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Preface

The role of carcinogenic agents in the development of human cancer is
defined using a variety of human cells as experimental model systems.
Therefore, the study of human cell transformation in culture by carcinogenic
agents is of particular importance for understanding the cellular and molecu-
lar mechanisms underlying human carcinogenesis. A conference on “Human
cell transformation: Advances in cell models for the study of cancer and
aging” was held at the McGill University Health Center, Montreal, Canada,
on June 13 and 14, 2018. The aims of the conference were to present the
state-of-the-art in the transformation of human cells in culture, as well as to
provide insight into the molecular and cellular changes involved in the con-
version of normal cells to a neoplastic state of growth.

The conference encompassed the most recent development in human cell
transformation including selected in vitro models, tumor xenografts, and
transgenic preclinical models. The meeting provided a unique forum for the
exchange of information in the important research field and ideas to promote
scientific collaboration. Trainees had a unique opportunity to mingle with
renowned scientists and presented their work at the poster session.

The following topics related to the theme of the conference.

. Mechanisms of tumor progression

. Prostate cancer progression

. Skeletal dysregulation of cancer spread to the skeleton

. Targeting the tumor and its microenvironment: new paradigms for cancer
treatment

W N =

The conference was organized by johng S. Rhim, Anatoly Dritschilo,
and Richard Kremer. There were 23 speakers, 23 poster presentations, and
about 100 participants. The conference was well received and was perhaps
the latest one devoted solely to the subject of human cell transformation
in vitro. It is our privilege to have an opportunity to edit these proceedings
and also on behalf of all contributors to thank everyone who have helped us
produce this book.

Bethesda, MD, USA Johng S. Rhim
Washington, DC, USA Anatoly Dritschilo
Montréal, QC, Canada Richard Kremer



vi Preface

Johng S. Rhim Anatoly Dritschilo Richard Kremer



Preface vii

Group speakers photograph of the conference of human cell transformation: Advances in cell models
for the study of cancer and aging held on McGill University faculty club,Montreal, Canada on June
13-14, 2018.

Front row left to right. Back row left to right.
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Chronology of the Human Cell
Transformation Meeting

1991

1993

1995

1999

2002

2010

2018

2019

Neoplastic transformation in human cell culture: mechanisms of
carcinogenesis. Georgetown University Medical Center, Washington,
DC, USA. Organized by J.S. Rhim and A. Dritschilo.

International symposium on molecular mechanisms of radiation and
chemical-induced cell Transformation. Mackinac Island, MI,
USA. Organized by K. Chadwick, A. Karaoglou, M. Frazin,
V.M. Mabhr, and J.J. McCormick.

Neoplastic transformation in human cell culture systems in cultures:
mechanisms of Carcinogenesis. Chicago, IL, USA. Organized by
R.R. Weischenbaum, J.S. Rhim, A. Dritschilo, T.C. Yang, and
J.C. Barrett.

In vitro transformation. Cork, Ireland. A satellite meeting of the 11th
international Congress of Radiation Research, Dublin, Ireland.
Organized by J.S. Rhim and C. Mothersill.

Human cell culture 2002, Oxford, UK. Joint meeting of European
Tissue Culture Society, Scandinavian Society for Cell Toxicology
and British Prostate Group, Oxford, UK. Organized by N.J. Maitland
et al.

Human cell transformation: role of stem cells and the microenviron-
ment. McGill University Health Center, Montreal, QC, Canada.
Organized by J.S. Rhim and Richard Kremer.

Human cell transformation: Advances in cell models for the study of
cancer and aging. McGill University Health Center, Montreal, QC,
Canada. Organized by J.S. Rhim, A. Dritschilo and R. Kremer.
Human cell transformation conference will be held at York, UK.
Organized by N.J. Maitland, J.S. Rhim and F. Frame.
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Mechanisms Underlying
Metastatic Pancreatic Cancer

Jason R. Pitarresi and Anil K. Rustgi

Abstract

Pancreatic ductal adenocarcinoma is an
overwhelming fatal disease that often pres-
ents with overt metastases and ultimately
causes the majority of cancer-associated
deaths. The mechanisms underlying the met-
astatic cascade are complex, and research in
recent years has begun to provide insights
into the underlying drivers of this phenome-
non. It has become clear that cancer cells, in
particular pancreatic cancer cells, possess
properties of plasticity involving bidirec-
tional transition between epithelial and mes-
enchymal identities. Furthermore, recent
work has begun to establish that there are
distinct hybrid states between purely epithe-
lial and purely mesenchymal states that
cancer cells may reside, in order to thrive
at different stages of carcinogenesis. We
discuss how this plasticity is important for
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different phases of the metastatic cascade,
from delamination to colonization, and how
different epithelial-mesenchymal states may
affect metastatic organotropism. In this
review, we summarize the current under-
standing of pancreatic cancer cell plasticity
and metastasis, and highlight current model
systems that can be used to study these
phenomena.

Keywords

Pancreatic cancer - Epithelial-mesenchymal
transition (EMT) - Cellular plasticity -
Metastasis - Metastatic organotropism

PDAC Metastasis and Outcomes

Pancreatic ductal adenocarcinoma (PDAC) is a
major health issue in the USA, accounting for
over 55,000 new cases and 44,000 deaths annu-
ally [1]. With fewer than 7% of patients surviv-
ing beyond 5 years and a projected increase in
PDAC-associated deaths, PDAC will become
the second leading cause of cancer deaths by
2020 [2]. Despite a significant emphasis being
placed on improving early detection methods in
PDAC patients, the majority of patients present
with metastatic disease. The nearly universal
mortality rate observed in PDAC is likely
due to this unchecked metastatic potential.

J. S. Rhim et al. (eds.), Human Cell Transformation, Advances in Experimental Medicine
and Biology 1164, https://doi.org/10.1007/978-3-030-22254-3_1
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This dismal prognosis has not improved signifi-
cantly for decades, likely due to the recently
observed phenomenon that pancreatic cancer
tumor cells are able to metastasize very early
on during neoplastic transformation, before
frank carcinoma is observed [3]. This observa-
tion, gleaned from genetically engineered
mouse models (GEMMs) of PDAC, has rejuve-
nated the field of metastasis biology and pro-
vides an ideal model system for biologists to
study the molecular underpinnings driving
the metastatic cascade in this disease. The pre-
vailing view in the field is that metastasis is
facilitated through a process called epithelial-
to-mesenchymal transition (EMT), where
tumor cells lose their epithelial cell identity and
begin to gain mesenchymal characteristics. In
this chapter, we will discuss the role of epithe-
lial cell plasticity in pancreatic cancer metasta-
sis and introduce new paradigms thought to
drive the metastatic cascade in this disease.

Models of Metastasis

Genetically Engineered Mouse
Models of Metastatic PDAC

A landmark genetic mouse model of pancreatic
cancer has become a mainstay in the field and has
been a vital tool to shape our understanding of
the molecular pathogenesis of PDAC [4].
Hingorani and colleagues looked to mimic the
genetic mutations in human PDAC patients,
which are dominated by activating mutations in
KRAS codon 12, 13, or 61 (up to 95% of patients)
and TRP53 gain-of-function mutations (approxi-
mately 70% of patients) [S]. The resulting KPC
mice, with inducible endogenous expression of
mutant Kras®'?? and mutant Trp53%'77 driven by
the pancreatic epithelial cell-specific PdxI-Cre
transgene, developed invasive and metastatic
PDAC that mirrors the human disease. These
mice succumb to disease with a median survival
of approximately 5 months, at which point metas-
tasis to the liver and lung is evident. KPC mice
have re-shaped the field and revolutionized our
understanding of PDAC biology, including semi-

nal studies that have utilized the KPC mouse to
establish roles for the TGF- pathway [6-8],
Hedgehog signaling [9, 10], Ink4a/Arf [11, 12],
Brcal/2 [13-15], and other genes in PDAC
tumorigenesis and progression. This now nearly
ubiquitous model has provided an ideal model
system to study the effect that genetic knockout
of countless genes has on primary tumor forma-
tion and disease progression.

This model was expanded upon by Andrew
Rhim in the laboratory of Ben Stanger through
the introduction a Cre-inducible YFP lineage
label driven by the same PdxI-Cre transgene
used to activate mutant Kras®?? and mutant
Trp53k172H [3]. The subsequently named KCPY
mice were used to show that dissemination occurs
prior to frank malignancy and is driven by an
underlying activation of an EMT program within
the tumor cells. This model allows one to trace
elegantly the metastatic process in pancreatic
cancer, and is an invaluable resource in the field
of metastasis biology. In particular, these mice
grant us the ability to study of all stages of the
metastatic cascade in vivo, from early invasion
and growth into the surrounding tissue, to intrav-
asation into the vasculature, travel through circu-
lation, extravasation at the metastatic site, and
colonization of the secondary tumor.

Orthotopic Models of Pancreatic
Cancer Metastasis

The field has also adopted an orthotopic model of
pancreatic cancer to quickly address the roles
that a given gene may have during tumorigenesis
and metastasis. Orthotopic injection of pancre-
atic tumor cells directly into the pancreas is an
elegant approach that has been utilized for many
years to efficiently test the effect of genetic alter-
ations in PDAC tumor cells. Direct injection of
KPC tumor cell cultures into the pancreas of syn-
geneic mice (or nude mice if cells are derived
from a mixed background) yields primary tumors
within days and metastatic lesions within weeks
(protocol for orthotopic injection reviewed in
[16]). This relatively easy and reliable in vivo
method of pancreatic tumor formation is easier to
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genetically manipulate than autochthonous
GEMMs, and yields reproducible primary tumor
growth and metastasis kinetics. Injection of
KCPY cultures gives the added advantage of
being able to study metastasis in vivo, as previ-
ously discussed. Many studies in the pancreatic
cancer field utilize both GEMMs and orthotopic
models of cancer to address different aspects of
tumor formation and metastatic disseminations,
and both tools are great resources for studying
the effect of genetic perturbation or pharmaco-
logical inhibition.

Mechanisms of Metastasis
EMT-MET Axis and Cellular Plasticity

The KPC and KPCY autochthonous pancreatic
cancer models have been used by many in the
field to determine the role of epithelial plasticity
in PDAC metastasis. The original KCPY study
demonstrated that YFP-tagged tumor cells
undergo EMT and invade at an early stage to
form micrometastases at the secondary site [3].
Subsequent studies have shown that a reversion
to epithelial morphology, a phenomenon termed
mesenchymal-to-epithelial transition (MET), is
required to thrive and form macrometastases at
the secondary site [17]. Conventionally, PDAC
tumor cells are thought to gain more mesenchy-
mal characteristics by undergoing EMT within
the primary tumor, giving them the ability to
invade into the tumor parenchyma, as they look
for vasculature to begin their metastatic journey.
After intravasating into blood vessels, tumor cells
maintain their mesenchymal status and travel
through the circulatory system, until they reach
their eventual metastatic site, at which point they
must extravasate into the secondary organ and
undergo mesenchymal-to-epithelial transition
(MET) to re-establish their epithelial identity.
Once returned to an epithelial state, the tumor
cells will begin to colonize and proliferate in the
metastatic site. The prevailing thought is that the
EMT-MET axis is very plastic, with tumor cells
existing at various states throughout the spectrum
in order to survive and thrive in their new envi-

ronments (reviewed in [18]). Epithelial status is
thought to be a pro-proliferative state, while mes-
enchymal status is a migratory state. Furthermore,
cells undergoing EMT are thought to be more
drug-resistant with a certain degree of stemness
that allows them to thrive in adverse conditions,
such as in circulation and when first arriving in
foreign organ.

The EMT process is largely regulated at the
transcriptional level through various transcription
factors such as zinc finger E-box-binding homeo-
box 1 (ZEB1), twist-related protein 1 (TWIST),
zinc finger protein SNAI1 (SNAIL), zinc finger
protein SNAI2 (SLUG), and paired related
homeobox protein 1 (PRRX1) (reviewed in [18]),
although post-translational mechanisms have
been invoked recently [19]. Conventionally, these
transcription factors are thought to activate an
EMT program as well as a stem cell-like program.
However, the two processes are not completely
linked, as is the case for PRRX1, which uncou-
ples EMT and stemness [20]. Furthermore,
PRRX1 has been shown to regulate other forms of
epithelial plasticity within the pancreas, such as
acinar-to-ductal metaplasia (ADM) [21], which
indicate that these transcription factors have vari-
ous context-specific roles for regulating plasticity
at multiple levels. Perhaps more interesting,
PRRXI has two main isoforms, PRRXIA and
PRRX1B, which promote MET and EMT, respec-
tively [22]. This ability for these two isoforms to
regulate both epithelial and mesenchymal states
highlights the complex nature of the EMT-MET
axis and showcases the plasticity inherent to the
system. This has become especially evident in
recent years, as various groups have begun to
describe partial EMT intermediate or hybrid
states. The epithelial state has been historically
defined by E-CADHERIN (here E-CAD) and
cytokeratins, and the mesenchymal state primar-
ily through N-CADHERIN (herein N-CAD) and
vimentin [23]. Therefore, EMT has classically
been defined as loss of E-CAD and gain of
N-CAD. However, the intermediate EMT states
that have been described (i.e., partial loss of
E-CAD or co-expression of both epithelial and
mesenchymal markers within the same cell),
the so-called hybrid epithelial and mesenchymal
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phenotypes, have broadened the definition of an
EMT cell. Importantly, these hybrid cells can
undergo further EMT to become more mesenchy-
mal, or the reverse MET to re-establish their epithe-
lial identity. Indeed, one recent publication posited
that EMT is dispensable for metastasis [24].

Metastatic Organotropism: The Role
of Exosomes and EMT Modulators

Metastatic organotropism may have first been
described over a century ago by the English sur-
geon, Stephen Paget, when he elegantly described
a non-random pattern of metastasis in over 700
women who died from breast cancer [25]. Paget
went on to postulate that tumor cells are a seed
that will only propagate when they fall on conge-
nial soil. This provocative idea continued to per-
plex biologists for much of the last century, as
some have argued that tumor cells have intrinsic
properties that help it choose the secondary organ,
while others have shown that the metastatic site
itself provides an environment that is favorable
for growth. This debate is particularly well suited
for PDAC, as it is one of the most metastatic can-
cers, with upwards of 80% of pancreatic cancer
patients presenting with metastases [26]. In PDAC
patients, the two most common sites of metasta-
ses are the liver and the lung, and recent evidence
has begun to elucidate mechanisms that may
determine liver-versus lung-tropic programs. This
may be of particular clinical importance for
PDAC patients, as those with isolated pulmonary
recurrence after pancreaticoduodenectomy have
significantly increased overall survival compared
with patients who have metastases to other sites
(40.3 months versus 20.9 months, respectively)
[27]. A separate study corroborated this finding in
an independent cohort by demonstrating that
PDAC patients with lung-only metastases had a
median survival of 31.8 months, while those with
liver-only metastases survived 9.1 months [28].
Therefore, we will delve into the underlying pro-
cesses that have been proposed to control meta-
static organotropism in PDAC.

Tumor exosomes, small membrane vesicles
(30-100 nm) secreted by tumor cells, are pack-

aged with a plethora of biological molecules
including, but not limited to, DNA, RNA,
miRNA, and protein (reviewed in [29]).
Exosomes produced by the primary tumor are
able to enter the circulation and have been shown
to set up a pre-metastatic niche in secondary
organs prior to tumor cell arrival and seeding.
This pre-metastatic niche alters the local micro-
environment to make it conducive for growth of
the parental exosome-producing cell. Thus, to
extend Paget’s analogy, exosomes are secreted by
the seed and fundamentally change the soil, thus
priming it for implantation of the seed. In PDAC,
this has been shown elegantly by David Lyden’s
group, where they established that tumor-derived
exosomes are taken up by resident cells at the
metastatic site to prepare the pre-metastatic niche
[30]. Specifically, they demonstrated that the
exosomal integrins af3, and agff; were associated
with lung metastasis, while exosomal integrin
a,fs with liver metastasis. Thus, their work
has established that pre-metastatic niche
formation by exosomal education is a potential
mechanism of metastatic organotropism in
PDAC. Furthermore, this work has led to the
premise that identification of sub-populations of
tumor-derived exosomes in circulation may help
to predict eventual sites of metastases, and that
increased monitoring to those sites may be
beneficial. A related study by Achim Kriiger’s
group  identified  Tissue  Inhibitor  of
Metalloproteinases-1 (TIMP-1) as a pre-metastatic
niche modifier in the hepatic microenvironment
and showed that patients with high plasma TIMP-1
have increased incidence of liver metastases [31]. It
is not yet undetermined if TIMP-1 is a global pro-
metastatic molecule (i.e., promotes all metastases,
and not just liver-tropic metastases), as the authors
did not discuss potential roles in other metastatic
sites, outside of the liver. However, the proposed
mode of action for promoting liver metastasis by
TIMP-1 is that it activates hepatic stellate cells to
prime the liver for metastases, and we speculate
that this is a liver-tropic mechanism of metastasis
and would not apply to the resident lung environ-
ment. Future studies might identify that other
secreted factors are able to act on resident lung
cells as potential lung-tropic mechanisms.
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Another proposed mechanism of liver versus
lung metastatic tropism is that internal mecha-
nisms within the tumor cell give it unique
characteristics that will determine the liver- or
lung-tropic phenotype. Specifically, we have
shown that genetic deletion of either P120CTN
(encoded by Ctnddl) or E-CAD (encoded by
Cdhl) in KPCY mice forces tumor cells to
undergo EMT and dramatically increases meta-
static load specifically to the lung [32]. This is in
stark contrast to control KPCY mice, which pri-
marily metastasize to the liver, at a much lower
rate. We propose that tumor cells that metastasize
to the liver require P120CTN-mediated re-
stabilization of membranous E-CAD, in order to
undergo MET and colonize the liver. Cells that
lack P120CTN or E-CAD are unable to undergo
MET and exclusively metastasize to the lung,
which allows for metastatic colonization in cells
that maintain a mesenchymal state (i.e., cells that
have undergone EMT, but cannot revert to an epi-
thelial state through MET). Taken in the context
of the potential hybrid EMT cells discussed ear-
lier, it is likely that, in an evolving tumor, sub-
populations of cells exist that are at various stages
of the EMT-MET axis, and that these cells may
seed the lung if they are more mesenchymal and
the liver if they are more epithelial.

We do not propose that these are the only
mechanisms of metastatic organotropism, and
likely that many systems are likely at play de
novo in PDAC patients. It is tantalizing to specu-
late that the cell-intrinsic mechanisms that drive
tropism (i.e., PI20CTN or E-CAD protein loss in
the primary tumor) could give rise to two differ-
ent cell populations that interact with their pre-
metastatic niche in unique ways. In this scenario,
cells which have undergone EMT, and are there-
fore possessing mesenchymal characteristics,
might have increased expression of lung-tropic
exosomes with integrins a4f3; and agf;. On the
opposite side of the spectrum, cells that can
undergo MET and thus possess epithelial charac-
teristics might express exosomes with a,fs and
metastasize to the liver. This may, in part, explain
why some patients present with both liver and
lung metastases, as their heterogenous primary
tumor may be comprised of cells with both epi-

thelial and mesenchymal characteristics, which
simultaneously send both liver-tropic and lung-
tropic exosomes to their secondary sites, prepar-
ing both for colonization. It is likely that these
and many other mechanisms of metastatic organ-
otropism are working simultaneous and that their
interplay is what ultimately determines the site of
metastasis.

Epigenetic and Post-Transcriptional
Regulators of EMT and Metastasis

As previously mentioned, EMT has classically
been described as a transcriptionally regulated
process through EMT-transcription factors
(EMT-TFs herein). However, recent data in
PDAC have started to shift this paradigm by
establishing that EMT can also be regulated
through epigenetic and post-transcriptional
mechanisms.

The primary means of regulating PDAC EMT at
the epigenetic level have been through histone
modifications, DNA methylation, and miRNA-
mediated control of canonical EMT-TFs (reviewed
in [33, 34]). Histone Deacetylase 1 and 2 (HDAC1
and HDAC?2 herein) have been the most well-stud-
ied deacetylases that facilitate the epithelial plastic-
ity observed PDAC, mostly in regard to their
silencing of E-cadherin (CDH1) expression. This
silencing is observed in highly metastatic PDAC
cells and is mediated through a transcriptional
repressor complex between SNAIL and HDAC1/2
that hones to the CDH 1 regulatory elements [35]. A
similar study showed that recruitment of the
HDAC1/2 to the CDHI promoter can also be
accomplished by ZEBI/HDAC repressor com-
plexes [36], indicating that this may be a more gen-
eralized mechanism of regulating epithelial identity
in PDAC. In the absence of SNAIL or ZEBI,
CDH | remains acetylated and silenced, as HDACs
are unable to be recruited to the promoter [35, 36].
Clinically, the class I HDAC inhibitor, mocetino-
stat, has the ability to reverse EMT by interfering
with ZEB1 function [37]. This is not unique to
HDAC inhibitors, as various small molecular
inhibitors of epigenetic readers, writers, and
erasers have shown promise in PDAC GEMMs
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previously discussed (reviewed in [38]). High
expression of the histone methyltransferase
enhancer of zeste homologue 2 (herein EZH2), in
particular, has been shown to promote PDAC cell
plasticity and to be a poor prognosis indicator in
PDAC patients [39]. Genetic deletion or pharmaco-
logic inhibition of EZH2: enhanced the anti-prolif-
erative effect of gemcitabine, reversed EMT, and
inhibited cellular migration in PDAC cells [40, 41].
Collectively, these studies have demonstrated that
many different histone modifiers have the ability to
modulate cellular plasticity in PDAC and targeting
these molecules may be an Achilles heel in the
EMT cascade. One of the most well-studied routes
of miRNA-mediated epigenetic regulation of EMT
in PDAC is through the miR-200 family. The p53-
miR-200c axis has been studied in PDAC, where
loss of p53 downregulates miR-200c, which allevi-
ates normally represses the EMT program by
degrading EMT-TF mRNAs [42, 43]. The broader
miR-200 family appears to have similar roles in
negatively regulating EMT [44-46], and overex-
pression of miR-200a or miR-200b in PDAC cells
downregulated EMT-TFs [47], suggesting a con-
served mechanism. All of these processes being
described fundamentally alter the expression levels
of critical EMT regulators, and either suppress or
enhance EMT.

Ben Stanger’s group has recently provided
some provocative work demonstrating that regu-
lation of E-CAD protein level and localization is
important for the degree of plasticity achieved
during EMT. To that end, they established that
two distinct EMT programs exist in PDAC: com-
plete EMT (C-EMT) and partial EMT (P-EMT)
[19, 54]. C-EMT was shown to be primarily
driven through transcriptional repression of the
epithelial program (i.e., downregulated expres-
sion of classical epithelial genes like Cdhl),
while P-EMT maintained epithelial cell identity
transcripts, but functionally altered the protein
products of these genes. Specifically, P-EMT is
mediated by re-localization of E-CAD from the
membrane to the cytoplasm, causing cells to lose
their epithelial cell qualities. Ultimately, both
sub-types turn on mesenchymal gene programs
during their respective EMTs, but repressed
their epithelial cell identity through different

mechanisms. Interestingly, both types of EMT
cells were able to undergo MET, but differed in
their invasive and metastatic qualities. P-EMT
cells maintained their cell-to-cell contacts and
invaded as clusters of cells, while C-EMT cells
completely lost the ability to form cell junctions
and invaded as single cells. This is important
in vivo, as it has been known for nearly 40 years
that circulating tumor cells (CTCs) that form
clusters are more metastatic [48-52], and sug-
gests that P-EMT cell clusters will have enhanced
metastatic potential. Furthermore, this model of
partial EMT fits well with the previously GEMM
data in that PI20CTN loss causes re-localization
of E-CAD protein from the membrane to the
cytoplasm, akin to the P-EMT [32]. Importantly,
others have shown that PDAC patients who have
cytoplasmic staining of PI20CTN have signifi-
cantly decreased survival relative to those with
membranous P120CTN [53], which may mark a
patient population undergoing partial EMT.

Concluding Remarks

We have discussed various means of regulating
epithelial cell identity in PDAC and have intro-
duced emerging paradigms that are re-shaping
the broader EMT field. The publications reviewed
herein have truly re-invigorated the field of EMT
research in pancreatic cancer, and new insights
will hopefully translate into new approaches for
early detection, risk stratification, and therapy.
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Abstract

Of the ~129,079 new cases of nasopharyngeal
carcinoma (NPC) and 72,987 associated
deaths estimated for 2018, the majority will be
geographically localized to South East Asia,
and likely to show an upward trend annually.
It is thought that disparities in dietary habits,
lifestyle, and exposures to harmful environ-
mental factors are likely the root cause of NPC
incidence rates to differ geographically.
Genetic differences due to ethnicity and the
Epstein Barr virus (EBV) are likely contribut-
ing factors. Pertinently, NPC is associated
with poor prognosis which is largely attrib-
uted to lack of awareness of the salient symp-
toms of NPC. These include nose hemorrhage
and headaches and coupled with detection and
the limited therapeutic options. Treatment
options include radiotherapy or chemotherapy
or combination of both. Surgical excision is
generally the last option considered for
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advanced and metastatic disease, given the
close proximity of nasopharynx to brain stem
cell area, major blood vessels, and nerves. To
improve outcome of NPC patients, novel cel-
lular and in vivo systems are needed to allow
an understanding of the underling molecular
events causal for NPC pathogenesis and for
identifying novel therapeutic targets and
effective therapies. While challenges and gaps
in current NPC research are noted, some
advances in targeted therapies and immuno-
therapies targeting EBV NPCs are discussed
in this chapter, which may offer improvements
in outcome of NPC patients.
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Introduction
Historic Perspective

As reviewed by Muir CS, early cases of nasopha-
ryngeal carcinomas (NPC), circa nineteenth cen-
tury, were very often poorly described,
misdiagnosed, or misclassified. This was broadly
due to the poor understanding of the disease and
the associated symptoms at that time. For exam-
ple, while symptoms of enlarged neck glands,

J. S. Rhim et al. (eds.), Human Cell Transformation, Advances in Experimental Medicine
and Biology 1164, https://doi.org/10.1007/978-3-030-22254-3_2
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blocked nose including hemorrhage from the
nose, and difficulty in hearing were recorded,
diagnosis were often made without histopatho-
logical evaluation leading to misdiagnosis of
symptoms that included among many, small cell
medullary cancer. Classifications were equally
confounding and classified for example, as med-
ullary cancer invading lymph tissue, epithelioma
to lymphoepithelioma due to lymphocytic infil-
trate in the lesions. Also, mentioned were some
of the early treatments used for these misdiag-
nosed cases. Treatment ranged from radical sur-
gery, use of nitric acid, opium, and ligation of the
carotids. Etiology of these early cases of NPC
was based on opinions and speculations and
broadly focused on smoke exposures from
sources such as tobacco and opium smoking and
candles. In China, NPC was described as cancer
of the neck glands, but it was not until early twen-
tieth century that the first diagnosis of NPC was
made. The diagnosis made was that the cancer’s
origin was the epithelium of the nasopharynx and
noting that this cancer type was unusually pre-
dominant in large parts of China and migrant
Chinese communities residing in nearby loca-
tions (Singapore, Indonesia) and more distant
locations (USA, Europe) which suggested an
underlying genetic basis for this disease [1].
However, past data have also reported elevated
incidence rates of NPCs among the Malays and
Dayaks indigenous population of Borneo which
were comparable to the Sarawak Chinese, in non-
Chinese mongoloid populations of Vietnam and
Thailand, and in certain countries of the African
subcontinent, which suggested a viral or environ-
mental etiological factor for this disease [2, 3]. In
support, recent data noted a decline in NPC rates
in Chinese migrants living in low-risk countries
(Peru, Canada, USA) further suggesting a change
in life style habit from exposures to more tradi-
tional diet of, for example, salted dried fish and
further mentioned below in this chapter [4]. Other
compounding factors that hindered advancing
our knowledge on NPC included past estimates
of new cancer cases. For 1980, these were limited
to ~24 geographic locations and to 16 common
cancer sites, with several cancers classed as
groups. For example, oral and pharyngeal can-

cers were classed as a group, as classifications to
further subdivide them was not harmonized.
Consequently, in high-risk populations of Hong
Kong and Singapore for developing NPC for
example, NPC cases were omitted from the 1980
estimates in order to obtain figures for the broad
oral-pharyngeal group. Pertinently, estimated
total number of cancer cases which did not
include NPC were estimated to be at ~6.35 mil-
lion [5]. Furthermore, lack of Ear Nose and
Throat (ENT) departments in these geographic
regions was likely the reason for NPC cases
being under reported or not fully evaluated to
included cervical lymph nodes for making a
definitive diagnosis [2].

Current Perspectives

More recent GLOBOCAN cancer estimates now
include NPC as a cancer site, distinct from other
head and neck cancers (lip, oral, larynx, orophar-
ynx, hypopharynx) among the 36 cancer sites
evaluated. Using data available from the most
recent report, an estimated 18.1 million new
cases and 9.6 million cancer deaths will be
recorded for 2018 worldwide. Importantly,
almost half of these cases and cancer deaths for
2018 will be in countries in Asia, where ~60% of
the world population reside and exposed to
dietary and environmental risk factors. From
these estimates, ~129,079 new cases and 72,987
deaths will be attributed to NPC and as alluded
to, most of these cases will be confined to coun-
tries in Asia [6]. Risk factors for NPC still remain
poorly understood, however, those that are now
thought to be key, are further discussed in detail
in this chapter. Also, early symptoms of NPC like
most other cancers are asymptomatic and include
headache, neuropathic facial pain, cervical mass,
epistaxis, or nasal obstruction, resulting in misdi-
agnosis, delay in treatment, and poor outcome.
The current standard of care for suspicious NPC
in at-risk populations, calls for a full endoscopic
evaluation of the upper aerodigestive tract for a
diagnosis followed by treatment. Recent data
suggest that misdiagnosis of NPC patients with
symptoms of headaches for example, was
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~43.4%, and even with endoscopy median time
from presentation of symptoms to treatment was
~6 months and most notably ~30% of the NPCs
were missed with nasal endoscopy. Collectively,
there is an unmet need for improved awareness of
risk factors, presenting symptoms, and limita-
tions associated with diagnostic evaluations, to
prevent misdiagnosis, improve early detection
for receiving treatment that will likely confer a
favorable outcome [7, 8]. It is worth mentioning
that in some regions of SE Asia, time between
diagnosis and start of radiotherapy as first-line
treatment was ~120 days resulting in a negative
impact on the overall survival of NPC patients,
which was partly attributed to unaffordability of
the treatment, but the major contributor nonethe-
less, was the limited number of radiotherapy
facilities available [9].

NPC is a malignancy that arises in the outer
most epithelium lining of the nasopharynx cav-
ity located above the oropharynx and hypophar-
ynx, in close proximity to the base of the skull.

The cancer shows a variable degree of squa-
mous differentiation where the vast majority of
tumors that present in Asian countries are
undifferentiated without evidence of keratiniza-
tion and can be classified as non-keratinizing
undifferentiated with mild lymphatic infiltra-
tion or non-keratinizing differentiated NPCs
(Fig. 1a, b). As with most cancers, the stage of
the disease is a key prognostic factor that
impacts outcome and survival. Recent data
shows that early stage NPC treated with radio-
therapy alone responds most favorable but
lesions with disease progression; locoregional
and distant recurrences impact the 5-year over-
all survival rates which drop from ~90% to 75%
for stage I and stage II diseases. Also, treatment
prescribed for lesions with progression is
concurrent chemo-radiotherapy which can
result in toxic side effects. Prognosis is further
compromised if NPC is diagnosed with cervical
or retropharyngeal nodal metastases as these
patients may have increased risk for distant

Fig. 1 Hematoxylin and Eosin (H&E) staining of common NPC cases that present in Asia and are sub-grouped into (a)
non-keratinizing undifferentiated with mild lymphatic infiltration and (b) non-keratinizing differentiated lesions
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micro-metastases that would also require con-
current chemo-radiotherapy. Notably, late stage
IV disease can account for ~10% of all NPC
cases in at-risk regions with data showing that
this patient cohort can have a 1-year survival
rate of ~48% with standard-of-care chemo-
radiotherapy [10].

Broadly, NPC remains a major public health
concern, given that number of new cases of NPCs
and deaths due to the disease are likely to increase
within Asia, coinciding with an increase in world
population. While advances have been made with
intensity-modulated radiation therapy (IMRT),
options for chemotherapy remain unchanged. As
already mentioned, a better awareness and under-
standing early symptoms of NPC will enhance
early detection and almost immediate treatment
with IMRT and improve outcome of NPC
patients. Also, reduced exposures to likely risk
factors such as incomplete combustion of fossil
fuels and wood fires used in cooking and food
processing (salted dried fish) leading to smoke
particulates being trapped in the nasopharynx can
likely impact incidence rates of NPCs. This chap-
ter will cover current perspectives on incidence
rates of NPC and likely risk factors, for example,
Epstein Barr virus (EBV), that are known to be
associated with the disease and the impact of
migration of at-risk population. Importantly,
headwind in knowledge gaps and key challenges
in NPC bench-to-bedside translational research
in the context of model systems will be discussed.
Finally, immunotherapy as approach for NPC
therapy and novel zebrafish models that may
have value for identifying novel therapies for
NPC, with the view of improved understanding
of the molecular basis of human NPC develop-
ment and treatment options for improved out-
come, will be mentioned.

Epidemiology
Incidence Rate
Based on variation in genetics of different sub-

population and cultural practices that influence
eating habits, certain cancers have a higher

prevalence in some ethnic groups in different
parts of the world. One of the cancers with
unique ethnic and geographical distribution is
NPC. As already mentioned, this cancer most
commonly starts in the epithelium lining of the
nasopharynx, an area that is ~4 cm in length
and 3 cm width located at the back of the nasal
cavity and toward the back and base of the
skull. NPC is a subset of head and neck cancers
and can be categorized into keratinizing NPC
or non-keratinizing NPC [11]. This cancer is
highly prevalent in China in Provinces within
the East to South Eastern region of the country.
For example, Guangdong, Guangxi,
Zhongshan, and Hong Kong have an age-
standardized incidence rate per 100,000 popu-
lation (ASR) at more than 10 [12]. Furthermore,
Zhongshan and Zhuhai have some of the high-
est ASR at 25 and 24, respectively, twice the
ASR in comparison to nearby states.
Collectively, human population of Chinese
descendants residing in South East Asia have
intermediate risk with the highest ASR in
Brunei at 13.6, followed by 10.6 in Malaysia
and 9.5 in Singapore. In other countries in
South East Asia such as Philippines, Vietnam,
and Thailand, the ASR is ~3 to 5.
Interestingly, population residing in the African
subcontinent have a moderate risk of develop-
ing NPC with ASRs of ~5.9 for Sétif Province
in Algeria and 4.4 for Nairobi in Kenya. In
other regions of the globe, for example, North
America, Europe, Latin America, Caribbean,
and Oceania by contrast, NPC is considered as
a rare disease with an ASR of less than 2.
However, certain native indigenous groups in
low-risk regions have elevated risk at an order
of magnitude equivalent of endemic regions,
for example, ASR of Nunavut region in Canada
is ~15.2, while for Alaska’s indigenous natives,
USA, and Pacific Islanders in New Zealand,
ASRs are 6.2 and 5.5, respectively [12]. These
data strongly suggest a role of genetic suscep-
tibility for developing NPC. Lastly, gender
also has an impact on the ASR of NPC where
males are threefold more likely to develop
NPC compared to female [13]. As already
mentioned, close to 60% of new cases of NPCs
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Impact of Human Migration on NPC

Incidents
In an era of globalization where migration occurs
to seek improved life quality, career, and educa-

tion, dynamics of cancer incidences can change

Current Perspectives on Nasopharyngeal Carcinoma

and associated deaths for 2018 will occur
within Asia [6]. Global rates of NPC includ-
ing those occurring in Asian countries and
within ethnic sub-populations are depicted in

Fig. 2a.
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Fig. 2 (a) Incidence rates of NPC estimated for 2018.
(b) Age-standardized rates (ASR) of NPC in Asia and
et al. [6]

(c) relative fold change ASR within migrated ethnic
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as well. For domestic migration, people generally
move from poorer rural areas to the cities. For
example, in China NPC incidence was noted to
be ~2.23 in urbanized areas, an ASR that was
marginally higher when compared to rural areas
where the ASR was ~2.07 in 2013. This was
attributed to lifestyle that leads to increased
exposures to risk factors (salted dried fish, envi-
ronmental toxicant) as well as better data quality
in cancer registries at cancer centers in major
hospitals of large cities [14]. For international
migration, migrants from endemic regions con-
tinue to have higher risks of developing NPC
after migration to non-endemic regions of the
world. For instance, the incidence rate of NPC in
Chinese in USA is ~tenfold higher than the gen-
eral US population. Similarly, ASR of immi-
grants from South East Asia residing in Sweden
is ~30-fold higher [12, 15]. While underlying
genetic factors contributing to the disease still
remain to be elucidated, environmental factors
also have a detrimental impact as the second and
third generation of Chinese in California, USA,
show reduced risk of NPC as compared to their
parents [16]. Nonetheless, migration also affects
the incidence of the histopathological type of
NPC in low-risk countries. For example, inci-
dence of keratinizing NPC which is more preva-
lent in low-risk regions and among the Caucasian
population showed a gradual reduction from 47%
to 35% from 1989 to 2009 in the Netherlands. On
the other hand, incidence of non-keratinizing
NPC has increased steadily from 45% to 59%
over the same year span [17]. Of interest, studies
have shown that Caucasian descendants had
higher risks of developing NPC after relocating
to endemic areas [18, 19]. Figure 2b, c depicts the
latest (2018) incidence rates of NPC within Asian
countries and migrated ethnic sub-populations.

Risk Factors
Epstein Barr Virus (EBV)
NPC is intimately associated with exposure to the

Epstein Barr virus (EBV). EBV is a ubiquitous
virus infecting ~90% of the world population, yet

only a fraction of population develops cancer-
related to EBV, considering that B-cells and epi-
thelial cells are prone to EBV infection. In
B-cell-related cancer, EBV infection can be
detected in up to 40% of Hodgkin lymphoma and
~95% in Burkitt lymphoma especially in regions
where malaria is endemic [20, 21]. As for solid
epithelial cancers, almost all patients diagnosed
with undifferentiated NPC and ~10% of gastric
cancer cases are EBV-positive [22]. As well as
undergoing H&E histopathological evaluation,
NPC biopsies are also assessed for the presence
of EBV. This is achieved by probing for the EBV-
encoded RNA (EBER) by in situ hybridization
(ISH), and the non-isotopic probe gives a purple
signal that is localized to the nuclei of affected
cells and an indication of viral copy number. A
representative EBER ISH staining of a confirmed
NPC biopsy is shown in Fig. 3. Due to this causal
link for a subset of cancers, the EBV genome has
been actively investigated since the 1980s to bet-
ter understand the molecular characteristics and
the open reading frames of the virus which
encode genes that could be responsible for NPC
development. Of interest though, recent data now
show that the EBV genome from different geo-
graphic locations share high similarity within the
open reading frames with the exception for the
differences noted in the open reading frame that
encodes EBNA2 and EBNA-3, and consequently
categorized as either EBV-1 or EBV-2. Notably,
EBV-1 is common in most parts of the world,
whereas EBV-2 is now known to be prevalent in
African subcontinent. Although the genetic dif-
ferences in these two EBV genomes are small,
recent data demonstrated that a single amino acid
change from serine to aspartate in EBNA2 of
EBV-2 was sufficient to enhance the growth of
B-lymphoblastoid cell line similar to cells
infected by EBV-1 [23-26].

To further understand how minor genomic
diversity in EBV contributes to different types of
cancer across geographical regions, a recent study
sequenced the EBV genomes isolated from
patients diagnosed with different EBV-positive
cancers. Principal-component analysis (PCA) of
single nucleotide polymorphisms (SNP) identified
in different EBV genomes demonstrated that EBV
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Fig.3 Detection of
EBV-encoded RNA
(EBER) in a confirmed
NPC biopsy using
non-isotopic in situ
hybridization. Presence
of EBV is confirmed by
the purple staining and
indicated by arrow

of Asian origin was clustered separately from
other geographic regions. Furthermore, the authors
also proposed that these minimal differences in
EBYV genome of Asian origin could be a contribut-
ing factor in NPC development compared to EBV
of other origins [27]. In 2017, Tsai and colleagues
further explored the infection and tumor induction
efficiencies of the different strains of EBV. They
demonstrated that YCCELI, a cell line established
from a Korean gastric cancer patient positive for
EBVaGC (or otherwise known as M81), an EBV
subtype with enhanced pathogenic potential iso-
lated from a Chinese patient diagnosed with NPC,
could readily and efficiently infect respiratory epi-
thelial and gastric cancer cells when compared to
EBV producing Akata cells isolated from Burkitt
lymphoma and the non-human primate EBV
shredding B95-8 cells [28, 29]. It was suggested
that the high expression of the viral glycopro-
tein, gp110, could enpower EBV with properties
of tropism to enhance infection efficiency of the
virus in epithelial cells [28]. Besides differential
expression of glycoproteins, the infection phase of
EBYV should also be noted. EBV infection can be
latent or lytic. During latent infection, the virus
only replicates when the cell is dividing, whereas
during lytic infection, linearized EBV genome
with various number of tandem 500 base pair (bp)
repeats at each terminus is being packaged as virus
particles for transmission from saliva to epithelial
cells. Once inside the epithelial cells, EBV genome
does not integrate into the host genome, but the
terminals of the virus fuse together to form epi-
somes and consequently the infection remains as
latent infection. Detection of fused terminal frag-
ments with similar sizes from NPC biopsies

EBV

suggests that NPC may start from a clonal expan-
sion of a single EBV-positive cell [30]. Currently,
the molecular basis associated with EBV patho-
genesis in the nasopharyngeal epithelium remains
largely unknown.

Single Nucleotide Polymorphisms
(SNPs)

To date, more than 100 genome-wide associa-
tion studies (GWAS) have been carried out to
identify single nucleotide polymorphisms’
(SNPs) genetic variants that may lead to the
development of NPC. One of the most consis-
tent finding is that certain human leucocyte anti-
gen (HLA) class Iin the major histocompatibility
complex (MHC) is associated with NPC. Several
notable studies have shown that the presence of
HLA-A-0207, A-3303, and B-5801 was associ-
ated with a higher risk of developing NPC while
HLA-A-1101 was associated with a lower risk
[31, 32]. Allele frequency of HLA-A:%02:07,
A%33:03, and Bx58:01 is also higher in endemic
regions of SE Asia, with a range from 1% to
15% when compared to USA, European
Caucasians, where the frequency is less than
0.03% [33]. This could partly explain why this
disease has a unique geographical distribution.
Moreover, HLA-A was recently reported to be
one of the significantly mutated genes in NPC
patients, highlighting a potential causal role of
this gene in the development of NPC [34]. To
further verify and validate these observations,
larger GWAS studies involving a larger patient
cohort are warranted.
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The genome of each cell in the human body
consists of deoxyribonucleic acid (DNA) that
codes the genetic instructions that are needed at
the cellular level to make proteins crucial for
maintaining the cells’ normal biochemical activi-
ties [35]. However, as a caveat, the genome also
represents a critical target for exposer to DNA
damaging assaults irrespective of whether these
have an environmental origin or abnormal cellu-
lar metabolites, for example, reactive oxygen
species. To counter this, the human genome has
evolved to include ~130 genes from the estimated
~17,294, the protein products of which play a key
role in the DNA repair process to maintain DNA
integrity in the case of, for example, DNA double
strand breaks through homologous recombina-
tion and non-homologous end joining [36, 37]. It
follows that ineffective DNA repair mechanism
can likely increase the risk of developing cancer
in venerable populations exposed to EBV and
increased susceptibility of developing NPC. In a
notable study, the authors genotyped DNA from
~2349 NPC patients from Hong Kong, for ~377
SNPs spanning 161 genes and loci and of these
266 SNPs matched to 81 DNA repair genes [38].
The rs401681 SNP located in the intron of
CLPTMIL at TERT-CLPTMIL locus of 5p15.33
and double strand break repair pathways were the
most significant indicators of elevated risk of
NPC. In another case study from Hong Kong, the
authors performed GWAS of EBV DNA isolated
from saliva of healthy carriers and NPC tumor
biopsies and identified a panel of NPC-associated
SNPs and indels in the EBER locus including a
four-base-deletion polymorphism downstream of
EBER2 (EBER-del), suggesting that these EBV
variants could explain for the high incidence of
NPC in high-risk areas of SE Asia [39]. Of note,
in other GWAS studies SNPs identified in
CLPMIL-TERT locus, MECOM, TNFRSFI9,
and CDKN2A/B, and in genes in the TGF-p and
JNK signaling pathways were associated with
increased risk of NPC and other cancers [40-44].
However as proposed by Boyle et al., while
essential genes or essential pathway contribute to
the phenotype of the disease, genes affecting the
risk of the disease could also be driven by the
expression of a combination of variants outside

the essential pathway with small effects and ulti-
mately to disease development [45].

Intake of Certain Foods

Reports now suggest that the consumption of a
traditional diet consisting of salted fish and rice,
popular among the poorer rural Chinese commu-
nities from an early age, could be a major con-
tributing factor for the high incidence rates of
NPC. Epidemiological data from Hong Kong and
Malaysian Chinese in Malaysia now suggests
that occupational dust and inhalant exposure and
salted dried fish consumption during childhood
and into adult were major risk factors for NPC
among Chinese immigrants [46]. This was fur-
ther supported from a study that evaluated the
medical history of Chinese NPC patients for
dietary habits, occupational exposures, use of
tobacco, and alcohol. When the data was com-
pared to control subjects, exposure to salted fish
was associated with an increased risk of NPC and
independent factors likely contributing were
identified as an early age of exposure, increased
duration and frequency of consumption, and
cooking the salted fish by steaming as opposed to
other methods such as frying, grilling, or boiling
[47]. The process of preparing salted dried fish in
South East China involves salting with crude salt
and immersing in brine followed by sun-drying
and storage for 4-5 months before consumption.
High temperature and humidity can increase the
risk of bacterial growth, for example,
Staphylococci. During the preparation of salted
fish, key carcinogenic N-nitroso compounds
including N-Nitrosodimethylamine are formed
from the naturally occurring secondary amines in
the fish, nitrate as a contaminant in the crude salt,
and by the presence of nitrate-reducing staphylo-
cocci or other bacteria. Studies have demon-
strated that N-nitroso compounds undergo
metabolic conversion into reactive intermediates
that induce DNA damage to initiate cellular
transformation that can culminate in cancer.
Reports now suggest that exposures to N-nitroso
compounds from different sources, for example,
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone
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and N-nitrosonornicotine formed from fermented
tobacco and those from certain occupations as
alluded to above, have elevated the risk of devel-
oping cancers of the upper respiratory tract.
N-nitrosodimethylamine can induce tumors in
the nasal cavity of experimental animals, and
other chemical carcinogens could act synergisti-
cally, for example, with EBV to increase the risk
of developing NPC [48-50]. It is important to
note that most recent analysis of contamination
of Chinese salted fish with volatile N-nitrosamines
remains high in over ~68% of the samples tested,
exceeding the permissible Chinese and USDA
limits of 4 pg/kg and 10 pg/kg, respectively. The
data suggest that a continuum of risk of develop-
ing NPC remains and a need to have a standard-
ized process of preparing salted dried fish that
may minimize levels of toxic N-nitrosamines and
reduce NPC incident rates [51].

Model System for Investigating
Nasopharyngeal Carcinoma

While the survival rates of NPC have improved if
detected and treated at early stage of disease
development, presence of local residual disease
and recurrences which unfortunately is a major
challenge in regions that have high incidences of
NPC, and limited radio-therapeutic and surgical
facilities hamper the overall survival [52]. Further
compounding this is that our fundamental under-
standing of the molecular basis of NPC develop-
ment still remains poorly understood. This is
broadly attributed to the lack of suitable model
systems to allow in-depth preclinical investiga-
tion to improve our understanding of this cancer.
The small subset of the most commonly available
NPC cell lines were established several decades
ago, for example, CNE-2 was first reported in
1983, as an epithelial cell line established from a
poorly differentiated NPC [53]. Other lines avail-
able included C666-1 and HK-1 for example, and
these were readily shared within the NPC and as
well as the broader scientific community, without
concerns of authentication. Prior to major con-
cerns with cell line cross-contamination and mis-
labeling being raised, majority of the NPC lines

(CNE-1, CNE-2, HONEI, AdAH, NPC-KT)
have been subsequently found to be HeLa con-
taminated and thus compromised [54-56]. Clean
stocks of these cross-contaminated lines have not
been identified, which further compounds limita-
tions on advancing preclinical investigation on
NPC pathogenesis. A concern remains that
these aformentioned contaminated cells lines
may be used as cell line models for testing effica-
cies of promising drugs and for investigating the
molecular changes involved in NPC pathogene-
sis. Thus, it is worth to mention that it is a manda-
tory requirement of scientific journals for cell
line authentication prior to experiments [57].
Irrespective of compromised NPC lines, their
scarcity and long-term passage and use in in vitro
studies can result in genetic drift, further adds
limitations in our quest to improving our under-
standing of NPC pathogenesis [58].
Furthermore, NPC is also closely associated
with EBV. A NPC model system natively infected
with EBV is required to study host—viral infection
and the underlying molecular changes associated
with NPC development [59]. From those avail-
able non-compromised NPC lines, C666-1 as
reported in 1999 was established from an undif-
ferentiated NPC and was found to consistently
retain EBV in long-term cultures and tumorigenic
[60]. With still the limited number of NPC cell
line model systems available and the associated
limitations, a research group in Singapore has
been actively involved in establishing NPC cell
lines and reported using conditionally repro-
grammed conditions using the Rho-associated
kinase (ROCK) inhibitor (Y-27632) and irradiated
mouse-3T3 fibroblast feeder cells [61]. However,
authors noted that these culture conditions prefer-
entially select non-malignant cells to proliferate
more efficiently than NPC malignant cells. Given
that most of the available NPC cell lines loose the
EBV genome after long-term passage, our
poor understanding of the pathogenesis of EBV
on NPC developments remains a major limitation
[62]. Without well-defined culture systems, it
remains challenging to advance our knowledge on
the most fundamental molecular basis of NPC
[62]. More recently, additional two EBV-positive
cell lines, C17 and NPC43, have recently been
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reported [63]. A key caveat was that Y-27632 was
used in establishing C17 and NPC43 line. Key
details worth mentioning is that the authors in one
of these studies made ~13 attempts to establish
NPC cell lines with RPMI medium that was sup-
plemented with 10% FBS and although four out-
growths were observed from the tissue explants,
none could be expanded continuously. However,
with the addition of Y-27632 in the media, while
the rate of explant growth showed almost no dif-
ference compared with culture condition without
Y-27632, three primary cultures were success-
fully propagated, and one of the cultures, NPC43,
was subsequently found to retain EBV at late pas-
sage albeit with a lower EBV copy number.
Furthermore, the authors of the study demon-
strated that the success of establishing EBV+ cell
models was likely depended on the suppression of
lytic cycle of EBV [62]. They demonstrated that
EBYV lytic reactivation was suppressed by Y-27632
at early passage. Upon withdrawal of Y-27632,
EBYV in a subpopulation of NPC primary cultures
was reactivated. The association of ROCK-
associated signaling pathways and EBV has been
reported in human lymphoma. Burkitt lymphoma
and diffuse B-cell lymphoma associated with
EBV have been reported to have inactivating
mutations in the ROCK signaling pathway [64].
However, it is unclear how the ROCK signaling
pathway suppresses EBV lytic reactivation.
While cells grown in monolayer have proven
to be extremely useful as cancer model and cost
effective, the growth conditions do not always
mimic the in vivo microenvironment of human
cancers. This limitation effectively renders it dif-
ficult to understand certain aspects of the disease
such as the composition of tumor microenviron-
ment, effect of tumor microenvironment on can-
cer cell proliferation, drug metabolism, and cell
migration [65]. Furthermore, these limitations
may result in many experimental cancer therapies
to give the desired outcome in cell line models
but failing in in vivo evaluations [66]. To circum-
vent these limitations, 3D-culture systems have
been established to preserve the cell morphology,
heterogeneity of cancer, and the associated
stroma [67]. In this context, several studies have
recently reported the generation of spheroids

from NPC cells, for example, using HK1 cells
[68]; whereas spheriods cultures of C666.1 using
the hanging drop method and the ultra-low
attachment method, have all been successfully
established and utilized. Also, 2D- 3D-cultures
have been reported for NPC and including liquid
overlay method, where spheroid cultures of
C666.1 using the hanging drop method and the
ultra-low attachment method, all have been suc-
cessfully established and utilized [69-72].
Spheroid cultures have been utilized to better
understand NPC cancer stem cells associated
with resistant to radio-chemotherapy [73]. It is
worth mentioning that these aforementioned
model systems do not fully recapitulate the tumor
microenvironment of NPC patients. Hence, it is
pivotal for future studies to generate spheroid
cultures directly from patient’s tumor biopsies
sample to further understand the causal mecha-
nisms of EBV and NPC pathogenesis [74]. Such
approach has been adopted by Scanu et al., who
demonstrated that Salmonella enterica triggered
and maintained malignant transformation using
AKT pathway, accompanied by 7P53 mutation
and c-Myc amplification by co-culturing murine-
derived genetically predisposed gallbladder
organoids and Salmonella enterica [75].
Collectively, further understanding of NPC could
likely improve with new spheroid culture
methods.

NPC cultures generated from NPC patient-
derived xenograft models (PDX) have been
reported which include NPC-HK2117,
NPC-HK1915, and NPC-HK1530; C15 was
derived from a biopsy of a primary poorly dif-
ferentiated NPC, while C17 and C18 were both
derived from metastatic NPC lesions. Isolated
cells from these PDX were able to be maintained
by the subcutaneous passage into nude mice and
the propagated cells retain EBV with C15 retain-
ing the expression of key EBV latent genes
encoding EBER, EBNAI1, and LMP1 proteins.
Thus, these models can be utilized to further
enhance our understanding of the role of EBV in
NPC pathogenesis and for and preclinical
drug evaluation for identifying effect therapies
[76, 77]. For example, to identify NPC-specific
membrane protein binding partners of LMP1
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membrane rafts from C15 cells were used to iso-
late protein complexes, and using immunopre-
cipitation and mass spectrometry, galectin 9, a
protein elevated in NPC, was identified to be
interacting with LMP1, suggesting a casual fac-
tor in NPC pathogenesis [78]. C15 was also uti-
lized alongside C666-1, to screen for therapeutic
agents for identifying those that have the most
promising effect of the cancer cells. From this
screen, both cell models were found to be respon-
sive to clinically relevant doses of doxorubicin
and taxol, while cis-platinum was least respon-
sive [79]. As already mentioned, the establish-
ment of an EBV+ NPC cell line, NPC43, was
recently reported [62]. However, it is worth men-
tioning that this study also reported five addi-
tional NPC PDX models by transplanting NPC
tissues into NOD/SCID, and newly available
resources were used to mine for the underlying
genetic landscape the state-of-the-art platforms
for performing whole exon and whole genome
DNA sequencing and RNA sequencing.
Data revealed mutations in NRAS, TP53, EP300,
and SMGI1 genes. For the oncogene NRAS, this
was identified as an activating mutation [62].
Collectively, PDX models established several
decades ago, and the more recent models can be
excellent preclinical model systems to use to
screen libraries of drugs and small molecule
inhibitors coupled to high-through-put platforms
to identify the most promising for further valida-
tion using in vivo models including zebrafish as
described below.

Although in vitro models are invaluable for
improving our understanding of NPC, any prom-
ising finding requires additional validation in
in vivo systems. In this context, in vivo model
systems can be divided into cell line xenograft
or PDX. Example include HK1 and C666.1
which are tumorigenic when ~10° cells are
injected subcutaneously into nude mice. Similarly
with the newly established NPC43 cell line when
co-injected with Matrigel into NOD/SCID
mice form tumors [62]. However, a major disad-
vantage is that these models preclude the investi-
gation of the process of metastasis in NPC
pathogenesis. A study of note recapitulated the
invasiveness of NPC cancer cells by injecting

C666-1 cells orthotopically into the nasopharynx
of NOD.Cg-Prkdc*¢ T12rg™"Wi/SzJ mice. The
resulting tumor demonstrated metastasis to the
bone, lung, and the abdomen, broadly mirroring
pathogenic features associated with advanced
disease in NPC patients [80]. As with PDX mod-
els, xenograft models of NPC are reliant on
immune-deficient or immune-comprised mice
and confer some limitations for modeling human
NPC. Notwithstanding, some perspectives on the
use of zebrafish for modeling human meta-
static NPC are given below.

Potential Use of Zebrafish
for Modeling Human NPC

Data now suggests that cancer cells disseminate
from the primary site through lymphatic vessels
to distant sites. In this context, presence of rich
lymphatic network highly correlates with meta-
static cancers, for example, melanoma [81]. With
no exception, NPC also has a similar propensity
for metastasizing to locoregional lymph nodes
largely due to the presence of a disproportion-
ately high number of lymph nodes in the neck
region and cancer cell-invaded lymph nodes is
now widely accepted as the most important factor
in NPC prognosis [82, 83]. Thus, it is worth men-
tioning that to improve our understanding of the
invasive and metastatic potential of NPC and to
identify promising therapies, robust in vivo mod-
els are needed. While orthotopic models of NPC
have been developed in mice as mentioned in the
section above, they generally fail to show consis-
tent lymph node involvement prior to advancing
to a metastatic disease [80]. Zebrafish as a model
system offers an attractive in vivo platform for
conducting in-depth investigation of human can-
cers including NPC, primarily due to its low cost
of maintenance, rapid developmental speed, and
high fecundity rate time. Pertinently, 70% of
human protein-coding genes and more than 80%
of human disease-related genes have a zebrafish
orthologue [84]. This indicates that most molecu-
lar mechanisms involved in normal biological
processes or in pathologic diseases are conserved
between zebrafish and humans and afford an
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excellent opportunity to model human cancers.
Broadly, there are two ways of modeling human
cancer in zebrafish: generating a genetically
defined zebrafish strain and xenotransplantation
of human cancer cells into zebrafish.

In genetically defined models for example,
activating mutations and oncogenes identified
from whole genome sequencing of human can-
cers can be integrated into the zebrafish genome
to investigate any pathological effects. This
approach has resulted in the development of
some notable zebrafish models which has
improved our knowledge of human cancers, for
example, melanoma. Zebrafish genetic model of
melanoma overexpressing the human BRAFY6%E
under the control of mitfa promoter in a p53~/~
was found to develop melanocyte lesions that
rapidly developed into invasive melanomas reca-
pitulating human melanomas [85, 86]. While this
can provide additional information on the molec-
ular process of melanoma development and pro-
gression, the models afford an excellent platform
for drug screen to identify novel and effective
therapies for this lethal form of skin cancer [86].
As large-scale whole genome sequencing of head
and neck squamous cancers including NPC has
been conducted or under consideration, zebrafish
may offer a valuable platform for testing the
genetic insights gained from these studies for
potentially pathogenic outcome [87-90].

On the other hand, cancer cells isolated from
human cancers such as melanoma, colorectal, and
breast cancers have been used to successfully
xenotransplant into zebrafish embryos [91-94].
Once transplanted into embryos, the cancer cells
were then observed to proliferate, form tumor
mass, disseminate, and stimulate angiogenesis.
Importantly, the optical transparency of zebrafish
embryos, coupled with the availability of tissue-
specific fluorescent reporters to generate various
flavors of zebrafish transgenic lines that fluores-
cently label cells that are closely associated with

human cancer progression, for example, immune
or vascular endothelial cells, enables investigators
to delineate the interaction between human tumor
cells and the zebrafish microenvironment in an
in vivo and real-time compartment [95-97]. In this
context, a recent study by Follain et al. injected
murine mammary D2A 1 tumor cell into the zebraf-
ish blood circulation to show that blood flow
forces control tumor cell adhesion and extravasa-
tion. Furthermore, the authors live-imaged endo-
thelium remodeling at sites where circulating
tumor cells adhere, which stimulates extravasa-
tion, and have shown that a similar mechanism
occurs in murine brain metastasis as well [98].
With the recent development of the lattice light
sheet microscopy with two-channel adaptive
objectives, biological processes such as cancer cell
migration, endothelial adherence, and extravasa-
tion can now be imaged in subcellular resolution
in zebrafish, further enhancing the utility of the
zebrafish cancer xenotransplantation model [99].
Methods to perform patient-derived xenotrans-
plantation in zebrafish had also been established,
and recent studies had shown that drug treatment
outcomes in these PDX models of zebrafish could
accurately predict clinical outcomes in human
cancer patients [92, 100-102]. Although a model
of inflammatory lymphangiogenesis had been
established in zebrafish indicating that zebrafish
lymphatics respond to pathological cues, whether
human cancer cells interact with zebrafish lym-
phatic vessels to mirror the early stages of human
cancer progress has not been reported [103].
Zebrafish facial lymphatic vessels have been well
characterized [97] and therefore xenotransplanta-
tion of single cell extracts derived from NPC biop-
sies, NPC PDX primary cultures of NPC cells
from biopsies or established NPC cancer cell lines
to the facial region of transgenic zebrafish may
reveal novel insights into how cancer cells modu-
late the local lymphatic environment and dissemi-
nate (Fig. 4a—c). The behavior of transplanted

»

Fig. 4 (continued) facial region of the zebrafish (white dot-
ted brackets) to investigate the interaction between NPC
cells and facial red lymphatic/green blood vessels. (b, ¢)
Lateral and ventral confocal images of the facial region of
5 dpf Tg(flila:nEGFP); Tg(lyvelb:DsRed)*'" transgenic.
(b’, ¢’) The Tg(lyvelb:DsRed2)*""" expression visualizing

the lymphatic vessel seen in red of panels (b) and (c).
Confocal z-stack images 5 pm apart were taken using the
Zeiss LSM 710 inverted confocal microscope and were
processed using ImagelJ. LFL lateral facial lymphatic, MFL
medial facial lymphatic, OLV otolithic lymphatic vessel,
LAA lymphatic branchial arches. Scale bars: 100 pm
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A 5 dpf Tg(flila:nEGFP);Tg(-5.2lyvelb:DsRed2)

Fig. 4 Zebrafish vascular transgenic strains offer a plat-  (lyvelb:DsRed)"""! transgenic and the lower panel is a lat-
form to investigate the interaction between NPC cells and ~ eral confocal fluorescent image of the same transgenic
lymphatic/blood vessels for investigating NPC metastasis ~ zebrafish as in the upper panel, where green blood vessel
and identifying promising therapies. (a) Upper panel is a  endothelial cells and red lymphatic vessels can be visual-
lateral bright field image of a 5 dpf Tg(flila:nEGFP)’;Tg  ized. Human NPC cells could be xenotransplanted to the
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NPC cells can then be monitored under confocal
microscopy and the model can also be used for
screening for potential anticancer therapies.

Immunotherapy
for Nasopharyngeal Carcinoma

Immunotherapy: General Concepts

From the estimated 18 million new cases of can-
cer and ~9.6 million cancer mortalities reported
for 2018 and with poor prognosis associated with
many types of human cancers, this represents a
growing global public health problem worldwide
[6]. The primary reason for this is that the avail-
able standard of care for most cancers has not
changed significantly, chemo and radiotherapy,
with their associated side effects, and are still
gold-standard treatments [104—106]. Moreover,
these notable treatment approaches have showed
significant improvements albeit only for specific
types of cancer (i.e., hematological malignan-
cies), but still remain very limited for many of the
solid tumors [107, 108]. These constraints make
necessary to develop new, better tolerated, less
expensive, and more effective therapies, which
could particularly help patients with advanced
and metastatic diseases and improving not only
their survival but also their quality of life. In this
context, the accumulated knowledge regarding
mechanisms involved in cancer immunity has
resulted in the development of novel therapeutic
approaches to treat this group of diseases. One of
these new strategies is immunotherapy, essen-
tially developed during the last two decades and
consists in the modulation and stimulation of
patients’ own immune system against the tumor.
This manipulation of patients’ immunity involves
different compartments of this homeostatic sys-
tem such as immune-competent cells, receptors,
and immune-mediator molecules among others.
Recently, and after decades of treating cancer
patients mostly by surgery and chemo- and radio-
therapy, immunotherapy has emerged as a reliable
therapeutic alternative for most patients [109].

Relevant Cancer Mouse Models
for Preclinical Investigation
of Inmunotherapy

Despite the obvious genetic and immunological
differences among species that constitute animal
models, preclinical studies using these models
are a necessary prerequisite for human applica-
tion of new immunotherapies and useful tools for
increasing our knowledge and understanding of
mechanisms underlying cancer immunobiology.
In this context, several mouse strains, both immu-
nocompromised and immunocompetent, have
been extensively used in order to validate new
therapeutic strategies for further studies in human
clinical trials. As already mentioned, the most
commonly used experimental models are human
xenograft cancer cells, obtained from immortal-
ized cell lines or from patients’ tumor biopsies,
grown in immunodeficient mice such as severe
combined immunodeficient (SCID) and athymic
nude mice [110, 111]. On the other hand, the
most extensively used immunocompetent mice
strains are C57BL/6 and BALB/c and different
modifications from their genetic backgrounds.
Human xenograft in immunodeficient mice
allows the evaluation of different specific
immune-related mechanisms since many of these
strains keep immunological functions partially
(usually parts of the innate immune response). In
addition, genetically engineered mouse models
have been extremely useful in understanding
oncogenesis as well as metastatic mechanisms by
manipulating tumor suppressor genes and onco-
genes [112, 113]. These models have been addi-
tionally improved by recent advances in genetic
manipulation strategies such as RNA interference
and gene editing (CRISPR-Cas9) technologies,
for example a recent study reported the develop-
ment of Cas9 mice to model lung cancer [114].
Another relevant experimental approach with
animal models is the complete or partial
reconstitution of human immune system by
transplanting different human cell compartments
in immunodeficient mice [115, 116]. These
humanized mice models have additionally
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allowed the evaluation of therapies in a human
immunity context as a previous step before its
approval for clinical trials.

Immunotherapeutic Approaches
for Cancer Treatment

To date, it is well known that cancer patients can
develop T-cells that are able to recognize and
destroy tumor cells in vitro and in vivo [117].
Additionally, T-cells are able to proliferate in
response to stimulation with autologous tumor
cells by secreting cytokines such as interleukin-2
(IL-2), interferon gamma (IFN-y), granulocyte-
macrophage colony stimulating factor (GM-CSF),
and tumor necrosis factor-alpha (TNF-a) [118].
These observations have resulted in the identifi-
cation and characterization of tumor antigens
recognized by human T-cells [119, 120]. From
these and other relevant findings, in the last two
decades new therapies have been developed
based on the modulation of cells and molecules
from the immune system to induce in vivo antitu-
mor responses [121, 122]. These immunothera-
peutic approaches have included the use of the
following: proinflammatory cytokines, fully
humanized mAbs, cell-based immunotherapies,
and several cancer vaccines [123-127]. Different
cytokines such as IL-2, IFN-y, and IFN-a have
been used alone or in combination with chemo-
therapy with significant reduction of metastases,
but without increasing the survival rates of treated
patients and corresponding improvement in their
quality of life [128—-130]. Adoptive transfer of
tumor-specific CD8* T-cells, with or without sys-
temic immune suppression, has also been used in
different clinical trials and although that data
shows significant tumor reductions but this is
associated with a high percentage of adverse
reactions in treated patients [124, 125, 131].
Recently, T-cell molecular engineering modifica-
tion with chimeric antigen receptors (CAR) to
produce CAR-modified T-cells has substantially
improved the clinical success of adoptive immu-
notherapy [132, 133]. More recently, new thera-
peutic targets have now been identified in cancer

and immune cells, which have enabled the devel-
opment of a wide range of mAbs aimed to modu-
late antitumor immune response and eradicate
tumors [134, 135]. Indeed, the identification of
immune check point molecules, such as cytotoxic
T-lymphocyte antigen 4 (CTLA-4) and pro-
grammed cell death protein 1 (PD-1), gave fur-
ther knowledge for immune system manipulation.
In this context, an anti-CTLA-4 monoclonal anti-
body (ipilimumab) was the first to achieve US
Food and Drug Administration and European
Medicine Agency approval, demonstrating statis-
tical survival benefit in patients with melanoma
[136]. Furthermore, preliminary clinical findings
with blockers of additional immune-checkpoint
proteins, such as programmed cell death protein
1 (PD-1) and programmed cell death 1 ligand 1
(PD-L1), have also shown important results in
different settings of clinical trials, indicating
broad and diverse opportunities to enhance anti-
tumor immunity with the potential to produce
durable clinical responses [137-139].
Remarkably, seminal studies which described
these immunological mechanisms were recently
recognized with the 2018 Nobel Prize in medi-
cine and physiology for professors James
P. Allison and Tasuku Honjo “for their discovery
of cancer therapy by inhibition of negative
immune regulation.”

Regarding cell-based immunization protocols,
the use of dendritic cells (DCs), transfected with
tumor-associated antigen (TAA) and immuno-
modulatory molecules-derived mRNA, or loaded
with tumor cell lysates, among others, has been
extensively explored. DC-based vaccination
strategies are likely to be safe and capable
of providing long-lasting protective immunity
[140-143]. A DC-based vaccine, consisting
in autologous monocyte-derived DCs loaded
with an allogeneic heat shock-conditioned mela-
noma cell-derived lysate, has been included in a
series of clinical trials in advanced malignant
melanoma (MM) and prostate cancer patients.
In this approach, lysate-loaded DCs can induce
specific in vitro and in vivo antitumor and
memory immune responses in patients with
advanced MM with more than 60% classified as
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immunological responder patients, showing a
significant correlation with improved survival of
stage [V MM patients compared with a median of
11 months for patients that were classified as
non-responder [143]. Additionally, in prostate
cancer patients this approach was capable of
inducing memory T-lymphocytes, which might
be associated with clinical responses, including
decreased serum prostate specific antigen (PSA)
levels and increased PSA doubling time [144].
However, despite the abilities of different immu-
notherapies for stimulating the antitumor
response, an important percentage of patients
remain refractory to these approaches. In fact,
individual factors involved in the differential
capacity of patients to respond to immunizations
remain poorly understood.

Immunotherapy in NPC

As mentioned NPC is a subset of head and neck
squamous cancers which remain with a poor out-
come largely due to diagnosis at late stage of the
disease and therapeutic options that advanced
minimal compared to those for other cancers.
Radiotherapy is broadly effective for NPC
patients diagnosed at early stage or non-
metastatic stage of disease progression. With the
use of intensity-modulated radiation therapy
(IMRT) that uses computer-controlled linear
accelerators to deliver precise radiation doses to a
malignant tumor or specific areas within the
tumor, toxic side effects can be minimized to
achieve good local control [145]. However, due
to the low awareness of NPC as a disease and the
associated symptoms often mistaken for common
ailments, many patients upon diagnosis present
with neck lumps in the clinic, indicating late
stage disease and lymph node metastasis [146].
Treatment options for late stage NPC lesions
include a combination of radiotherapy and cyto-
toxic chemotherapy, for example, cisplatin, 5-FU,
paclitaxel, and gemcitabine [90]. For those
patients with distant metastases, palliative
platinum-based therapy followed by radiotherapy
greater than 65-Gy at organs with metastatic
lesions is followed [147]. While radio-

chemotherapy is curative for most patients,
approximately 10% of the patients will experi-
ence local reoccurrence which further reduces a
favorable outcome [146]. In this context, avail-
able targeted therapies, for example, cetuximab
and nimotuzumab, anti-EGFR mAbs, have been
explored but with mixed results [148, 149]. On
the other hand, bevacizumab, a mAb, that targets
VEGF has shown promise and when used with
systemic therapy showed improved progression-
free survival and improved quality of life of
patients. However, together with the known tox-
icities associated with chemotherapy, side effects
for bevacizumab include hypertension, bleeding,
gastrointestinal perforation, cardiotoxicity, and
thromboembolic events which may negate the
favorable response [150]. Finally, surgery for
metastatic NPC lesions but this option often
depends on the proximity of tumor cells to vital
blood vessel and nerve [151].

As mentioned above, a high percentage of
treated cancer patients remain refractory to
immune-related therapies, strongly suggesting
that a combinatorial approach may be useful to
improve the response rates of these patients. In
this scenario, cancer vaccines, particularly den-
dritic cell (DC)-based vaccines, as well as check
point inhibitors could be used as complementary
treatments in cancer patients. Importantly, these
approaches could be less toxic conferring an
additional benefit for patients’ quality of life.
Nivolumab and pembrolizumab, two FDA-
approved anti-PD-1 mAbs, constitute new
therapeutic options for metastatic and chemo-
therapy-resistant NPC patients. A Phase II clini-
cal trial (NCI-9742) investigated nivolumab in a
small subset of patients with recurrent and meta-
static NPC, and the data demonstrated a response
rate of ~20% with minimal toxicity, suggesting
further evaluation in larger cohorts of NPC
patients [152]. Furthermore, data from the
KRYNOTE-028 study (NCT02054806) investi-
gated pembrolizumab in patients with PD-L1-
positive advanced NPC. The data from this phase
1b clinical trial demonstrated a response rate of
~26% and the therapy was favorably tolerated
[153]. Other clinical evaluations have explored
the use of adoptive T-cell transfer as potential
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Table 1 Current phase III clinical trials evaluating the efficacy of immunotherapy in combination with standard ther-

apy for NPC
Clinical trial Number of Estimated completion
identifier Interventions patients date
NCT02578641 Gemcitabine, carboplatin, autologous EB V-specific 330 patients December 2021
cytotoxic lymphocytes
NCT02611960 Pembrolizumab 230 patients March 2020
NCT03700476 Gemcitabine, cisplatin, IMRT, sintilimab as 420 patients January 2025
neoadjuvant
NCT03427827 Chemo-radiation followed by PD-1 antibody 400 patients February 2024
(SHR-1210) as adjuvant
treatment option for NPC patients. In a Phase II  studies demonstrated a broadly favorable

clinical trial, adoptive immunotherapy with EBV-
specific cytotoxic T-lymphocytes (EBV-CTLs)
was evaluated in combination with chemotherapy
of gemcitabine and carboplatin, in patients with
advanced EBV-positive NPC. The data obtained
was favorable achieving a response rate of ~71%
and 2- and 3-year overall survival rates of 62.9%
and 37.1%, respectively. Importantly, a subgroup
of patients were found to have either stable dis-
ease or with reduced tumor growth and overall
the therapy was well tolerated, and common tox-
icities observed were fatigue and myalgia [154].
In a more recent Phase I/II clinical trial, efficacy
of EBV-stimulated cytotoxic T-lymphocyte
(EBV-CTL) immunotherapy was investigated in
patients with active, recurrent, metastatic EBV-
associated NPC. Although one patient demon-
strated a complete response to this line of therapy,
the overall response rate was low. The authors
suggest that the poor response rate was likely due
to differences in key parameters of the clinical
trial, for example, requiring patients to have con-
firmed progressive disease as an inclusion crite-
rion that would allow as an endpoint to distinguish
responses to prior palliative chemotherapy from
those to investigational immunotherapy. Also
worth mentioning is that the authors noted that a
subset of patients demonstrated robust responses
to the same chemotherapy (docetaxel, gem-
citabine) they had previously failed while receiv-
ing EBV-CTL immunotherapy. This likely
suggests that immunotherapy was acting as a
primer for enhancing patient’s immune system to
confer a greater renewed response to the chemo-
therapy [155]. Although the aforementioned

response to the different available immunothera-
pies, these were undertaken in small cohorts of
patients. As a consequent, there are several ongo-
ing clinical trials that are investigating available
immunotherapies in combination with standard
therapy for NPC in much larger patient cohorts
and these are detailed in Table 1. Expectations
are that the data from these trials can pave the
way for a new era of anticancer therapies that can
improve prognosis and quality of life of NPC
patients.

Concluding Remarks

While notable advances have been made in our
understanding of NPC pathogenesis, the disease
remains endemic in South East Asia with inci-
dence rates and deaths likely to show annual
increases. NPC still remains with a poor out-
come, primarily due to salient symptoms, late
detection, and limited therapeutic options. While
several risk factors have been associated with
NPC, it still remains unclear why the Chinese
ethnicities in South East Asia succumb to this
cancer. Other limitations include the lack of
model systems and tools to mirror human NPC
and the limited number of NPC cell lines that are
currently available. Thus, a need is recognized
for establishing clean and representative NPC
cell lines for in-depth investigation on NPC
with the goal of developing effective therapies
for transition from bench-to-bedside for
improving patient outcome. A need for large-
scale population-based molecular epidemiologic
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studies to elucidate how environmental, viral,
and genetic factors interact in both the develop-
ment and the prevention of NPC is also recog-
nized. Finally, there is a united need for the NPC
scientific community to work closely and collab-
orative to advance our current limited under-
standing of NPC pathogenesis.
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An In Vitro Model of Triple-
Negative Breast Cancer

J.RussoandY. Su

Abstract

We have characterized two highly tumorigenic
and metastatic basal B TNBC cell lines,
XtMCF and LmMCEF, with the additional val-
ues of having the normal and early-stage
counterparts of them. This model allows the
study of the evolution of TNBC, and investi-
gates molecular pathways at different stages
of transformation and progression in a rela-
tively constant genetic background. This con-
stitutes an ideal model for developing targeted
therapy in two important fields in cancer biol-
ogy which are the epithelial mesenchymal
transition (EMT) and cancer stem cells (CSC).
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17B-Estradiol Induces
Transformation and Tumorigenesis
in Human Breast Epithelial Cells

Breast cancer is a malignancy whose dependence
on estrogen exposure has long been recognized,
even though the mechanisms through which
estrogens cause cancer are not clearly understood
[1-17]. Our work was performed in order to
determine whether 178-estradiol (E,), the pre-
dominant circulating ovarian steroid, is carcino-
genic in human breast epithelial cells and whether
non-receptor mechanisms are involved in the ini-
tiation of breast cancer. For this purpose, the
effect of four alternating 24 h treatment periods
with 70 nM E, of the estrogen receptor alpha
(ER-a) negative MCF-10F cell line on the in vitro
expression of neoplastic transformation was eval-
vated [7, 8, 11] (Fig. 1).

E2-treatment induced the expression of
anchorage-independent growth, loss of ductulo-
genesis in collagen, invasiveness in Matrigel, and
loss of 9pl1-13. Tumorigenesis in SCID mice
was expressed only in invasive cells that in addi-
tion exhibited a deletion of 4p15.3-16. Tumors
formed in SCID mice were poorly differentiated
adenocarcinomas that were estrogen receptor o
and progesterone receptor negative, expressed
keratins, EMA, and e-cadherin. The relationship
between cell motility in vitro and the ability of
neoplastic cells to invade and metastasize in vivo
is well known. This led us to evaluate the
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Fig.1 Schematic representation of the experimental pro-
tocol. MCF-10F cells were treated with 70 nM 176-
estradiol (176-E, 70 nM) for 24-h periods, twice a week
during 2 weeks. After the last treatment the cells were pas-
saged 7-9 times before being tested for colony efficiency,
ductulogenesis in collagen, invasion in Matrigel and
tumorigenesis in SCID mice. For the invasion assay, the
cells were trypsinized and seeded in the invasion cham-
bers at a concentration of 2.5 x 10* cells/well, incubated
for 22 h and then the membranes of the inserts were cut
and invasive cells (bsMCF) were cultured in 24-well
plates. The invasive cells were expanded and evaluated for

migratory behavior of the human breast epithelial
cell line MCF-10F after neoplastic transforma-
tion with 70 nM of 17B-estradiol (E,), 4 OH
estradiol (4-OH-E,) and 2-OH estradiol (2-OH-
E,). Cells thus transformed express colony for-
mation in agar methocel, loss of ductulogenic
capacity in collagen matrix, and invasiveness in a
Matrigel artificial membrane [7, 8, 11]. We set up
a time-lapse video microscopy system to directly
observe and capture the cells’ images using a
Nikon DXM digital camera attached to an
Olympus IMT-2 microscope that was equipped
with a Plexiglas incubation chamber. From each
cell line, a random number of cells were selected
for tracking at 1-hour intervals. Cell motility was
evaluated by determining the speed of the tracked
cell expressed in mm/min (S), the direction per-
sistence in time (P), and the random motility
coefficient (p) that provides a measure of how

the expression of tumorigenesis in SCID mice. Nine out
of ten mice injected with bsMCF developed tumors.
Tumors from four of the animals were dissected in
0.5-1 mm size fragments, incubated in culture medium
until confluent, generating cell lines from each tumor that
were subsequently injected to five mice per cell line for
the evaluation of their tumorigenic potential. All injected
animals developed tumors. All tumors and cell lines were
analyzed histopathologically and immunocytochemically
as well as for fingerprint and CGH analyses. None of the
animals injected with MCF-10F control cells or trMCF
developed tumors

fast a cell population will grow to cover a surface.
Our findings [1] indicated that the transformation
of HBEC by estrogen and its metabolites induces
changes in cell motility in vitro, 4-OH-E, being
the one inducing the most significant changes, its
effect correlated to the expression of phenotypes
indicative of cell transformation.

Epithelial to Mesenchymal
Transition in Human Breast
Epithelial Cells Transformed
by 17-Beta-Estradiol

We have demonstrated that 1783-estradiol (E,)
induces complete neoplastic transformation of
the human breast epithelial cells MCF-10F [7,
8, 11]. E2-treatment of MCF-10F cells pro-
gressively induced high colony efficiency and
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Fig. 2 Transformation of MCF-10F cells by
17B-estradiol treatment. Experimental protocol: MCF-
10F cells treated with 70 nM 176-estradiol (E,) that
expressed high colony efficiency (CE) and loss of ductu-
logenic capacity in collagen matrix were classified as
transformed (trMCF). Transformed cells that were inva-
sive in a Matrigel Boyden-type invasion chambers were
selected (bsMCF) and plated at low density for cloning

loss of ductulogenesis in early transformed
(trMCEF) cells, invasiveness in a Matrigel inva-
sion chambers. The cells that crossed the
chamber membrane were collected and identi-
fied as bsMCEF, and their subclones designated
bcMCF, and the cells harvested from carci-
noma formation in SCID mice designated
(caMCF) (Fig. 2) [11]. These phenotypes cor-
related with gene dysregulation during the pro-
gression of the transformation. The highest
number of dysregulated genes was observed in
caMCF cells, being slightly lower in bcMCF
cells, and lowest in trMCF cells. This order
was consistent with the extent of chromosome
aberrations (caMCF > bcMCF >>> trMCF).
Chromosomal amplifications were found in
1p36.12-pter, 5g21.1-qter, and 13q21.31-qter.
Losses of the complete chromosome 4 and of
8p11.21-23.1 were found only in tumorigenic
cells. In tumor-derived cell lines, additional
losses were found in 3p12.1-14.1, 9p22.1-pter,
and 18ql1.21-qter [11].

Functional profiling of deregulated genes
revealed progressive changes in the integrin sig-
naling pathway, inhibition of apoptosis, acquisi-
tion of tumorigenic cell surface markers, and

(bcMCF). MCEF-10F, trMCF, bsMCF, and bcMCF were
tested for carcinogenicity by injecting them into the
mammary fat pad of 45-day-old female SCID mice.
MCE-10F and trMCEF cells did not induce tumors (can-
celed arrow); bsMCF and bcMCF formed solid tumors
from which four cell lines, identified as caMCF, were
derived and proven to be tumorigenic in SCID mice
(reprinted from [11])

epithelial to mesenchymal transition. In tumori-
genic cells, the levels of E-cadherin, EMA, and
various keratins were low and CD44E/CD24
were negative, whereas SNAI2, vimentin,
S100A4, FN1, HRAS and TGFp1, and CD44H
were high (Fig. 3) [11].

The phenotypic and genomic changes trig-
gered by estrogen exposure that lead normal
cells to tumorigenesis confirm the role of this
steroid hormone in cancer initiation. Our work
emphasizes the importance of being able to
make a normal cell-like MCF-10F neoplastically
transformed by a treatment with a natural hor-
mone. More importantly the cell is estrogen
receptor negative, indicating that the traditional
pathway of action for estrogen and its receptors
is not the main pathway of the neoplastic pro-
cess. It is known that prolonged exposure to
estrogen is a risk factor for human breast cancer,
but the role of estrogen in the development of
human breast cancer has been difficult to ascer-
tain. There are three mechanisms that have been
considered responsible for the carcinogenicity of
estrogens: a receptor-mediated hormonal activ-
ity, cytochrome P450-mediated metabolic acti-
vation, and induction of aneuploidy. The
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Fig. 3 (a) A list of EMT markers and promoting genes was ~ Two sample clusters (k and 4) and two gene clusters (a and j3)
generated a priory by literature search. Hierarchical clustering ~ were identified. The red, white, and blue colors represent
of cell lines and genes was performed using dChip software.  level above, at, and below mean expression, respectively.
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receptor-mediated hormonal activity of estrogen
has generally been related to stimulation of cel-
lular proliferation, resulting in more opportuni-
ties for accumulation of genetic damages leading
to carcinogenesis. Since local synthesis of estro-
gen in the stromal component can increase the
estrogen levels and growth rate of breast carci-
noma, a paracrine mechanism is likely to account
for interactions between aromatase-containing
stromal cells and ER-containing breast tumor
epithelial cells. More importantly, estrogen may
not need to activate nuclear receptors alpha to
initiate or promote breast carcinogenesis. We
have evidence that ERP may also be involved in
this process and that oxidative catabolism of
estrogens mediated by various CYP complexes
constitutes a pathway of their metabolic activa-
tion and generates reactive free radicals and
intermediate metabolites reactive intermediates
that can cause oxidative stress and genomic
damage directly. Estrogen-induced genotoxic
effects include increased mutation rates, MSI,
and LOH in chromosomes 3 and 11.
Compromised DNA repair system allows accu-
mulation of genomic lesions essential to
estrogen-induced tumorigenesis. Metabolic bio-
transformation of estrogen does occur in human
mammary explant culture. Increased formation
of catechol estrogens as a result of elevated
hydroxylation of 17p-estradiol at C-4 and C-16a
positions has been observed in human breast
cancer patients and in women at a higher risk of
developing this disease. There is also evidence
that formation of superoxide and hydrogen per-
oxide, as a result of the metabolism of estrogen,
might also be involved in estrogen-mediated oxi-
dative stress. In fact, a substantial increase in

<

base lesions observed in the DNA of invasive
ductal carcinoma of the breast has been postu-
lated to result from the oxidative stress associ-
ated with metabolism of 17f-estradiol.
Altogether the data thus far accumulated indi-
cate that more than one pathway may be neces-
sary to initiate neoplastic transformation and
maintaining of the transformation phenotypes
leading to tumorigenesis.

Developing a Unique Model
of Triple Negative Breast Cancer

Triple-negative breast cancer (TNBC) represents
a heterogeneous group of cancers characterized
by a lack of ER, PgR, and HER2 expression.
Cluster analysis of human TNBC identified six
subtypes displaying unique gene expression and
ontologies [18]. Approximately 80% of TNBC
show features of basal-like cancers [19].
Transcriptional profile analysis assigned 21
TNBC cell lines into three clusters: luminal,
basal A, and basal B [20-22]. Basal A contains
cell lines such as BT-20, Suml49, and
MDA-MB-468, which preferentially express
genes such as CK5/6, CK14, and EGFR. Basal B
includes cell lines such as MDA-MB-231,
Sum159pt, and Hs578t, which preferentially
express genes such as CD44, VIM, and SNAI2,
and exhibits a stem-cell-like profile [20]. This
classification of TNBC cell lines is closely asso-
ciated with cell morphology and invasive poten-
tial. Basal B cells have a more mesenchymal-like
appearance and are less differentiated and much
more invasive compared to the other two clusters.
Analysis of the relationship between TNBC cell

Fig. 3 (coninued) (b) Detection of epithelial and mesenchy-
mal markers by immunocytochemistry: (a) Histological sec-
tions of MCF-10F cells, reacted with pre-immune mouse
serum, were used as the negative control (x100); (b) MCF-
10F reacted for EMA (x100); (¢) MCF-10F reacted for
E-Cadherin (x100); (d) MCF-10F reacted for vimentin
(x100); (e) trMCF cells reacted with pre-immune mouse
serum used as negative control (x100); (f, g, and i) trMCF
cells reacted for EMA, E-cadherin, and vimentin, respectively
(x100); (7)) bsMCF cells reacted with pre-immune mouse

serum as a negative control (x100); (7, k, [) bsMCF cells
reacted for EMA, E-cadherin, and vimentin, respectively
(x100); (m) caMCF tumor cell line cells reacted with pre-
immune mouse serum used as negative control (x100); (n, o,
p) caMCF tumor cell lines reacted for EMA, E-cadherin, and
vimentin, respectively (x100); (¢ and r) invasive ductal carci-
noma of the breast as positive control and immunoreacted for
EMA and E-cadherin, respectively (x100); (s) histological
section of an invasive adenocarcinoma immunoreacted for
vimentin (x100) (Reprinted from: [11])
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lines and tumor subtypes showed that most of
basal A and basal B cell lines resemble basal-like
tumors [20], indicating that TNBC cell lines are
suitable for investigations of subtype-specific
cancer cell biology.

Although there are over 20 commercially
available TNBC cell lines, MDA-MB-231 is the
most widely used in vitro and in vivo. In BALB/
CAJCI-nu/nu mice, it took 5 weeks to form a
xenograft around 6.5 mm in diameter with the
subcutaneous injection of 5 x 10° MDA-MB-231
cells [23]. MDA-MB-468 cells had a growth
speed similar to MDA-MB-231 in the same
mouse strain [23].

The growth speed of MDA-MB-231 xenograft
in CB17/SCID was almost the same as in nude
mice, while BT-549 cells grew a little bit slower
than MDA-MB-231 cells in CB17/SCID mice
[24]. Sum149 and Sum159 are two highly tumor-
igenic cell lines; it was reported that the injection
of 1 x 10° cells in nonobese diabetic SCID mice
could produce tumors in 3/4 and 5/6 mice, respec-
tively [25]. But these two cell lines are mainly
used for the study of inflammatory breast cancer
[26, 27].

We have established [28] a progressive TNBC
model (Fig. 4) consisting of normal MCF-10F,
transformed cell line trMCEF, and tumorigenic cell
lines bsMCF, XtMCF, and LmMCF. Compared to
the other nine tumorigenic TNBC cell lines, our
cell lines XtMCF and LmMCEF are the most tumor-
igenic and metastatic.

The expression of cytokeratin 18 (CK18)
confirmed the epithelial origin of this cell model,
and we observed that CK18 was down-regulated
in bsMCF cell line and its derivatives.
Furthermore, CK18 was lost in the lung metasta-
ses, whereas still present in the xenografts of
both XtMCF and LmMCF cells, suggesting
down-regulation of CKI18 may be related to
breast tumor progression [29]. Our study also
showed that CKS-positive cell number was
inversely correlated to clinical stage of TNBC
[30, 31], suggesting that our cell model reflects
features of TNBC progression.

The EMT process is not only closely related
to cancer invasion and metastasis but also con-
ferred to the generation of cancer stem cells
(CSC) [32-34]. As bsMCF-luc, XtMCF, and
LmMCF have undergone EMT, we evaluated

| MCF10F cell line

l—-—-[ trMCF cell line |

17-p estradiol
treatment

Boyden chamber
selection

| bsMCF cellline |

Transfected with
luciferase

|

bsMCF-luc cell line

Mammary fat pad injection H Tail vein injection

Develop
tumor

| XtMGF-luc cell line |

Derived from xenograft tumor

Develop
lung
metastases

l

| LmMCF cellline |

Derived from lung metastasis

Fig.4 Schematic representation of the establishment of a TNBC model
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their CSC properties and the results showed that
they could form tumorspheres, and the number
of tumorspheres was progressively increasing
from bsMCF-luc to XtMCF and LmMCEF cells,
consistent with in vivo tumorigenic and meta-
static potential.

In this work [30], we postulated that the evalua-
tion of CSC markers would give us a rationale

XtMCF cells

for the high tumorigenic and metastatic potential
of these two cell lines (Figs. 5 and 6). Our results
showed that the bsMCF-luc and XtMCF cells
were CD24°%/CD44*, whereas LmMCF cells
were CD44* with moderate CD24 expression.
CD24~°¥/CD44* has been frequently used as CSC
markers of breast cancers [35-37]. However, it was
shown that the percentage of CD24-°%/CD44*

LmMCF cells

Xenografts
(2,000,000 cells/mouse,
30 days)

Lungs
(1,000,000 cells/mouse,
25 days)

Lungs
(80,000 cells/mouse,
25 days)

Fig. 5 XtMCF and LmMCEF cells display high tumorigenic and metastatic potential. Representative pictures of xeno-
grafts and lungs fixed with Bouin’s solution. Magnification: 6.3x for xenografts, 8x for lungs (Reprinted from: [28])

Lungs of XtMCF model

Lungs of LmMCF model

An#tt An#2

An#l An#2

Fig. 6 H&E staining of lungs from the injection of 1 x 10° cells into tail vein. LmMCF cells are more metastatic than
XtMCEF cells. Arrows indicate the metastases. Magnifications are shown in figure (Reprinted from: [28])
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associates with a basal-like phenotype, not tumori-
genicity, but CD24~"v/CD44*/EpCAM* cells
enrich for tumorigenicity [31, 36]. EpCAM induces
expressions of reprogramming factors and EMT
genes, regulates EMT progression, and tumorigen-
esis [38]. In addition, EpCAM can be cleaved at
several sites, and the nuclear translocation of cyto-
plasmic domain (EpCID) associates with Wnt
pathway and promotes cell proliferation and tumor
formation in mice [39]. One of the EpCAM cleav-
age sites between two arginine residues (AA80 and
AAS81) was detected and described in the late
1980s, but the functional consequence is still
unknown [40]. Interestingly, we observed the
expression of EpCAM in the cell lines we exam-
ined by immunofluorescence staining and WB, but
the EGF-like domain of EpCAM was absent in
mesenchymal-like cells, suggesting the EGF-like
domain might be cleaved off from the cleavage site
between AA80 and AAS81. This was supported by
other workers [41-47]. The majority of commer-
cial antibodies for EpCAM react with overlapped
or partly overlapped epitope at EGF-like domain
[48]. This may resultin failing detection of EpCAM
in cells which have undergone EMT. Our study
indicates that the EGF-like-domain-cleaved-off
EpCAM may be associated with the EMT process.
Furthermore, although the total level of EpCAM is
low in mesenchymal-like cells, the subcellular
localization of EpCAM may be more important to
the EpCAM nuclear indicating a strong activation
of Wnt signaling in these cells.

Chromatin Remodeling
During Human Breast Epithelial Cell
Transformation

We have shown that treatment of the human breast
epithelial cells MCF-10F with 17f-estradiol (E2)
induces transformation and tumorigenesis. DNA
amounts and chromatin supraorganization change
in E2-transformed MCEF cells [49]. Feulgen-DNA
content and chromatin supraorganization were
involved during E2-induced transformation and
tumorigenesis of the MCF-10F cells. Image anal-
ysis was performed for non-transformed and
E2-transformed MCF cells, highly invasive cells

(C5), and for cell lines (C5-A6-T6 and C5-A8-T8)
derived from tumors generated by injection of C5
cells in SCID mice (Fig. 1). A decrease in Feulgen-
DNA amounts and nuclear sizes induced by E2
treatment was accented with selection of the
highly invasive tumorigenesis potential. However,
in the tumor-derived cells, a high variability in
cellular phenotypes resulted inclusive in near-
polyploidy. Significant changes in textural param-
eters, including nuclear entropy, indicated
chromatin structural remodeling with advancing
tumorigenesis. An increased variability in the
degree of chromatin packing states in the
E2-transformed MCF cells was followed by
reduction in chromatin condensation and in con-
trast between condensed and non-condensed
chromatin in the highly invasive C5 cells and
tumor-derived cell lines. These observations con-
firmed previous data [11], showing the role of
chromatin remodeling and epigenetic control in
the transformation of human breast epithelial
cells. We found that a network of several signaling
pathways affecting the expression and/or function
of a complex hierarchical network of transcription
factors (TFs) has been partially elaborated.
Known signaling pathways include multiple tyro-
sine kinase receptors leading to Ras-mediated
activation of MAPK and PI3K pathways, TGF-p,
Notch, and Wnt. Evidence for enhanced TGF-f
and Wnt signaling pathways was found in the
EMT expressing bcMCF and caMCF cells. TGF-3
acting through Smad transcriptional complexes
can repress expression of the Id TFs (Id1, Id2,
Id3) and activate HMGA?2, a DNA binding pro-
tein important for chromatin architecture.
Expression of HMGA?2 is known to regulate sev-
eral EMT controlling TFs including TWISTI,
SNAII, and SNAI2 (Slug) (Fig. 7). TGF-p and
Wht signaling also affect the expression of several
additional EMT-regulating TFs including ZEB1
(TCF8), TCF3 (E2A encoding E12 and E47), and
LEF1. Analysis of the EMT expressing bcMCF
cell line revealed the absence of expression of the
secreted frizzled-related protein 1 (SFRPI), a
repressor of Wnt signaling. One allele of SFRP1
was deleted in these cells, with the remaining
apparently silenced by methylation, accounting
for the 28-fold reduction of this transcript. Loss
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Fig.7 Heat map showing the EMT (Reprinted from: [11])

and epigenetic inactivation of SFRP1 occurs often
in invasive breast cancer and is associated with
poor prognosis. Inspection of the SFRP1 expres-
sion levels in Basal B cell lines showed absent
calls for four of the eight invasive cell lines, and
eightfold decreases in another three invasive cell
lines relative to the non-invasive MCF-10A cells
(data not shown). Inspection of the expression
files for bcMCF cells and the eight invasive Basal
B cell lines revealed that LEF1 was always absent,
while TCF 3 and TCF 8 were expressed.

As we have described above the TNBC cell
consisting of normal like breast epithelial cell
line MCF10F, the trMCF cell line that was trans-
formed from MCFI10F cells, the tumorigenic
bsMCEF cell line derived from trMCF, and two
highly tumorigenic and metastatic cell lines
XtMCF and LmMCEF established from bsMCF
cells have undergone epithelial mesenchymal
transition (EMT), exhibiting a mesenchymal-like
feature, providing a good cell model for identify-
ing new treatments for TNBC.
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Concluding Remarks

The relevance of this work is the development
and characterization of two highly tumorigenic
and metastatic basal B TNBC cell lines, XtMCF
and LmMCEF. To the best of our knowledge, they
are the most tumorigenic and metastatic TNBC
cell lines compared to all reported cell models
used for TNBC studies. In addition, the normal
and early-stage counterparts of these two cell
lines are also available. Altogether, these cell
lines can be used to study the evolution of TNBC,
investigate molecular pathways at different stages
of transformation and progression in a relatively
constant genetic background, and most impor-
tantly, identify new treatments for TNBC. In
addition, XtMCF and LmMCEF cell lines present
CSC properties and can be used for developing
CSC-targeted therapy. The finding that the EGF-
like domain of EpCAM is cleaved off in cancer
cells which have undergone EMT also provides
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new insights in the research of EMT and CSC,
two important fields in cancer biology.
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Emerging Role of Novel
Biomarkers of Ly6 Gene Family

in Pan Cancer

Geeta Upadhyay

Abstract

Stem cell antigen-1 (Sca-1) is the first identi-
fied member of mouse Ly6 gene family. We
discovered that Sca-1 disrupts TGFf signaling
and enhances mammary tumorigenesis in a
DMBA-induced mammary tumor model.
Sca-1 gene is lost during evolution in humans.
Human Ly6 genes Ly6D, LyE, LyH, and LyK
on human chromosome 8q24.3 genes are syn-
tenic to the mouse chromosome 15 where
Sca-1 is located. We found that Ly6D, E, H,
and K are upregulated in human cancer com-
pared to normal tissue and that the increased
expression of these genes are associated with
poor prognosis of multiple types of human
cancer. Several other groups have indicated
increased expression of Ly6 genes in human
cancer. Here we described the relevance of
expression of human Ly6D, LyE, LyH, and
LyK in functioning of normal tissues and
tumor progression.
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Introduction

Stem cell antigen-1 (Sca-1) was the first identi-
fied member of mouse Ly6 gene family [1]. Sca-1
has been described as marker of tissue-resident
stem cells and also been recognized as cancer ini-
tiating cell population in multiple mouse model
of mammary, prostate, and lung cancer among
other cancer types [2—4]. We described that Sca-1
binds with TGFp receptor 1 (TPR1) and disrupts
the TGFp receptor complex, leading to tumori-
genic progression in mouse model of mammary
tumorigenesis [5]. A direct homologue of Sca-1
is missing in humans; however, multiple mem-
bers of mouse Ly6 genes and syntenic human
Ly6 genes have been described. Human Ly6 gene
family usually contain LU domain. These mole-
cules are scattered throughout the human chro-
mosome 1,2,6, 8,11, and 19 [6]. We will concern
our description to human Ly6D, LyE, LyH, and
Ly6K, which are present on human chromosome
8q24.3.

Expression of Ly6D, E, H, and K
Genes in Normal Tissues

Ly6D
Ly6D RNA is expressed in highest quantities in

esophageal tissue and in skin as shown in HPA
dataset, GTEx dataset, and Fantome5 datasets as

a7

J. S. Rhim et al. (eds.), Human Cell Transformation, Advances in Experimental Medicine
and Biology 1164, https://doi.org/10.1007/978-3-030-22254-3_4


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-22254-3_4&domain=pdf
mailto:geeta.upadhyay@usuhs.edu

48

G. Upadhyay

visualized in Human Protein Atlas available from
www.proteinatlas.org [7-9]. The RNA expression
was undetectable or expressed at a very low level
in normal ovary, lung, testis, colon, breast, and
prostate (Fig. 1la—c). The protein expression cor-
roborated with RNA expression, showing
increased expression of Ly6D in esophageal tis-
sue and in skin (Fig. 2).

Ly6E

Ly6E RNA expression was identified in liver tis-
sue, placenta, lung, and spleen by three different
databases (Fig. 3a—c) as visualized in Human
Protein Atlas available from www.proteinatlas.org
[7-9]. The corroborative protein data was not yet
available at the human protein atlas. Lowest
expression of Ly6E RNA in normal tissues was
found in pancreas and skeleton tissues (Fig. 3a—c).
The Ly6E expression is restricted to syncytiotro-
phoblast cells of the mouse placenta [10].

Ly6H

Ly6H RNA expression was identified highest in
Brain tissue in HPA dataset, GTEx dataset, and
Fantome5 (Fig. 4a—c) as visualized in Human
Protein Atlas available from www.proteinatlas.
org [7-9]. Ly6H plays an important role in gluta-
matergic signaling in brain [11].

Ly6K

Ly6K RNA is expressed highest in testis in HPA
dataset, GTEx dataset, and Fantome5 datasets
(Fig. 5a—c) as visualized in Human Protein Atlas
available from www.proteinatlas.org [7-9]. The
RNA expression was undetectable or expressed
at a very low level in normal ovary, lung, testis,
colon, breast, and prostate. The protein expres-
sion data showed that Ly6K is exclusively
expressed in testis (Fig. 6). Male Ly6K homozy-
gous knockout mice showed normal mating hab-

its; however, they were infertile. Female Ly6K
homozygous knockout mice were fertile. The
male infertility was found to be associated with
sperm migration [12].

Expression of Ly6D, E, H, and K
Genes in Tumor Tissues

Ly6D

We looked for RNA expression of Ly6D in vari-
ous publically available dataset and visualized
using Oncomine [13] and TCGA [14] as described
by Luoetal. [15]. Ly6éD was found to be increased
in tumors of ovarian, colorectal, gastric, breast,
lung, bladder, brain and CNS, cervical, esopha-
geal, head and neck and pancreatic cancer com-
pared to normal tissue in multiple studies. The
increased expression of Ly6D was associated
with poor survival in ovarian, colorectal, gastric,
breast and lung cancer [15] (Table 1). Since our
publication new clinical data were available and
added to KM plotter tool [16] (http: //kmplot.
com/), which showed that increased Ly6D
expression is associated with poor prognosis in
renal clear cell carcinoma and pancreatic ductal
adenocarcinoma (Fig. 7). Recently Ly6D expres-
sion in addition to OLFM4, S100A7 was found
to be associated with distant metastasis of estro-
gen receptor-positive breast cancer [17]. Ly6D
was shown to be increased in aggressive forms of
head and neck cancer [18].

Ly6E

We looked for RNA expression of Ly6E in vari-
ous publically available dataset and visualized
using Oncomine [13] and TCGA [14] as
described by Luo et al. [15]. Ly6E was found be
increased in tumors of ovarian, colorectal, gas-
tric, breast, lung, bladder, brain and CNS, cervi-
cal, esophageal, head and neck and pancreatic
cancer compared to normal tissue in multiple
studies. The increased expression of Ly6E was
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Fig. 1 RNA expression of Ly6D in normal human tis-

(a) HPA data set, (b) GTEx data set, and (c)

FANTOM dataset. The data was visualized on the human

sues.

based on tissue groups, each consisting of tissues with
functional features in common. GTEx dataset: RNA-seq

data is reported as median RPKM (reads per kilobase per
million mapped reads), generated by the Genotype-Tissue

Expression (GTEx) project

proteome webtool with expression filter on. X-axis shows

the name of tissue type used. Y-axis shows the units of

RNA expression as described below. HPA dataset: RNA-
seq tissue data is reported as mean TPM (transcripts per
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Fig. 2 Ly6D protein expression in normal tissues. HPA024755, HPA064317 from Sigma-Aldrich as

Immunohistochemistry was performed using anti-Ly6D
antibody-rabbit polyclonal affinity purified antibody

associated with poor survival in ovarian, colorec-
tal, gastric, breast, lung, bladder, and brain and
CNS cancer patients [15] (Table 1). Recent data
added to KM plotter [16] (http://kmplot.com/)
show that increased expression of Ly6E is asso-
ciated with poor overall survival of renal papil-
lary cell carcinoma and good prognostic marker
for renal clear cell carcinoma (Fig. 8a, b). These
new data indicated that increased expression of
Ly6E is associated with poor overall survival of
pancreatic ductal adenocarcinoma (Fig. 8c). The
use of genome wide data analysis has prompted
several new reports showing increased expres-
sion of Ly6E in bladder cancer and gastric can-
cer [19, 20]. The Ly6E gene has been also
associated with more aggressive stem-like cells
in hepatocellular carcinoma, pancreatic carci-
noma, colon, and kidney [21-23].

Ly6H

We looked for RNA expression of Ly6H in vari-
ous publically available dataset and visualized
using Oncomine [13] and TCGA [14] as
described by Luo et al. [15]. Ly6H was found be
increased in tumors of ovarian, colorectal, gas-
tric, breast, lung, bladder, brain and CNS, cervi-
cal, esophageal, head and neck and pancreatic
cancer compared to normal tissue in multiple
studies. The increased expression of Ly6H was

described in the human protein atlas webtool: https://
www.proteinatlas.org/ENSG00000167656-LY 6D/tissue

associated with poor survival in ovarian, colorec-
tal, gastric, and breast cancer patients [15]
(Table 1). Recent data added to KM plotter [16]
(http://kmplot.com/) show that increased expres-
sion of Ly6H is associated with poor overall sur-
vival of renal clear cell carcinoma and pancreatic
ductal adenocarcinoma (Fig. 9a, b).

Ly6K

We looked for RNA expression of Ly6K in various
publically available dataset and visualized using
Oncomine [13] and TCGA [14] as described by Luo
et al. [15]. Ly6K was found be increased in tumors
of ovarian, colorectal, gastric, breast, lung, bladder,
brain and CNS, cervical, esophageal, head and neck
and pancreatic cancer compared to normal tissue in
multiple studies. The increased expression of Ly6K
was associated with poor survival in ovarian,
colorectal, gastric, breast, lung, bladder, and brain
and CNS cancer patients [15] (Table 1). Increased
expression of Ly6K in metastatic ER-positive breast
cancer [24, 25], esophageal squamous cancer [26],
gingivobuccal cancers [27], bladder cancer [28], and
lung cancer [29] was observed. Recent data added to
KM plotter [16] (http://kmplot.com/) show that
increased expression of Ly6K is associated with
poor overall survival of renal clear cell carcinoma,
renal papillary cell carcinoma, and uterine corpus
endometrial carcinoma (Fig. 10a—c).


https://www.proteinatlas.org/ENSG00000167656-LY6D/tissue
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Table 1 Correlation of high mRNA expression and patient survival outcome in multiple cancer types

Cancer type Genes Expression in tumors (p < 0.05) Survival analysis (p < 0.05)
Ovarian LY6D Up Poor prognosis
LY6E Up Poor prognosis
LY6H Up Poor prognosis
LY6K Up Poor prognosis
Colorectal LY6D Up Poor prognosis
LY6E Up Poor prognosis
LY6H Up Poor prognosis
LY6K Up Poor prognosis
Gastric LY6D Up Poor prognosis
LY6E Up Poor prognosis
LY6H Up Poor prognosis
LY6K Up Poor prognosis
Breast LY6D Up Poor prognosis
LY6E Up Poor prognosis
LY6H Up Poor prognosis
LY6K Up Poor prognosis
Lung LY6D Up Poor prognosis
LY6E Up Poor prognosis
LY6H Up OS (NS), others (NA)
LY6K Up Poor prognosis
Bladder LY6D Up OS (NS), others (NA)
LY6E Up Poor prognosis
LY6H NS OS (NS), others (NA)
LY6K Up Poor prognosis
Brain and CNS LY6D Up OS (NS), others (NA)
LY6E Up Poor prognosis
LY6H Up OS (NS), others (NA)
LY6K Up Poor prognosis
Cervical LY6D Up OS (NA), RFS (NS)
LY6E Up OS (NA), RES (NS)
LY6H Up OS (NA), RFS (NS)
LY6K Up OS (NA), RFS (NS)
Esophageal LY6D Up OS (NS), others (NA)
LY6E Up OS (NS), others (NA)
LY6H Up OS (NS), others (NA)
LY6K Up OS (NS), others (NA)
Head and neck LY6D Up OS (NS), others (NA)
LY6E Up OS (NS), others (NA)
LY6H Up OS (NS), others (NA)
LY6K Up OS (NS), others (NA)
Pancreatic LY6D Up OS (NS), others (NA)
LY6E Up OS (NS), others (NA)
LY6H Up OS (NS), others (NA)
LY6K Up OS (NS), others (NA)
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Fig. 8 Increased LyoE mRNA expression in cancer and
patient survival. High Ly6E RNA expression leads to poor
survival in (a) renal papillary cell carcinoma, good prog-

Mechanisms Associated Ly6D, E, H,
and K Gene Family

Ly6D

The functional role of Ly6D in human or mouse
is not very well described. Ly6D was found to be
important in selection of CD4+CD8+ subset of T
cells in thymus [30]. Ly6D was shown to be
involved in cell adhesion using NIH3T3 fibro-

nosis for (b) renal clear cell carcinoma, poor survival in
(¢) pancreatic ductal adenocarcinoma

blast cells [31]. The molecular pathways which
may lead to regulation of Ly6D remain to be
understood.

Ly6E

We discovered that Ly6E is required for increased
TGFp signaling, IFNy/PDL1 signaling in breast
cancer [32]. Ly6E was also shown to modulate
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Fig. 9 Increased Ly6H mRNA expression in cancer and patient survival. High Ly6H RNA expression leads to poor
survival in (a) renal clear cell carcinoma and (b) pancreatic ductal adenocarcinoma

the PTEN/PI3K/Akt/HIF-1 axis in breast cancer
cell lines [33]. Ly6E was found to be important in
enhancing the infectivity of multiple, enveloped
RNA viruses in late steps using influenza A virus
model [34]. Ly6E has been shown to be an
interferon-inducible gene in lymphoid cells and
plays an important role in HIV infection [35, 36].
Mouse Ly6E is a receptor syncytin A and plays
important role in syncytiotrophoblast fusion and
placental morphogenesis [37, 38].

Ly6H

Ly6H is required for nicotine-induced glutama-
tergic signaling via synaptic signaling of alpha?7
nicotinic acetylcholine receptors [11].

Ly6K

We discovered that Ly6E is required for
increased TGFp signaling, IFNy/PDL1 signaling
in breast cancer [32]. High Ly6K expression is
shown to have been linked with low expression
of tumor suppression microRNA 500a-3p in
non-small cell lung carcinoma [39]. AP1 activa-

tion is shown to be important in increased
expression of Ly6K in breast cancer cell lines
[40]. Ly6K protein expression in testis was
shown to be stabilized by TEX101, a glycopro-
tein important in fertility [41].

Summary

The important role of Ly6 gene family in physi-
ology and disease is emerging. The Ly6 gene
family members can emerge as valid therapeutic
target in correcting conditions of infection, nico-
tine addiction, cancer, immunotherapy, and fertil-
ity. Our laboratory is focused on understanding
the molecular mechanism of Ly6 protein in can-
cer and validating Ly6 molecules as therapeutic
targets in targeted cancer therapy. The network
analysis of Ly6 gene family members showed
that Ly6 signaling is involved in a broad range of
molecules including growth factor, nuclear
receptor, and micro RNAs (Fig. 11a). Pathway
studio network analysis showed that Ly6 gene
family affect multitude of cellular fate and cell—
cell interaction with microenvironment ranging
from growth, apoptosis, autophagy, and immune
response (Fig. 11b).



G. Upadhyay

LYBK

HR = 2.17 (1.17 - 4.01)
logrank P = 0.011

Renal papillary cell carcinoma

58
A LY6K B
o e
g HR = 1.67 (L.15 - 2.43) i
logrank P = 0.0066
@ @
o ] o
Z s 2 &
= =
(] m
2 €
[ g - & ; |
o Renal clear cell carcinoma o9
Expression Expression
— low — low
S 4 — high 2 4 — high
T T T T
0 50 100 150 o 50
Time (months)
Number at risk Numb: isk
low 149 1 ) Ll
high 381 150 29 1 high 136 33
LYBK
2 HR = 2,39 (1.3 - 4.39)
logrank P = 0.0038
@
o
B 3
&
m
o
£
Uterine corpus endometrial carcinoma
i
Expression
o= =
d T— hlg" L 1 L L]
0 S0 100 150 200
Time (months)
Number at risk
low 142 46 5 1 0
high 400 101 15 . 1

100

Time (months)

7
5

150

o

200

(=4}

Fig. 10 Increased Ly6K mRNA expression in cancer and patient survival. High Ly6K RNA expression leads to poor
survival in (a) renal clear cell carcinoma, (b) renal papillary cell carcinoma, and (¢) pancreatic ductal adenocarcinoma



Emerging Role of Novel Biomarkers of Ly6 Gene Family in Pan Cancer 59

a

embryonal immune

development __response
i
sperm cell function , - @ T immunity
U Tecell T-cell
cell differentiation response

“._. development

1

@ Wi S, cellgrowth

Protein

Protein
(Ligands)

Protein
(Receptors)
Q Protein

(Transcription factors)

Protein
(miRNAs)

o Small Molecule

—®— Binding

~——= DirectRegulation

——#— Expression

~——&—> PromoterBinding
= Regulation

—— —= miRNAEffect

- Cell Process
cell motility

—
s Disease

o Protein

~Regulation

cell invasion

spermatogenesis

innate immune

apoptosis T-cell activation

- ation L i
structural organization i
)

Fig. 11 Network analysis of Ly6 gene family members. (a)
Pathway studio network analysis showed that Ly6 signaling
is involved in broad range of molecules including growth
factor, nuclear receptor, and micro RNAs. The upstream
regulators are not highlighted, the downstream effectors are

cell proliferation

References

1. Yutoku, M., Grossberg, A. L., & Pressman, D. (1974).
A cell surface antigenic determinant present on
mouse plasmacytes and only about half of mouse thy-
mocytes. Journal of Immunology, 112(5), 1774-1781.

2. Dall, G. V,, et al. (2017). SCA-1 labels a subset of
estrogen-responsive bipotential repopulating cells
within the CD24(+) CD49f(hi) mammary stem cell-
enriched compartment. Stem Cell Reports, 8(2),
417-431.

response

cell migration cell adhesion

highlighted with blue, and the potential binding partners are
highlighted with green. (b) Pathway studio network analysis
showed that Ly6 gene family affect multitude of cellular fate
and cell-cell interaction with microenvironment ranging
from growth, apoptosis, autophagy, and immune response

3. Ceder, J. A., Aalders, T. W., & Schalken, J. A. (2017).
Label retention and stem cell marker expression in
the developing and adult prostate identifies basal and
luminal epithelial stem cell subpopulations. Stem Cell
Research & Therapy, 8(1), 95.

4. Zakaria, N., et al. (2018). Inhibition of NF-kappaB
signaling reduces the stemness characteristics of lung
cancer stem cells. Frontiers in Oncology, 8, 166.

5. Upadhyay, G., et al. (2011). Stem cell antigen-1
enhances tumorigenicity by disruption of growth dif-
ferentiation factor-10 (GDF10)-dependent TGF-beta
signaling. Proceedings of the National Academy of



60

G. Upadhyay

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Sciences of the United States of America, 108(19),
7820-7825.

. Loughner, C. L., et al. (2016). Organization, evolu-

tion and functions of the human and mouse Ly6/uPAR
family genes. Human Genomics, 10, 10.

. Thul, P. J., et al. (2017). A subcellular map of the

human proteome. Science, 356(6340), eaal3321.

. Uhlen, M., et al. (2015). Proteomics. Tissue-based

map of the human proteome. Science, 347(6220),
1260419.

. Uhlen, M., et al. (2017). A pathology atlas of the

human cancer transcriptome. Science, 357(6352),
eaan2507.

Hughes, M., etal. (2013). Ly6e expression is restricted
to syncytiotrophoblast cells of the mouse placenta.
Placenta, 34(9), 831-835.

Puddifoot, C. A., et al. (2015). Ly6h regulates traf-
ficking of alpha7 nicotinic acetylcholine receptors and
nicotine-induced potentiation of glutamatergic signal-
ing. The Journal of Neuroscience, 35(8), 3420-3430.
Fujihara, Y., Okabe, M., & Ikawa, M. (2014). GPI-
anchored protein complex, LY6OK/TEX101, is required
for sperm migration into the oviduct and male fertility
in mice. Biology of Reproduction, 90(3), 60.

Rhodes, D. R, et al. (2004). ONCOMINE: A cancer
microarray database and integrated data-mining plat-
form. Neoplasia, 6(1), 1-6.

Cancer Genome Atlas Research Network, et al.
(2013). The cancer genome atlas pan-cancer analysis
project. Nature Genetics, 45(10), 1113-1120.

Luo, L., et al. (2016). Distinct lymphocyte antigens 6
(Ly6) family members Ly6D, Ly6E, Ly6K and Ly6H
drive tumorigenesis and clinical outcome. Oncotarget,
7(10), 11165-11193.

Nagy, A., et al. (2018). Validation of miRNA prognos-
tic power in hepatocellular carcinoma using expres-
sion data of independent datasets. Scientific Reports,
8(1), 9227.

Mayama, A., et al. (2018). OLFM4, LY6D and
S100A7 as potent markers for distant metastasis in
estrogen receptor-positive breast carcinoma. Cancer
Science, 109(10), 3350-3359.

Colnot, D. R., et al. (2004). Clinical significance of
micrometastatic cells detected by E48 (Ly-6D) reverse
transcription-polymerase chain reaction in bone mar-
row of head and neck cancer patients. Clinical Cancer
Research, 10(23), 7827-7833.

Dhawan, D., et al. (2018). Naturally-occurring canine
invasive urothelial carcinoma harbors luminal and
basal transcriptional subtypes found in human mus-
cle invasive bladder cancer. PLoS Genetics, 14(8),
e1007571.

Lv, Y., et al. (2018). Overexpression of lympho-
cyte antigen 6 complex, locus E in gastric can-
cer promotes cancer cell growth and metastasis.
Cellular Physiology and Biochemistry, 45(3),
1219-1229.

Kondoh, N., et al. (1999). Identification and charac-
terization of genes associated with human hepato-
cellular carcinogenesis. Cancer Research, 59(19),
4990-4996.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Gou, S., et al. (2007). Establishment of clonal colony-
forming assay for propagation of pancreatic cancer cells
with stem cell properties. Pancreas, 34(4), 429-435.
Bresson-Mazet, C., Gandrillon, O., & Gonin-Giraud,
S. (2008). Stem cell antigen 2: A new gene involved
in the self-renewal of erythroid progenitors. Cell
Proliferation, 41(5), 726-738.

Kim, Y. S., et al. (2016). miRNAs involved in LY6K
and estrogen receptor alpha contribute to tamoxifen-
susceptibility in breast cancer. Oncotarget, 7(27),
42261-42273.

Kong, H. K., et al. (2016). Epigenetic activation of
LYO6K predicts the presence of metastasis and poor
prognosis in breast carcinoma. Oncotarget, 7(34),
55677-55689.

Zhang, B., et al. (2012). Serological antibodies against
LY6K as a diagnostic biomarker in esophageal squa-
mous cell carcinoma. Biomarkers, 17(4), 372-378.
Ambatipudi, S., et al. (2012). Genome-wide expres-
sion and copy number analysis identifies driver genes
in gingivobuccal cancers. Genes, Chromosomes &
Cancer, 51(2), 161-173.

Matsuda, R., et al. (2011). LY6K is a novel molecular
target in bladder cancer on basis of integrate genome-
wide profiling. British Journal of Cancer, 104(2),
376-386.

Ishikawa, N., et al. (2007). Cancer-testis antigen
lymphocyte antigen 6 complex locus K is a sero-
logic biomarker and a therapeutic target for lung and
esophageal carcinomas. Cancer Research, 67(24),
11601-11611.

Reese, J. T., et al. (2001). Downregulated expres-
sion of Ly-6-ThB on developing T cells marks
CD4+CD8+ subset undergoing selection in the thy-
mus. Developmental Immunology, 8(2), 107-121.
Brakenhoff, R. H., et al. (1995). The human E48 anti-
gen, highly homologous to the murine Ly-6 antigen
ThB, is a GPI-anchored molecule apparently involved
in keratinocyte cell-cell adhesion. The Journal of Cell
Biology, 129(6), 1677-1689.

AlHossiny, M., et al. (2016). Ly6E/K signaling to
TGFbeta promotes breast cancer progression, immune
escape, and drug resistance. Cancer Research, 76(11),
3376-3386.

Yeom, C. J., et al. (2016). LY6E: A conductor of
malignant tumor growth through modulation of the
PTEN/PI3K/Akt/HIF-1 axis. Oncotarget, 7(40),
65837-65848.

Mar, K. B., et al. (2018). LY6E mediates an evolu-
tionarily conserved enhancement of virus infection by
targeting a late entry step. Nature Communications,
9(1), 3603.

Yu, J., Liang, C., & Liu, S. L. (2017). Interferon-
inducible LYO6E protein promotes HIV-1 infec-
tion. The Journal of Biological Chemistry, 292(11),
4674-4685.

Xu, X., et al. (2014). IFN-stimulated gene LY6E in
monocytes regulates the CD14/TLR4 pathway but
inadequately restrains the hyperactivation of mono-
cytes during chronic HIV-1 infection. Journal of
Immunology, 193(8), 4125-4136.



Emerging Role of Novel Biomarkers of Ly6 Gene Family in Pan Cancer 61

37.

38.

39.

Langford, M. B., et al. (2018). Deletion of the
Syncytin A receptor Ly6e impairs syncytiotrophoblast
fusion and placental morphogenesis causing embry-
onic lethality in mice. Scientific Reports, 8(1), 3961.
Bacquin, A, et al. (2017). A cell fusion-based screen-
ing method identifies Glycosylphosphatidylinositol-
anchored protein Ly6e as the receptor for mouse
endogenous retroviral envelope Syncytin-A. Journal
of Virology, 91(18), e00832-17.

Liao, X. H., Xie, Z., & Guan, C. N. (2018). MiRNA-
500a-3p inhibits cell proliferation and invasion

40.

41.

by targeting lymphocyte antigen 6 complex locus
K (LY6K) in human non-small cell lung cancer.
Neoplasma, 65(5), 673—682.

Kong, H. K., Yoon, S., & Park, J. H. (2012). The regu-
latory mechanism of the LY6K gene expression in
human breast cancer cells. The Journal of Biological
Chemistry, 287(46), 38889-38900.

Endo, S., et al. (2016). TEX101, a glycoprotein essen-
tial for sperm fertility, is required for stable expression
of Ly6k on testicular germ cells. Scientific Reports, 6,
23616.



®

Check for
updates

The Oncoprotein Gankyrin/PSMD10
as a Target of Cancer Therapy

Jun Fujita and Toshiharu Sakurai

Abstract

Gankyrin (also called PSMDI10, p28, or
p28YANK) js a crucial oncoprotein that is upreg-
ulated in various cancers and assumed to play
pivotal roles in the initiation and progres-
sion of tumors. Although the in vitro function
of gankyrin is relatively well characterized,
its role in vivo remains to be elucidated. We
have investigated the function of gankyrin
in vivo by producing mice with liver paren-
chymal cell-specific gankyrin ablation (Alb-
Cre; gankyrin’) and gankyrin deletion both in
liver parenchymal and in non-parenchymal
cells (MxI-Cre;gankyrin”). Gankyrin defi-
ciency both in non-parenchymal cells and
parenchymal cells, but not in parenchymal
cells alone, reduced STAT3 activity, interleu-
kin-6 production, and cancer stem cell marker
expression, leading to attenuated tumori-
genic potential in the diethylnitrosamine
hepatocarcinogenesis model. Essentially simi-
lar results were obtained by analyzing mice
with intestinal epithelial cell-specific gankyrin
ablation (Villin-Cre; Gankyrin) and gankyrin

deletion both in myeloid and epithelial cells
(MxI-Cre;Gankyrin) in the colitis-associated
cancer model. Clinically, gankyrin expres-
sion in the tumor microenvironment was neg-
atively correlated with progression-free
survival in patients undergoing treatment with
Sorafenib for hepatocellular carcinomas.
These findings indicate important roles played
by gankyrin in non-parenchymal cells as well
as parenchymal cells in the pathogenesis of
liver cancers and colorectal cancers, and sug-
gest that by acting both on cancer cells and on
the tumor microenvironment, anti-gankyrin
agents would be promising as therapeutic and
preventive strategies against various cancers,
and that an in vitro cell culture models that
incorporate the effects of non-parenchymal
cells and gankyrin would be useful for the
study of human cell transformation.
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Liver cancer is the sixth most common cancer
overall (0.78 million cases, 5.6%) but ranks second
as cause of death (0.74 million, 9.1%) [1]. Around
80% of liver cancer in adults is hepatocellular
carcinoma (HCC), and HCC is often diagnosed at
advanced stages when most curative therapies are
of limited efficacy. Furthermore, HCC is resistant
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to conventional chemotherapy and rarely amenable
to radiotherapy, leaving HCC with a very poor
prognosis [2]. Although a causal relationship
between chronic damage, inflammation, and car-
cinogenesis has been widely recognized, the
exact molecular mechanism of hepatocarcino-
genesis remains to be elucidated. In 2000, we dis-
covered gankyrin as an oncoprotein overexpressed
in 100% of HCCs analyzed [3]. Further studies
have suggested that gankyrin is a promising
molecular target for diagnosis, treatment, and
prevention of almost all types of cancers besides
HCC (reviewed in references [4-9]).

Isolation of Gankyrin
from Hepatocellular Carcinoma

Gankyrin (Gann ankyrin-repeat protein; “Gann”
in Japanese means cancer) was originally iden-
tified as an oncogene product consistently over-
expressed in HCCs [3]. Independently, it was
purified as the p28 component [10] or a protein
bound to the S6b subunit of the 19S regulator of
the 26S proteasome [11]. Thus gankyrin is also
known as PSMDI10 (proteasome 26S subunit,
non-ATPase 10), although subsequent studies
have demonstrated that gankyrin transiently
binds to the 26S proteasome and works as a
chaperone for the assembly of the 19S regulator
[12]. Gankyrin is a small 25kD cytoplasm—
nucleus shuttling protein, and highly conserved
throughout evolution (~40% identity to yeast
Nas6p). Structurally, gankyrin consists of seven
ankyrin repeats [13]. Ankyrin repeat is a func-
tional domain involved in protein—protein
interactions.

Enhanced Degradation of RB
(Retinoblastoma-Associated
Protein) and p53 (Cellular Tumor
Antigen p53) by Gankyrin

Gankyrin plays a key role in regulating the cell
cycle [14]. Gankyrin contains the RB-recognition
motif LxCxXE in the C-terminal domain, and binds
RB in vitro and in vivo [3]. Forced expression

of gankyrin in immortalized mouse fibroblasts
and human tumor cells confers growth in soft
agar and tumor formation in nude mouse.
Gankyrin deactivates the RB tumor suppressor
pathway at multiple levels (Fig. 1a) [3]. Gankyrin
binds to CDK4, competing with and displacing
pl6INK4A and p18INK4C, inhibitors of cyclin-
dependent kinases, which results in active CDK4,
hyperphosphorylation of RB, and release of the
E2F transcription factor to activate DNA synthe-
sis genes. Binding of gankyrin also increases the
rate of RB ubiquitylation and degradation by the
proteasome.

When overexpressed, gankyrin inhibits apop-
tosis of cells that have been exposed to DNA-
damaging agents [15]. This anti-apoptotic activity
is due, at least partly, to increased degradation of
p53. Gankyrin binds to the E3 ubiquitin ligase
MDM?2 in vitro and in vivo, increasing the ubig-
uitylation and subsequent proteasomal degrada-
tion of p53, resulting in the reduced transcription
of p53-dependent pro-apoptotic genes [15]. The
fact that gankyrin simultaneously binds the pro-
teasomal S6b ATPase and RB [16] suggests
that gankyrin could be a carrier of ubiquitylated
proteins to the 19S regulator of the 26S protea-
some to enhance their degradation.

Gankyrin as a Killer of Multiple
Tumor Suppressor Proteins

In addition to the two major tumor suppressors
RB and p53, gankyrin binds to other tumor sup-
pressor proteins such as C/EBPa [17], TSC2
[18], HNF4a [19], and CUGBPI1 [20], and
enhances their ubiquitylation and subsequent
degradation by the proteasome (Fig. 1b).
Gankyrin inhibits p16 [3], PTEN [21], and FIH-1
(factor inhibiting HIF-1) [22] as well.
NF-kB/RelA is a transcription factor that is
hyperactivated in many types of cancers and
leads to inhibition of apoptosis. Interestingly,
many studies have shown that inhibition of
NF-kB in hepatocytes enhances hepatocarcino-
genesis [23]. Gankyrin directly binds to NF-kB/
RelA and suppresses its activity by modulating
acetylation via SIRT1 [24], exporting RelA from
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Fig. 1 Interaction of gankyrin with many proteins. (a)
Activities of gankyrin on cell cycle control and apopto-
sis. In the presence of gankyrin, CDK4 is protected from
the inhibitory effect of INKs (p16 and p18). Thus, RB is
hyperphosphorylated and degraded, whereas E2F tran-
scription factors are released to trigger expression of
DNA synthesis genes. More p53 is ubiquitylated by

the nucleus [25], and associating with p300 to
inhibit its interaction with RelA [26].

Consisting of seven ankyrin repeats,
gankyrin binds many other proteins and affects
many signaling pathways, contributing to car-
cinogenesis. Examples include MAGE-A4
[27], IGFBP-5 [28], SHP-1 [29], ATG7 [30],
Keap1/Nrf2 [31], WWP2/Oct4 [32], PI3K/Akt
[33], Racl/JNK [34], p-catenin [35], Rho-A/
ROCK [21], IL-6/STAT3 [36], IL-8 [37], YAP1
[38], and hypoxia-inducible factor- 1o (HIF-1a)
[22, 33].

Animal Models Overexpressing
Gankyrin in the Liver

To assess the oncogenic activity in vivo, we pro-
duced transgenic mice that specifically overex-
press gankyrin in the hepatocytes by using the
hepatitis B virus X protein (HBX) promoter and
serum amyloid P component (SAP) promoter
[22]. Unexpectedly, both of these transgenic lines
developed hepatic vascular neoplasms (heman-
gioma/hemangiosarcomas), but no HCCs.
Further studies suggested that this was because
gankyrin binds and sequester FIH-1, which
results in decreased interaction between FIH-1
and HIF-la, resulting in increased activity of

CUGBP1

RB p53 TSC2 HNF4a

C/EBPa
[ ) ] [} i ]
| UPS-mediated degradation '
[

Carcinogenesis

gankyrin-bound MDM2 and degraded to suppress
p53-dependent apoptosis and cell cycle arrest. P phos-
phate, Ub ubiquitin. (b) Gankyrin is a tumor suppressor
killer. Gankyrin triggers degradation of at least six tumor
suppressors by ubiquitin-proteasome system (UPS), and
interacts with many important molecules, facilitating
carcinogenesis

HIF-1a and vascular endothelial growth factor
(VEGF) production. Using the albumin promoter,
Zhao et al. [34] observed HCC in the transgenic
mice, but only after diethylnitrosamine (DEN) plus
carbon tetrachloride (CCl,) treatment. Recently,
occurrence of spontaneous HCC was reported
in transgenic zebrafish using fabp10a promoter
with Tet-Off system [39].

Importance of Non-Parenchymal
Cells in Carcinogenesis

as Demonstrated by Gankyrin-
Knockout Mice

The effects of gankyrin in the tumor microenvi-
ronment were investigated by using mice with
liver parenchymal cell-specific gankyrin ablation
(Alb-Cre;gankyrin’) and gankyrin ablation both
in liver parenchymal and in non-parenchymal
cells (MxI-Cre;gankyrin’) in the DEN hepato-
carcinogenesis model (Fig. 2) [40]. Gankyrin
upregulated VEGF expression in tumor cells.
Gankyrin bound to Src homology 2 domain-
containing protein tyrosine phosphatase-1 (SHP-1)
which was mainly expressed in liver non-paren-
chymal cells, resulting in phosphorylation and
activation of STAT3. Gankyrin deficiency in non-
parenchymal cells, but not in parenchymal cells,
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Fig. 2 Important roles in hepatocarcinogenesis played by
gankyrin in non-parenchymal as well as parenchymal cells
(Modified from reference [40]). (a) Control gankyrin’
(GK™), Alb-Cre; GK”, and MxI-Cre;GK” mice were chal-
lenged with DEN and killed after 8 months. Liver sections
were examined with immunohistochemistry using
gankyrin-specific antibody. Non-T non-tumorous liver tis-
sues, 7" tumors. Scale bar, 50 pm. (b) Tumor number (upper)
and maximal tumor sizes (diameters, lower) in GK”

reduced STAT3 activity, IL-6 production, and
expression of cancer stem cell markers (Bmil
and EpCAM), leading to attenuated tumorigenic
potential. These results have suggested a model
as shown in Fig. 3a. Essentially similar results
were obtained by analyzing mice with intestinal

(n=14) and MxI-Cre;GK” (n = 18) mice. (¢) Tumor num-
ber (upper) and maximal tumor sizes (diameter, lower) in
GK” (n = 13) and Alb-Cre; GK” (n = 18) mice. (d, ¢) RNA
was extracted from tumors of Mx/-Cre;GK” (d) or Alb-
Cre;GK” (e) mice and GK” mice. Relative amounts of
mRNA were determined by quantitative RT-PCR (qRT-
PCR) and normalized to the amount of actin mRNA. The
amount of each mRNA in the untreated liver was given an
arbitrary value of 1.0. Data are means = SEM (n =5)

epithelial cell-specific gankyrin ablation (Villin-
Cre;Gankyrin”) and gankyrin ablation both in
myeloid and epithelial cells (Mx1-Cre; Gankyrin™)
in the colitis-associated cancer model [29].
Significant differences were observed in tumor
numbers and sizes between MxI-Cre; Gankyrin/
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Fig. 3 Inflammation and gankyrin (Modified from [40].
(a) A model of the role played by gankyrin in hepatocar-
cinogenesis. Chronic inflammation enhances gankyrin
expression in the liver. Gankyrin binding to SHP-1 leads
to enhanced IL-6 production in the tumor microenviron-
ment. The augmented inflammatory response activates
STAT3, and gankyrin upregulates the expression of VEGF
in tumor cells, which eventually promote the development
of HCC. (b) Liver specimens were collected using needle
biopsy in 13 patients clinically suspected of non-alcoholic

mice and control mice, but not between Villin-
Cre; Gankyrin’/ mice and control mice. Consistent
with the animal models, chronic inflammation
enhanced gankyrin mRNA expression in the
human liver (Fig. 3b), and protein expression in
non-parenchymal cells as well as hepatocytes
[40]. High gankyrin expression in non-parenchy-
mal cells was associated with enhanced IL-6
expression in HCC (Fig. 3c), and gankyrin
expression in the tumor microenvironment was
negatively correlated with progression-free sur-
vival in patients undergoing treatment with
Sorafenib for HCCs [40]. These findings indicate
important roles played by gankyrin in non-paren-
chymal cells as well as parenchymal cells in the
pathogenesis of liver cancers and colorectal
cancers.

Gankyrin as a Promising
Therapeutic Target

Gankyrin seems to be an excellent target of can-
cer therapy because of the following reasons:

1. Signaling interactions between cancer cells
and their supporting stroma have been sug-
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steatohepatitis. The expression of gankyrin mRNA in liv-
ers without inflammation or fibrosis (control, n = 5) and
those with inflammation and fibrosis (chronic hepatitis,
n = 8) was determined by qRT-PCR. (¢) Liver specimens
were collected using needle biopsy before sorafenib
treatment. The mRNA levels of IL-6 in HCC were deter-
mined by qRT-PCR and compared between patients
grouped according to the level of gankyrin expression in
hepatic non-parenchymal cells as assessed by
immunohistochemistry

gested to evolve during the course of multi-stage
tumor development [41], and gankyrin pro-
motes oncogenesis both in cancer cells and
their supporting stroma [29, 40].

2. Gankyrin promotes carcinogenesis both in
early (initiation, promotion) and late (progres-
sion, metastasis) stages. For example, in rat
HCC model, overexpression of gankyrin starts
at fibrosis stage [42], and in human liver tis-
sues, expression is progressively increased
from hepatitis, cirrhosis, adenoma to HCC
[43]. In many different types of cancers
including those of the liver [30], colorectum
[44], esophagus [45], and lung [46], high-
level expression is correlated with invasion,
metastasis, poor survival, and resistance to
therapy.

3. Gankyrin is overexpressed in most cases of
HCC [3] and other types of cancers, including
those of the esophagus [45], stomach [47],
prostate [48], and colorectum [18].

4. Ubiquitous low expression of gankyrin in nor-
mal tissues, and overexpression in almost all
types of cancers including those of the brain,
breast, lung, ovary, prostate, and stomach.

5. Gankyrin kills multiple major tumor suppres-
sors (Fig. 1b).
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6. Gankyrin can enable the hallmarks of cancer,
at least five out of six original hallmarks
and two out of two additional hallmarks [41].
By inhibiting gankyrin, therefore, we can
target most of the pathways supporting the
hallmarks therapeutically.

Experimental Anti-Gankyrin Agents

Since gankyrin is a versatile tumor suppressor
killer and its activities seem to result from the
binding to various partners, inhibition of the
interactions is a promising strategy for control-
ling cancer initiation and progression. Indeed,
overexpression of MAGE-A4, a gankyrin inter-
actor of unknown function, suppressed the
tumorigenic  activity of  gankyrin  [27].
Overexpression of C-terminal portion of S6b
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Fig. 4 Suppression of cell proliferation by gankyrin
inhibitors. (a, b) Effects of overexpression of gankyrin-
interacting S6b mutant. Human osteosarcoma U-2 OS
cells were cultured in 6-cm dishes and transfected with
plasmid DNAs (1 pg/dish) expressing mutant gankyrin
with deletion of the two ankyrin-repeat motifs (del-GK),
mutant S6b with N-terminus deletion (del-S6b), or control
vector together with neo-resistance gene. After 8 days of
culture in G418-containing medium, numbers of colonies

inhibited proliferation of malignant cells (Fig. 4a,
b). Although the structure of gankyrin has been
clarified, research studies focusing on structure-
based drug design of gankyrin are still limited. A
synthetic protein GBP7.19 [49] and a small
molecular drug cjoc42 [50] have recently been
reported, but direct and specific gankyrin inhibi-
tors should be investigated further.

Another promising strategy is an inhibition of
gankyrin expression. Down-regulation of gankyrin
expression by small interfering RNA (siRNA) or
shRNA promotes apoptosis of tumor cells in vitro
[15]. Growth of human cancer cells transplanted to
nude mice is suppressed by intra-tumoral injection
of siRNA [18] or adenovirus delivering shRNA
against gankyrin [51]. As expected, the anti-prolif-
erative activity of sShRNA against gankyrin was
enhanced by simultaneous expression of p53 in
p53-deficient cancer cells (Fig. 4¢).
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were counted (a), and representative colonies were photo-
graphed under microscope (b). (c¢) Effects of
shRNA. Human prostate cancer PC-3 cells with no wild-
type p53 gene were incubated with plasmid nanoparticles
expressing p53 (vlp-p53) or shRNA against gankyrin
(vlp-shRNA-GK) prepared by RNTein Biotech Lab,
CA. Volumes of added plasmids were adjusted with con-
trols expressing vector alone. Four days later, surviving
cell numbers were counted under microscope
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Conclusion

Gankyrin plays important roles in non-
parenchymal cells as well as parenchymal cells in
the pathogenesis of liver cancers, colorectal can-
cers, and probably other cancers. Thus, by acting
both on cancer cells and on the tumor microenvi-
ronment, anti-gankyrin agents are promising as
therapeutic and preventive strategies against vari-
ous cancers. As response rate of HCC to systemic
chemotherapy is only 0 to 25%, blocking expres-
sion and/or function of gankyrin might be espe-
cially valuable in human HCCs. For the
development of therapeutics, in vitro human cell
transformation systems that incorporate the
effects of non-parenchymal cells and gankyrin
would be useful.

Gankyrin, a small ankyrin-repeat protein, has
many activities with proteins controlling the cell
cycle, transcription, apoptosis, and then many
signaling pathways. How much of these activities
are dependent on chaperoning the assembly of,
and delivering the ubiquitylated substrates to the
26S proteasome, and how many are dependent on
gankyrin being present in much smaller com-
plexes with other proteins to control various cell
processes, e.g., cell growth signaling pathways?
The resolution of these questions must be
answered to move toward a fuller understanding
of gankyrin actions in the cell.
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Abstract

The purpose of this review is to briefly summa-
rize the roles of alcohol (ethanol) and related
compounds in promoting cancer and inflam-
matory injury in many tissues. Long-term
chronic heavy alcohol exposure is known to
increase the chances of inflammation, oxida-
tive DNA damage, and cancer development in
many organs. The rates of alcohol-mediated
organ damage and cancer risks are signifi-
cantly elevated in the presence of co-morbid-
ity factors such as poor nutrition, unhealthy
diets, smoking, infection with bacteria
or viruses, and exposure to pro-carcinogens.
Chronic ingestion of alcohol and its metabo-

lite acetaldehyde may initiate and/or promote
the development of cancer in the liver, oral
cavity, esophagus, stomach, gastrointestinal
tract, pancreas, prostate, and female breast. In
this chapter, we summarize the important
roles of ethanol/acetaldehyde in promoting
inflammatory injury and carcinogenesis in
several tissues. We also review the updated
roles of the ethanol-inducible cytochrome
P450-2E1 (CYP2EI) and other cytochrome
P450 isozymes in the metabolism of various
potentially toxic substrates, and consequent
toxicities, including carcinogenesis in different
tissues. We also briefly describe the potential
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implications of endogenous ethanol produced
by gut bacteria, as frequently observed in the
experimental models and patients of nonalco-
holic fatty liver disease, in promoting DNA
mutation and cancer development in the liver
and other tissues, including the gastrointesti-
nal tract.

Keywords

Alcohol - Acetaldehyde - CYP2EL - Oxidative
stress - Inflammation - DNA mutation -
Cancer

Introduction

Long-term chronic heavy alcohol (ethanol) intake
is known to increase the incidences of cancer in
many tissues, including the liver, mouth, esopha-
gus, gastrointestinal tract, pancreas, prostate, and
female breast [1-6]. The alcohol-mediated can-
cer rates are significantly increased in the pres-
ence of co-morbidity factors such as smoking,
viral and bacterial infections, carcinogens, and
potentially harmful diets, such as poor nutrition,
western-style high fat diets, and soft drinks con-
taining high fructose corn syrup. We have previ-
ously reviewed that the rates of alcohol-mediated
cancer in experimental rodent models and alco-
holic people are increased by the one or combina-
tions of the following risk factors: (1) formation
of etheno-(or acetaldehyde)-DNA adducts; (2)
elevated production of reactive oxygen species
(ROS), reactive nitrogen species (RNS), lipid
peroxides, and metabolic conversion of pro-
carcinogens to carcinogens via ethanol-inducible
cytochrome P450-2E1 (CYP2E1); (3) accumula-
tion of iron leading to increased ROS generation,
lipid peroxidation, mutation of p53 gene or its
covalent modifications of its protein; (4)
decreased cellular levels of antioxidant glutathi-
one (GSH) and S-adenosylmethionine (SAMe),
resulting in oxidative stress and DNA hypometh-
ylation of oncogenes and epigenetics changes;
(5) depletion of retinoic acid with consequent

cell proliferation through activation of activator
protein-1 (AP-1); (6) activation of an inflamma-
tory cascade via increased intestinal barrier
dysfunction, resulting in endotoxemia, activation
of tissue macrophages, including hepatic Kupffer
cells via Toll-like receptor-4 (TLR-4), oxidative
stress, the nuclear factor-KappaB (NF-kB) or
early growth response-1 (Egr-1) activation, and
production of inflammatory cytokines and che-
mokines; (7) reduced number and/or function of
Natural Killer cells; (8) decreased activities of
antioxidant enzymes and DNA repair enzymes.
Since these areas have been covered in our previ-
ous review [1] and others [2-6], we specifically
focus on the updated roles of CYP2EIl-related
oxidative stress, leaky gut, and metabolic activa-
tion of potentially toxic substrates in DNA adduct
formation and cancer development in this chapter.
The important roles of the ethanol-induced
CYP2E1 and other cytochrome P450 isozymes in
the metabolisms of various substrates and conse-
quent cytotoxicities, including acetaldehyde and
other carcinogenic substances in many tissues,
are briefly summarized. Additive and/or syner-
gistic interactions between ethanol and other risk
factors toward increased levels of DNA adducts
and carcinogenesis are also described. In addi-
tion, the potential roles of the endogenous etha-
nol and acetaldehyde produced by bacteria in
certain tissues, as frequently observed in rodent
models and patients with nonalcoholic fatty liver
disease (NAFLD) and/or steatohepatitis (NASH),
in promoting inflammatory tissue injury and can-
cer development are briefly discussed. Finally,
based on the mechanistic study results, we have
described the translational opportunities against
alcohol-associated injury and carcinogenesis in
many tissues.

Updated Mechanisms of Ethanol-
Mediated Carcinogenesis

The International Agency for Research on Cancer
(IARC) has concluded that both ethanol and its
oxidative metabolite acetaldehyde are human
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carcinogens [7]. One of the major factors for the
increased cancer development in alcoholic indi-
viduals and ethanol-exposed animal models could
be increased oxidative and nitrative stress, through
activation of many pro-oxidant enzymes with
decreased contents of small molecule antioxi-
dants and suppressed antioxidant enzymes. In
fact, chronic excessive alcohol intake is known to
increase oxidative and nitrative stress which can
be produced through impaired mitochondrial
electron transport chain (i.e., mitochondrial dys-
function), elevated levels of the CYP2E1, NADPH
oxidases, the inducible form of nitric oxide syn-
thase (iNOS), xanthine oxidase, etc. [8—17]. In
addition, chronic alcohol ingestion is known to
decrease the levels of many small molecule anti-
oxidantsglutathione(GSH),S-adenosylmethionine
(SAMe), folic acid, many vitamins, including
retinol (vitamin A), thiamine (vitamin B1), ascor-
bic acid (vitamin C), vitamin D (ergocalciferol
and cholecalciferol), a-tocopherol (vitamin E),
menadione (vitamin K3) through insufficient
absorption in the GI tract, suppression of biosyn-
thesis, and increased metabolic degradation [1, 8,
18-21]. The depletion of these enzyme cofactors
and co-enzymes can exert dramatic influences on
major metabolic pathways and genetic/epi-
genetics changes. Moreover, the activities of anti-
oxidant enzymes such as mitochondrial low-Km
aldehyde dehydrogenase-2 (ALDH2), glutathione
peroxidase (Gpx), superoxide dismutase (SOD),
methionine adenosyltransferase-1 (MAT1), and
catalase can be significantly suppressed through
oxidative modifications in alcohol-exposed tis-
sues [22-25]. It is likely that the decreased levels
of antioxidants and suppressed antioxidant
enzymes or proteins render the host more suscep-
tible to inflammatory tissue injury and carcino-
genesis [1-4].

Alcohol (ethanol) is not a strong carcinogen
compared to its oxidative metabolite acetalde-
hyde. However, alcohol-induced carcinogenesis
is significantly increased in the presence of a risk
factor such as smoking, western-style high fat
fast food, and viral infection. Elevated levels of

highly reactive acetaldehyde and lipid aldehydes,
through suppressed ALDH?2 activity or genetic
mutation in the ALDH2 gene, as observed in
many people in East Asian countries [26-28] or
in various tissues of Aldh2-null mice exposed to
alcohol gavages [29] can increase the amounts of
DNA adducts and cancer. Alternatively, increased
amounts of acetaldehyde produced from acti-
vated ADH through mutation of its gene [30] can
interact with the amine groups of deoxyguano-
sine (dG), deoxyadenosine (dA), and deoxycyto-
sine (dC) to generate N*-ethylidene-DNA and
more stable NZ-etheno-DNA adducts [31-33],
contributing to increased mutagenesis and cancer
development, as recently reviewed [34]. In the
presence of reducing agents, such as polyamines,
acetaldehyde dimer crotonaldehyde can interact
with DNA and produce a stronger mutagenic
propano-DNA adduct [35]. Furthermore, under
increased oxidative stress following alcohol
exposure, the amounts of lipid peroxides are sig-
nificantly elevated and some of the highly reac-
tive lipid aldehydes such as acrolein (ACR),
malonaldehyde (MDA), MDA-Acetaldehyde
(MDA-AA), and 4-hydroxynonenal (4-HNE) can
interact with DNA, producing mutagenic DNA
adducts, leading to increased carcinogenesis [36—
38]. Analyses of human specimens revealed that
the levels of the lipid-aldehyde DNA adducts in
the liver and mucosa of the esophagus and colon
in alcoholic people appear to depend on the levels
of CYP2EL. In contrast, these adducts in some
patients with NASH do not correlate with the
CYP2E1 levels and are likely derived from
inflammation-driven oxidative stress, as reviewed
[39]. Furthermore, the rates of carcinogenesis
could be markedly increased when p53 and DNA
repair enzymes, such as oxoguanine DNA glyco-
sylase (Oggl), are inactivated in alcohol-exposed
rodents [40, 41]. Although the molecular mecha-
nisms for the inactivation of DNA repair enzymes
in alcohol-exposed rodents have not been studied
in detail, it is likely that these enzymes could be
oxidatively modified and thus inactivated under
increased oxidative and nitrative stress.
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Multiple Regulations of CYP2E1
and Alcohol-Related Tissue Injury
and Carcinogenesis

It is well-established that ingested ethanol is pri-
marily metabolized by alcohol dehydrogenase
(ADH, Km for ethanol 0.8—-1 mM) expressed in
the liver, esophagus, stomach, and intestine.
However, after chronic alcohol exposure or intake
of large amounts of ethanol, a significant amount
of alcohol is also metabolized by another enzyme
system so-called the microsomal ethanol
oxidizing system (MEOS), consisting of
CYP2EI1, CYP1A2, and CYP3A with CYP2EI
being a major component [8, 9, 42, 43]. In fact,
under higher blood alcohol concentration (BAC)
up to ~100 mM, as observed in some alcoholics
[44], ethanol-induced CYP2E1 (Km for ethanol
8—10 mM) becomes important in the oxidative
metabolism of ethanol, producing acetaldehyde,
which can impair intestinal barrier function and
produce DNA adducts, contributing to inflamma-
tory tissue injury [45] and carcinogenesis [34],
respectively. Unlike other P450 enzymes,
CYP2EI, a loosely bound enzyme to the ER
membrane, exhibits NADPH oxidase activity,
thus producing ROS during its catalytic cycle or
even in the absence of its substrate, as reviewed
earlier [8, 25, 42, 43]. The ROS include superox-
ide anion, hydrogen peroxide, and hydroxyethyl
radical, depending on the local environment,
including the presence of iron, which is known to
be accumulated by alcohol exposure [46], and
other preexisting conditions, contributing to
DNA damage and carcinogenesis. In addition,
CYP2EI is known to produce RNS in certain
conditions despite little induction of iNOS [47].
CYP2EI, present in both endoplasmic reticulum
(ER) and mitochondria [48, 49] in the liver and
extra-hepatic tissues such as kidney, colon, and
brain [50], is induced and activated by acute or
chronic exposure to alcohol and other small mol-
ecules such as acetone and isoniazid or patho-
physiological conditions such as fasting and
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diabetes through different regulatory mechanisms
[8, 18, 51-53]. Moreover, its level and activity
are increased in obese and/or hyperglycemic
diabetic rodents and in humans [8, 18, 52-55].
Because of different induction mechanisms of
CYP2EI1 (e.g., protein stabilization by ethanol or
acetone [50, 56-58]), increased mRNA transla-
tion by isoniazid and pyridine, and mRNA
increase by fasting, western-style high fat diet,
over-feeding obesity, or diabetes [52-55], the
overall levels and activities of CYP2El are
expected to be increased in an additive or syner-
gistic manner [8, 18, 59, 60]. For example,
alcohol exposure in diabetic rodents and people
would markedly elevate CYP2E1 activity, thus
producing greater levels of oxidative stress and
tissue injury [15, 18, 59]. Another example of
additive or synergistic effect is interactions
between alcohol drinking and other risk factors
such as western-style high fat diet [52], nicotine
[61], infection with hepatitis viruses [62], and
certain chemicals or carcinogens, which are
CYP2EI substrates, such as dimethylnitrosamine
(DMN) [56], diethylnitrosamine (DEN) [63],
urethane, and benzene [64, 65], promoting acute
toxicity or inflammatory tissue injury, as reviewed
[15, 18, 59, 66]. Consequently, the degree of
these interactions with cellular macromolecules,
including DNA, is significantly increased in
fasting or other pathological conditions with
lower GSH levels [67], making the host more
susceptible to oxidative DNA damage and muta-
tions, contributing to inflammatory tissue injury
and carcinogenesis.

In addition to the oxidative ethanol metabo-
lism, CYP2E1 is known to metabolize many
small molecule environmental toxicants and
potential carcinogens, some of which are the
inducers of CYP2E1 [51, 65]. The exogenous
CYP2EI substrate compounds are thioacetamide
(TAA), acetaminophen (APAP), isoniazid, cispl-
atin, halothane, isoflurane, salicylic acid, solvents
(e.g., ethylene, carbon tetrachloride, chloroform,
dichloromethane, benzene, pyridine, and toluene),
various long-chain fatty acids, DMN, DEN,
bromodichloromethane, Vitamin A derivatives (reti-
noic acid), and others [51, 63-65]. Endogenous
substrates of CYP2E1 can be acetone, long-chain
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fatty acids, glycerol, 4-HNE, and others, includ-
ing ethanol and acetaldehyde produced by oral or
gut bacteria [18, 68-72]. Metabolism of these
substrates by CYP2E1 and consequent organ
damage appear to positively correlate with the
levels of CYP2ELI activity, with a few exceptions
of APAP- or carbon tetrachloride (CCL4)-
exposed models, as reviewed [14, 18, 24, 66]. For
instance, clinically relevant doses of APAP, halo-
thane, thioacetamide, or CCL4 can cause acute
drug-induced liver injury (DILI) or toxicity via
alcohol and drug interactions, especially in alco-
hol-exposed or fasted individuals or rodents with
increased CYP2El. The APAP- or CCL4-
mediated hepatic (and/or kidney) injury is initi-
ated through their metabolism by CYP2E]L, since
pretreatment with CYP2E1 inhibitors or Cyp2el-
null mice was fully protected from these types of
DILI or acute toxicity [24, 47, 73]. The decreased
levels of retinoic acid by CYP2EIl-mediated
metabolism [74] and substrate competition with
ethanol may also contribute to elevated hepato-
cyte proliferation and liver tumor progression in
alcohol-exposed rodents and alcoholic individu-
als [74, 75]. By using knockout mice deficient of
a specific pro-oxidant enzyme, Bradford and col-
leagues demonstrated that CYP2El but not
NADPH oxidase is important in promoting alco-
hol-mediated DNA damage [76]. In this model,
the levels of etheno-DNA adduct were signifi-
cantly decreased in ethanol-exposed Cyp2e/-null
mice compared to those of the wild-type mice. In
contrast, the elevated levels of ethanol-related
DNA adducts were unchanged and still observed
in the corresponding NADPH-oxidase-null mice.
In addition, the levels of exocyclic ethanol-DNA
adduct were significantly increased in CYP2E1-
overexpressing HepG2 cells upon ethanol expo-
sure [77] and some patients with alcoholic fatty
liver and fibrosis [78]. The levels of these DNA
adducts can be significantly decreased in the
presence of chlormethiazole (CMZ), a specific
CYP2EI inhibitor [75, 77]. Furthermore, the ele-
vated levels of exocyclic ethanol-DNA adduct
observed in experimental rodents were also
observed in the biopsied esophagus specimens of
human alcoholic patients with esophagus cancer
[79]. The levels of etheno-DNA adduct signifi-

cantly correlated with cell proliferation, which
was markedly increased in people who both
drank and smoked [80]. All these results strongly
indicate an important role of CYP2E1 in produc-
ing carcinogenic etheno-DNA lesions in the
experimental model and alcoholic individuals
[75-77, 81].

Chronic inflammation plays an important
role in cancer development and progression of
malignant states [82—-84]. A recent long-term
epidemiological study with more than 121,000
health professional men and women revealed
that consumption of pro-inflammatory diet is
associated with colon cancer, underscoring the
important role of inflammation in carcinogenesis
[85]. Cancer-associated inflammation and
inflammation-derived DNA lesions and malig-
nancies seem to be genetically stable [36] and
can be affected by the extrinsic and intrinsic fac-
tors. For instance, extrinsic factors, such as
alcohol intake, smoking, viral and bacterial
infections, exposure to environmental toxicants
and pro-carcinogens, and pathophysiological
conditions, can increase inflammation and cancer
risk. Additionally, cancer-causing mutations can
stimulate inflammatory reactions by activating
and recruiting inflammatory cells through vari-
ous pro-inflammatory cytokines and chemokines
or complementary factors [82-84]. Additionally,
it is well-established that excessive chronic alco-
hol intake can cause chronic inflammation
through increased intestinal barrier dysfunction
and endotoxemia [86-89]. Elevated plasma lev-
els of bacterial endotoxin lipopolysaccharide
(LPS) can interact with TLR-4 in the Kupffer
cells, leading to inflammatory liver injury and
carcinogenesis [82, 90]. It is possible that plasma
LPS, a potent inducer of iNOS and nitration of
many cellular proteins [89, 91, 92], can further
stimulate inflammation and injury to the GI tract
and other tissues. Recent data suggest that binge
alcohol can stimulate gut leakiness and inflam-
matory liver injury in a CYP2E1-dependent man-
ner [89, 93, 94]. The elevated CYP2E1 was
responsible for increased oxidative and nitrative
stress, causing nitration of several intestinal tight
and adherent junction proteins [93]. Nitrated
junctional complex proteins were degraded by
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proteolytic degradation following ubiquitin con-
jugation. The markedly decreased amounts of the
intestinal junctional complex proteins in binge
ethanol-exposed rats compared to control coun-
terparts were confirmed by quantitative mass-
spectral analysis [93]. Subsequently, the levels of
the gut junctional complex proteins were signifi-
cantly decreased and contributed to leaky gut and
endotoxemia in ethanol-exposed rodents and
people who died suddenly due to heavy alcohol
intoxication compared to people who died from
nonalcoholic causes [93]. These events of etha-
nol-mediated leaky gut and inflammatory liver
injury were not observed in the corresponding
Cyp2el-null mice or were significantly attenu-
ated in the ethanol-exposed wild-type mice co-
treated with CMZ, a specific inhibitor of CYP2EI
[93] or an antioxidant N-acetylcysteine (NAC)
[89]. Consequently, elevated levels of serum LPS
can upregulate TLR4 in the liver, stimulating
inflammation and hepatic injury, including fibro-
sis, potentially leading to carcinogenesis [82, 95,
96]. Furthermore, both extrinsic and intrinsic
inflammation are known to modulate or suppress
immune responses, which can provide a suitable
environment for alcohol-induced carcinogenesis
and tumor progression, as reviewed [83, 84].

Distribution of CYP2E1
and Carcinogenesis in Extra-Hepatic
Tissues

The majority of CYP2EI is expressed in the liver.
However, it is also expressed in many extra-
hepatic tissues such as kidney [50, 97], brain [50,
98, 99], lymphocytes [100], lung [101, 102], pan-
creas [103], nasal mucosa [104], esophagus
[105], stomach [105], intestine [50, 93, 94], and
female breast [106]. Induction of CYP2E1 (and
other P450 isozymes) following exposure to eth-
anol, potentially environmental toxicants, or
under pathophysiological conditions such as fast-
ing and diabetes, is likely to result in production
of ROS and RNS which can lead to increased
levels of DNA adducts, inflammatory tissue
injury, and carcinogenesis [75-81, 93, 94].
Furthermore, CYP2E1 was shown to stimulate
post-translational modifications followed by

inactivation of various proteins in different
subcellular organelles, resulting in ER stress,
mitochondrial dysfunction, and inflammatory
cell death of many tissues, as reviewed [14, 18,
66, 92]. In many cases, the levels of tissue injury,
DNA adducts, or cancer positively correlated
with those of CYP2E1 [30-32, 61, 73-79, 93, 94,
107-109]. In contrast, no or little correlation
between the severity of tissue injury and the
CYP2EI level was observed in some other cases
[95, 97, 110]. However, the lack of correlation
between the levels of CYP2EI and DNA adduct
or tissue injury does not necessarily rule out the
important role of CYP2E1 because of its permis-
sive role to allow other proteins or genes to
exhibit their damaging effects, as described in
some experimental models [95, 97, 110, 111].

Contribution of Other P450 Isoforms
in Alcohol-Related Tissue Injury
and Carcinogenesis

Most of the studies on alcohol-related DNA
mutations and carcinogenesis appear to focus on
the correlative roles of ADH, CYP2EI, and
ALDH? involved in the oxidative metabolism of
ethanol and acetaldehyde [75-81, 96, 112].
However, it has been demonstrated that chronic
ethanol exposure can induce CYP2EI1 as well as
other cytochrome P-450 isoforms, such as
CYP1A1[104],CYP2A5[111,113],and CYP3A
[114, 115]. The levels of these P450 isoforms
induced by ethanol exposure may be small com-
pared to those of CYP2E1 induction. However,
we also need to pay attention to their contributing
roles in promoting DNA mutation, tissue injury,
and caner in both liver and extra-hepatic tissues
such as esophagus, gastrointestinal tract, nasal
cavity, and lung in alcoholic individuals and/or
alcohol-exposed rodents especially in the pres-
ence of another co-risk factors such as tobacco
smoking and potentially harmful drugs, toxi-
cants, or solvents. For instance, CYP1Al is
known to metabolize carcinogens aryl hydrocar-
bons [AHs] or polyaromatic hydrocarbons
(PAHs) [116], such as benzo[a]pyrene and
3-methyl-cholanthrene, contained in charred
foods and cigarette tars or smokes. Consequently,
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ethanol-mediated induction of CYP1A would
lead to increased levels of DNA adducts and car-
cinogenesis in the liver and other extra-hepatic
tissues such as nose, esophagus, and lung.
Similarly, ethanol-mediated inductions of CYP2AS5
can increase DNA adducts in the lung since it is
known to metabolize a tobacco carcinogen, the
tobacco-related nitrosamine-related carcinogen,
4-(methylnitrosamino)-1-(3-pyridyl)- 1-butanone
(NNK) [117]. Likewise, alcohol-mediated induc-
tion of CYP3A4 [114, 115] and CYP2AS [118]
may render the host with increased levels of DNA
adducts and carcinogenesis caused by a myco-
toxin aflatoxin B1 (AFB1) [119]. In addition,
elevated CYP3A isozymes are likely to metabo-
lize many drugs, including tamoxifen, leading to
their activation and production of DNA adducts
and carcinogenesis in certain endometrial tissues
such as uterus [120]. Furthermore, elevated
CYP3A and other P450 isoforms may accelerate
metabolic clearance of many drugs, including
anti-retroviral agents, leading to oxidative stress
and cellular injury [121, 122] in HIV-1-infected
people, who exhibit higher rates of hepatic cir-
rhosis and cancer [123]. In fact, alcohol-mediated
elevation/activation of other P450 isoforms in the
esophagus, GI tract, nasal cavity, and lung is
likely involved in increased DNA mutation,
inflammatory injury, and cancer in these tissues
in the presence of another risk factor, like smok-
ing, and/or exposure to other potentially toxic
substances, such as benzene and toluene [63-65],
or western-style high fat fast foods [95].

Increased DNA Adducts,
Inflammatory Tissue Injury,

and Carcinogenesis in NAFLD/NASH
Through the Production

of Endogenous Ethanol

and Acetaldehyde

In the previous section, we have focused on DNA
mutations, inflammatory tissue injury, and carci-
nogenesis in alcoholic individuals and alcohol-
exposed rodents. However, it is now known that
people with NAFLD/NASH are more susceptible
to DNA damage and cancer in the liver [124] and
many extra-hepatic tissues, including the GI tract

[125]. Some main reasons for increased DNA
damage and cancer could be overgrowth of gut
bacteria, increased alteration of gut microflora
(dysbiosis), mucosal inflammation, oxidative/
nitrative stress, and leaky gut after exposure to
western-style high fat fast foods, fructose-rich
soft drinks, and metabolic syndromes [124—-128].
In addition, it was shown that ethanol and acetal-
dehyde can be endogenously produced in obese
rodents with NAFLD [70, 129] and some people,
including children with NAFLD/NASH [71,
129-131] without exogenous ethanol intake.
Moreover, production of acetaldehyde was dem-
onstrated in various bacteria present in the mouth
[68, 69, 132], lung [132, 133], and GI tract,
including colon [70, 129, 134]. Consequently, the
levels of etheno-DNA adduct, inflammatory
injury, and carcinogenesis could be increased in
these tissues in rodents and people with NAFLD/
NASH, as reviewed [124, 125]. For instance, gut
dysbiosis with the increased population of the
ethanol-producing bacterial family
Enterobacteriaceae, including Escherichia coli,
can lead to increased production of ethanol, local
inflammation, and leaky gut, contributing to
endotoxemia and inflammatory tissue injury, as
demonstrated with pediatric patients with NASH
[129, 131]. Although not studied, it would be of
interest to know whether gut CYP2ELI is induced
by the endogenously produced ethanol, albeit
small amounts compared to those of alcohol
intake. If gut CYP2EI is induced in people or
rodents with NAFLD/NASH, it may cause oxida-
tive stress and oxidatively modify the intestinal
junctional complex proteins, resulting in
decreased amounts of the intestinal junctional
complex proteins in alcohol-exposed rats and
mice, as recently demonstrated [93, 94]. These
events caused by the endogenous ethanol in
NAFLD/NASH [135] may contribute to leaky
gut, endotoxemia, and inflammatory tissue injury
accompanied with DNA damage. Although the
mechanisms for increased DNA mutation and
carcinogenesis remain to be further studied, it is
likely that CYP2El and other P450 isoforms,
which can be induced by the endogenously pro-
duced ethanol, may be involved in the oxida-
tive metabolisms of ethanol and acetaldehyde.
In addition, these P450 isoforms can metabolize
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pro-inflammatory substances n-6 long-chain fatty
acids and/or other environmental toxicants or
potential pro-carcinogens such as PAHs con-
tained in charred western-style fast foods, con-
tributing to elevated DNA adducts and
carcinogenesis in the GI tract and other organs.
Based on the damaging roles of the endoge-
nously produced ethanol and acetaldehyde with
potentially elevated CYP2E1 and other P450
isoforms, it is expected that people with diabe-
tes or NAFLD/NASH could be more susceptible
to DNA damage, inflammatory tissue injury,
and cancer especially when they drink even
small amounts of alcohol through additive or
synergistic interactions [136, 137].

Translational Research
Opportunities

Alcohol and acetaldehyde are human carcino-
gens [7]. The incidences of alcohol-related
inflammatory tissue injury, DNA mutation, and
carcinogenesis are significantly increased in the
presence of another risk factor(s). As mentioned
earlier, these risk factors are smoking, viral and
bacterial infections, pro-inflammatory western-
style high fat fast foods with fructose-containing
soft drinks, poor nutrition, and preexisting patho-
physiological conditions such as fasting and dia-
betes [18, 59, 66, 92]. Simultaneous exposure to
these risk factors is likely to decrease cellular
antioxidants, such as GSH and SAMe, and inac-
tivate many antioxidant enzymes. Consequently,
the rates of oxidative stress, lipid peroxidation,
gut leakiness, endotoxemia, inflammatory tissue
injury, DNA damage, and carcinogenesis would
be increased [8, 18, 66, 92]. Based on these
mechanisms, prevention or moderation of alco-
hol drinking would be the best remedy for
alcohol-related tissue injury and carcinogenesis.
Unfortunately, it would be difficult to decrease
alcohol intake in many addicted alcoholic indi-
viduals. If alcohol drinking is not prevented, we
may consider using adequately balanced diets
with antioxidants (such as NAC) [89] or dietary
supplements such as n-3 docosahexaenoic acid
(DHA) [23], garlic compounds, including diallyl
sulfide [37], resveratrol [138], walnut [139],

indole-3-carbinol [140], ellagic acid [141], and
pomegranate [94], many of which were shown to
reduce or suppress the amount or activity of
CYP2EI. As reported earlier [89, 93, 94, 140,
142], decreased CYP2E1 would lead to preven-
tion of oxidative stress, leaky gut, and inflamma-
tory tissue injury. Administration of soy protein
isolate was also shown to protect from alcohol-
mediated tumor promotion in DEN-exposed
mice [143]. In addition, eubiosis by administer-
ing probiotics  Lactobacillus [144] and
Bifidobacterium strains [145] may be considered.
In fact, a recent study showed that supplementa-
tion with Akkermansia muciniphila prevented
alcohol-mediated intestinal barrier dysfunction
and inflammatory liver injury through the gut—
liver axis [146]. Furthermore, treatment with
synthetic chemical inhibitors of CYP2EI, such
as CMZ [75, 77, 89] and YH439 [147], can be
considered to mitigate alcohol- and acetaldehyde-
mediated inflammatory tissue injury, DNA
mutation, and carcinogenesis.

Conclusion

As reviewed previously, both chronic and acute
alcohol intake can change many different meta-
bolic pathways and immunological dysregula-
tions along with genetic and epigenetic changes.
In the liver, alcohol drinking stimulates fatty
liver, inflammation, fibrosis, cirrhosis, and cancer
[148]. The development and progression of
chronic liver disease usually depend on the
amounts and duration of alcohol intake as well as
the presence of another co-morbidity risk
factor(s). Alcohol or acetaldehyde-mediated can-
cer in extra-hepatic tissues may also depend on
the amounts of DNA adducts of the pro-
carcinogens by CYP2El1 and other P450
isoforms-mediated metabolisms that can be
increased by exposure to alcohol and/or another
environmental toxicant(s). In this chapter, we
have briefly summarized the biochemical proper-
ties of CYP2EI and its roles in ethanol and acet-
aldehyde metabolism. We have also described its
multiple regulations, tissue distribution, and
causal roles in alcohol-mediated gut leakiness,
inflammation, apoptosis, tissue injury, DNA
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mutation, and carcinogenesis. In addition, we
have mentioned the potential roles of other P450
isoforms, which are also induced or activated by
alcohol or another environmental toxicant, in
metabolizing potentially harmful substances,
contributing to increased carcinogenesis in the
liver and extra-hepatic tissues. The causal roles
of CYP2EI and other P450 isoforms in stimulat-
ing inflammatory tissue injury, DNA adducts,
and carcinogenesis would be significantly
increased in the presence of another risk factor
such as smoking and/or western-style high fat
fast foods. We have also briefly described the
newly emerging roles of the gut microbiome
changes and the endogenously produced ethanol
in promoting DNA adduct formation and disease
progression despite the absence of exogenous
alcohol intake. Based on the understanding of the
mechanisms of increased carcinogenesis, we
have described potential methods of preclinical
translational opportunities by preventing alcohol
drinking or using dietary supplements, including
various naturally occurring antioxidants and pro-
biotics, and chemical inhibitors of CYP2EIL. In
fact, many drug candidates are being evaluated
for preventing or treating liver disease through
targeting the gut-liver axis [144-146, 149, 150].
Based on the important roles of gut microbiome
changes in promoting leaky gut, endotoxemia,
inflammatory tissue injury, some of these drug
candidates may become a good candidate as an
anti-cancer agent.
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