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Abstract
Esophageal cancer is an aggressive disease featured by early lymphatic and hematogenous dissemination, and is the sixth leading cause of cancer-related deaths worldwide. The proper formation of apicobasal polarity is essential for normal epithelium physiology and tissue homeostasis,
while loss of polarity is a hallmark of cancer development including esophageal oncogenesis. In this
review, we summarized the stages of esophageal cancer development associated with the loss or
deregulation of epithelial cell apicobasal polarity. Loss of epithelial apicobasal polarity exerts an
indispensable role in the initiation of esophageal oncogenesis, tumor progression, and the advancement of tumors from benign to malignant. In particular, we reviewed the involvement of
several critical genes, including Lkb1, claudin-4, claudin-7, Par3, Lgl1, E-cadherin, and the Scnn1
gene family. Understanding the role of apicobasal regulators may lead to new paradigms for
treatment of esophageal tumors, including improvement of prognostication, early diagnosis, and
individually tailored therapeutic interventions in esophageal oncology.
Key words: apicobasal polarity, esophageal adenocarcinoma, esophageal squamous cell carcinoma,
LKB1, LGL1, SCNN1

Introduction
Esophageal cancer is characterized by early
metastatic spread and intrinsic resistance to current
systemic therapies, and although considerable progress has been made in both basic and clinical studies,
the disease remains a major public health threat and
the prognosis at the advanced stages is still very poor
(1, 2). The two major types of esophageal cancer, adenocarcinoma and squamous cell carcinoma, have
significantly distinct features in both etiology and
epidemiology. Esophageal adenocarcinoma is more
prevalent in Western countries, with a dramatic increase in incidence observed in the last two decades.
The precursor condition for esophageal adenocarci-

noma is Barrett’s esophagus, which can proceed from
dysplastic stages to adenocarcinoma at an overall rate
of 0.33% per year (3). In sharp contrast, esophageal
squamous cell carcinoma (ESCC) is more prevalent in
the developing world, with very high incidences in
East Asia and the Caspian belt (also known as the
central Asian esophageal cancer belt) (4, 5).
The proper establishment and maintenance of
cellular polarity (apicobasal combined with planar
cell polarity) play an indispensable role in epithelium
formation. Conversely, disruption of cell polarity and
tissue organization is a hallmark of epithelial tissue-orientated cancer (6). In this review, following an
http://www.jcancer.org
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overview of epithelial cell polarity changes in cancer
development, we highlight the latest advancements in
our understanding of how the misexpression of polarity genes contributes to the progress of esophageal
cancer. The authors regret that, due to page limitations, not all applicable studies could be included in
this review.

695
esophageal cancer. The crucial roles of two other key
genes, namely, CRB3 and DLG5, in maintaining epithelial polarity and oncogenesis were reviewed very
recently (17, 18), and we have not duplicated related
material in this review.

Epithelial polarity and oncogenesis
Epithelial cells comprise the foundation for the
majority of organs in the mammalian body, and are
the origin of approximately 90% of all human cancers.
Characteristically, epithelial cells form intercellular
adhesions, exhibit apicobasal polarity, and orient their
mitotic spindles in the plane of the epithelial sheet (6,
7). Defects in these attributes result in the tissue disorganization associated with cancer (8). Therefore, the
dysregulation of genes governing the establishment
or maintenance of epithelium polarity is likely to be
essential during oncogenesis.
A distinctive feature of polarized epithelia is the
presence of adherens and tight junctions, which control the segregation of the plasma membrane biochemically and functionally into distinct apical and
basolateral domains (Figure 1). In vertebrate epithelial
cells, the adherens and tight junctions are localized to
the apex of the lateral membrane, at the boundary
between the apical and basolateral plasma membrane
domains (9). The basolateral domains are enriched in
cell-cell adhesion molecules and receptors for the extracellular matrix (Figure 1). Three groups of proteins
act together to generate and maintain apicobasal polarity: 1) the PAR complex, which is composed of Par
proteins, CDC42 proteins, and atypical protein kinase
C (aPKC); 2) the Scrib complex, comprising Scrib, Dlg,
and LGL1 proteins; and 3) the Crumbs (Crb) complex,
consisting of PALS1 and PATJ, in addition to Crb
molecules (8). These polarity proteins contribute to
the establishment of epithelial apicobasal polarity and
were first identified using model organisms, such as
Caenorhabditis elegans and Drosophila melanogaster
(10-13). Additionally, most of these polarity proteins
are evolutionarily highly conserved with pivotal roles
in several other critical cellular biological processes,
for example, proliferation, differentiation, and migration (8). Drosophila studies have clearly demonstrated
the tumor suppressive function of the polarity complexes (14). Moreover, ours and other groups found
that epithelium polarity acts as an independent tumor
suppressor through participating in the establishment
and maintenance of the three-dimensional organization of epithelial tissue (6, 15, 16).
In the following sections, we summarize recent
progress towards understanding the involvement of
epithelial cell polarity genes in the development of

Figure 1. Diagram depicting spatial distribution of polarity regulators in epithelial cells polarized along the apicobasal axis.
Three major polarity networks participate in the formation and maintenance of apicobasal polarity. The Crumbs complex (Crb3, PALS1, and
PATJ) is required to establish the apical membrane. The PAR complex
(Par3, Par6, aPKC, and CDC42) promotes the establishment of the
apicolateral membrane border. The Scrib, or Scribble, complex (Scr, Dlg,
and Lgl1) defines the basolateral plasma membrane domain. These three
complexes act antagonistically and spatiotemporally to regulate epithelial
polarization.

LKB1
The tumor suppressor protein liver kinase B1
(LKB1), also named serine/threonine kinase 11 or
Par4, is a serine/threonine kinase. It has a critical role
in cell proliferation, polarity, and spindle orientation.
Inactivation of LKB1 has been linked to tumorigenesis
in various types of cancer (19, 20). For example, loss of
LKB1 induces a progrowth metabolic program in
proliferating A549 cells, which were derived from
non-small cell lung cancer tissue, and cells lacking
LKB1 display increased uptake and utilization of
glucose and glutamine. This effect is dependent on the
hypoxia-inducible factor-1 alpha (HIF-1 alpha) (21). In
addition, mouse germline of LKB1 mutation displays
an impaired spindle orientation in the upper gastrointestinal tract. This observation is validated by spindle misorientation in three-dimensional MDCK cell
cysts caused by RNAi for LKB1 (PMID:22815934).
Apparently, LKB1-mediated spindle orientation could
be an important tumor suppressor. Classic studies
http://www.jcancer.org
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from Liu and coworkers regarding the relationship
between LKB1 and the WNT signaling pathway in
esophageal carcinoma suggest that LKB1 transcription was significantly lower in cancerous tissues than
in adjacent normal epithelium (22). The reduced expression of LKB1 correlated tightly with progression
stages, and furthermore, the expression of
WNT-targeted downstream genes, e.g., cyclin D1,
c-Myc, MMP2, and FZD2, was significantly upregulated in esophageal cancer tissues. LKB1 overexpression in TE10 cells inhibited the expression of WNT
target genes even in the presence of WNT3A. Conversely, LKB1 knockdown enhanced WNT signaling
activity. Moreover, LKB1 antagonized the WNT signaling pathway, through interaction with GSK3beta,
to downregulate beta-catenin expression. Therefore,
LKB1 may antagonize WNT-induced cell proliferation
(22).
Another pioneer study investigated the regulation of CREB-regulated transcription co-activators
(CRTCs) through phosphorylation by LKB1, and the
roles of this regulation in the migration and invasion
of esophageal cancer cells (23). The authors reported
altered LKB1-CRTC signaling in a subset of cell lines
and biopsy specimens of esophageal cancer, and
LKB1 negatively regulated cell migration and invasion in vitro. Furthermore, CRTC signaling was activated subsequent to the loss of LKB1 expression,
which results in the transcriptional activation of specific downstream molecules, such as LYPD3 (23).
Reduction in LKB1 activity leads to nuclear abnormalities through impairing mitotic spindle integrity.
Mitotic delay, binuclear, enlarged, and micronuclear
are found in LKB1 deficiency. In esophageal cancerous tissues, phospho-PLK1 is negatively correlated
with LKB1 when an H-score analysis was applied.
Intriguingly, LKB1 deficiency-induced centrosome
amplification depends on Polo-like kinase 1 but not
AMP-activated protein kinase (PMID: 24722282).
Conclusively, dysregulation of LKB1 is a crucial step
in the progression of esophageal cancer, including
proliferation, migration, and invasion (Figure 2).
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in the cytosol (25). Knockdown of this gene in squamous cell carcinoma cell lines led to reduced expression of E-cadherin, increased cell growth, and enhanced invasion into a three-dimensional matrix. In
contrast, cells overexpressing claudin-7 became more
adhesive and less invasive, accompanied by increased
E-cadherin expression. Mislocalized claudin-7, therefore, apparently promotes transformation and regulates E-cadherin expression during oncogenesis of
esophageal keratinocytes (25).

Claudins

Figure 2. Epithelial apicobasal polarity suppresses the development of tumor to later stages. Apicobasal polarity is involved in the
establishment and maintenance of the apical junction complex (AJP).
Downregulation of core polarity proteins (Par3, claudins, E-cadherin, and
LKB1) weakens the AJC and disrupts the basolateral membrane. Eventually, stromal invasion, as well as lymphatic and hematogenous dissemination, takes place, allowing the spread of carcerous cells.

Claudins belong to a family of adhesion proteins
with sizes of 22-27 kDa, and have four transmembrane domains, with both the N-terminus and
C-terminus located in the cytoplasm (24). Claudins
are the most important components of tight junctions,
which establish a paracellular epithelial barrier that
controls transport of electrolytes and biomolecules
across the epithelium. In normal esophagi, claudin-7
was confined to the cell membrane of differentiated
keratinocytes. In tumor samples, however, claudin-7
expression was either not detectable or mislocalized

The prognostic significance of claudin-4 was investigated in 164 cases of ESCC using immunohistochemistry (26). Decreased claudin-4 expression at the
mRNA level was found to be significantly associated
with invasion depth, lymph node metastasis, and
poor overall survival. Furthermore, this study
demonstrated that loss of claudin-4 was associated
with promoter hypermethylation (26). One transcriptional regulator of claudin-4, termed Twist1, was involved in epithelial-mesenchymal transition by suphttp://www.jcancer.org
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pressing intercellular adhesion. Upregulation of
Twist1 decreased claudin-4 expression levels, and this
suppression was mediated by direct binding of Twist1
to the canonical E-box in the promoter region of claudin-4. Greater expression of Twist1 and reduced levels of claudin-4 were both associated with the poorest
prognosis, and were also closely correlated with adverse outcomes. Therefore, Twist1 can induce the repression of claudin-4 during epithelial-mesenchymal
transition of esophageal carcinoma (27). In other
words, factors such as Twist1 that induce epithelial-mesenchymal transition enhance oncogenic cell
invasiveness and metastatic ability by repressing
claudins (Figure 2).

PARD-3
The partition-defective 3 (PARD-3) proteins are
implicated in the formation of tight junctions at epithelial cell-cell contacts (16, 28). Aberrant DNA copy
number in human ESCC cells was investigated using
a high-density oligonucleotide microarray, and a
homozygous deletion of PARD3 gene, encoding the
PAR-3 protein, was detected. Exogenous expression
of PARD3 gene in PARD3-deficient ESCC cells enhanced the recruitment of zonula occludens-1 (ZO-1, a
marker of tight junctions) to cell-cell contact sites (29).
Conversely, knockdown of PARD3 caused a disrupted localization of ZO-1 protein at cell-cell borders. In addition, the copy number of PARD3 was
reduced by 15% in freshly harvested ESCC cells.
Consistent with in vitro analysis, a significant difference in the expression of PARD3 was observed between ESCC tumor tissues and normal counterparts
from the same patients. It is noteworthy that the reduction in PARD3 expression was associated with
both detectable lymph node metastasis and poor differentiation. Mitotic spindle pole orientation could be
affected by PARD3, for spindle pole orientation during epithelial cell division by excluding Pins from the
apical cortex is regulated by PARD3. Compromised
PARD3 activity causally disrupts spindle orientation
in MDCK three-dimensional cultures (PMID:
20933426). Therefore, these observations raise the intriguing possibility that abnormality in PARD3 could
be a novel mechanism for the progression of ESCC
(Figure 2) (29).

LGL1
Lethal giant larvae (LGL) protein has been implicated in the maintenance of cell polarity in Drosophila and cultured mammalian cells. Downregulation of LGL1 has been detected in approximately 50%
of primary cultures of human ESCC, and a reverse
correlation was described between suppressed LGL1
and clinical characteristics, including severity, lymph
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node metastasis, tumor invasion, and survival (30).
Furthermore, this group reported that LGL1 could
inhibit cell growth, clonogenicity, cell motility, and
tumor formation in nude mice. It is likely that under
physiological conditions, LGL1 activates extracellular
signal-regulated kinase (ERK1/2) to downregulate
matrix metalloproteinase (MMP)-3, and subsequently
to suppress tumor metastasis (30). These observations
were substantiated by another study (31), in which
overexpression of LGL1 decreased growth of human
ESCC cells through induction of G0/G1 cell-cycle
arrest. Moreover, LGL1 promoted apoptosis by modulating Bcl-2 and Bax expression and elevating both
caspase-3 and caspase-9 activation. The growth arrest
and apoptosis induction were confirmed in vivo in a
xenograft model with hyperactivated LGL1 (31). It can
be postulated that upregulation of LGL1 would suppress esophageal cancer via inhibiting proliferation
and promoting apoptosis.

E-cadherin
E-cadherin
is
a
transmembrane
calcium-dependent cell adhesion protein of 120 kDa. Upon
proteolytic cleavage, a soluble peptide of 80 kDa,
known as soluble E-cadherin (s-Ecad), is present in
circulation. A meta-analysis found that reduced
E-cadherin expression was markedly associated with
poor differentiation, indicating that attenuated expression of E-cadherin could be a potent biomarker in
the prognosis of esophageal cancer, especially for
squamous cell carcinoma (32). The clinical observations were subsequently corroborated by research
demonstrating that the absence of E-cadherin strongly
contributed to the tumorigenesis and metastasis of
ESCC (33).
What are the underlying mechanisms for the repressed expression of E-cadherin in esophageal cancer? miR-92a, a microRNA, could be a key player.
Metastasis to lymph nodes and the TNM stage of
ESCC were associated with miR-92a significantly, and
this may result from the direct targeting of the 3'-UTR
of E-cadherin by miR-92a and the repression in
E-cadherin expression. On the other hand, restoring
the expression of E-cadherin (an miR-92a-resistant
version) to normal levels in miR-92a-overexpressing
cells recovered the pro-metastasis activity of miR-92a
(34). Impaired mitotic spindle is critically associated
with decreased E-cadherin activity. Furthermore, a
reduction in E-cadherin expression following application of either RNAi or dominant-negative peptide
also disorientates mitotic spindle (PMID: 19553471).
Thus, in addition to impaired cell-cell junction and
disrupted E-cadherin function facilitates, disoriented
cell division may be involved in the development of
esophageal cancer. However, whether s-Ecad can be
http://www.jcancer.org
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used as an independent prognostic marker for
esophageal cancer, as in other cancers (35, 36), needs
further investigation (Figure 2).

Scnn1
Scnn1 genes encode four subunits of epithelial
sodium channels (ENaC), namely, α, β, δ, and γ ENaC.
One of the major physiological functions of tight polarized epithelial cell monolayers is to actively adjust
the turnover and resolution of luminal fluid. The
machinery of transepithelial ion salt and fluid
transport is distributed in a polarity-dependent
manner. For example, ENaC is located in the apical
membrane, while Na+/K+-ATPase is expressed in the
basolateral membrane. ENaC proteins are expressed
in esophageal epithelial cells (37-39), and their expression and activity take place in a polarization-dependent manner (40, 41). Importantly, Scnn1
genes have been implicated in oncogenesis, based on
their broad contributions to cell volume (42, 43), migration (44-48), proliferation (49-51), apoptosis (52,
53), neoplasm (44), metastasis (54), and epithelial-mesenchymal transformation (55). Oncogenic signal pathways could be involved in the aforementioned processes, including EGFR/MEK/ERK,
PI3K/AKT, RTKs, WNT, and hedgehog signaling
cascades (56). In addition to serving as a biomarker of
the apical membrane for polarization, it is possible
that ENaC proteins serve as critical mediators of the
oncogenesis associated with the polarity-related genes
reviewed above (Figure 2). From the technical aspect
to study the polarity of cultured epithelial cells, attention should be paid to the culture mode used in
studies involving cell polarity. The main drawback of
two-dimensional (2-D) culturing methodologies is
that cells grow as monolayers, bearing little to no
structural resemblance to actual cancer tissue in situ.
This fault in methodology could be overcome using
3-D ex vivo culture systems, which recapitulate numerous features of in vivo tumor tissues and which are
gaining increasing popularity in the cancer research
community (57, 58). Although this novel technique is
still in its infancy (59), we believe that it will greatly
accelerate studies in esophageal cancer.

Concluding remarks and future perspectives
A wealth of knowledge about the mechanisms
that regulate cell polarity formation and maintenance
has tremendously enriched our understanding of the
tumorigensis of esophageal cancer as well as other
tumors. In addition to disrupted epithelium organization, alterations in genes regulating epithelial polarization have been implicated in the development of
esophageal cancer, including enhanced cell prolifera-
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tion, abnormal metabolism, and reduced apoptosis.
Therefore, these polarity-related genes could have
potential applications as biomarkers in clinical prognosis. Scribble and Par6 are polarity regulators in
other types of cancer progression (60, 61), but their
roles in esophageal cancer remain obscure. Finally,
understanding whether ENaC and membrane proteins, which are distributed in a polarity-dependent
manner, mediate the development of esophageal
cancer by these polarity-determinant genes awaits
additional studies.
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