p63 isoforms are typically low [98,99]. Treatment of
esophageal cells with acidic bile salts results in decreased levels of
ΔNp63 and upregulation of TA73 [11,63,89]. The latter isoform is
important for DNA damage repair as p73 regulates transcription of
multiple DNA damage repair proteins [63]. Esophageal cells deficient in
p73 activity are characterized by high levels of DNA damage [63].
Expression of p73 isoform, ΔNp73α, which is a dominant-negative in-
hibitor of TAp73 and p53, is upregulated in GERD and EAC and asso-
ciated with poor prognosis in patients with EAC [100]. Pro-in-
flammatory cytokines IL-1β and TNFα were found to induce expression
of ΔNp73 in conditions of esophageal reflux injury [100].

4.2. Cell cycle regulation

The loss of proper control of the cell cycle is one of the main me-
chanisms that promotes tumorigenic transformation. A number of cell
cycle regulators are affected in EAC. Among them are tumor sup-
pressors p16INK4a and p14ARF that are encoded by the CDKN2A gene.
p16INK4a is a specific inhibitor of the cyclin D/CDK4/6 complexes. Its
inhibition leads to disruption of normal cell cycle and uncontrolled cell
growth [101]. Immunohistochemical staining showed loss of p16INK4a

expression in 20-68% of BE and 60-100% of EAC cases [102,103].
p14ARF is downregulated in 20% of BE and 75% of EAC cases [104].
Notably, downregulation of p14ARF interferes with the proper p53
response, because p14ARF is a critical upstream regulator of p53 that
activates p53 protein by blocking its Mdm2-mediated degradation.
Another CDK inhibitor, p27KIP1, which regulates the cell cycle by in-
hibiting the cyclin E/CDK2 and cyclin D/CDK4 complexes, is also af-
fected in BE and EAC. Low levels of p27 KIP1 protein was found in 30-
70% of BE and 83-100% of EAC and correlated with higher histological
grade, depth of invasion, presence of lymph node metastasis, and sur-
vival [105–107]. p27 KIP1 knockout mice develop BE and EAC following
the esophagostomy and treatment with carcinogen [108].

Frequent amplification at 7q21, which harbors the CDK6 gene, was
found in 35% of EACs [109,110]. The CDK4 gene was also found am-
plified in EAC, but to a lesser extent (10%). Amplifications of both
genes are associated with poor survival of EAC patients [110]. In ad-
dition, EAC are characterized by upregulation of several cyclins. Cyclin
D1 is upregulated in 25-38% of BE and 36-44% of EAC patients
[111–114]. Increased expression of cyclin D1 has prognostic sig-
nificance and is associated with poor survival of EAC patients [115].
Protein expression of another cyclin, cyclin E, was found to be sig-
nificantly increased during progression from non-dysplastic esophageal
lesions to high grade dysplasia. High expression of cyclin E was ob-
served in 5.8% of BE, 19.0% of LGD, 35.7% of HGD, and 16.7% of EACs
[116]. The same study found amplification of the CCNE1 gene, which
encodes cyclin E1, in 19.0% of EAC cases.

4.3. Activation of oncogenic signaling pathways

4.3.1. Receptor tyrosine kinases
A large group of RTKs, such as epidermal growth factor receptor

(EGFR), ERBB2/HER2, insulin-like growth factor receptor 1 (IGF1R),
hepatocyte growth factor receptor (HGFR/c-MET) and vascular
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endothelial growth factor receptor (VEGFR) play a significant role in
the development and progression of EAC (Fig. 3) [117,118]. Aberrant
activation of EGFR signaling is caused by overproduction of EGFR
protein and its ligands TGF-α and EGF [119,120]. An increased ex-
pression of EGFR protein was found in 22.2-35% of BE and 46.5-80% of
EAC patients [118,121]. Several studies reported correlation between
expression of EGFR protein and poor survival of EAC patients
[122–124]. In vitro studies found that treatment of esophageal cells
with acidic bile salts activates the EGFR signaling [125]. In addition to
EGFR, protein expression of another member of the EGFR family,
ERRB2/HER2, is increased in 18 – 28% of esophageal dysplasias and 22
– 24% of tumors [55,126,127].

EAC is also characterized by strong activation of the IGF1R
pathway. An increased staining for phosphorylated insulin receptor
substrate 1 (pIRS1) that transmits signals from the IGFR receptors was
found in 43.2% of BE and 70% of EAC patients [128]. Levels of IGF-1
ligand are increased in the sera of BE patients [129]. Another tyrosine
kinase receptor, c-MET, which is regulated by hepatocyte growth factor
(HGF), is highly induced in BE and EAC. c-Met immunoreactivity was
found in 100% of dysplastic BE and EAC patients and correlated with
poor prognosis [130,131]. Activation of MET results in induction of β-
catenin in EAC [130,131].

The VEGF (vascular endothelial growth factor) signaling is also in-
creased in EAC and found to regulate angiogenesis in BE and EAC. Both
BE and tumor cells produce VEGF protein and its expression correlates
with esophageal vascularization [132]. Among members of the VEGF
family, expression of VEGF-A, -C are increased during progression from

Barrett’s to EAC and suggested to correlate with metastasis and ad-
vanced disease [132,133].

Downstream RTK signaling includes multiple effectors that regulate
cell proliferation, survival, apoptosis, and angiogenesis (Fig. 3). Among
them, RAS and PI3K are frequently altered in EAC. Several studies have
reported K-RAS activating mutations and amplifications of the K-RAS
gene [134–137]. The central effector pathway downstream of RAS
(ERK/MAPK) was found to be activated in 60% of EACs [138]. Simi-
larly, serine/threonine kinase Akt, an effector of the PI3K pathway, was
phosphorylated and activated in approximately 80% of HGD and EACs.
This is in striking contrast to BE, where 62% of specimens showed low
activity of Akt and the remaining cases were negative for p-Akt [139].
Reflux is thought to be responsible for activation of the PI3K-AKT and
ERK/MAPK pathways [140–142].

4.3.2. TGF-β signaling
The transforming growth factor beta (TGF-β) pathway is implicated

in regulation of cell growth, apoptosis, differentiation, and develop-
ment. It is well known for its ability to inhibit proliferation and in-
flammation in normal tissues. However, during EAC development the
TGF-β pathway can facilitate epithelial to mesenchymal transition
(EMT), invasion, and metastasis [143–146]. Several studies reported
unchanged or decreased levels of TGF-β mRNA in BE compared to
normal squamous epithelium [144,147,148]. TGF-β expression is sig-
nificantly increased in advanced stages of EAC [144]. EAC is also
characterized by elevated expression of TGF-β-related proteins BMP4
and Activin A that are thought to promote invasive phenotype

Fig. 3. Schematic representation of major signalling pathways involved in the development and progression of esophageal adenocarcinoma. Exposure of esophageal
cells to gastroesophageal reflux causes the dysregulation of multiple signalling pathways that promote Barrett’s esophagus and esophageal adenocarcinoma.
Activation of RTKs, Notch, Wnt, Hedgehog and other signalling cascades were found in esophageal adenocarcinoma. RTK – receptor tyrosine kinase; NICD- Notch
intracellular domain; Hh – Hedgehog; TGF-β – transforming growth factor β; COX-2 – Cyclooxygenase-2; PKC – protein kinase C.
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[148–150]. Notably, exposure to bile salts induces BMP4 and TGF-β1
[151,152]. In contrast, TGF-β signal transducers (SMADs) are com-
monly lost in EACs (Fig. 3). Among them, SMAD2 and SMAD4 are most
affected [5]. Loss of expression of SMAD 2/4 was found in 30% to 70%
of EAC cases [5,153–155]. Expression of TGF- β receptor 2 is also
downregulated in BE and EAC resulting in dysregulation of TGF-β sig-
naling [154].

4.3.3. Notch signaling
The Notch signaling pathway is involved in different aspects of

normal development and disease, from stem cell regulation and tissue
morphogenesis to cancers and other diseases. Mechanistically, Notch
signaling is mediated by a group of Notch receptors that are regulated
by various ligands, such as Delta-like and Jagged. The binding of li-
gands leads to a series of proteolytic cleavages in the receptors, which
release the Notch intracellular domain (NICD), which translocates into
the nucleus and activates transcription of multiple target genes (Fig. 3)
[156]. In the esophagus, Notch signaling is active in the basal epithelial
cell layer. Its inhibition contributes to the development of BE via the
KLF4-dependent mechanism [154,157,158]. Reflux is likely to play role
in this process [158,159]. In contrast to BE, EAC shows induction of the
NICD in 72% of EAC cases. Elevated Notch activity is associated with
the state of differentiation and clinical stage of EAC [160]. Levels of
JAG1/2, DDL1/3/4 ligands and Notch targets Hes-1, HEY1/2, NEYL are
also increased in EAC patients [154,160]. Elevated Notch signaling is
thought to promote cancer stem cell phenotype, increases cancer cell
survival and resistance to chemotherapy [160].

4.3.4. Hedgehog signaling
The Hedgehog (Hh) signaling pathway is critical for normal gut

development. It also contributes to progression of intestinal metaplasia
in the esophagus. In canonical signaling, it is activated by the binding of
Hh ligands (Sonic, Indian, and Desert) to transmembrane receptors
Patched (PTCH). This relieves PTCH repression of Smoothened (SMO)
protein and subsequently activates Gli transcription factors that reg-
ulates transcription of Hh target genes (Fig. 3). It has been demon-
strated that Sonic Hedgehog signaling is suppressed in normal eso-
phageal epithelium. However, it is strongly activated in BE that
happens likely due to reflux [161–164]. Strong staining for proteins
regulating the Hh pathway was found in 96% of EAC cases [164].
Approximately 90% of EAC patients also showed aberrant expression of
Gli1 and Gli2 proteins [165]. This in contrast to ESCC, where levels of
these proteins were found to be lower [164]. FOXA2 protein was re-
cently identified among Shh targets that are upregulated in BE and EAC.
This transcription factor was suggested to contribute to the develop-
ment of Barrett’s metaplasia [163]. The Shh signaling may also promote
BE through induction of BMP4 and SOX9 [162].

4.3.5. Wnt signaling
Aberrant activation of the Wnt/β-catenin signaling is a common

event during the late stages of BE neoplastic transformation (Fig. 3).
This process underlies tumor progression [166–168]. Strong nuclear
expression of β-catenin, which is indicative of its activation, was found
in 44-53% of LGD, 42-93% of HGD and 61-63% of EAC [166–169].
Nuclear expression of β-catenin is uncommon in normal esophageal
tissues and Barret’s metaplasia, although activation of β-catenin
without its nuclear accumulation was reported in BE [166,170]. In
contrast to colonic and other tumors, dysregulation of the Wnt/β-ca-
tenin pathway is rarely caused by mutations in the APC, AXIN1, CDH1,
or the β-catenin genes [5]. Instead, upregulation of the WNT2, loss of
the WNT inhibitory factor 1 (WIF1), and promoter hypermethylation of
sFRP1 (secreted Frizzled Related Protein 1) and APC genes have been
reported in EAC [167]. Nuclear accumulation of β-catenin can be also
induced by HGF and TNFα in esophageal cells [130,171].

4.3.6. Other significant signaling factors
Cyclooxygenase-2 (COX-2) protein, which catalyzes the formation

of prostanoids, contributes to inflammation and tumorigenesis in var-
ious tissues (Fig. 3). It is significantly upregulated in more than half of
patients with BE and EAC [172–174]. Acid and bile strongly stimulate
COX2 in vitro and in vivo [175,176]. Since inhibition of COX-2 activity
suppresses inflammation and induce apoptosis, COX2 is considered as a
target for prevention and treatment of esophageal cancer [177,178].
Several studies have reported promising results for testing of COX in-
hibitors (aspirin and other non-steroidal anti-inflammatory drugs) in
EAC (reviewed in [179,180])

CDX2 is a homeobox transcription factor that is known for its role in
processes of normal intestinal development. It shows low expression in
the normal esophagus. CDX2 upregulation (by acid and bile) con-
tributes to the development of BE [181–187]. Another group of tran-
scription factors that is involved in Barrett’s pathogenesis belongs to the
GATA family [45,188,189]. As discussed above, GATA 4/6 genes are
amplified in EAC. Their protein expression is also progressively in-
creased during EAC development from 30% in BE to 82% in high grade
dysplasia [190].

5. Targeted therapy for esophageal cancer

RTKs are promising targets for EAC treatment. The FDA has ap-
proved trastuzumab, a monoclonal antibody against the HER2 ectodo-
main, for treatment of metastatic gastroesophageal tumors.
Trastuzumab increased survival of advanced carcinoma patients in the
phase-III ToGA trial, where HER2-positive patients were enrolled
[191]. The second FDA approved biological agent is ramucirumab, a
monoclonal antibody against human VEGFR2. Ramucirumab showed
survival advantage in two randomized phase-III trials, REGARD and
RAINBOW [192,193]. The addition of bevacizumab, another VEGF
antibody, to mFOLFOX6 also provided clinical benefits to patients with
metastatic gastroesophageal adenocarcinoma [194]. Among other
RTKs, suppression of MET with small molecule inhibitor, crizotinib,
showed a promising response in MET-positive gastroesophageal ade-
nocarcinoma patients [195]. The selective inhibition of MET using
AMG-337 also showed anti-tumor activity in MET-amplified patients
[196,197].

However, most of the studies did not find significant survival ben-
efits for anti-EGFR antibodies and small molecule inhibitors in patients
with esophageal and gastroesophageal junction carcinomas
[198–205]. Multiple factors may contribute to negative outcomes of
these trials: EGFR mutations that prevents binding of inhibitors, RAS
mutations, deletion of PTEN, amplifications of HER2 and MET, acti-
vation of downstream mediators such as PI3KCA and MAPK-ERK and/
or activation of alternative oncogenic pathways in response to EGFR
inhibition [202,206].

A large leap forward in esophageal cancer treatment is im-
munotherapy. Suppression of immune checkpoints using antibodies
against T-cell surface receptor (programmed cell death 1; PD-1) and its
ligand programmed cell death ligand 1 (PD-L1) showed promising
outcomes for patients with advanced gastric and gastroesophageal
cancers. Among tested drugs is pembrolizumab, a monoclonal antibody
against PD-L1 approved by the FDA. The KEYNOTE-028 trial
(NCT02054806), which include a cohort of 23 patients with squamous
cell carcinoma (SCC) and EAC showed manageable toxicity and durable
antitumor activity of pembrolizumab in 29% of SCC and 40% of EAC
[207]. In the phase-II KEYNOTE-180 study, objective response for
pembrolizumab was observed in 13.8% patients with PD-L1 positive
and 6.3% patients with PD-L1 negative tumors [208]. In the Check-
mate-032 trial, patients with chemorefractory gastroesophageal junc-
tion cancer showed objective response to another PD-1 inhibitor, ni-
volumab. The response was seen in 12% of PD-L1 negative and 18% of
PD-L1 positive patients [209]. The anti-PD-1 therapy also showed
some response in two other clinical trials in gastroesophageal cancer
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patients [210,211]. Currently, the efficacy of immune checkpoint in-
hibitors is being investigated in several phase II/III trails such as
KEYNOTE-061, KEYNOTE-062, KEYNOTE-181, KEYNOTE-182, Check-
mate-577, JAVELIN-100 and JAVELIN-300. Further investigations of
immune checkpoint inhibitors hold great promises and are expected to
improve treatment of esophageal adenocarcinoma patients.

6. Concluding remarks

EAC has a complex etiology with involvement of multiple genetic,
dietary, behavioral and environmental factors. GERD has been identi-
fied as one of the strongest risk factors for EAC. The currently accepted
paradigm is that GERD leads to tissue damage and subsequent devel-
opment of Barrett’s metaplasia (BE), which then progresses to esopha-
geal dysplasia and invasive cancer. Development of EAC is underlined
by continuous damage of DNA caused by reflux that promotes genomic
instability and alterations of multiple tumor-suppressor and oncogenic
pathways. Development of novel and more advanced techniques helped
to better understand the molecular and cellular underpinning of this
cancer. However, many questions about mechanisms of reflux-induced
cellular damage and interactions between various signaling networks
remain unanswered, thus limiting the development of effective pre-
ventive and treatment modalities. Further research will ultimately
overcome these difficulties and help to identify novel molecular targets
for EAC treatment.
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