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Preface

This book is intended primarily for researchers in translational oncology research,
clinical oncology, and members of other professions such as medical researchers
and radiography. It focuses on translational research in oncology, which has led to
improvements in molecular diagnosis, tumor heterogeneity, and newer systematic
therapies. This has brought challenges to the clinic in terms of patient education,
toxicity management, workflow, and prognostication for palliative care.

Normally, the immune system is responsible for monitoring and getting rid of
molecules or cells outside the body that can be potentially malignant. The immune
system works to eliminate malignant cells; however, for reasons not well established
yet, at some point, the immune system fails, and the malignant cells survive and
establish. Importantly, IL-10 can exert the antitumor effect by mechanisms such as the
activation of natural killer cells (NK), lymphocytes T, macrophages, and nitric oxide.
The authors have presented the importance of IL 10 in cancer diagnosis and prognosis.

The book includes a chapter on ion channels and transporters (ICTs), emerging

as potential cancer biomarkers. ICTs are aberrantly expressed in several types of
human cancers, and exert a relevant role in mediating interactions between tumor
cells and the tumor microenvironment. Such interactions drive different functions
that in turn regulate neoplastic progressions, such as cell proliferation and survival,
cell invasiveness, and pro-angiogenetic programs. Hence targeting ion channels
and transporters for cancer diagnosis with antibodies becomes the need for cancer
research to throw light on the discovery of many novel methods.

The book highlights that the epigenetic enzyme activity has been altered in cancer and
contributes to the genomic instability in cancer cells. It is crucial to develop targeted
therapeutic treatments to restore their normal function. Targeted therapy involves the
use of drugs that target a specific biological molecule/pathway or drug treatment that
requires genome profiling of an individual before it can be administered. Further it
brought about the current update on epigenetics in the cancer treatment paradigm.

An effort has been made to give a synopsis of each different aspect of translational
research in clinical oncology at the present time, which we hope will be of interest
and benefit to all future researchers in clinical oncology.

Sivapatham Sundaresan
SRM Institute of Science and Technology,
India

Yeunhwa Gu
Junshin Gakuen University,

Japan






Chapter1

Discovery of Small Molecule
Inhibitors for Histone
Methyltransferases in Cancer

Aishat A. Motolani, Mengyao Sun, Matthew Martin,
Steven Sun and Tao Lu

Abstract

Cancer is the second leading cause of mortality in the United States. There are
several therapeutic regimens employed to mitigate the mortality rate of cancer.
This includes the use of chemotherapy, radiation, immunotherapy, and precision
medicine/targeted therapy. Targeted therapy involves the use of drugs that target
a specific pathway or biomolecule compromised in cancer for cancer treatment.
Aberrant expression of epigenetic enzymes has been well documented for their
contribution in driving tumorigenesis and other cancer hallmarks. Hence, there
is an urgent need for novel drug discovery and development in epigenetics to help
combat various cancer morbidities. Herein, we review the roles and consequences
of dysregulated function of several epigenetic enzymes, with a focus on histone
methyltransferases (HMTs). Additionally, we discussed the current efforts made
in the development of small molecule inhibitors for a few representative HMTs
implicated in different cancers. Furthermore, the common screening assays used
in discovering potent small molecule inhibitors were also detailed in this chapter.
Overall, this book chapter highlights the significance of targeting HMTs in different
cancers and the clinical application potentials/limitations faced by the developed or
emerging small molecule inhibitors of HMTs for the purpose of cancer therapy.

Keywords: cancer, drug discovery, epigenetics, histone methyltransferases,
small molecule inhibitors

1. Introduction

Since the conception of the term “epigenetic landscape” by Conrad Waddington in
1940, the field of epigenetics has rapidly evolved with technological advances. In the
study of embryonic development, it was observed that a single gene has the ability to
produce different phenotypes, so epigenetics was used to describe the mechanisms
through which that happens [1]. Today, epigenetics is defined as the study of changes
in organisms caused by modification of gene expression through addition and
removal of chemical groups to nucleotides and proteins rather than the alteration
of the genetic code itself [2]. The human genome contains approximately 3 billion
bases of nucleotides and they are compacted into chromosomes in the nucleus via
histone proteins. About 146 base pairs of nucleotides are wound around core
histone octamers and are sealed with the linker histone (H1) to form a nucleosome.
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The linker histone connects multiple nucleosomes in the chromatin. The core
histone octamers consist of two dimers of H2A-H2B and a tetramer of H3-H4
proteins [3]. These core histones contain two regions namely: the histone fold

and the histone tails. The C-termini of H2A and N-termini of other core histones
protrude out of the fold to form histone tails and are commonly subjected to
epigenetic modifications [4]. DNA and RNA also undergo epigenetic modifications,
and these modifications control gene expression and maintain genomic integrity.
Epigenetic enzymes can be broadly categorized into three components: the writers,
the erasers, and the readers. Writers are enzymes responsible for adding the modi-
fications, erasers remove it, and readers recognize it. These modifications include
but are not limited to methylation, acetylation, phosphorylation, ubiquitination,
GlcNAcylation, and SUMOylation [5].

DNA mainly undergoes methylation, and this occurs through the action of a
family of DNA methyltransferases (DNMT1, DNMT2, DNMT3a, and DNMT?3b).
DNMTs covalently modify DNA by catalyzing the transfer of methyl group from
S-adenosylmethionine (SAM) to the C5 position on a cytosine ring. DNA methyla-
tion mostly occurs in CpG islands, a region of the DNA rich in cytosine and guanine
base repeats [6]. This modification to the DNA functions to repress transcription
when it occurs in gene promoters and regulates splicing when it occurs in gene
bodies [7]. DNA methylation is a reversible mechanism, which can be either pas-
sive through reduced DNMT1 activity during DNA replication or active through
activity of its erasers, DNA demethylases. For instance, the ten-eleven transloca-
tion proteins (TET 1/2/3) are human demethylases that catalyze the oxidation of
5-methyl-cytosine to 5-hydroxymethylcytosine [8]. Following DNA methylation,
often readers such as the family of methyl binding domain proteins recognize the
methylation marks to drive transcriptional repression [9].

RNA is also methylated on C5 position of cytosine (m°C) and N6 position
of adenosine ring(m°A) by family of RNA methyltransferases such as Dnmt2,
NOP2/Sun, Mettl3, and Mettl14. RNA methylation can be reversed by these RNA
demethylases: fat mass and obesity associated protein (Fto) and a-ketoglutarate-
dependent dioxygenase alkB homolog 5 (AlkBHS5) [10]. Methylation modification
on RNA is interpreted by readers such as the YTH domain family, and they mediate
RNA splicing, export, stability, maturation, decay, secondary structure switch,
and translation [11]. There have also been reports of RNA acetylation by NAT10
acetyltransferase, which functions to promote mRNA stability and efficiency in
translation [12].

Moving up the central dogma, lysine and arginine residues on histone proteins
are mostly subjected to various post-translational modifications by their respective
epigenetic enzymes to either activate or repress transcription. Although the focus
of this chapter is histone methylation, histone acetylation will be briefly discussed.
Histone methyltransferases (HMTs) and histone acetylases (HATs) are the writers
of histone methylation and acetylation, respectively. HMTs can be further subdi-
vided into lysine methyltransferase (KMT) and protein arginine methyltransferase
(PRMT) [13]. The families and functions of HMTs will be further explored in this
chapter. On the other hand, several HATSs have been discovered, with the major
ones being the GNATSs (Gcn5-N-acyltransferases), the MYST families, and p300/
CBP [5]. These enzymes catalyze the transfer of acetyl group from acetyl Co A
to the side chain amino group on histone lysine residues, inducing transcription-
ally active chromatin [13]. Histone deacetylases and histone demethylases are
involved in reversing the histone modifications discussed above. The families of
lysine-specific histone demethylase 1 (LSD1) and Jumonji histone demethylases
(JMJD) mediate the removal of methyl groups from histone through respective
mechanisms [13, 14]. Readers of histone methylation include protein containing
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the MBT, PHD, chromo, Tudor, double/tandem Tudor, Ankyrin Repeats, zf-CW,
WD40, and PWWP domains [15].

Given this array of epigenetic enzymes and their broad spectrum of function in
regulating several gene expression in humans, the roles of epigenetic enzymes have
been implicated in tumorigenesis. The epigenome of cancerous cells has widespread
changes in DNA methylation and histone modification patterns [16]. For instance,
hypermethylation of CpG islands in the promoter of chromodomain helicase DNA-
binding protein 5 (CHD5), a chromatin remodeler, was observed in colon, breast,
hepatocarcinoma, cervix, and glioma cell lines [17]. This results in the downregulation
of CHDS5, which plays a tumor suppressive role in cells. Similarly, hypomethylation of
DNA at promoters of oncogenes such as insulin-like growth factor 2 (IGF2) has been
observed in breast and colon cancers. The differential methylation patterns on pro-
moters of tumor suppressors and oncogenes mediated by increased/reduced activity of
DNMTs and TETs enzymes have been used as biomarkers to predict the predisposition
of individuals to cancer [18]. Also, aberrant expression of histone acetyl transferases
(HATSs) and histone deacetylases (HDACs) has been linked to tumor development.
Studies have shown that that p300/CBP acts as a coactivator with c-Myb to activate the
transformation of fusion oncoproteins in myeloid leukemia [19]. Increased expression
of HDACs was reported in gastric, prostate, colon, and breast carcinomas, and this
results in repression of tumor suppressor genes like cyclin-dependent kinase inhibitor,
see p21 [20]. Of all the histone modifications, histone methylation dysregulation is
mostly attributed to poor prognosis in several cancers, which we will further elaborate
in detail in Section II “Histone Methyltransferases in Cancer.”

As these epigenetic enzymes’ activity has been altered in cancer and contributes
to the genomic instability in cancer cells, it is crucial to develop targeted therapeutic
treatments to restore their normal function. Aside from surgery, some common
treatment options for cancer patients can be broadly categorized as thus: chemo-
therapy, immunotherapy, radiotherapy, and precision medicine/targeted therapy
[21]. These classes of treatments are not mutually exclusive and can be used in
concert for treating cancer patients. Among these different therapeutic approaches,
targeted therapy is the future for cancer treatment. Targeted therapy involves the
use of drugs that target a specific biological molecule/pathway or drug treatment
that requires genome profiling of an individual before it can be administered [22].
For optimal development of drugs for targeted therapies, it is important to identify
a well-defined biological target whose activity contributes to one to several hall-
marks of cancer including propagating growth signals, evading immunosurveil-
lance, cell death resistance, activating metastatic programs, suppressing antigrowth
signals, inducing angiogenesis, and enabling immortal replication of cells [23, 24].
For example, cancer patients whose tumors are driven by high activity of epidermal
growth factor receptor (EGFR) signaling can be treated with specific monoclonal
antibodies or small molecule kinase inhibitors antagonizing the aberrant signaling,
and thereby reducing tumor proliferation [25]. Similarly, targeting an epigenetic
enzyme, PRMT5, which is highly expressed in gastrointestinal cancers, with small
molecule inhibitor, PR5-LL-CMO01, was shown to slow down cancer cell growth
and invasion iz vitro [26]. The limitations of targeted therapies include cancer cell
resistance to drug treatment by activating a parallel pathway or sometimes targets
can undergo mutation, making drug accessibility to target difficult [27].

Given the myriad of biological targets that have been discovered to mediate
cancer progression, there has been increasing interest in the development of small
molecule inhibitors capable of decreasing the activity of those targets. Small mol-
ecules are intracellular targeting compounds with low molecular weight of less than
900Da. They can modulate their target activity as an agonist or antagonist [23].

The growing interest in the use of small molecules for drug development is not only
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due to their small size, which enables easy permeability into the cell, but also their
desirable pharmacokinetics, pharmacodynamics, longer shelf life, and easy synthe-
sis [28]. Several small molecule modulators have been developed into drugs to treat
various types of cancers. The range of small molecule inhibitors developed to enable
tumor regression can be broadly categorized into small molecule kinase inhibitors,
proteasome inhibitors, metalloproteinases and heat shock protein inhibitors, and
apoptosis targeting inhibitors [29]. The most common small molecule inhibitors,
kinase inhibitors, have been used to inhibit the several protein kinases whose activ-
ity is dysregulated in cancers. The first tyrosine kinase inhibitor drug, Imatinib,

is a small molecule ATP analog that competitively inhibits Bcr-Abl fusion protein
kinase activity in chronic myeloid leukemia patients [30]. Similarly, a number of
small molecule inhibitors targeting epigenetic enzymes implicated in tumorigenesis
are in development or have been FDA approved for cancer treatment. For instance,
drugs like belinostat and romidepsin are HDAC inhibitors that are FDA approved
for the treatment of lymphoma [31]. After the first clinical trial in 2014, tazemeto-
stat, an EZH2 small molecule inhibitor, moved to phase 2 clinical trial and was fast
tracked by FDA in 2017 for the treatment of follicular lymphoma [32]. The use of
tazemetostat for treatment of epithelioid sarcoma in adults 16 years and above was
also granted accelerated approval by the FDA. These examples, among many others,
show the potentials of epigenetic modifiers as a druggable target for cancer treat-
ment. More of these small molecule inhibitors for histone methyltransferases will
be explored later on in this chapter. However, challenges in the clinical application
of certain small molecule inhibitors as drugs remain due to their off-target effects or
development of resistance by cancer cells [29].

2. Histone methyltransferases in cancer

As we mentioned above, epigenetic enzymes, including histone methyltransfer-
ases, are novel targets for cancer therapy. In this section, we will review the role of
histone methyltransferases in cancer.

2.1 Lysine methyltransferases

Lysine methylation of histones was first characterized in the 1960s [33, 34]
and was initially described as an “irreversible” post-translation modification.
This dogma was challenged by the discovery of histone demethylases by Shi et al.
indicating a dynamic function of methylation allowing the addition and removal of
methyl groups [35]. The proteins responsible for the addition of methyl groups to
histones are known as lysine methyltransferases (KMTs). KMTs are broadly defined
as SET [Su(var)3-9, Enhancer of Zeste, Trithorax] domain-containing proteins and
non-SET domain-containing proteins [36]. The only non-SET domain-containing
KMTs identified so far are DOT1 (disrupter of telomeric silencing 1) family mem-
bers, which methylate K79 of histone H3 and which also do not share structural
similarities with SET-containing proteins [37-39]. KMTs act by catalyzing the
transfer of 1~3 methyl groups to lysine residues of histone and non-histone proteins
through the addition of the cofactor S-adenosyl methionine (SAM), which acts as
a methyl donor group [40]. In the case of SET domain-containing proteins, SAM
interacts and orients with a lysine residue of the substrate histone tail within the
catalytic pocket of the SET domain. Then, a tyrosine residue acts to deprotonate the
g-amino group of the lysine residue, which allows the lysine chain to nucleophili-
cally attack the methyl group of the SAM molecule, transferring the methyl group
to the lysine side chain [41]. In the case of non-SET domain-containing KMTs,

1
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the enzyme DOT1 acts to methylate a lysine residue in the histone core [40]. As
we described above, histone methylation is a critical epigenetic modification of
chromatin that can impact genomic stability, alter expression of different genes,
determine cell lineage, alter DNA methylation, as well as control cell mitosis [42].

SET-containing proteins have been characterized in greater detail than non-
SET-containing proteins. SET domain proteins are characterized as seven families
of the superfamily of KMTs: SUV39, SET1, SET2, EZ, RIZ, SMYD, and SUV4-20
[36]. There are also several SET domain proteins that do not fall into these groups
including SET7/9 and SET8 [36]. The SUV39 family has been characterized the
most out of these groups of KMTs. Specifically, Schizosaccharomyces pombe Cryptic
loci regulator 4 (CLR4), human SUV39H1, and murine SUV39H2 were among
the first identified SET domain protein lysine methyltransferases characterized
when their sequence homology between their SET domains was discovered. These
proteins methylate lysine 9 of histone H3 (H3K9) [43]. SET1 and SET2 complexes
are involved in the RNA polymerase II holoenzyme [44, 45]. TSET1 acts to tri-
methylate H3K4 and is associated with early gene transcription as opposed to
SET2-mediated methylation of H3K36, which is associated with later transcrip-
tional elongation of downstream genes. The mammalian nuclear-receptor-binding
SET domain-containing protein (NSD1, a member of the SET2 family) has an
important function in methylation of H3K36 and H4K20 in development [46]. Lu
et al. in our research group also reported that NSD1 could methylate non-histone
protein, NF-xB, at K218/221 of its p65 subunit, leading to the activation of NF-kB
and its downstream target gene expression [47-50]. Another example is SETDBI,

a H3K9 methyltransferase, which is amplified in primary tumors of lung cancer
patients and contributes to the invasive phenotype of tumor cells [51]. Additionally,
SETDB1 methylates H3K9 in euchromatin, and is also required for development
[52]. Human SET7/9 acts to mono-methylate H3K4 [53]. Furthermore, SET domain
enzymes’ functions are not specifically tied to histone methylation. Human SET7/9
methylates K189 on transcription factor TAF10, which increases RNA polymerase
IT affinity and transcriptional activity, thereby expression of TAF10-dependent
genes [54]. SET7/9 is also involved in p53 methylation, which increases its stability
[55]. These examples described are only a few of the many SET-containing proteins
of which over 50 different proteins have been discovered [56]. While SET domain
proteins are typically referred to as histone lysine methyltransferases, it may be
more accurate to refer to them as protein lysine methyltransferases due to their
identification of non-histone targets for these KMTs.

These examples of SET and non-SET domain-containing proteins exhibit
the importance of KMTs in the regulation of histone and non-histone proteins.
Therefore, it is not surprising that dysregulation of KMT function can result in
dysregulation of cellular functions. Specifically several KMTs have been associated
with tumorigenesis of several different cancers.

H3K9 methyltransferases SETDB1 and G9a are both known to have roles in gene
silencing and embryo development [57]. G9a regulates cancer metabolism in several
types of cancer [58]. Overexpression of G9a is associated with worse prognosis
in patients with prostate cancer. Intriguingly, G9a knockdown in breast and lung
cancer has been shown to promote E-cadherin expression and thus tumor metasta-
sis [59, 60]. Moreover, G9a’s higher expression predicts higher mortality of ovarian
cancer patients [61] and is reported to be associated with cell growth and prolifera-
tion in neuroblastoma [57]. Furthermore, G9a has been shown to have a critical
role in the development of pancreatic carcinoma and acute myeloid squamous cell
carcinoma. G9a-dependent repression of genes is also associated with development
of leukemia as well as squamous cell carcinomas [57]. SETDB1 is another H3K9
methyltransferase reported to play a role in numerous types of human cancer.
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SETDBL is involved in regulation of several cellular processes, including apoptosis,
DNA damage repair, and regulation of transcription factors [62]. SETBI is associ-
ated with oncogenic activity and is upregulated in several cancers including lung
cancers, gliomas, and prostate cancer [63-66]. For instance, in lung cancer, over-
expression of SETDB1 promotes invasiveness and knockdown reduced lung cancer
cell growth. In gliomas, cell proliferation was reduced by suppression of SETDBI.
In prostate cancer, downregulation of SETDBI led to reduced cellular proliferation,
migratory ability, and invasive ability.

EZH2 (Enhancer of zeste homolog 2), a H3K27 methyltransferase, plays an
important role in transcriptional repression [36]. EZH2 plays a critical regula-
tory role in as many as 46 types of human cancer [57, 67]. Typically, EZH2 is
overexpressed in cancers, and its high expression has been linked to worse patient
survival. For instance, EZH2 downregulation in breast cancer can block cell growth
and survival [68]. Moreover, EZH2 knockdown inhibits invasive ability and cellular
proliferation in prostate cancer [69]. Additionally, EZH2 has also been shown to
have roles in gliomas and renal cell carcinoma, wherein decreased EZH2 expression
reduces cellular proliferative ability and promotes apoptosis [70].

Another example is SMYD3 (SET and MYND domain-containing 3). Itisa KMT
that methylates H3K4 and is extremely important for initiation of transcription.
High SMYD3 activity is indicative of an epigenetic signature of active enhancers
[71]. SMYD3 knockdown in colorectal cancer can impair cellular proliferation [72].
In breast cancer, knockdown of SMYD3 also inhibits cell growth, and overexpres-
sion can promote carcinogenesis by regulation of the Wnt signaling pathways [73].
Additionally, reduction of SMYD3 expression in prostate cancer inhibits cellular
proliferation, migration, and colony formation [74].

H3K36 methylation is critical for transcriptional elongation, and H3K36 methyl-
transferases have been identified to play important regulatory roles in several types
of cancer. NSD1, a H3K36 KMT, is involved in prostate cancer androgen receptor
transactivation, which results in prostate tumorigenesis [75]. Overexpression of
NSD1 in neuroblastoma reduces cellular growth ability and colony formation [76].
NSD1 has also been reported to play a role in myelomas and lung cancers [57]. As we
described above, our lab also found that NSD1 activates NF-xB to induce its target
gene expression. The function of these genes is frequently involved in oncogenic
phenotype, or cytokine, chemokine secretion [47]. Another example is H4K20
methylation, which is reported to be important for gene transcription. For example,
overexpression of methyltransferases of H4K20 SUV420H1 and SUV420H?2 is asso-
ciated with decreased cell invasiveness in breast cancer, and knockdown increases
epithelial to mesenchymal transition [77].

DOT1, the only known H3K79 methyltransferase and non-SET containing KMT,
also plays an important role in cancer development. DOT1 is involved in cell sur-
vival and colony formation in several forms of leukemia [78]. The activity of human
DOT1L (hDOT1 like) methyltransferase is compromised in mixed lineage leukemia
(MLL) and is required for maintaining proliferative state of transformed cells [79].
Also, downregulation of DOT1 in lung cancer can cause cell cycle arrest and reduce
cellular proliferation [80].

Together, these examples show several of the pathways regulated by KMTs and
also highlight the critical importance of tight regulation of these pathways wherein
dysregulation of KMTs can result in promotion of tumorigenesis.

2.2 Protein arginine methyltransferases

In contrast to KTMs, there is another important family of protein methyltrans-
ferases, namely, protein arginine methyltransferases (PRMTs). It is a family of nine
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members (PRMT1-9) and specifically catalyzes the methyl transfer from SAM to
the guanidine nitrogen (w-NG) of the arginine residues of protein substrates [81].
After the donation of methyl groups, SAM forms S-adenosyl-L-homocysteine
(AdoHcy, SAH) and methylarginine is produced [81]. There are three forms of
methylarginine recognized in mammalian cells: ®-NG-monomethylarginine
(MMA), ®-NG, NG-asymmetric dimethylarginine (ADMA), and ®-NG, N’G-
symmetric dimethylarginine (SDMA) [82]. The family of PRMTs is categorized into
three major types: type I, II, and III. Type I and II PRMTs first catalyze the forma-
tion of MMA, and then type I PRMTs (PRMT1, 2, 3, 4, 6, and 8) further catalyze
the formation of ADMA, while type II (PRMTS5 and 9) would instead catalyze the
production of SDMA. For type III PRMTs (PRMT7), they only catalyze the forma-
tion of MMA [83]. These three types of PRMTs methylated similar substrates, such
as histone, but they also can catalyze different non-histone substrate proteins.
Additionally, although the majority of PRMTs methylate glycine-arginine-rich
(GAR) motifs in their substrates [84, 85], some of them display a preference of
methylation on the proline-glycine-methionine rich (PGM) motifs in substrate
proteins such as PRMT4 [86, 87], while PRMTS5 is characterized with the methyla-
tion of both types of motifs in proteins [86, 88].

PRMTs are widely expressed in mammalian cells and regulate primary cellular
processes, including cell proliferation and differentiation. The abnormal expression
of some types of PRMTs such as PRMT1, 4, 5 and 6 frequently leads to tumorigen-
esis and malignancy.

PRMT1 was the first protein arginine transferase recognized in mammals and
assumes the large fraction of arginine transferases activity in mammalian cells
[89, 90]. It has been reported that PRMT1 is related to various kinds of cancer.

Le Romancer et al. suggested that PRMT1 governed the interaction of estrogen
receptor o (ERa) with steroid receptor coactivator proteins (Src), the p85 subunit
of phosphatidylinositide 3-kinases (PI3K) and focal adhesion kinase (FAK) [91].
PRMT1-mediated ERa methylation is integral for the activation of the Src-PI3K-
FAK signaling pathway [91]. In their subsequent report, the authors further
demonstrated arginine methylation of ERa by PRMT1 might remarkably activate
protein kinase B (PKB, also known as AKT) [92]. Another example is methylation
of Axin by PRMT1. Cha et al. showed that arginine methylation of Axin by PRMT1
may activate the WNT pathway by destabilizing Axin and promote tumorigenesis
[93, 94]. Importantly, it is reported that methylation of meiotic recombination 11
(MRE11, also known as MRE11A) and p53 binding protein 1 (53BP1) by PRMT1 can
block the DNA repair pathway, contributing to cancer progression [95, 96]. MRE11
combines with DNA repair protein RAD50 and Nijmegen breakage syndrome 1
(NBS1) to form MRE11-RAD50-NBS1 complex (MRN complex). The mamma-
lian MRN complex plays significant role in repairing DNA double-strand breaks
(DSBs). Yu et al. reported that the deficiency of arginine methylation of MRE11 in
its GAR motif resulted in exonuclease and DNA-binding defects and finally failing
to repair DNA damage [96]. Interestingly, Boisvert et al. found that 53BP1 could not
relocalize to DNA damage sites and y-H2AX formation was decreased in fibroblasts
treated with methylase inhibitors [95, 97]. Moreover, Mitchell et al. discovered
that depletion of PRMT1 affected the length and stability of telomere [98]. Since
dysfunction of both DNA repair pathway and telomere maintenance is known to
be the cause of cancer, deregulation of PRMT1 may lead to tumorigenesis by these
pathways.

In addition to PRMT1, another PRMT member, PRMT4 (also known as
CARM]1), is reported to be tightly associated with estrogen-mediated oncogenesis
of breast cancer through the upregulation of transcription factor E2F1 expres-
sion [99]. Moreover, CARML is suggested to be overexpressed in human colon
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cancer and exert a crucial role in Wnt signaling through mediating the action of
p-catenin on Wnt target genes as a transcriptional coactivator [100]. Moreover,
c-fos is a proto-oncogene and overexpressed in a set of cancers. Some groups
reveal that PRMT4 regulates transcriptional activation of c-fos, and that matrix
metalloproteinases (MMPs), c-fos target genes, are significantly downregulated in
CARM1-deficient cells [101]. Therefore, arginine methylation by PRMT4 is related
to multiple oncogenic signaling pathways.

An important PRMT member that plays a critical role in cancer is PRMT5. Asa
primary type I PRMT, PRMTS5 functions in the presence of other binding partners,
such as MEP50. Hou et al. discovered that E-cadherin expression was remarkably
repressed by SNAIL and PRMTS recruited by bridge molecule AJUBA, which was
favorable for tumor metastasis [102]. It was also reported that p53 can be methyl-
ated on multiple arginine sites by PRMTS5 in response to DNA damage [103].
Scoumanne et al. proposed that PRMTS5 inhibition may promote cancer cells to
progress toward apoptosis under chemotherapy/radiotherapy [104]. Moreover, Cho
et al. found methylation of E2F1 by PRMTS5 weakened its ability to promote apopto-
sis and repress proliferation, indicating PRMTS overexpression may enhance cancer
cells’ growth and survival [105]. It is well known that continuous NF-xB activation
exists in most cancers. Our group uncovered that PRMT5 dimethylated the p65
subunit of NF-kB at arginine 30 (R30) to activate NF-kB pathway [106], an impor-
tant transcription factor that is involved in the progression of many cancers. Also,
PRMTS is reported to promote its own overexpression in several cancers through a
feedback loop involving NF-«B signaling [107].

Besides the PRMTs we discussed above, PRMT6 is widely taken as a transcrip-
tional repressor. Neault et al. reported that embryonic fibroblast cells from the
PRMT®6 knockout mouse were subjected to a premature senescence, while the cel-
lular senescence can be rescued in PRMT6 and p53 double knockout mouse embry-
onic fibroblast (MEF) cells [108], affirming growth suppression effect of excess p53
due to PRMT6 deficiency. Thus, PRMTS6 actively suppresses p53 cascade to promote
tumorigenesis in cancer.

Taken together, many members in the PRMT family have shown essential role
in cancer development and progression. Thus, it is unsurprising that these PRMTs
have become the rising targets in cancer therapeutics in recent years.

3. Discovery of small molecule inhibitors for histone methyltransferases
in cancer treatment

3.1 Screening assays for epigenetic drug discovery

The timeline of drug development from conception of the idea to a feasible drug
available in the market for treatment of diseases takes between 12 and 15 years and
can cost up to $1billion [109]. Drug discovery process begins with identifying a
druggable biological target that contributes to a disease progression. These targets
can be identified through text mining from online databases, microarray data
mining using bioinformatic tools, proteomic data mining from proteomic data-
bases, and chemogenomic data mining, which involves simultaneous exploration
of multiple cell phenotypes by screening small molecules from chemical libraries
to a number of biological targets [110]. Then, promising or known targets can be
validated iz vitro and in vivo to confirm that their activity influences phenotype
associated with a disease. This step is followed by screening or high throughput
screening (HTS), which describes the process of sifting through compound librar-
ies for molecules with high affinity for a target of interest [111]. The two approaches
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of developing assays for compound library screening are the biochemical target-
based approach and the cell-based approach. Biochemical target-based approach

is often employed as the primary screening assay in epigenetic compound screen
because it allows the direct monitoring of ability of a target activity as opposed to
cell-based assays wherein changes in cell phenotypes are measured [112]. Listed
below are some of screening assays used in the preclinical development of drugs for
epigenetic enzymes.

3.2 AlphaLISA screen (amplified luminescent proximity homogeneous
assay-linked assay)

AlphaLISA is a high throughput screening approach used to analyze and mea-
sure post-translational modifications, protein-protein interactions, and concentra-
tions of analytes. The robust, highly sensitive, reproducible, miniaturized, scalable,
and automated nature of AlphaLISA assays earned them their widespread applica-
tion in research and drug discovery. The principle behind AlphaLISA technology is
based on the mechanism of another methodology, Luminescent oxygen channeling
immunoassay (LOCI). LOCI involves chemiluminescent reaction of a singlet oxy-
gen transfer and was developed in 1994 by Ullman et al. to quantify latex particle
binding [113]. Similarly, AlphaLISA assays employ biotinylated antibody bound to
streptavidin donor beads and an acceptor bead bound to a second antibody. These
antibodies are specific to different epitope on a protein (could also be product of
a bimolecular interaction or a modified protein). The binding of these antibodies
to the proteins brings the donor and the acceptor bead into proximity of at most
200nm. Upon excitation of donor beads at 680nm, a singlet oxygen is excited from
the donor bead and this triggers singlet oxygen reaction with the chemical dyes
(thioxene and europium) on the acceptor bead, which results in chemiluminescent
emission at 615nm [114, 115]. Multiplate readers equipped with AlphaLISA screen
detections can be used to record signals. A systematic method used to validate the
quality of HTS assay output like AlphaLISA is called the Z-factor. The Z-factor is
calculated by accounting for the positive and negative controls’ mean signal-to-
mean background ratio. Hence, in the design of AlphaLISA assay, to ensure quality
control, wells containing maximum signal and no signal solution mix must be
included [116]. This assay is widely optimized to screen for small molecule modula-
tors for different epigenetic enzymes. For example, in our lab, Prabhu et al. used
an optimized AlphaLISA screen protocol to identify a lead compound capable of
targeting PRMTS5, and subsequently, the compound was shown to be more potent
in reducing pancreatic and colon cancer cells’ proliferation compared to another
commercially available compound EPZ015666 [26]. Not only is this assay used to
screen for compounds for epigenetic targeted therapy, but also they uncover new
roles of different epigenetic enzymes in cancer. Consequently, together with other
assays, it was uncovered using AlphaLISA HTS assay that an inhibitor of G9a lysine
methyltransferase, A-366, limits cell growth and differentiation in leukemic cells
[117]. Potent small molecule inhibitors for EZH2, a methyltransferase known to
silence tumor suppressor genes, are also being identified using this particular HTS
assay [118]. AlphaLISA kits specific for histone methyltransferase modifications,
among many other epigenetic enzymes, are commercially available for research and
drug development purposes [119].

3.3 FRET (Forster/fluorescent resonance energy transfer) assay

Discovered in 1946 by Theodor Forster, FRET is cell-based assay that enables
real-time observance of molecular interactions within cells [120]. This phenomenon
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depends on the proximal interaction (1-10nm) of a donor fluorophore and an
acceptor fluorophore, whereby upon excitation, the donor fluorophore transfers
energy to the acceptor, increasing its emission wavelength [121] (Figure1). The
measure of FRET is taken as the ratio of the intensities of the donor/acceptor
fluorophore. Although highly sensitive in distance, FRET assay does not permit the
level of sensitivity and high throughput as AlphaLISA [122]. A type of FRET, FLIM-
FRET (fluorescence lifetime imaging FRET) was used to conduct epigenetic bio-
marker screening in ER-positive breast cancer cell line and patients. The utilization
of FRET in this study was based on the presence of certain histone modifications
around ERa in the nucleus. Consequently, the assay revealed H3K27ac and H4K12ac
interaction with ERa, making HATs a potential therapeutic target in compound
screening [123]. Another study optimized TR-FRET (time-resolved FRET) for high
throughput screening, following the treatment with HDAC inhibitors, to detect the
methylation levels of histone 3(H3) in U-2 OS cells using terbium-tagged antibodies
specific to a particular H3 modification and green fluorescent protein (GFP)-tagged
H3 [124].

3.4 Inssilico screen

In silico screening or virtual screening is a common method used in drug dis-
covery as a pre-filtering method for identifying promising compounds that can be
used for experimental studies. Drug development using this method of screening

is estimated to save approximately $130 million and 0.8 years per drug [125]. The
approach to virtual screening can be broadly divided into structure-based methods
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Figure 1.

Schematic demonstrating the use of FRET for epigenetic screen. In the presence of histone methyltransferase
and its methyl donor, SAM, a GFP-tagged Histone 3 becomes methylated on lysine-9 (K9) and undergoes FRET
as terbium (Th) conjugated antibody binds to the monomethylated K9 (Kome). This leads to incveased GFP
emission at 540mm wavelength (Right arm of the diagram), demonstrating the occurrence of K9 methylation.
In contrast, when in the absence of K9 methylation mediated by HMTS, due to the addition of potent HMT
inhibitors (Lower arm of the diagram), FRET does not occur as K9 cannot be methylated and theveby the
antibody cannot bind to its epitope. As a result, the wavelength of GFP will be at lower end of the emission
spectra, 520 nim.
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and ligand-based methods. Structure-based approach encompasses docking can-
didate molecules against available 3D structure of the target protein. When there

is no crystal structure of the target protein, ligand-based approach is more useful
because it relies on the screening of bioactive ligands of a similar chemical structure
[126]. This approach is similar to pharmacophore-directed homology modeling:

a process that involves superposing known active ligands for structurally similar
targets and then extracting matching chemical properties of the ligand that are
required for their bioactivity. Pharmacophore from different bioactive molecules
can be generated using commercially available software such as HipHop, PHASE,
DISCO, HypoGen, among others [127].

In computer-aided design of epigenetic drugs, there are a plethora of databases
like ZINC containing over 35 million compounds available for screening. Other
databases like SPECS, Chembridge, and Enamine have been used to identify inhibi-
tors for most subsets of histone methyltransferases [128]. Molecular dynamics
simulation also aids in drug discovery as they are employed to understand the
conformational changes in the different domains of a target protein [129]. For
instance, a study developed analogs of eosin, a template molecule known for having
anti-methyltransferase activity, using pharmacophore methods. These molecules
were docked on to PRMT1, SET7, and CARMI, and the AutoDock analysis revealed
that compounds that target SAM substrate-binding site were more active in PRMT1
and CARM1 while those that target lysine and co-factor binding site were more
promising in SET7 [126].

4. Current small molecule inhibitors of histone methyltransferases

Development of small molecule inhibitors for histone methyltransferases has
garnered remarkable attention over the past years due to their combined efficacy
and potency in various cancer treatments. In this section, we will discuss small
molecule inhibitors of a few HMTs that have either shown promising results in
preclinical development, clinical trial stage, or that have been FDA approved.

4.1 Small molecule inhibitors of EZH2

As aforementioned, EZH2 is a lysine methyltransferase that is overexpressed and
found to contribute to many cancer progressions including but not limited to breast,
prostate, colon, ovarian, liver, bladder, lymphoma, skin, and lung cancer. The
overabundance of EZH2 causes hypersilencing of genes that restrain proliferation
and promotes differentiation [67]. As a result, several studies have been conducted
to understand the mechanism of action and structure of the enzyme so that appro-
priate drugs can be developed to inhibit its aberrant activity. For example, FDA has
approved the use of tazemetostat (EPZ6438) (Table 1), an EZH2 small molecule
inhibitor, for the treatment of epithelioid sarcoma (not qualified for resection) in 16
years and above patients. Tazemetostat has an inhibition constant (Ki) of 2.5nM and
works by competitively inhibiting SAM binding site on EZH2 [32]. Another small
molecule inhibitor, CPI-1205 (Table 1), completed phase 1 clinical trial for B-cell
lymphoma and solid advanced tumor and is in phase 1b/2 clinical trial for metastatic
castration-resistant prostate cancer (mCRPC) [130, 131]. Furthermore, another
potent small molecule inhibitor, GSK2816126 (Table 1), which showed remarkable
preclinical potential entered phase 1 clinical trial for the treatment of lymphoma
and solid cancers but proved to be unsuitable target for inhibiting EZH2 due to its
unfavorable pharmacokinetic profile [132]. More than 50 small molecule inhibitors
for EZH2 are in preclinical development [133]. A few are highlighted in Table 1.
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Epigenetic Small molecule Stage of Cancer treatment Reference
enzyme inhibitors development
Lysine methyltransferases
EZH2 EPZ6438 FDA approved Epithelioid sarcoma [32]
T. tat
(Tazemostat) Phase 1 clinical Various lymphomas [ClinicalTrials.
trial and gov] Identifier:
advanced solid NCT03010982
tumors
GSK2816126 Phase 1 clinical Lymphoma and [132]
trial advanced solid
tumors
CP1-1205 Phase 1b/2 B-cell lymphoma, [130, 131]
clinical trial advanced solid
tumors metastatic
castration-resistant
prostate cancer
(mCRPC)
ENl Preclinical B-cell lymphoma [134]
stage with Y641 mutation
EPZ011989 Preclinical Lymphoma [135]
stage
UNC 1999 Preclinical Diffused B-cell [136, 137]
stage lymphoma with
Y641N mutation
and MLL rearranged
leukemia
hDOTIL EPZ5676 Phase 1 clinical Acute myeloid [138]
(Pinometostat) trial leukemia (AML)/ [ClinicalTrials.
acute lymphoblastic gov] Identifier:
leukemia (ALL) NCT03724084
EPZ 004777 Preclinical MLL rearranged [139]
stage leukemia
SGC0946 Preclinical MLL rearranged [140]
application leukemia
Protein Arginine Methyltransferases
PRMT5 GSK3326595(formerly Phase 1 clinical Solid tumor and [ClinicalTrials.
EPZ015938) trial non-Hodgkins gov] Identifier:
lymphoma NCT02783300
JNJ-64619178 Phase 1 clinical [Clinical Trial
trial identifier:
NCTO03573310]
EPZ015666 Preclinical Mantle cell [141]
stage Lymphoma
PR5-LL-CMO01 Preclinical Colonand [114]
stage Pancreatic cancer
LLY-283 Preclinical Ovarian, lung, [142]
breast, gastric, skin,
and hematological
cancers
Table 1.

List of vepresentative small molecule inhibitors for EZH2, hDOT1L, and PRMTs.
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4.2 Small molecule inhibitors of hDOT1L

There are over 20 hDOT1L small molecule inhibitors and can be categorized into
four groups based on their mode of action: (i) SAH(S-adenosyl-L-homocysteine)-
mimicking compounds; (ii) benzimidazole or (iii) urea group-containing com-
pounds; and (iv) carbamate-containing compounds [143]. The activity of human
homolog of yeast DOT1L or hDOTIL is mostly dysregulated in a subset of acute
myeloid leukemia that has MLL gene translocation. This results in an onco-MLL
protein which aberrantly recruits hDOT1L to the promoter of MLL target genes.
Together with other transcription factors, hDOT1L drives the overexpression of
HoxA9 and HoxA7 which leads to leukemia [141]. Hence, the need for inhibitors
of hDOT1L. The first potent inhibitor of this HMT was EPZ004777 (Table 1), but
it failed to progress through clinical development due to poor pharmacokinetics
[139]. Another small molecule inhibitor, EPZ5676 (pinometostat) (Table 1) with Ki
of less than 0.08nM, was shown to have improved pharmacokinetics and has now
completed phase 1 clinical trial [138].

4.3 Small molecule inhibitors of PRMT5

PRMTS5 is overexpressed in a several types of cancers. There are currently over 50
PRMTS5 small molecule inhibitors, and PRMTS5 is emerging as a hotspot for cancer
targeted therapy [144]. Some small molecule inhibitors of PRMTS5 are currently
undergoing assessment in phase 1 clinical trial for non-Hodgkin lymphomas and
solid cancers include GSK3326595 and JNJ-64619178 (Table 1). PRMTS5 has also been
implicated in the progression and metastasis of pancreatic and colon cancer. Asa
result, alead compound, PR5-LL-CMO01 (Table 1), has been discovered by our group
to have more potent inhibitory properties compared to EPZ015666 in pancreatic and
colon cancer cells [114]. However, EPZ015666 showed high potency in vitro and in
mantle lymphoma cells with an IC50 of 22nM (Table 1) [145]. Another potent inhibi-
tor of PRMTS5, LLY-283 (IC50 = 20 nM) (Table 1) showed an outstanding inhibition
of breast, lung, skin, ovarian, and hematological cancer cells’ proliferation [142].

5. Conclusion, perspective, and future directions

Taken together, in this chapter, we discussed the important roles that epigenetic
enzymes play in a variety of cancers. We also summarized several popular methods
currently used for screening small molecule inhibitors of epigenetic enzymes. As
shown in Table 1, we provided a list of representative small molecule inhibitors of
HMT that are either FDA approved, or at preclinical or different stages of clinical
trials. Notably, compared to the well-developed HDAC small molecule inhibitors,
the development of small molecule inhibitors for HMTs is a rising and cutting-edge
drug development area. We can envision that in the next 5~10 years, intense atten-
tion will continuously be drawn to the discovery of HMTs small molecule inhibitors.
We have no doubt that many HMTs small molecule inhibitors will be shifted into
clinical trials, more will be approved by FDA, and most likely, more members of
HMTs will be targeted for cancer treatment. Additionally, it is very possible that
novel HTS methods will emerge, which will further accelerate the discovery of
anti-HMTs drugs. Moreover, it is viable that the clinical indications of HMTs small
molecule inhibitors could be further expanded to other diseases beyond cancer. In
summary, the development of new classes of anti-HMTs drugs will offer brand new
and exciting opportunities for diseases treatment.
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Abstract

Chronic inflammation can trigger events that would induce the malignant trans-
formation of cells and carcinogenesis. Cytokines play a crucial role and can control
the development and multiplication of cancerous cells. However, clinical data pres-
ent controversy about the participation of these proteins in the establishment and
development of cancer. Interleukin 10 (IL-10), a potent anti-inflammatory cytokine,
has been the subject of multiple studies. Several studies have reported that IL-10 has
pro- and antitumor effects. Elevated levels of IL-10 are associated with increased
tumor growth with poor prognosis and drug resistance. However, this cytokine has
both tumor-promoting and tumor-inhibiting properties. Iz vitro and in vivo studies
report mechanisms by which IL-10 expression downregulates class I, which results
in the control of the metastatic disease. IL-10 also inhibits tumorigenesis via down-
regulation of other cytokines. The variation observed could be the result of concen-
tration ranges of this protein, genetic polymorphism, or both. The value obtained
may serve as a biomarker indicative of tumor development and its prognosis.

Keywords: interleukin 10, IL-10, IL10 polymorphism, cancer biomarker

1. Introduction

The immune system is responsible for monitoring and getting rid of molecules
or cells outside the body that can be potentially malignant. This system is con-
stituted by cells that can act by themselves or the synthesis of molecules capable
of inducing the destruction of strange agents or invading cells. In addition, these
cells synthesize proteins called cytokines, which are not only capable of destroying
invading cells; they activate other cells of the same immune system, which makes
the system efficient. In a coordinated way, the synthesis of anti-inflammatory
cytokines begins that will stop the inflammatory process and prevent the damage
from spreading in healthy tissue. In the case of cancer, the cells will have nonnormal
characteristics due to the changes they undergo during their transformation. The
immune system works to eliminate these cells; however, for reasons not well estab-
lished yet, at some point, the immune system fails, and the malignant cells survive
and establish [1]. Even when the production of anti-inflammatory cytokines is
present, the levels of pro- and anti-inflammatory cytokines have an imbalance that
prevents completing the final objective. An increase of anti-inflammatory cyto-
kines, such as interleukin 10 (IL-10), has been associated with a poor prognosis and
considered as a biomarker for cancer disease. This chapter presents evidence that
shows alterations in the serum levels of IL-10 in cancer patients, the participation of
the cancerous tumor in the synthesis of this cytokine, and its possible relationship
with polymorphisms in the gene promoter, the gene of this protein.
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2. Interleukin 10 (IL-10)

IL-10 is an important regulatory cytokine with a potent anti-inflammatory
effect. In humans, it is encoded by the IL10 gene [2]. It presents polymorphisms
(SNPs), most of them within the promoter regions, and has been proposed as
responsible for the altered function, by dysregulating their expression. Several
groups report associations between polymorphism and cancer risk [3-7]. Itisa
helical cytokine and exists in solution predominantly as a homodimer, composed
of two polypeptide chains of 160 amino acids, each with a molecular weight of
20,6419 kD [8].

IL-10 was initially thought to be produced only by T helper (Th2) cells but is
now known to be made by a variety of cell types [9]. It is primarily produced by
monocytes upon PD-1 triggering in these cells and, to a lesser extent, lymphocytes
type 2 T helper cells (TH2), mast cells, CD4+CD25+Foxp3+ regulatory T cells, and
in a specific subset of activated T cells and B cells (Figure 1) [10]. IL-10 expression
is minimal in unstimulated tissues and seems to require triggering [11].

Cytokine signals are generated through a receptor complex consisting of two
IL-10 receptor-1 and two IL-10 receptor-2 proteins. After IL-10 binding, it induces
STAT?3 signaling via the phosphorylation of the cytoplasmic tails of IL-10 receptor 1
+ IL-10 receptor 2 by JAK1 and Tyk2, respectively (Figure 2) [12, 13].

IL-10 expression is regulated at the transcriptional and posttranscriptional lev-
els. Extensive IL-10 locus remodeling in monocytes upon the stimulation of Toll-like
receptor (TLR) or Fc receptor pathways was described. Induction involves ERK1/2,
p38, and NF-kB signaling and transcriptional activation via promoter binding of

\ /
\ ‘ Target gene
\ 4
. -

= e

Figure 1.
IL-10R homodimers bind to form in a tetrameric heterodimer after IL-10 binds to its receptor a. It downstream
signaling through STAT3 until target genes.
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Figure 2.

After antigenic stimulus on cells from innate and adaptive system, the IL-10 is expressed from these cells. To
avoid severe danger from pro-inflammatory cytokines and reactive radicals, IL-10 acts as anti-inflammatory
cytokine by blocking its expression.

the transcription factors NF-kB and AP-1; other regulation as a complex of multiple
transcriptional factors has been described, such as GATA-3, E4BP4, MAF, and Blimp
[14, 15]. These reports are allowing the possibility that transcriptional regulatory
machinery could be specific to certain cell types [16, 17]. In addition, the regulation
of IL-10 production depending on the TLR2 or TLR4-stimulated in BM-derived
macrophages presents different stability profiles for the IL10 mRNA [18].

It has the ability to inhibit activation and effector function of T cells, monocytes,
and macrophages. It regulates the growth and differentiation of several cells such
as B cells, NK cells, cytotoxic, and helper T cells, as well as mast cells, granulocytes,
dendritic cells, keratinocytes, and endothelial cells (Figure 1).

Discovered in 1991, IL-10 was initially reported to suppress cytokine secretion,
antigen presentation, and CD4+ T cell activation. IL-10 is crucial for controlling
these T-cell responses, as IFNy [19-22]. Further investigations have shown that
IL-10 predominantly inhibits the synthesis of the pro-inflammatory cytokines IL-1,
IL12, tumor necrosis factor (TNFa), and gamma Interferon (IFNy) by stimulated
monocytes/macrophages [23-25]. IL-10 is crucial for controlling these T-cell
responses, as IFNy-secreting and blocking proliferation [22, 26-28].

The pivotal role of autocrine IL-10 and the interaction with CD28 in the induc-
tion of T cell are to initiate peripheral tolerance as an immunoregulatory mecha-
nism controlling antigen-specific T cell responses [21].

In addition, several effects have been reported: it downregulates the expression
of Th1 cytokines, MHC class II antigens, dendritic cells, and co-stimulatory mol-
ecules on macrophages [29].

Biphasic effects have been reported on B cells. It prevents apoptosis in germinal
B cells but induces apoptosis on B-chronic lymphocytic leukemia cells, enhances
proliferation induced by CD40L, and promotes differentiation of B cells to become
plasma cells secreting IgM, IgG, and IgA immunoglobulins [30-34].

IL-10 appears to have considerable importance in the development of human
cancer and its immune escape. These have suggested that it could serve as a bio-
marker for prognostic diseases or as a target for treatment. Two factors should be
considered: high levels of this cytokine in the system, and genetic polymorphisms.

27



Translational Research in Cancer

3.1L-10 serum levels on cancer patients

Considering their possible role in the development and establishment of
malignant cells, the first studies conducted to detect serum IL-10 levels in cancer
patients, reported a higher concentration than in healthy subjects. In melanoma
patients with lymph node metastases, stages III and IV showed significantly high
concentration with respect to a healthy subject. In vitro determination performed
on the supernatant of primary malignant melanoma cultures, IL-I0 mRNA, and
protein was expressed. Later, in a meta-analysis that included melanoma patients,
high expression of serous IL-10 leads to an adverse survival and correlated with
worse outcomes in cancer patients [35-39].

On serum samples of 90 patients with gastric cancer, high IL-10 levels were
associated with a worse prognosis independent of the gastric-stage patients and
pancreatic cancer [40]. Similar observations were reported on another group of
patients with a pancreatic and gastric cancer stage (IV). In the same study, patients
with colon and renal carcinoma IL-10 levels did not significantly differ from con-
trols [41]. In vitro study, supernatants of pancreatic tumors primary cultures, high
concentration of IL-10 was detected [42].

Similar clinical findings on sera and tissues samples from lung cancer patients
were report; samples with high levels were found on patients in stages III and IV,
and less in stages Il and I. The increased IL-10 levels correlate with a poor prognosis.
On lung tumor tissues samples from those patients, IL10 concentration showed than
the higher expression, presented lower survival rates [43].

Samples from breast cancer from patients, who underwent surgery as well as
peritumoral normal breast tissue, were analyzed. Correlation between the IL-10
expressions of breast cancer tissue showed poor prognosis. No IL-10 was detected
on normal tissue samples [44]. Determination of IL-10 on patients with breast
cancer and early breast cancer showed that it could be usefully associated with
other cytokines as biomarkers to discriminating advanced cancer, reported that
IL-10 is significantly upregulated. These data could be used discerning between the
two stages. [45].

Hodgkin’s disease presented sera elevated IL-10 levels on range 4.5-225.6 pg/
ml, suggesting that IL-10 could be an independent prognostic factor and correlates
to poor survival [46]. Lymph nodes from pediatric patients with Hodgkin’s disease
express high levels of IL-10 mRNA where there were associated with an unfavorable
prognosis [47, 48]. For the study of sera levels in 153 patients with Non-Hodgkin’s
disease, IL-10 was detectable with a similar frequency in all subtypes and all clinical
stages. Nevertheless, high levels correlate with poor prognosis. Patients with stage
IV disease and detectable serum IL-10 had a particularly poor prognosis [49, 50].
Additional information on sera levels of IL-10 is shown in Table 1.

IL-10 protein or mRNA appears to be an important component of the tumor
micro-environment in a range of human cancer types, as renal cell carcinoma [68].
The role of macrophages in the regulation of tumor cell proliferation, invasion,
angiogenesis, or immune control does not always have a positive effect; in fact,
it has shown a negative effect. The secretion of IL-10 inhibits the inflammatory
response [69-72] and also has been suggested that the detection of IL-10 into and
surrounding the tumor may be derived directly from the tumor cells; iz vitro studies
reveal that melanoma cells themselves are the primary origin of IL-10 in tumor
specimens in vivo [35]. Nevertheless, Mocellin et al. report evidence about immu-
nostimulating anticancer properties, suggesting IL-10 over-expression within the
tumor micro-environment and it may catalyze cancer immune rejection [73].

IL-10 and IL10R were quantified in sera and surgical specimens, although no
significant serum IL-10 elevation was found. On surgical lung tumor cells, IL-10
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Disease Patients IL-10 levels Healthy donor References
Melanoma 15-480 pg/ml <3.0 pg/ml [35]
8.75 pg/ml <3.0 pg/ml [39]
24.3 ng/ml 3.4 ng/ml [41]
Gastric cancer 6.3 ng/ml 3.4 ng/ml [41]
12.5 pg/ml 4.0 pg/ml [40]
27.52 pg/ml <12 np/ml [51]
19.6 pg/ml 9.2 pg/ml [52]
>21.0 pg/ml <3.0 pg/ml [53]
Pancreatic cancer 6.8 ng/ml 3.4 ng/ml [41]
>10.0 pg/ml ND [54]
>9.8 pg/ml 3.0 pg/ml [55]
Colorectal cancer 9736 ng/l 24.53 ng/1 [56]
16.09 pg/ml 5.1 pg/ml [57]
Hepatic cancer 12 pg/ml 6.3 pg/ml [58]
Hodgkin lymphoma 61.5 pg/ml No detectable [46]
>10 pg/ml 71 pg/ml [59]
>10 pg/ml ND [60]
>10 pg/ml ND [61]
26.79 pg/ml ND [62]
Non-Hodgkin lymphoma >7.98 pg/ml <5.0 pg/ml [50]
Lung cancer >38.16 pg/ml 32.55 pg/ml [43]
21.4 pg/ml 9.2 pg/ml [63]
Multiple myeloma 201.96 pg/ml ND [64]
2.39 + 0.82 ng/ml (0.34 + 0.15 ng/ml) [65]
B-cell lymphoma 26.0 pg/ml 18.0 pg/ml [66]
Chronic lymphocytic leukemia 74 pg/ml <13.68 pg/ml [67]
Table 1.

Determination of IL-10 levels in serum from cancer patients.

expression was considered as a prognostic factor on nonsmall-cell lung cancer
surgical specimens. In addition to an immunohistochemistry study on human lung
surgery, a positive correlation between IL-10 and IL-10 receptor expressions was
related to the lung tumor diameter. Interestingly, IL-10R was mainly expressed on
the surface of Foxp-3p T-regulatory lymphocytes infiltrating the tumor [74, 75].

4.1L10 polymorphims related to the development and prognosis
of cancer

Single nucleotide polymorphisms (SNPs) has been described on IL10 promoter,
where adenine was substituted by guanine at —1082 bp (rs1800896). Thymine was
replaced by cytosine at —819 bp (rs1800871) and adenine by cytosine at —592 bp
(rs1800872). All of those contribute to the variation in protein expression [76]. The
IL10 production have a hereditary component estimated in 75%, suggesting that
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clinical outcome imparted by IL10 genetic variants may be mediated by effects on
the tumor micro-environment composition or modulation [47]. The possibility that
SNPs participate in the development, establishment, and the prognosis of cancer
has been investigated by numerous research groups and includes several group
malignances.

Eastern European patients with breast cancer, IL10 —-1082A > G, -819T > C,
—592A > C polymorphisms, and phased haplotypes have not revealed a prognostic
value [77]. Nevertheless, another study report 592C > A polymorphisms could
modify disease-free and overall survival in women with lymph node-positive
breast cancer [78]. In a Chinese Han population study, the —1082AA genotype was
associated with a significantly increase risk of lymph node involvement and larger
tumor size at the time of diagnosis [79]. After meta-analysis, it showed that IL10
rs1800896 and rs1800871 polymorphisms had no association with breast cancer
risk, while rs1800872 polymorphism had a decreased risk of breast cancer in
Caucasians [3]. However, another meta-analysis suggests that IL10 rs1800871 and
rs1800872 polymorphisms might contribute to breast cancer susceptibility in the
overall population, but not by ethnicity [6].

Chinese men, diagnostic with prostate cancer, do not show significant differ-
ences in (—1082A/G, —819 T/C, and —592A/C) SNPs between patients and control
subjects [80]. Meta-analysis performed with a Caucasian and Asiatic population
suggests that there is no association between IL10 gene rs1800896, rs1800871,
and rs1800872 polymorphisms and prostate cancer [81]. A study looking for the
participation of variant alleles at both —819 and —592 polymorphisms was modestly
associated with the advanced stages of prostate cancer [82, 83]. Other meta-analysis
reports that rs1800896 polymorphism is associated with a decreased risk of prostate
cancer [84].

In a meta-analysis including 26 studies designed to search the risk of skin cancer
and IL10 polymorphism, the results show that there is not a significant association
of —1082G > A or —592C > A and risk to skin cancer. Nevertheless, it suggested
a potential association between —819C > T polymorphism and decreased risk of
skin cancer [38]. A meta-analysis carried out for possible association between
polymorphism and melanoma did not find an association between skin cancer risk
and the —592A/C or IL-10-1082G/A. However, there was a correlation between IL10
—819T/C polymorphisms and skin cancer [85].

Association between IL10 —1082A/G, —592C/A, and —819T/C gene polymor-
phisms and risk of lung cancer was also investigated by meta-analysis, but until
now, there are inconsistent results: on Asian populations, IL10 —1082A/G and
—819T/C polymorphisms might have a significant association with the risk of lung
cancer [86]. Another meta-analysis suggests that the polymorphism associated with
arisk factor for lung cancer was IL10 —592A > C polymorphism, especially among
Asians and Caucasians. In contrast, the IL10 —819 T > C and —1082A > G polymor-
phisms are not significantly associated with an increased risk of lung cancer [87].

Cervical cancer associated with a polymorphism at this time is not conclusive:
—1082 polymorphism was suggested as a marker of genetic susceptibility to cervical
cancer among Japanese women but was not significantly increased in Zimbabwean
women or Korean women [88]. In a meta-analysis, including 17 publications of
Asian, African, and Caucasian populations, it did not find a significant association
between the polymorphism and cervical cancer risk [89]. Other meta-analysis
looking for association between —1082 G/A polymorphism and cervical cancer risk,
including the same population, report as well that there is no association [90].

Association between rs1800896 polymorphism and head and neck cancer risk
and its clinical stages in Caucasian and Asiatic evaluated by meta-analysis gave
a significant association with head and neck cancer risk but not with the clinical
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Disease Population Polymorphism Association Reference
Breast cancer Eastern European IL10 —1082A/G, IL10 No prognostic value [77]
—5924, IL10 —819C
Eastern European IL10 -592C > A Associated with [78]
survival
Chinese Han IL10 —1082AA Associated with [79]
cancer risk
Chinese Han 1s1800896, rs1800871 No associated with [3]
cancer risk
Caucasian rs1800872 Associated with [3]
cancer risk
Prostate Chinese men study 1110 —1082A/G, IL10 No associated with [80]
—592A/C, IL10 —819 T/C cancer risk
Caucasian, African- rs1800896 Associated with [84]
Americans, and reduced cancer risk
Asiatic
Caucasian and rs1800896, rs1800871, No association with [81]
Asiatic 151800872 risk cancer
Caucasian, African- 1L10-1082 A4G, IL10-819 No association with [82]
Americans, and C4, 1L10-592 C4A cancer risk
Asiatic
Caucasian and IL10--592A > C No association with [83]
Asiatic cancer risk
Skin cancer Caucasian, African- IL10 —1082A/G, IL10- No associated with [82]
Americans, and 592A, IL10-819C cancer skin risk
Asiatic
Caucasian, African- IL10 —592A/C, IL10 No associated with [85]
Americans, and —1082G/A cancer risk
Asiatic
Lung cancer Asiatic IL10 —1082A/G, IL10- Associated with [86]
592A, 1110-819C cancer risk
Caucasian IL10 —1082A/G, IL10- No association with [86]
592A, IL10-819C cancer risk
Caucasian IL10 =592A > C Associated with [87]
cancer risk
Caucasian and IL10 -819 T > C, IL10 No associated with [87]
Asiatic —1082A > G cancer risk
Cervix cancer Japanese women 1110 —1081 Associated with [88]
cancer risk
Zimbabwean women 1110 —1082 No associated with [88]
and Korean women risk
Caucasian, African- IL10 —1082A > G No associated with [89]
Americans, and risk
Asiatic
Caucasian, African- IL10 —1082 G/A No associated with [90]
Americans, and cancer risk
Asiatic
Head and Caucasian and rs1800896 Associated with [91]
neck cancer Asiatic cancer risk
Caucasian, and IL10 —1082A > G, IL10 Associated with [92]
Asiatic —-819T>C cancer risk

31



Translational Research in Cancer

Disease Population Polymorphism Association Reference
Gastric cancer Mexican population IL10 —-819 Associated with [93]
risk
Mexican population IL10 —592C/A, IL10 No associated with [93]
—-1082A/G risk
Oral mucosa Indian population IL10-592 A/C Associated with [94]
cancer cancer risk
Colorectal Caucasian and IL10819T > C Associated with [95]
cancer Asiatic cancer risk
Caucasian and rs1800871 rs1800872 No associated with [95]
Asiatic cancer risk
Caucasian and IL10 —1082A > G, IL10 No associated with [95]
Asiatic —-592C > A cancer risk
Pediatric Caucasian IL10-592AA Pronostic marker [96]
Hodgkin’
lodgldn’ Brazilian IL10 —1082GG Unfavorable [47]
disease .
prognosis
Acute myeloid Egyptian 1L10-819 Associated with risk [97]
leukemi
eukemia Chinese Han IL-10-819, —592 Associated withrisk ~ [98]
Sudanese IL10 —1082G/A Associated with risk [7]
Table 2.

Relationship of IL10 polymorphism and cancer risk.

stages [91]. Other analysis reports significant associations between the IL10

—1082A > G and IL10 —819 T > C polymorphism and increased risks of head and
neck cancer similar population [92].
Other studies on the relation between risk or prognosis polymorphisms in cancer
have been performed. In there, a possible association with gastric cancer showed
a significant association with IL10-819 on the Mexican population. Nevertheless,
no significant association was found for IL10 —592C/A (rs1800872) and IL10
—1082A/G (rs1800896) [93]. Looking for a possible predispose to oral squamous
cell carcinoma (—592), A/C polymorphism was significantly associated with
reduced risk [94]. In colorectal cancer IL10 —819 T > C, polymorphism was associ-
ated with significantly increased risk [95].
In a clinical study with child Hokdkin disease, —1082GG genotype was associ-
ated with lower IL10 mRNA expression. Nevertheless, genotypes of the —592 SNP
showed no association with IL10 mRNA expression. However, —~1082AACAG
genotypes, ATA haplotype, and the presence of the —592AA genotype were associ-
ated with unfavorable prognosis [47, 96].
Genotypic variants of IL10 (—1082G/A) polymorphism in adult Sudanese
patients with acute myeloid leukemia were investigated as a possible risk factor. In
there, no association between IL10 (-1082G/A) and acute myeloid leukemia was
detected [7]. Nevertheless, in the Egyptian population, —819 polymorphism was
associated with enhanced risk [97]. In the Chinese population, the —819A allele
frequencies in the AML group were higher than in the controls [98]. In pediatric
patients, Classical Hodgkin lymphoma —1082AA/AG, —592CC genotypes, and ATA
haplotype were associated with unfavorable prognosis; interestingly, —1082 was
associated with low IL10 mRNA expression [46].
Unfortunately, to date, the results are controversial; the relationship of polymor-
phism with the presence of cancer and/or the possible risk of developing cancer is
shown in Table 2.
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5. Conclusions

High concentrations of IL-10 in the serum of cancer patients seem to correspond
not only to the expression of this protein by immune cells. The evidence shows that
the cancer cell is capable of synthesizing it, which would cause an imbalance in the
homeostasis of the immune system.

Besides, the presence of polymorphisms suggested the possibility that some of
them could be involved in the regulation of the activity of IL10; this gave rise to
numerous studies seeking opportunities to explore for cancer risks or implications
in the development, establishment, and survival of the cancer cell. The relation-
ship between polymorphisms and the risk and prevalence of different types of
cancer had evaluated by meta-analysis. Unfortunately, until now, the results are not
conclusive.

Nevertheless, the fact is that IL-10 can exert the antitumor effect by mechanisms
such as the activation of natural killer cells (NK), lymphocytes T, macrophages,
and nitric oxide; its high concentration shows the deregulation of the immune
system, where a high level of IL10 allows the tumor to escape. Nevertheless, the fact
that IL-10 can exert the antitumor effect by mechanisms such as the activation of
natural killer cells, lymphocytes T, macrophages, and nitric oxide results controver-
sial. Its high concentration induces the deregulation of the immune system, where
a high level of IL-10 allows the tumor escape. In some cases, it could be propose as a
biomarker for patient lifespan or chemotherapy respond.

Because of this, it is essential to study not only the mechanisms that allow this
high expression of interleukin IL-10, but its effect on tumor cells and also. It is
important to consider its relationship with other cytokines.
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Chapter 3

Ion Channels and Transporters as
Cancer Biomarkers and Targets for
Diagnostics with Antibodies

Jessica Iorio, Claudia Duranti and Elena Lastraioli

Abstract

Cancer is a highly heterogeneous disease in terms of both response to therapy
and prognosis. The introduction of molecular tools and antibodies had a great
impact on cancer management in recent years for both cancer diagnosis and
therapy. Ion channels and transporters (ICT) are membrane proteins aberrantly
expressed in several human cancers. ICT can now represent potential cancer
biomarkers as well as targets for therapeutic and diagnostic purposes. In particular,
we will discuss about the potential role of ICTs as biomarkers for solid cancers
(evaluated either by immunohistochemistry or molecular biology techniques) and
the potential use of antibodies for diagnosis.

Keywords: ion channels, antibodies, biomarkers, cancer, diagnosis

1. Introduction

Ion channels and transporters (ICTs) are emerging as potential cancer biomark-
ers. Indeed, ICTs are aberrantly expressed in several types of human cancers, and
exert a relevant role in mediating interactions between tumor cells and tumor
microenvironment. Such interactions drive different functions which in turn regu-
late neoplastic progression, such as cell proliferation and survival, cell invasiveness
and pro-angiogenetic programs [1-3]. Moreover, due to their prevalent expression
at the cell surface, ICTs represent good targets for antibodies, to be exploited for
diagnostic purposes. Finally, being highly druggable molecules, ICTs may represent
novel molecular targets for antineoplastic therapy [4, 5].

The expression and role of different ion channels in tumor cells and their different
contribution to tumor progression has been thoroughly described elsewhere [6]. In
this chapter, we will focus on the possibility of exploiting ICTs as cancer biomarkers,
for diagnostic, prognostic or predictive purposes. Some examples, relative to either
solid cancers or hematologic malignancies are provided. We will analyze the possibil-
ity of using ICT-targeting antibodies for either in vitro or in vivo cancer diagnosis.

2. Cancer diagnosis: a focus on antibody-based techniques
The technologies available to help physicians to detect and diagnose cancer

has changed dramatically in recent years. In particular, the use of biomarkers has
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greatly improved diagnosis through their application for either in vitro diagnosis
(on tumor specimens or in blood samples) or iz vivo molecular imaging. According
to the National Cancer Institute (NCI) definition (NCI Dictionary of Cancer Terms,
http://www.cancer.gov/dictionary?cdrid=46636), a biomarker may be used either
to help diagnosis, for example, to identify early stage cancers (Diagnostic) or to
forecast how aggressive a condition is (Prognostic), or to predict how well a patient
will respond to a define treatment (Predictive).

For the purposes of this chapter, we will briefly summarize the main techniques,
either in vitro or in vivo, which take advantage of the use of biomarkers to obtain
diagnostic, prognostic and predictive data on the cancer under study. Notably,
most, although not all, of these techniques are based on the use of antibodies,
targeting specific cancer-related biomarkers.

2.11In vitro cancer diagnosis
2.1.1 Immunohistochemistry (IHC)

IHC represents an indispensable diagnostic tool to assess the presence or
absence, as well as the amount, of a specific molecular tumor marker in a tissue.
After appropriate assessment of categorical scoring system and proper validation
of the immunohistochemical assay, a given marker can be proposed as a potential
diagnostic or prognostic factor. Indeed, many of the cancer biomarkers routinely
used in cancer diagnostics are based on this technique.

2.1.2 Flow cytometry (FC)

Using a multiparametric approach, FC immunophenotyping plays an indispens-
able role in the diagnosis and subclassification of leukemias, as well as for minimal
residual disease detection. FC, in fact, provides a rapid and detailed determination
of antigen expression profiles; these information along with morphologic assess-
ment, allow to diagnose a particular type of leukemia and/or help in distinguishing
from other subtypes. Also, the identification of specific antigens has prognostic and
therapeutic relevance in acute leukemias. Moreover, FC immunophenotyping is
useful to monitor response to therapy, recurrence and minimal residual disease.

While IHC and FC represent the standard of care in solid cancers and hematologic
malignancies, respectively, some remarkable technological breakthroughs of the last
10 years have greatly contributed to improve cancer diagnostics through either the
definition of “Omics profile” or the assessment of plasma-based cancer biomarkers:

2.1.3 Omics profiles

The study of tumor genomes using high throughput profiling strategies includ-
ing (but not limited to) DNA copy number, DNA methylation, and transcriptome
and whole-genome sequencing—technologies that may collectively be defined as
“omics”—has led to identifying genes and pathways deregulated in cancer, hence
revealing those that may be useful for the detection and management of disease.
In the near future, such discoveries will lead to the discovery of novel diagnostic,
prognostic and predictive markers that will ultimately improve patient outcomes.

2.2 In vivo cancer diagnosis: molecular imaging

Besides ex vivo procedures (either on surgical/bioptic samples or blood), cancer
diagnosis is mainly based on imaging procedures, such as computed tomography,

44



Ion Channels and Transporters as Cancer Biomarkers and Tavgets for Diagnostics with Antibodies
DOI: http://dx.doi.org/10.5772/intechopen.9o401

magnetic resonance imaging and positron emission tomography. The advent of
molecular imaging techniques has progressively allowed more accurate in vivo
visualization of cancer, based on specific biological and pathological processes.
Antibody-based imaging is of great utility since the combination of tumor speci-
ficity and different imaging methodologies might improve cancer diagnosis,
monitoring and follow up [7-11]. The diagnostic imaging approaches currently
used in cancer has been improved by the application of antibodies, thanks to the
accuracy that allows antibodies to precisely identifying their targets. Some practical
examples of mAbs recognizing cancer-specific biomarkers that are approved by the
FDA and/or EMA and are currently used in the clinical setting have been described
elsewhere [12]. Monoclonal antibodies (mAbs) have several features (big size, slow
pharmacokinetics and blood clearance, not complete penetration and accumula-
tion in tumor tissue) that can delay the time point for imaging. A different class of
antibodies (single chain Fragment variable, scFv) might be useful to overcome such
limitations and due to the possibility of conjugating the recombinant proteins with
fluorescent dyes, scFv antibodies have been proposed for use in imaging applica-
tions, especially for cancer diagnostics [8, 11, 13].

3.Ion channels and transporters with clinical relevance in solid cancer

An overview of the main ion channels and transporters expressed in different
solid tumors is reported in Figure 1.

3.1 Potassium channels

K* channels are the class of ion channels mostly de-regulated in cancers. Among
them, KCa 1.1 channels (also known as BK channels, encoded by the KCNMA1
gene) have shown a clinical relevance in breast (BC) and prostate cancer (PCa).

In both tumor types, BK overexpression can be traced back to the amplification of
the KCNMA1 gene located in 10q22: in BC, the amplification is restricted to inva-
sive ductal tumors, and is associated with high stage, high grade and unfavorable
prognosis [14]. In BC, KCa 1.1 positively correlates with the expression of estrogen

ANO1 Ca2+ K+  TRPs SCLs

Figure 1.
Schematic vepresentation of the main ICTs expressed in solid tumors.
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receptors [15] and their levels are higher in BC metastatizing to brain [16]. In PCa,
the KCNMA1 gene is frequently amplified in late-stage tumors [17] and can be
considered a potential biomarker [18]. Another Ca**-dependent K* channel often
overexpressed in human cancers is KCa3.1 (encoded by the KCNN4 gene). Kc,3.1
channels are upregulated in BC, especially in high grade tumors [19], in pancreatic
cancer (pancreatic ductal adenocarcinoma, PDAC) [20], in colorectal cancer (CRC)
[21] as well as in small cell lung cancer (SCLC) [22]. While the clinical relevance of
Kc,3.1 was hypothesized in CRC [23], although not validated [24], KCNN4 hypo-
methylation turned out to be a negative prognostic factor in SCLC [22]. Kv channels
are voltage-dependent K+ channels whose expression is often increased in cancer
tissues [25]. For example, the expression of Kv 1.3 (KCNA3), markedly increased

in PCa in samples with Gleason score of 5-6 (GS5-6), but significantly decreased in
the GS8-9 group. This malignancy grade-dependent K*-channel expression pattern
may provide a convenient marker to understand PCa progression level [26]. In PCa,
Kv1.3 is mainly expressed in early stages of progression and down-regulated in

high grade cancers [27]. Kv1.3 expression is lower in cancer compared with healthy
pancreas. Kv1.3 downregulation could be traced back to promoter’s methylation and
was associated with the presence of metastases [28]. K2P9.1 (KCNK9) belongs to
the K2P family and genomic amplification of the gene was shown in a small fraction
of BC [29]. K2P5.1 (KCNKS5) is a member of the same family and it was shown to
be induced by estrogens in ER-positive BC cells; for this reason, it might represent a
therapeutic target for ER-positive BCs [30]. The amplification of the KCNK9 gene at
the 8q23.4 locus justifies the over expression of K;p9.1 channels in BC. The overex-
pression of another K2p channel K2p 2.1 has been demonstrated in PCa and it was
shown that it regulates cell proliferation [31]. The expression of inward rectifiers K*
channels, in particular Kir3.1 (KCNJ3) channels positively correlated with lymph
node metastases in BC [32]. The voltage-gated K* channels (VGKC) appear to exert
a pleiotropic role in colorectal cancer. In primary human samples, the transcripts

of KCNA3, KCNA5, KCNC1, KCNH1 [33-35], KCNH2 [36] and KCNK9 [37] have
been detected. A relevant family of VGKC, whose most important members are

Kv 10.1 and Kv 11.1 was shown to be highly represented in human cancers. Kv10.1
(KCNH1) was expressed in esophageal squamous cell carcinoma (ESCC) compared
with the corresponding normal tissue, it was associated with depth of invasion and
represented an independent negative prognostic factor [38].

Kv11.1 (KCNH2) channels are expressed in gastric cancer (GC) cell lines and
primary GCs. In GC cell lines, they regulate tumor proliferation [39]. Consistently,
treatment with K;11.1 blockers, like cisapride, and siRNA impairs tumor growth
[40, 41]. It was also shown that the mean survival time was shorter in K,11.1 posi-
tive patients thus K;11.1 expression was proposed as an independent prognostic
factor. We also showed that K,11.1 regulates VEGF-A secretion, with a pathway
similar to the one described in CRC [42]. In vivo analyses of xenografts obtained
with GC cells demonstrated that the treatment with Bevacizumab and K,11.1
blockers dramatically reduces greatly tumor growth. K,11.1 is highly expressed
in primary CRC and is associated with invasive phenotype [36]; moreover, along
with Glut-1 absence, it represents a negative prognostic factor in TNM I and II CRC
[43]. K,11.1 expression is associated with chemosensitivity for several anti-tumor
agents (such as vincristine, paclitaxel and hydroxy-camptothecin, doxorubicin).
Such chemosensitivity is modulated by erythromycin that is also capable which, to
inhibit K;11.1 current [44]. K;11.1 also regulates lung cancer (LC) cell proliferation
[45]. K,11.1 is expressed in precancerous and neoplastic lesions of the esophagus
and it is associated with malignant progression [46]. K,11.1 channel expression
represents a negative prognostic factor in terms of ESCC patients’ survival [47].
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K/11.1 are also expressed in PDAC cell lines and primary samples and it negatively
affects patients’ prognosis [48].

3.2 Sodium channels

Voltage-gated sodium channels (VGSC) were among the first channels to
be demonstrated mis-expressed in BC and PCa. In particular, the predominant
VGSC in BC is the “neonatal” splice variant of SCN5A (nNaV1.5), whose activity
promotes metastatization [49-51]; consistently, the nNAv1.5 was up-regulated in
metastatic BC samples [49, 50, 52]. On the whole, VGSC and in particular nNav1.5
could represent a good specific target for BC treatment. In CRC [53-55], the clinical
relevance of Na, 1.5 expression was established by IHC in CRC samples with respect
to healthy colon. VGSC regulates invasiveness and it was shown that SCNA5 gene
modulates genes mediating, among others, cell migration and cell cycle control.
Both nNa, 1.5 and its “adult” counterpart are expressed in CRC and the local anes-
thetic Ropivacaine, blocks Na, 1.5 variants [56]. PCa show an aberrant expression
of Nav1.7 (SCN9A), associated with a strong metastatic potential and its activity
potentiates cell migration, crucial for the metastatic cascade [57]. Hence, Nav1.7
could represent a useful diagnostic marker [58]. A recent paper [59] showed that
EGFR and Nav1.7 are expressed in NSCLC cells and that EGFR-mediated upregula-
tion of SCN9A is necessary for the invasiveness of such cells. Nav1.7 has clinical
relevance and might represent a novel target for therapy and/or a prognostic bio-
marker in NSCLC [59]. A recent multicenter study identified two single nucleotide
polymorphisms of VGSC genes (SCN4A-rs2302237 and SCN10A-rs12632942) that
were associated with oxaliplatin-induced peripheral neuropathy development [60].

3.3 Calcium channels

Calcium signal remodeling is one of the common features of proliferating cells,
including cancer. Indeed many functional studies have provided different calcium
signaling that can modulate cell proliferation and resistance to apoptosis [61-63].
Voltage-gated calcium channels (VGCC) that are involved in the regulation of BC
cell proliferation. CACNA2D3 gene (encoding the a283 subunit of the voltage
gated Ca’* channel) is frequently up-regulated in BC, but in some metastatic cases,
its expression is reduced [64]. The mechanisms of CACNA2D3 contribution to
the metastatic process has not being clarified yet. One possible mechanism for the
overexpression of some calcium permeable ion channels is through the involve-
ment of hormone receptors, such as ERa. Examples are ORAI3 [65]. CACNA2D3, is
frequently downregulated in primary BCs, as a result of methylation in CpG islands
[64]. The influence of calcium channels in PCa has been known for over 30 years.
Later research identified additional classes of channel proteins having an important
regulatory role and affecting malignant transformation (reviewed in [66]). The
expression of VGCC (mainly L-type) has been detected in the androgen-responsive
LNCaP cells. In these cells Ca** currents are activated by androgens and mediate
the androgen-induced effects [67]. Part of the Ca** effects depend on K* channels
stimulation, for example, KCa3.1 blocking inhibits the proliferation of PCa cells
[67]. An aberrant methylation of CACNA2D1/3 gene (encoding the voltage-depen-
dent calcium channel 2 subunit) was demonstrated in GC samples. CACNA2D3
methylation is associated with diffuse type GC and shorter survival [68]. ORAI1
and STIM1, belonging to the store operated calcium channels (SOC) family, are
up-regulated in BC of the basal-like molecular subtype [69]. Moreover, another
member of the same family, STIM2, is expressed at low levels in BC. Patients with
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high STIM1 and low STIM2 have unfavorable prognosis, suggesting that the SOC
family has a role in aggressiveness and in the metastatic process [69]. ORAI3 has
recently been associated with ER-positive BC [65] and could represent a novel
target for ER-positive BCs [70].

3.4 Transient receptor potential (TRP) channels

TRP channels are non-selective cation channels that can be activated by differ-
ent stimuli such as pH variations, temperature and pressure among others [71, 72].
Since TRP channels are involved in migration and invasiveness, they contribute
to the metastatic process in different tumors [73]. Ca®* influx through TRPCs also
occurs and promotes either cell proliferation or apoptosis, depending on TRPC
subtype. TRPC1 whose levels are high in BCs with low proliferation capacity, may
not be the optimal target for therapies against aggressive BCs [74]. Significantly
elevated (up to 200-fold) mRNA levels of TRPC6 were shown in BC samples
compared with paired control samples [74, 75], but no correlations with clinico-
pathological features emerged [74]. A similar behavior characterizes TRPC1, whose
expression levels decrease during the progression of PCa from androgen-dependent
to androgen-independent phase [75]. TRPC6 is overexpressed in ESCC with respect
to normal esophageal tissue at both protein and mRNA levels [76]. A recent report
evidenced correlations of TRPC6 with T and staging and an association between
TRPC6 mRNA and poor prognosis [77]. TRPV6 is up-regulated in PgR and
ER-negative BCs [78]. Basal-like BCs with high TRPV6 mRNA levels are associ-
ated with poor survival [79]. In vitro data suggest that TRPV6 may be a potential
therapeutic target [79]. TRPV6 is highly expressed in PCa and are associated with
the Gleason score and metastatisation [80]. The expression of TRPV4 is decreased
by progesterone [81]. TRPMY7 is highly expressed in BC, and such over expression is
associated with poor prognosis in terms of distant metastasis- and recurrence-free
survival [82]. In accordance with these observation, TRPM7 mRNA levels are higher
in BC metastases with respect to primary tumors. Also, TRPM7 are overexpressed in
pancreatic ductal adenocarcinomas and are associated with lymph node metastases
[83]. TRPM7 mRNA and protein are also overexpressed in bladder cancer with
respect to normal tissue and are associated with poor prognosis [84]. TRPA1 is
overexpressed also in SCLC patients compared with NSCLC and since it is associ-
ated with SCLC patients’ survival representing a potential therapeutic target [85].

3.5 Chloride channels

Anoctamin 1 (ANO1), the calcium-activated chloride channel, is highly
expressed in BC cell lines and primary BCs [86] and the 11q13 region is frequently
amplified in BC and it is associated with grading and unfavorable outcome [86].

ANO1 was also shown to play an important role in controlling PDAC cell pro-
liferation [87]. It has been shown that chloride channel accessory 1 and 2 genes
(CLCA1 and CLCA?2) transcripts show widespread downregulation in CRC
patients [88]. Therefore CLCA proteins could be tumor suppressors in CRC in
analogy with what occurs in BC. CLC1 is expressed in GC cells where it impairs cell
proliferation and stimulates apoptosis, invasion and migration in vitro [89]. CLC1
overexpression in primary GC correlates with clinico-pathological parameters
(Iymph node involvement, stage, lymphatic and perineural invasion) as well as
with poor prognosis [90]. CLIC3 is not expressed in healthy pancreas while it is
expressed in PanIN lesions [91] and in PDAC where it has a negative impact on
patient survival.
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3.6 Ligand-gated channels

The ligand-gated nicotinic acethylcholine receptors (nAChRs) are the chan-
nel type mostly studied in LC [92]. NSCLC shows altered expression of nicotinic
subunits (mainly al, a5 avd a7) compared with normal tissue. Moreover in NSCLC
cells, nicotine has mitogenic effects of nicotine, mediated by a7-containing nAChRs
[93]. Multiple genome-wide association studies (GWAS) have implicated the 15q25
nAChR gene cluster CHRNA5-A3-B4 in nicotine dependence and LC [94]. The
expression of the CHRNAS5 gene which encodes the a5-nAchR was increased in LC
tissue and that the p. Asp398Asn polymorphism in the CHRNA5 gene is associated
with LC risk [92] and altered receptor function [95]. Additionally, the p. Asp398Asn
polymorphism may influence a5 (CHRNAS) expression as well [92]. A «5-nAChR/
HIF-1a/ VEGF axis exists in LC and is involved in nicotine-induced tumor cell
proliferation. This fact suggests that «5-nAChR may serve as a potential anticancer
target in nicotine-associated LC [96].

3.7 Aquaporins (AQP)

AQP1 is expressed in BC and positively correlates with grading, histology, CK14
expression, smooth muscle actin expression, basal-like group and poor outcome,
whereas it has significant negative correlation with ER status [97]. AQP1, AQP3 and
AQPS5 are expressed in CRC cell lines. AQP1 and AQP5 are expressed the early steps
of CRC progression but also in liver metastases [98]. Moreover, AQP5 expression is
associated with grading, nodal involvement and TNM stage [99]. AQP5 is expressed
at significant levels in Lauren’s intestinal type-GC, where it shows an apical localiza-
tion [100], whereas AQP3 and AQP4 are not overexpressed in GC. Shen et al. [101]
showed that both AQP3 and AQP5 were overexpressed in GC and were associated
with lymph node involvement. Moreover, AQP3 expression was higher in well
differentiated tumors. AQP3 is also over-expressed in primary CRC with respect to
healthy tissue, and its expression is positively regulated by EGF and is associated
with lymph node involvement, metastasis and differentiation [102]. AQP3 and
AQP5 are expressed in ESCC, while absent in healthy esophagus [103, 104]: the
presence of the two aquaporins is associated with clinico-pathological features and
their co-expression represents an independent negative prognostic factor. A recent
microarray-based study demonstrated that reduced AQP9 gene expression is related
to absence of adjuvant chemotherapy response in CRC patients [38].

3.8 Transporters

The monocarboxylate transporter SLC16A1 (encoded by the SLC16A1 gene) is asso-
ciated to basal-like BC, high histological grade, CK5, CK14, vimentin and Ki67. AQP1
along with SLC16A1 were shown to be associated with tumor aggressiveness of BC
[105]. The voltage-gated proton channel Hvl (HVCNI) overexpression in metastatic
BC is associated with progression and unfavorable outcome [106]. The same occurs in
CRC in which it is associated also with tumor size, lymph node involvement and stage
[107]. In stage CRC, a low expression of SLC7A1 (cationic amino-acid transporters-1,
encoded by SLC7A1 gene) is associated with shorter metastases-free survival [108].

The sodium proton exchanger 1 (NHE1, SLC9A1) interacts with EGFR and is
involved in PDAC cell invasiveness [109]. It was shown that the Glucose Transporter
1 (SLC2A1, GLUT1) is expressed in BE-derived tumors in the late events of tumor
progression [110]. SLC2A1 expression described also occurs in ESCC, where it
represents a marker of poor prognosis [111]. Moreover, SLC2A1 expression increased
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after radiotherapy in ESCC patients [112]. The apical sodium-dependent bile acid
transporters (SLC10A2), which mediate bile acid transport [113], are not expressed
in the normal squamous epithelium of the esophagus [114], whereas their expression
increases in Barrett’s Esophagus, to decline in EA [115]. Divalent metal transporterl
(DMT1, SLC11A2) overexpression was associated with metastatization in EC

[116]. One of the main causes of chemotherapy failure is drug efflux mediated by
ATP-binding cassette transporters (ABC) [117]. It was recently shown that ABCG2
together with V-ATPase are overexpressed in ESCC and are associated with grading,
TNM stage and metastatization. ABCB1 and ABCG2 are expressed in primary GC
and GC cell lines [118] in which their expression is associated with tumor differenti-
ation. ABCBI expression is higher in diffuse type GC [119]. ABCG2 represents a tar-
get for a several chemotherapy drugs [120]: for example, cisplatin increases ABCG2
mRNA iz vitro and this is associated with patients’ outcome [121]. In PDAC, ABCB4,
ABCBI11, ABCC1, ABCC3, ABCC5, ABCC10 and ABCG2 are up-regulated, while
ABCA3, ABCC6, CFTR (ABCC7) and ABCC8 are down-regulated: such deregula-
tion contributes to PDAC poor response to therapy [122]. The Solute Carrier trans-
porters (SLC) is a family of transporters frequently deregulated in PDAC. SLC7A5
(the L-type aminoacid transporter 1) are overexpressed in PDAC and are associated
with molecular and clinico-pathological features (such as Ki-67, p53, CD34, CD98,
VEGEF size, stage) and prognosis [122]. SLC22A3 and SLC22A18 are up-regulated
in PDAC with respect to healthy pancreas while SLC22A1, SLC22A2, SLC22A11,
SLC28A1, SLC28A3 and SLC29A1 are down-regulated [122]. In particular, SLC28A1
overexpression was associated with poor overall survival whereas SLC22A3 and
SLC29A3 overexpression was observed in patients treated with Gemcitabine with
longer overall survival. PC patients with low expression of SMCT1 (SLC5A8) have
poorer survival with respect to patients with high SLC5A8 levels [123]. The human
equilibrative nucleoside transporter 1 (SLC29A1) is associated to longer time to pro-
gression and it was shown that it could predict gemcitabine effects in non-resectable
PDAC patients, if evaluated in samples obtained by fine-needle aspiration [124].
Different conclusions were drawn when analyzing SLC29A1 expression in patients
treated with chemo-radiotherapy [125]. In GC, SLC7A5 overexpression was detected
and it was found to be associated with clinico-pathological features such as size,
lymph node involvement, TNM stage and local invasion [126]. SLC16A1 was found
to be expressed both in healthy stomach and GC, and it could be hypothesized a role
in gastric physiology for this transporter [119]. In metastatic GC, SLC16A3 is down-
regulated [119] and is associated with intestinal type. 4F2hc (SLC3A2) was found to
be over-expressed in GC cell lines and in primary GC, with no significant correlation
with clinico-pathological features. Since the study was conducted on a small number
of samples, it could not allow definitive conclusions [127].

4.Ion channels and transporters with clinical relevance
in hematologic malignancies

As reported for solid tumors, a schematic overview of ion channels and trans-
porters expressed in hematologic tumors is reported in Figure 2. Early evidence
for the implication of K* channels in leukemia cell proliferation was obtained in
the myeloblastic leukemia cell line ML-1 [128]. In leukemias, it was shown that
KCa3.1 might represent a useful target since its blockade impairs leukemic cells
proliferation [129] while KCNN4 overexpression was detected in follicular lym-
phomas [130]. A significant Kv10.1 expression was detected in myelodysplastic
syndromes, CML and almost half of a cohort of AML samples and blocking the
channel results in the inhibition of both cell proliferation and migration. Smith
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LEUKEMIAS LYMPHOMAS

Figure 2.
Cartoon showing the main ICTs expressed in leukemias and lymphomas.

and colleagues [131] carried out an extensive study of the K+ channel transcripts in
primary lymphocytes, leukemias (B-cell CLL) and several leukemic cell lines and
they found only Kv11.1 was significantly up-regulated. In AML cell lines (FLG 29.1,
HL-60 and K562), it was shown that specific block of IKv11.1 led to G1 arrest and
impaired their migration on fibronectin-containing ECM [132]. Kv11.1 was also
overexpressed in circulating blasts from human AML, in which the block of the
channel significantly decreased cell growth [132]. The AsloBK splice variant of gBK
has been detected in gliomas [133] and the herg1b alternative transcript of Kv11.1 is
overexpressed in human leukemias and neuroblastomas [134, 135]. TWIK-related
spinal cord K+ (TRESK) channels, members of the double-pore domain K+ chan-
nel family, are expressed in Jurkat cells [136] that also express TRPVS5 and TRPVE,
which were also detected in K562 cells. TRP channels control Ca** homeostasis in
the context of malignant transformation [137] and it was shown that of TRPV5/
TRPV6-like channels’ activation mediate Ca** entry and the activation of Ca**/
Calmodulin-dependent kinase II in irradiated K562 cells [138].

During the oxidative burst following activation of K562 cells non-selective
cation channel TRPM2 are activated, thus activating SK4 KCa channels. In paral-
lel, the voltage-gated Cl-channel CIC-3 is also activated. The overall effect is cell
shrinkage because of the osmotic water loss determined KCl outflow [139, 140]. A
similar volume-dependent regulation of leukemia cell apoptosis can be operated by
volume-regulated chloride currents (VRCC). The volume-dependent regulatory
mechanisms are accompanied by control of water levels suggesting it could rep-
resent an additional modulatory mechanism in the apoptotic cascade [141]. AQPs
control osmotic fluxes in a variety of physiological conditions. For instance, AQPS5 is
overexpressed in CML cells, where it promotes cell proliferation and inhibits apop-
tosis, perhaps through an effect on cell volume control [142]. Expression of AQP5
increases in parallel with the development of resistance to imatinib mesylate [142].

5. Targeting ion channels and transporters for cancer diagnosis with
antibodies

Recently, an antibody directed to a cancer-related ion channel (the purinergic

receptor P2X7) was introduced into the clinical settings: it is a polyclonal antibody
targeting a conformational epitope of the non-functional channel and it is likely
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to be approved as a first-generation therapy. Antibodies targeting ORAI1 were
obtained using U20S cells overexpressing human ORAI1 as immunogens. One of
such antibodies impaired cell proliferation of T lymphocytes in peripheral blood
[143, 144]. In 2014, a method for the isolation of functional antibodies against
Nav1.7 was published [145].

6. Future perspectives

In a recent paper [146], an ICT molecular profile was defined for BC thus
opening interesting perspectives in this field. In particular, the expression of 30
ion channel genes was shown to be associated with tumor grade. The authors were
able of identifying a “IC30 gene signature” composed of 30 ion channel genes and
demonstrated that IC30 might represent a prognostic biomarker predicting clinical
outcome in BC, independently from clinical and pathological prognostic factors.
The same approach was applied to LC and 37 ion channels genes were identified as
differentially expressed in LC in comparison to healthy lung [147]. Moreover, 31 ion
channel genes were identified as differentially expressed between lung adenocarci-
noma and squamous-cell carcinoma samples, therefore the expression of such genes
could be used for NSCLC molecular classification [147]. In NSCLC, it was shown
that VDAC1 is an independent prognostic factor and it is associated with shorter
overall survival [147]. VDAC1 was also found to be up-regulated in different types
of carcinomas [148]. More recently, a paper describing gene expression profile in
lymphomas demonstrated that KCNN4 and SLC2A1 genes are overexpressed in
follicular lymphomas (FL) [130]. In particular, SLC2A1 was proposed to be the hub
of a functional network, connecting channels and transporters in FL. Moreover,
relapsed FL had 38 differentially expressed ICT genes, among which ATP9A,
SLC2A1 and KCNN4 were under-expressed. In the same paper, it was shown that
diffuse large B Cell lymphoma (DLBCL) have a completely different pattern of K*
channel encoding genes expression along with the overexpression of the fatty acid
transporter-encoding gene SLC27A1.
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Translational Perspective in
Hepatocellular Carcinoma
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Abstract

The burden of liver cancer is higher in Hispanics, African Americans, and
Asians. Viral hepatitis (Hepatitis B and Hepatitis C viruses), non-alcoholic ste-
atohepatitis (NASH), and alcoholic liver disease (ALD) are the most common
etiological/risk factors for liver cancer. Approximately 80-90% of hepatocellular
carcinoma (HCC) occurs in patients with underlying liver cirrhosis. Individuals
with advanced cirrhosis represent a high-risk group for liver cancer. To fill the
increasing gap between basic science and clinical research, translational research
has been developed as an emerging technology. Basic science attempts to unravel
the mechanisms of disease using tools (e.g., culture systems and animal models)
that allow for easy manipulation of biological processes. Further, culture systems
and animal models are useful to derive causal associations, but they generally do
not include an endpoint directly applicable to clinical practice. Hence, develop-
ment of new tools for early detection, including the evaluation of liquid biopsy,
identification of tissue biomarkers of treatment response, execution of precision
and enhancement of patient stratification in patients at risk for HCC development
to enable chemoprevention clinical trials becomes important. It was identified as
translational research has begun as an effective approach to facilitate the develop-
ment of novel molecular-based biomarkers and to accelerate the implementation of
laboratory discoveries into clinically applicable tools. Despite great advancement in
diagnosis and management of HCC, the exact biology of the tumor remains poorly
understood generally limiting the clinical outcome. Comprehensive analysis and
characterization of the molecular mechanisms and subsequently individual predic-
tion of corresponding prognostic traits would transform both diagnosis and treat-
ment of HCC and is the key goal of modern medicine. To overcome the challenge
and to accelerate the progress, a collaborative effort from various clinical research
groups and translational approach is needed.

Keywords: biomarkers, clinical research, cancer, hepatocellular carcinoma and
translational research

1. Introduction

Hepatocellular carcinoma (HCC) is a common form of liver cancer associated
with high mortality rate [1]. It is estimated that approximately 750,000 new cases
of HCC diagnosed per year worldwide which makes HCC as the fifth common cause
of cancers affecting human [2]. Mortality rate of approximately 700,000 has been
estimated annually due to HCC and it has been considered as the third common
cause of death [3].
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World Health Organization (WHO) reported that about one million people
annually was diagnosed with HCC [4]. The major risk factors for developing
HCC are viral infections, alcoholic liver diseases and nonalcoholic steatohepatitis
(NASH) [5]. In most of the cases, HCC was diagnosed after the disease progresses,
when survival rates are low [6]. Development of HCC is asymptomatic at early
stages of the disease when current curative therapies are available [7]. Diagnosis of
HCC is based on the combination of radiological, serological and histopathological
criteria [8]. Almost 90% of the cases are diagnosed without the help of liver biopsy,
as many non-invasive techniques such as serological examination and imaging
techniques are used as standard diagnostic test for HCC [9]. Ultrasonography is
the most widely used imaging test for screening because of its diagnostic accuracy,
non-invasiveness, good acceptance by patients and moderate cost [10].

Because of a large variability in etiological and genetic backgrounds and the
long-time development of the disease, HCC lesions are known to exhibit substantial
intra-tumor and inter-tumor heterogeneity [11]. For the treatment stratification in
HCC, tumor heterogeneity poses a significant challenge [12]. Non-invasive assess-
ment of several tumor characteristics, such as cellularity, perfusion and oxygen-
ation, can be performed using quantitative functional multiparametric magnetic
resonance imaging (mpMRI), which can be also used for tumor characterization
and for assessing the treatment response [13]. Although pathological and genetic
heterogeneity in HCC lesions have been defined, imaging reports on HCC hetero-
geneity are extremely inadequate, with only one study reporting visual assessment
of HCC heterogeneity on contrast-enhanced MRI, with no such study describing
quantitative imaging measurements of HCC heterogeneity [14].

Nowadays, magnetic resonance imaging (MRI) analysis has been used to study
the characterization of HCC lesions in biopsied or resected samples, and also it
provides further information on tumor properties [15]. Without histological con-
firmation, HCC can be detected using imaging alone in most of the patients, [16],
but histopathologic assessment has its own advantage over imaging analysis. Results
of the study by Hectors et al. indicated that HCC patients could ultimately benefit
from knowledge of about the correlation of imaging parameters with histopatho-
logical and genomics properties of HCC lesions [17].

Based on tumor burden, hepatic function and performance status, patient
prognosis and treatment decisions are made [18]. Surgical resection and liver
transplantation are generally recommended for HCC, but is indicated specifically
for patients with early stage and well-preserved liver function [19]. For patients not
suitable for curative treatment, transarterial chemoembolization (TACE) and trans-
arterial radioembolization (TARE) may provide better loco-regional tumor control
and increase patient survival [20]. It is commonly acknowledged as a palliative
treatment option and improves survival in unresectable HCC.

Primary liver cancer or HCC imposes significant challenges to healthcare with
huge unmet clinical needs. In males, it is the second leading cause of cancer-related
mortality worldwide and 80% of HCC cases are found in the Asia-Pacific regions
[21]. Although treatments such as surgical resection, liver transplantation or radio-
frequency ablation are potentially curable options for early-stage HCC, recurrences
remain the most common issue and limit the overall survival [22]. Survival may
be prolonged by loco-regional therapy in intermediate stage HCC and by systemic
therapies in advanced HCC [23]. Overall, when compared to other common can-
cers, clinical outcomes in HCC remain poor due to the lack of effective therapies
[24]. It’s intrinsically quite challenging to understand the biology of HCC as it is the
common end-point of a number of etiologies with different molecular pathways.

In addition to increasing the complexity, significant heterogeneity is also existent
within the same tumor [25].
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Treatment outcomes for the majority of patients with HCC have remained poor
through the years. The overall 5-year survival rate for all patients with HCC has
remained steady at 3-5% [26]. This results from two facts. The first major reason is
that for most patients, diagnosis is made only when the disease is in advanced stage
and inoperable, and the second reason is when the disease has very poor prognosis.
Furthermore, cirrhosis of the liver is a major risk factor for HCC development [27].
In most of the cases, the cause of cirrhosis is mainly due to chronic hepatitis B or C
virus infection, or heavy alcohol usage [28]. Other known risk factors may include
hereditary hemochromatosis, a-1 antitrypsin deficiency, primary biliary cirrhosis,
autoimmune hepatitis, smoking and aflatoxin exposure [29]. Regardless of the
cause, the accompanying cirrhosis can independently cause death as well as compli-
cate other treatments [30].

Because of the challenges faced by current and future populations due to HCC,
treatment has been an ever-rising area of interest for research. So far there was no
such improved results from cytotoxic therapies have been reported. Researchers’
recent efforts have been mainly focused on a variety of proven tactics and techniques
[30]. Reducing morbidity and mortality are the major concerns in the modern surgi-
cal era, as various studies have recommended that precise evaluation of liver func-
tion reserve is indispensable for prognosticating the occurrence of morbidities and
mortalities [31]. A number of confounding variables and background liver changes
pose a major challenge in clinical proteomics studies that target liver diseases and
biomarker discovery. Fat accumulation, inflammation, necrosis, apoptosis, prolifera-
tion, fibrosis and viral replication can all occur simultaneously in liver injury [32]. In
general, insulin resistance is associated with the pathogenesis of nonalcoholic fatty
liver disease (NAFLD). A role of hepatic steatosis in the pathogenesis of chronic
hepatitis C has also been studied, implying hepatitis C as a metabolic disease. Asa
result, there is a need for novel strategies and careful experimental design [32].

To improve our better understanding of the liver biology, integrative studies
such as proteomics and basic cellular biology or other developing fields such as
imaging studies and mouse models will play the most prominent role. The transla-
tion of basic discoveries into daily clinical practice will accelerate the ability to
understand the underlying molecular dysfunction in human disease (such as
signaling pathways, protein—protein interaction networks) [32]. A study by Li et al.
showed how mouse models of liver disease can be used to provide valuable func-
tional information. Therefore, it helps to improve the current concepts for better
screening and prevention [33]. Conde-Vandellis et al., described that biomarker
discovery revealed a powerful new path to study proteomic analysis of extracellular,
circulating or urinary vesicles [34].

2. Biomarkers in HCC

Various circulating markers and tissue markers have been identified. Because
of their low predictive accuracy and/or high cost, few biomarkers are acceptable
for clinical utility [35]. Alpha-fetoprotein (AFP) was the first serologic assay for
the detection and clinical follow-up of patients with HCC, which has been the
standard tumor biomarker for HCC for many years [36]. Analysis of recent studies
has indicated that AFP testing lacks adequate sensitivity and specificity for effective
surveillance [37]. AFP levels were reported to be normal in up to 40% of patients
with HCC, particularly during the early stage of the disease [38]. The combina-
tional use of different biomarkers may enhance the detection sensitivity for the
early detection of HCC. The tumor markers are most useful if utilized not only as
confirmatory tests, but also as a part of routine follow-up [39].
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Instead of simply utilizing a tumor marker test during the initial cancer evalua-
tion, following the tumor marker levels serially against the background of clinical
and other diagnostic findings will enhance the value of the tumor marker in provid-
ing information that could be used in therapeutic decisions and evaluation [39]. In
recent years, many promising candidate biomarkers for HCC have been identified,
but most of them have not been applied in the clinical diagnosis due to their limited
practicability and high cost.

Discovering novel biomarkers that provide sensitive and specific detection of
early stage disease when it is highly treatable is crucial [40]. In blood, the presence
of low abundance and low molecular weight proteins and metabolites provide a
potential and beneficial information, which also have great promise as a source of
new biomarkers [41]. Unfortunately, they comprise less than 1 percent of the blood
molecules, and in many cases exist in at two molar concentrations. The remainder
of the proteins and peptides comprising the complex circulatory proteome range
from 10 to 12 mg/mL to 10-3 mg/mL, spanning ten orders of magnitude, with a few
high molecular weight proteins such as albumin and immunoglobulins accounting
for 90% of total protein content [42].

It is quite difficult to detect and quantify low abundance, low molecular weight
proteins and metabolites using conventional protein detection methods such as
two dimensional gel electrophoresis (2-DGE), as they do not have the sensitivity
and high resolution [43]. As the input volume is only a few microliters, it’s also
quite challenging for the moderately high-detection and sensitive modern mass
spectrometers (at to molar concentration). And the complexity of protein mixture
will influence the sensitivity and resolution [43]. The usual sample preparation
steps for mass spectrometry (MS) experiments have several steps. MS experiments
start with the depletion of high abundant proteins using commercially available
immunoaffinity depletion columns. After depletion process, using size exclusion
chromatography, ion exchange chromatography and/or isoelectric focusing it has
been fractionized. However, as it has been recently shown that the vast majority
of low abundance biomarkers are non-covalently and endogenously associated
with the carrier proteins that are being removed, removal of abundant native high
molecular weight proteins can significantly reduce the yield of candidate biomark-
ers [44]. Methods, such as size exclusion ultrafiltration under denaturing condi-
tions, continuous elution denaturing electrophoresis or fractionation of serum by
means of nano-porous substrates, have been proposed to solve this problem, but
these methods are very time consuming, [45]. In the past, there has been no routine
method for purifying and enriching low molecular mass peptides and metabolites
from complex protein mixtures and biologic fluids in solution [46].

3. Translational research

In hepatology, HCC is an area that could benefit from translational research. In
advanced-stage HCC, until 2016, sorafenib was the only systemic agent that can
increase survival in patients [47]. In the meantime, four drugs, which include len-
vatinib, regorafenib, cabozantinib and ramucirumab, have shown clinical efficacy
either in first- or second-line therapy after phase 3 clinical trials [48]. Response
rate of 14% for nivolumab and 17% for pembrolizumab was observed and they
also increased the duration of response more than 1 year in half of the responders
prompted the US Food and Drug Administration (FDA) approval of these two
drugs under the accelerated program after single-arm phase 1/2 trials [49].

There are no other biomarkers except AFP that can identify the best responders
to any other therapies, while the patients receiving ramucirumab in second-line
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therapy [48]. To identify an immune subclass in HCC resection specimens, trans-
lational research efforts played a prominent role. Its ability to predict response to
immune-based therapies is still under investigation [50]. This is quite different
with other tumor types where comprehensive molecular profiling of large sets of
samples enabled the identification of robust predictive biomarkers of treatment
response (e.g., BRAF mutations and response to vemurafenib in melanoma, and
ALK rearrangements and response to crizotinib in lung cancer) [51]. These transla-
tional research initiatives helped coin the concept of “oncogene addiction,” a term
that describes a selective dependence of cancer cell growth for a certain genetic
alteration. Some of these biomarkers are included in clinical practice guide-lines
and FDA label [52].

As translational research established itself as a bridge between basic research
and clinical practice, its application spread beyond cancer to disease in general and
then to non-biomedical fields such as engineering [52]. Genome-wide association
studies have shown that only a small fraction of an individual’s risk for cancer can
be predicted by their genetic constitution and that hundreds of genetic variants
conspire to determine that risk [53]. Often, disease-related genetic variants do not
alter protein-coding regions of the genome, and evidence is emerging to show that
they influence cell physiology by altering non-coding RNAs with gene regulatory
roles [54]. Additional layers of complexity have emerged from the sequencing of
cancer genomes. These efforts have revealed large intra-individual heterogeneity in
neoplasms of the same organ and histotype, i.e., each tumor has its own mutational
profile [54]. Additionally, they have uncovered substantial intra-tumoral hetero-
geneity that complicates treatment decisions and calls into question the strategy of
genotyping tumoral DNA using a single biopsy [55]. Altogether, this new under-
standing of cancer complexity is the driving force in the development of diagnostic
tests for the molecular profiling of tumors, which may guide the choice of suitable
personalized therapies for each patient [52].

4. Emerging methods in HCC

The stability of potential biomarkers poses a major challenge is greater over the
complications associated with the harvest and enrichment of candidate biomarkers
from complex natural protein mixtures (such as blood) [46]. Immediately after
blood collection (e.g., by venipuncture), proteins that present in the serum are at
risk of degradation by endogenous proteases or exogenous environmental prote-
ases, such as proteases associated with the blood clotting process, enzymes shed
from blood cells or associated with bacterial contaminants [56].

During transportation and storage, there is an increasing chance for the degra-
dation of candidate diagnostic biomarkers in the blood. When the serum and other
body fluids that are collected from a multiple institutions and different locations as
large repositories where samples may be shipped without freezing, the fidelity of
biomarkers becomes an even more important issue [46].

The fundamental and serious physiologic barriers upsetting biomarker discov-
ery and measurement is the extremely low abundance (concentration) of candidate
markers in blood and urine. Low limits of the biomarkers are very difficult to detect
by mass spectrometry and conventional immunoassays. And also in the early stage
of disease, the tissue contains a small proportion of the patient’s tissue volume, thus
generating a low amount of biomarkers [46].

The resident proteins such as albumin and immunoglobulins are the next
hindrances, which account for greater than 90% of circulating plasma proteins, as
it confound and mask the isolation of rare biomarkers. When compared to the rare

69



Translational Research in Cancer

biomarker, the resident proteins such as albumin exist in billion fold excess. The
major problem is that the majority of low abundance biomarkers are non-covalently
and endogenously associated with that resident proteins [46].

After blood or urine collection, the low abundance biomarkers are rapidly
degraded by endogenous and exogenous proteinases. And also during transporta-
tion and storage of blood, candidate biomarkers are degraded which lead to serious
false-positive and false-negative results [57].

Affinity bait hydrogel nanoparticles have been recently proposed in order to
address these fundamental roadblocks to biomarker purification and preserva-
tion [58]. The nanoparticles contain a bait that targets classes of analytes. The
nanoparticles simultaneously conduct molecular sieve chromatography and affinity
chromatography, in one step, when it combined with a body fluid such as blood
or urine [57]. The nanoparticles sequester all target molecules away from albumin
association and completely exclude albumin [58]. It is proposed that proteins
sequestered by the nanoparticles are eluted in small volumes, thus increasing their
concentration, allowing analysis by a variety of techniques, such as mass spectrom-
etry, western blotting and immunoassays [57, 58].
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Chapter 5

Chalcones: Potential Anticancer
Agents

Adam McCluskey and Cecilia Russell

Abstract

Chalcones in their various guises have been considered either valid and critically
important lead compounds in the development of novel anticancer agents or as pan
assay interference compounds, PAINS. Medicinal chemistry is replete with exem-
plars from both “camps” progressing to clinical utility. Chalcones offer a simple
starting point for the development of specific compounds with high levels of activ-
ity toward key biological targets. Chalcones have been shown to display a wide
array of anticancer compounds. This chapter seeks to offer an overview of key
examples in an effort to encourage further reading and research in development in
this intriguing space.

Keywords: chalcones, biologically active, cancer, structure activity
relationship data

1. Introduction

Arguably, cancer represents one of the most serious threats to human health. Its
incidence is on the rise, and while there have been an increasing number of new
drugs and new targets over the past 50 or so years, it is still responsible for multiple
deaths across the globe [1]. The advent of targeted therapies arguably commenced
with the discovery and clinical use of the protein kinase inhibitor imatinib [2]. Since
this first report, there have been multiple novel protein kinase inhibitor-based
drugs entering clinical use [3]. More recently, there has been a significant shift in
treatment paradigms to the use of mono-clonal antibodies, with this market
predicted to be >$US300 billion by 2030 [4]. Despite this, the survival rates for
metastatic breast cancer (Stage IV, 5-year survival is <25%), for pancreatic cancer
this is a more dire 7% [5]. Treatment of glioblastoma and other neurological cancers
has not advanced in the past 3—4 decades [6, 7].

2. Biological activity of chalcones

Chalcones or analogues or derivatives of (E)-1,3-diphenyl-2-propene-1-one
represent a very diverse array of molecules. This family of molecules are known to
possess a myriad of biological activities spanning (but not limited to) antidiabetic,
antimicrobial, antioxidant, anti-inflammatory, anticancer and chemopreventative
properties [8]. A number of chalcones are in current clinical use, exemplified by the
selected analogues shown in Figure 1 and in other figures throughout this chapter.

75 IntechOpen



Translational Research in Cancer

Note that the breadth of the potential applications of chalcones in cancer is expan-
sive and beyond the scope of this chapter, the intent here is to supply a snapshot of
chalcones and their targets to encourage further exploration, by the reader, of this
area [8-10].

Despite the numerous examples of clinically used chalcones, they are often
overlooked for lead development as a function of PAINS filtering [11]. We note the
key role here of the medicinal chemist in understanding both the limitations of the
lead scaffold, potential promiscuity and the nature of the biological screening
conducted. If the scaffold limitations are understood, there is limited rationale in
excluding a whole compound class, especially given the current utility of these
analogues. However, vigilance is required in SAR examinations. We recommend the
removal of PAINS filters from preliminary screening cascades and the introduction
of robust orthogonal assay procedures to enable rapid identification of true lead
compounds [12, 13]. In so doing, we believe that this will increase the attractiveness
of chalcones as leads; potentially matching their use will greatly increase the
attractiveness of chalcones as potential starting points for drug discovery [9, 14].

Historically, chalcones, for example 1-5, have been used in a therapeutic
environment for millennia. Typically, through the ingestion of plants and herbs,
chalcones have been used in the treatment of a myriad of conditions, spanning
but not limited to inflammation, diabetes, and the topic of this chapter, cancer
[8, 15-18]. Metochalcone (1) and sofalcone (2) have been used in the treatment of
ulcers and as mucoprotective agents, respectively (Figure 1) [15, 16].

Being able to switch between two chalconoid structures (6a and 6b; Figure 2) in
principle establishes two Michael acceptor possibilities for this class of compounds.
It is important to recognize at this point that key researchers view these and
molecules such as these as PAINS [11]. As such, caution should be used in deter-
mining absolute effects and ascribing them to specific compounds’ actions in a
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Figure 1.
Chemical structures of selected clinically used chalcones: metochalcone (1), sofalcone (2), isoliquiritigenin,
xanthohumol (4) and hesperidin methylchalcone (5).

> o

6a Chalcone (chalconoid)

Figure 2.
The interplay between the s-cis and s-trans chalconoid structural motifs available to simple chalcones.
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biological system. Clearly, Michael acceptors are generally biologically active.
Michael acceptor-type compounds are known to be involved in cell signaling cas-
cades and in many cases these compounds are capable of forming covalent attach-
ments to the sulthydryl of cysteine or other thiols to obtain the Michael adduct 7
(Figure 3), which may play an important role in their biological activities [19-23].
Interestingly, the past reservations about small molecules forming covalent linkages
with proteins are subsiding with a wide variety of targeted drugs operating via a
covalent interaction mode [24]. This may lead to a resurgence in the examination of
chalcones as lead compounds.

Despite the PAINS expectation, there have been a large number of chalcones
reported to elicit anticancer activity via specific cell signaling pathways. Of note are
those analogues (8-10) that target the NF-kB pathway. It has been reported that
the anticancer activity of 3-hydroxy-4,3',4',5'-tetramethoxychalcone (9) correlates
with its NF-kB inhibitory activity. The reported mechanism of action requires
interaction with the IKKb cysteines (46% inhibition; 10 pM) [23] proceeding via
a JNK-mediated autophagy pathway triggering c-IAP (Figure 4) [25].

A key feature of chalcone 9 is its ability to synergize with existing clinical
treatments. As a combination therapy, 9 and the TNF-related apoptosis-inducing
ligand (TRAIL) or cisplatin significantly enhanced its cytotoxicity in lung
cancer cells. This effect is mediated via the suppression of cellular FLICE
(FADD-like IL-1b-converting enzyme)-inhibitory protein large (c-FLIPL) and
cellular inhibitor of apoptosis proteins (c-IAPs), which in combination activate
autophagy [26, 27].

Within the NF-xB activation pathway the Toll-like receptor 4 (TLR4) and mye-
loid differentiation 2 (MD?2) regulate the downstream signal transduction, such as
MAPK phosphorylation. In a LPS-acute lung injury model chalcone 10 inhibited the
activity of MD2 reducing the inflammatory effects in this model [28].

The removal of purported PAINS is more frustrating with recent examples
where promiscuous inhibitors were not removed or the filters demonstrated an

9’3 0
o

a

Figure 3.
Michael addition of a chalcone (6a) with cysteine to form the Michael adduct 7.
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Figure 4.
Exemplar chalcones known to be NF-kB inhibitors [28].
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oversensitivity toward key compound types. That is, these filters may reject
non-promiscuous compounds [12, 29].

The use of bioisosteric replacements with chalcones has high prevalence.
Commencing with 2,4,6-trimethoxychalcone (11) a simple H (11) to F (12)
isosteric replacement effected a 2-fold potency increase against HeLa (cervical
cancer), A498 (renal cancer), and HepG2 (hepatocellular carcinoma) cells, with
retention of activity against the A549 (lung adenocarcinoma epithelial) and A375
(skin malignant melanoma) cell lines with ICsg values spanning 0.03-0.120 pM
(Table 1) [30].

Isosteric replacements have not been limited to simple Grimm’s isosteres, but
they have been explored in nonclassical isostere space with the replacement of the
central olefin with a small heterocyclic compound, such as the thiophene analogues
shown in Table 2. These modified chalcones, for example, 14 developed from 13,
displayed good levels of cytotoxicity against a range of cancerous cell lines, with
activities noted in the sub-pM to mid-nM range (0.160-0.510 pM) against HeLa,

~o o X
=
X
X HeLa A549 A498 A375 HepG2
11; H 0.134 0.134 0.067 0.067 0.134
12; F 0.060 0.120 0.030 0.060 0.060

Table 1.
Effect of H to F bioisosteric modification on the cytotoxicity of a 2,4,6-trimethoxychalcone (11). IC;, values
are expressed in pM.

Compound HeLa Molt-4 CEM L1210 FM3A

~ 1.4 1.9 1.8 21 7.9
@] O

0.160 0.180 0.370 0.510 0.440

Table 2.
Bioisosterism represented by the replacing the double bond of the enone (blue) with a thiophene (red) [31].
ICs, values are expressed in pM.
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Molt-4 (human T-lymphocyte), CEM (human T-lymphocyte), L1210 (murine
leukemia), and FM3A cell lines (murine mammary carcinoma) (Table 2) [31].

2.1 Chalcone hybrids

The biological activity of chalcones, and study thereof is not limited to the
parent structure, but has recently expanded to encapsulate hybrid (chimeric)
molecules. These chimeras combine the cytotoxicity of the parent chalcone (15)
and the biological activity of the second drug. Multiple chimeric partners have been
reported including antibiotics (ciprofloxacin, 16) linking through the N-aryl
piperazine moiety. This allows access to the known inhibition of human DNA
topoisomerase II, itself a known anticancer drug target (Figure 5) [32]. The
chalcone-ciprofloxacin hybrid (17) inhibits human DNA topoisomerase II with
potent in vitro anticancer activity against myriad of cancer cell lines [33-36].

Chalcones themselves are known to inhibit several anticancer targets, including
thioredoxin reductase [21], and tubulin polymerization [37, 38]. Based on this there
was an expectation (upheld) that chimeric molecules possessing a N-aryl piperazine
and chalcone moieties would show higher potencies in the cell lines examined. Indeed,
with these molecules considerable synergy arising from the combination of both
partners was observed. Of the analogues reported, hybrid 17 displayed the highest
activity against cervical cancer (Hela; ICso = 190 nM) and gastric cancer (SGC7901;
ICso = 410 nM) cells (Figure 5). These data compare favorably with that reported for
cisplatin in the same cell lines with ICs, values of 20 and 12 pM, respectively [32].

The introduction of an active warhead has been accomplished through the
synthesis of a a-bromoacryloylamido chalcones (Figure 6). Analogues of this
nature are expected to act as covalent modifiers of their target protein [39].
Intriguingly, this combines the once thought of anathema of a covalent inhibitor
with a compound classified as a PAINS [11, 24]. Yet, compounds 18 and 19 exhibit
the highest activity against tumor cell growth (ICso < 1 pM) and 10- to 100-fold
increases in potency relative to the corresponding amide derivatives. Preliminary
mechanism of action studies support apoptosis induction via mitochondrial
engagement and activation of caspase-3. The related amide-linked dithiocarbamate-
chalcone (20) also exhibited excellent growth inhibition against SK-N-SH cells,
with an ICsg value of 2.03 pM, with negligible toxicity toward the normal GES-1 cell
line (ICsg > 50 mM). However, this effect is via Go/G; arrest and progression
through apoptosis. The nature of the linking and pendant moieties affects the
compound mode of action [40].
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Figure 5.
Molecular hybrid obtained from the combination of chalcones (ved) and N-aryl piperazine moiety (blue) [32].
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Figure 6.
Chemical structures of selected amide-linked chalcones bearing a covalently active warhead [40].

Figure 7.
Chemical structuves of example chalcone hybrids linked though a diol linker [43].

Chalcones have been hybridized via an ethylene glycol (or related diol linker)
linker (often used in medicinal chemistry to enhance solubility) (Figure 7) [41, 42].
Analogues such as the 1,4-dihydropyridyl-chalcones (21-24) show growth inhibi-
tion via an undetermined mechanism of action [43].

Access to chalcones can be via traditional solution phase synthesis approaches,
but in some instances there are reports of the use of solid supports. With 22, a
supported intramolecular aza-Wittig reductive cyclization is utilized to afford a
compound that showed high activity in the NCI-60 cell line panel. Acidity appears
to be related to a high level of DNA binding as determined by thermal denaturing
analysis [44, 45]. In keeping with the chimeric theme of this section, the inclusion
of the dehydroartemisinin scaffold with and ethylene glycol spacer afforded 23,
which showed a 6-fold potency enhancement relative to the apparent dehydroar-
temisinin with an ICsq of 300 nM [46].

While amide linages have been reported in the development of chalcone
hybridism, the use of an ester moiety has the added advantage of allowing a cellular
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esterase cleavage of the hybrid to afford the two parent drugs. In principle, this may
allow the presentation of three different biologically active compounds simulta-
neously: the hybrid, the chalcone, and the co-drug. The ester approach to coupling
compound pharmacophores has been elegantly demonstrated with chalcone hybrids
leveraging the often-present hydroxyl moiety. This approach, obviously, can also
afford the corresponding ether (versus ester) linked analogue, which is significantly
more cleavage resistant. Within this coupled pharmacophore environment,
chalcone-amidobenzothiazole chimeras 24 and 25 are 0.185-3.3 uM potent across a
panel of cancer cell lines (Figure 8). These analogues induce cell cycle arrest at the
G,/M phase boundary [47]. Platinum incorporation into the amidobenzothiazole
moiety with 26 also gave excellent anticancer activity across 21 cell lines, but no real
potency boost relative to the parent chalcone, but the chimera did yield a different
long-term treatment and mechanism of apoptosis induction pathway that may be
beneficial, especially in the onset of resistance should this occur [48].

Like a significant number of other chimeric compounds, “click-approaches”
have also been applied in the development of a series of chalcone-coumarin chi-
meras, for example, 27 and 28 (Figure 9). Gratifyingly, these chimeras displayed
higher efficacy against HepG2 cells than etoposide combined with negligible toxic-
ity toward normal cells. Molecular docking studies support, but do not confirm, that
these hybrids may act through binding with both tubulin and falcipain [49].
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Figure 8.
Selected ester and ether-linked chalcones [47, 48].
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Selected exemplars of Huisgen “click-linked” chalcone hybrid molecules [50].
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Within this subset of click conjugates, 29 demonstrated higher efficacy than the
archetypal cytotoxic agent 5-fluorouracil against four human cancer cell lines (A459
(lung), Bel-7402 (hepatocellular), HeLa (cervical), and MCF-7 (breast)) and low
cytotoxicity to NIH3T3 normal cells. Chalcone 29 was synergistic with matrine
against the A459 cell line demonstrating a favorable in vivo safety profile. Chalcone
29 has been reported as capable of effecting aa ca 90% tumor burden reduction in a
A459 mouse xenograft model (10.0 mg/kg/day, 20 days, iv) without any apparent
loss of body weight [50].

Continuation of the click-linked chalcone hybrids with p-lactams [51] revealed
30 as the most potent analogue within a discrete library. Of particular note was ICs
values < 1 pM against A549 and THP-1 (leukemia) cancer cells [52]. No other
noteworthy analogue was reported.

Loch-Neckel et al. reported a further investigation of the mechanism of an
analogue (31; Figure 10) [53]. In vitro and in vivo, it could inhibit glioma cell
growth and induce mitochondrial apoptosis in U87-MG glioma cells via the inhibi-
tion of MDM2.

Several hybrids besides those discussed above have also been reported to exhibit
potent anticancer activities (Figure 11). For example, -carboline—chalcone (32)
exhibits significant DNA binding interaction and DNA stabilization [54].
Imidazothiazole-chalcone (33) exhibits promising cytotoxicity with a microtubule
destabilizing mechanism and could compete with colchicine [55, 56].
Anthraquinone-chalcone (34) shows high cytotoxicity in HeLa cells [57, 58]. The
compound induces the activity of caspase-3 and caspase-8 in HeLa cells and has
shown potent inhibition of MMP-2 secretion.

2.2 Inhibition of tubulin

Clinically, targeting microtubules—the multifunctional cytoskeletal proteins
comprising a- and B-tubulin heterodimers—has provided considerable success in
the treatment of multiple cancers. Archetypal microtubule-targeting compounds
include the taxanes used in the treatment of metastatic pancreatic cancer [59], and
vinca alkaloids in the treatment of hematological and lymphatic neoplasms [60].
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Figure 10.
Chemical structuve of chalcone 31, (E)-1-(2,5-dimethoxyphenyl)-3-(quinoxalin-6-yl)prop-2-en-1-one [53].
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Figure 11.
Representatives of fused chalcone analogues [54].
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However, the continued use of these agents, like a significant number of anticancer
drugs, is limited by toxicity (here neurotoxicity) and drug resistance [61, 62]. In
this target space, multiple natural and synthetic chalcones (35-42) have been
reported with microtubule activity (Figure 12).

Given the current toxicity and resistance issues with the taxanes and vinca
alkaloids, in combination with the decorated microtubule activity of chalcones, it is
not surprising that the hybridization of these compound classes has been explored.
Some groups have attempted to develop these combination drugs using rational
drug design approaches. Niu approached this via molecular docking and high-
correlation quantitative pharmacophore models (40 compounds with experimental
data and 800 decoys to discriminate active versus inactive molecules) were gener-
ated using the SAR of known tubulin inhibitors [63]. Model validation followed by
virtual screening identified ca. 1000 drug-like molecules that were pharmacophore
matched. Ultimately, five differentially substituted (43-47) chalcones with diverse
substituents and strong molecular interactions with the key amino acids in the
tubulin-binding site were identified (Figure 13). Two compounds were of particu-
lar note, with 48 and 49 (Figure 14) demonstrating potent inhibitory activity
against MCF-7 cells with ICs values of 28 and 54 nM respectively [63].

Isolated from Combretum caffrum, Combretastatin A-4 is a microtubule-
targeting natural product that has been further developed through imidazolone
incorporation (51) (Figure 15) [64]. Evaluation in a broad-spectrum panel
containing 53 human tumor cell lines spanning leukemia, non-small cell lung, colon,
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Figure 12.
Examples of natural and synthetic chalcones with reported biological activity against microtubules [60].
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Figure 13.

Selected chalcones arising as hits from QSAR-based drug design strategy [63].
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48 49

Figure 14.

Chalcones with anticancer activity identified by integration of ligand-based pharmacophore screening and
molecular docking studies [63]. Active against the breast cancer cell line, MCF-7 with IC;, = 28 and 54 nM,
respectively (48, 49).
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Figure 15.
Variety of linked chalcones including examples that induce apoptosis via the PI3K/Akt/mTOR pathway
[64-67].

CNS, renal, prostate, ovarian, breast, and melanoma determined 51 showed good
anticancer activity, with Glsg values ranging from 1.26 to 10.5 pM and arresting cells
at G,/M phase [65].

Other hybrids, for example, anthraquinone-chalcone (54), have high cytotoxic-
ity toward HeLa cells but low toxicity to normal cells [66], as does the
quinazolinone chalcone derivative (56), which induces mitochondria-dependent
apoptosis and inhibits the PI3K/Akt/mTOR signaling pathway [67].

Chalcone modification afforded the amino-substituted 58 with subsequent
examination of these analogues for their tubulin-binding, vascular-targeting,
antitumor and antimetastatic activities revealing it to be the best compound in the
series developed by Canela et al [68]. Chalcone 58 inhibited the proliferation of

84



Chalcones: Potential Anticancer Agents
DOI: http://dx.doi.org/10.5772/intechopen.91441

endothelial (HMEC-1, microvascular endothelial cell line-1; and BAEC, bovine aor-
tic endothelial cells) and tumor (B16-F10.luc2, melanoma cells expressing firefly
luciferase 2; Cem; and HeLa) cell lines with ICs values of 1 and 4 nM [68]. The low
solubility of 58 (0.016 mg/mL) was ameliorated through the incorporation of an
amino acid-based pro-moiety with the L-Lysine-L-Proline derivative 59 approxi-
mately 2000x more soluble than 58 (Figure 16). Pro-drug 59 was effective in
inhibiting tumor and endothelial cell proliferation, parent 58 was successfully
released by the liver, and 59 demonstrated excellent in vivo anticancer activity in
melanoma (10 mg/kg) and breast cancer models (15 mg/kg) by causing rapid
intertumoral vascular shutdown and massive tumor necrosis [68].

Isolated from Millettia pachycarpa, millepachine (60) induces cell cycle arrest
and apoptosis in human hepatocarcinoma cells in vitro and in vivo [69]. The devel-
opment of amino-substituted-millepachines was explored in an effort to enhance
the antiproliferative activity of the natural product lead (Figure 17). Millepachine
derivative (61) exhibited excellent anticancer activity against a panel of drug-
sensitive cancer cell lines and multidrug-resistant cancer cells. Studies support the
inhibition of tubulin polymerization as the mechanism of action, by binding at the
colchicine site [70-72]. More conformationally restrained analogues 62-65 and 68
in this amino-substituted series retained high levels of activity, again acting as
anti-microtubule agents.
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Figure 16.
Latentiation represented by the replacing the amine of 58 with an L-Lysine-L-Proline (ved) [68].
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Figure 17.
Family of novel chalcones hypothesised to inhibit tubulin by binding at the colchicine site [70-72].
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Novel o-aryl chalcone (66) showed potent cytotoxicity against several
multidrug-resistant cancer cell lines (paclitaxel-resistant human ovarian
carcinoma cells, vincristine-resistant human ileocecum carcinoma cells, and
doxorubicin-resistant human breast carcinoma cells) in an extremely low
nanomolar range. This has been shown to be G2/M phase cell cycle arrest effect,
mediated by 66 binding to the colchicine site of tubulin as was observed with 62-65
and 68 [73], which is a key feature of anti-microtubule agents [74]. Acting via the
colchicine-binding site [75], 67 was effective in mouse A549 xenograft models with
no dose-limiting weight loss observed [37, 73]. An indole-chalcone (68), namely,
IPP51, induced prometaphase arrest and the subsequent apoptosis of bladder cancer
cells and showed a significant inhibition of tumor growth without a great loss in
body weight [75].

Confirmation of the tubulin-binding target has been obtained with TUB091
(58), TUB092 (69), and TUB099 (59) series of compounds [68]. TUB092 (70) was
soaked in the crystals of a protein complex comprising of-tubulin (T2) dimers, a
stathmin-like protein RB3 (R), and tubulin tyrosine ligase (TTL) (Figure 18). The
subsequent high-resolution cocrystal structure (2.4 A) showed the chalcone bound
with tubulin at the colchicine-binding site. The chalcone is organized such that the
1,3-benzodioxole ring of 69 is located in the p-tubulin residue-derived hydrophobic
pocket, with a water-mediated hydrogen bond to the backbone carbonyl and amide
of Gly237 and Cys241. The a,p-unsaturated ketone hydrogen bonds with Asp251
and two additional water-mediated hydrogen bonds are evident from the backbone
carbonyls of Thr179 and Asn349 with the hydroxyl and methoxy groups. Optimi-
zation of lead solubility via L-Lys-L-Pro dipeptide incorporation yielded pro-drug
59 with a ca. 2000x solubility enhancement (31 mg/mL in PBS versus 0.016 mg/mL
in PBS). 59 also inhibited primary tumor growth and spontaneous metastasis in
mice (iv injection, 10 mg/kg, 5 days) with 90% or higher inhibition.

2.3 Miscellaneous chalcones

Chalcone-benzoxaborole (70), prepared from the intermediates 6-formylben-
zoxaborole and the corresponding ketone, has recently been found to inhibit
Trypanosoma brucei growth and possess antitrypanosomal activity (Figure 19) [76].
Boronic-chalcone (71) was described early in 2002 as a fluorescent probe for the
detection of fluorides [77]. Boronic-chalcone hybrid (71) exhibits not only fluores-
cent properties but also other biological activity. Compound 71 has been reported as
an antitumor agent targeting MDM?2 oncoprotein [78]. Compound 72 can induce
antitumor activity against malignant glioma cell lines both in vitro and in vivo [79].
Compound 73 exhibits potent anticancer activity (HCT116 cells, ICso = 3.9 pM)
together with proteasome inhibitory activity [80].

69 (TUB092)

Figure 18.
Chemical structure of TUB092 (69), which binds to tubulin at the colchicine site; this analogue is directly
related to chalcones 58 and 59 (see Figure 16) [68].
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Figure 19.
Chemical structuves of boron-containing chalcones [76-80].

2.4 Selected mechanism of action studies

Ducki et al. predicted tubulin to be the target of chalcone due to the similarity
between chalcone and the p-tubulin inhibitor combretastatin A4 [81]. A 5D-QSAR
model was used to conclude that the methyl group at the a-position made a sizable
difference in the preferred conformation from s-cis (74) to s-trans (75) for tubulin
binding. This theory explains the high potency of a-methyl chalcone (K562, ICsq =
0.21 nM; tubulin, ICso = 0.46 pM) [81, 82]. In 1992, MDL-27048 (76) was the first
chalcone found to have antimitotic activity [83]. This compound was bound to
tubulin at the colchicine-binding site and inhibited tubulin polymerization. Based
on a proposed binding model for MDL-27048 [83, 84], a virtual screening of 9720
natural compounds was carried out. Compound 77 has been found to show good
inhibitory activity of tubulin polymerization [85]. Compounds 78—85 (Figure 20)
have been designed and synthesized in later medicinal chemistry work. These
compounds were originally predicted to bind to tubulin at the colchicine-binding
site, which has been confirmed via in vitro competition binding assays [47, 75, 86-90].
Very recently, a series of novel indole-chalcone derivatives were synthesized and
evaluated for their antiproliferative activity. Among these indole-chalcones, com-
pound 81 has exhibited ICs values of 3—9 nM against six cancer cell lines, with similar
activities against resistant cancer cells, and low toxicity toward normal human cells.
Molecular docking and mechanistic studies have demonstrated that this compound
could bind to the colchicine-binding site, inhibit tubulin polymerization with an ICsg
of 2.68 uM, arrest the cell cycle at the G2/M phase, induce apoptosis, and decrease the
mitochondrial membrane potential (MMP). Moreover, this compound and its phos-
phate salt 82 with better water solubility have been shown to exhibit 66 and 70%
in vivo antitumor inhibitory rates (ip, 30 mg/kg), respectively, without any apparent
loss of body weight.

2.5 Targeting topoisomerase

Critically, the correct assembly of DNA is essential for cellular function. This
assembly is in part governed by a series of topoisomerases (TOPOs), including
TOPO-I and TOPO-II, which are responsible for the winding and unwinding of
DNA. TOPO function is a critical process for DNA transcription and replication,
and has been targeted as an anticancer strategy [91]. Several chalcones have shown
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Figure 20.
Chalcones computationally predicted to target tubulin [81, 82].

TOPO inhibitory activity [92]. Chalcone 86 in addition to being a nonspecific
inhibitor of TOPO-I/II also inhibits cathepsin. The observed cytotoxicity was com-
parable with camptothecin and etoposide. The correlations between TOPO inhibi-
tion and cytotoxicity was not reported [93]. Natural product-derived (isolated from
Angelica keiskei) chalcone-based inhibitors of TOPO-II have also been reported by
the Akihisa group with the most potent in the series, 87, a more potent TOPO-II
inhibitor than etoposide (a clinically used TOPO inhibitor) [93]. Other chalcone-
based selective TOPO-II (versus TOPO-I) inhibitors such as 88 have been reported
with high anticancer activity (Figure 21) [93, 94].

2.6 Estrogen receptor

In many cancers, the hormone receptor status is a governing factor in determin-
ing the treatment protocols. For example, in breast cancer key treatment drivers
relate to the presence (or absence) of the estrogen, progesterone, and HER receptor
subtypes. The first two receptors are sex-linked and act as transcription factors
guiding the interplay between endogenous ligands such as 17p-estradiol. There are
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multiple clinical drugs that target aberrant ER activity to alleviate the symptoms of
menopause, inflammation, and cancer [95].

Chalcone isoliquiritigen in (89) was isolated from liquorish root and displayed a
concentration-dependent differential activity against ER-positive breast cancer cells
(T-47D) (Figure 22). At low concentrations, 89 stimulates cell growth, at high dose
it displays inhibitory activity; intriguingly, the activity at high concentration was
noted as being ER concentration independent. In agreement with other studies, 89
was found to directly bind to the ER with low micromolar affinity. The related
candidachalcone (90) is also an ER-responsive chalcone; and while not exact data
were presented, it is suggested to be a mid-micromolar ER ligand [96, 97].

Gan et al. reported that chalcones 91 and 92 showed cellular TrxR inhibitory
activity in a panel of Michael acceptor-type pharmacophores (Figure 23). MS
analysis demonstrated that the most potent chalcone derivative (92) covalently
modified TrxR at the selenocysteine residue U498 [21]. In 2015, Zhang et al.
reported a series of chalcone analogues based on xanthohumol (4). Among them,
compound 93 displayed good cytotoxicity against HeLa cells (ICso = 1.4 pM),

O
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Figure 21.

Chemical structuves of chalcones known to inhibit topoisomerases (TOPO) [93, 94].
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Figure 22.
Chalcone isokiquiriten (89) and an analogue (90) with activity against the ER-positive breast cancer cell line
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Figure 23.
Chemical structures of selected chalcones known as TrxR inhibitors [21].
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selective inhibition of TrxR, and induction of cell apoptosis. Mechanistically, the
U498C mutation of TrxR was performed to support the covalent mechanism. As a
result, this compound could significantly decrease the cellular thiol level and induce
the expression of reactive oxygen species (ROS) [98].

2.7 Targeting CYPs

The parent analogue, ANF (94), has long been recognized as displaying a broad
range of pharmacological activities. Of particular note is its effects on CYP1. It has
been shown that ANF (94) is capable of reversing CYP1B1-mediated drug resis-
tance, increasing the efficacy of cytotoxic drugs. Simple ring opening of the flavone
moiety releases a hydroxynaphthyl chalcone (95). Modification of the pendant
phenyl ring was shown to impart modest CYP inhibition relative to ANF (Table 3).
The parent phenyl (96) displays a CYP1B1 ICsq of 157.7 nM (c.f. ANF ICs4 5.9 nM).
Introduction of ring substituents enhances activity with the 4-F (97; 48 nM),

OH O
/
SO
Ar CYP ICsq values (nM) ICs ratio
1B1 1A1 1A2 1A1/1B1 1A2/1B1
ANF 94 59+13 80.3 £ 3.6 18.0 £ 3.6 13.6 3.1
Ph 95 157.7 £ 18.5 >1000 >1000 >6.3 >6.3
4-FPh 96 483 +8.2 >1000 >1000 >20.7 >20.7
2-OCH3Ph 97 37.8 £5.8 556.6 + 28.7 >1000 14.7 >26.5
3-Pyridyl 98 16.7 £ 3.7 117.1 £ 18.9 227.0 £25.2 7.0 13.6
~
O OH O
0 o
99 49+ 0.6 161.3 £ 17.4 734.7 + 31.2 32.9 149.9
NH,
~ )\
O OH N7 IN
0 0O
100 48+ 0.5 51.8 £ 9.7 >1000 10.8 >208.3

Table 3.
Inhibitor potency of modified chalcones against CYP1 enzymes.
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Figure 24.
Structural modification of ANF leading to a family of CYP1B1 inhibitors displaying high levels of cytotoxicity,
see Table 3 for details of “R” [99].

ICsp values (M)

Compound MCF-7 MDA-MB-231 LCC6/P-gp MCF-7/1B1
ANF (94) 80.7+76 >100 82.3 £ 8.5 >100
95 259 +3.2 462 +£53 >100 323+45
96 48.1+37 79.6 £ 4.9 48.6 £29 >100
97 43.4t£1.6 753+ 6.8 439+ 4.4 >100
98 7.6+0.7 19.8 +2.8 8.0+23 127 £1.7
99 63+14 15.8 £2.2 9.6 +13 151+1.8
100 46.8 £ 4.7 489 + 4.1 >100 20.4 £3.3
Table 4.

Cytotoxic activities of bengochalcones against MCF-7, MDA-MB-231, LCC6/P-GP, and MCF-7 cell lines.

2-OCHj; (98; 37.7 nM), and 3-pyridyl (99; 16.7 nM), also with improved CYP1A2/B1
selectivity. Increasing the hydrophobicity of the phenyl moiety was detrimental to
potency, but the introduction of a tetrasubstituted naphthyl moiety proved to be
highly efficacious [99] (Figure 24).

Of the modified ANF analogues reported, 100 and 101 displayed CYP1B1 inhi-
bition level equivalent to ANF but with significantly enhanced selectivities of 150-
and >200-fold (ANF, CYP1A2/B1 = 3.1) (Table 3).

Examination of these analogues against MCF-7, MDA-MB-231, LCC6/P-gp, and
MCF-7/1B1 revealed the 2-pyridyl chalcone analogue to be broad-spectrum active in
both the wild type (MCF-7 and MDA-MB-231 cells) and also in the drug-resistant
cells (LCC6/P-gp and MCF-7/1B1) (Table 3). Replacement of the phenyl moiety
with a tetramethoxynaphthalene resulted in a drop in CYP1B1 activity (ICso > 1000
nM), but the MCF-7 and LCC6/P-gp cytotoxicity increased. This presumably is a
consequence of increased cellular uptake [99] (Table 4).

3. Conclusions

The medicinal chemistry landscape is a mobile one. Approaches that were
viewed as unviable mere 5- to 10-years ago are now gaining traction. The introduc-
tion of PAINS filters has stymied some areas of medicinal chemistry development,
correctly; but in other areas, the changing paradigms may necessitate a
reexamination of the type of screening filters applied. This is especially relevant to
the potential development of chalcones in the anticancer drug space. It has been
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consistently shown that not only do these agents possess high levels of antiproli-
ferative activity as single agents, they synergise well across a significant number of
clinically used anticancer drugs.

As this field progresses, careful reevaluation of off-target effects, compound
specificity, and promiscuity will remain key, but there is significant potential for
transformation of chalcones into true clinical compounds. It is worth noting that it
is the role of the medicinal chemist to modulate the unfavorable effects of lead
compounds in the development of clinical candidates. This, perhaps though is best
left in an academic environment until “compound cleaning” to a true development
candidate can be achieved.
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Chapter 6

New Screening for the
Development of Radioprotectors:
Radioprotection and Anti-Cancer
Effect of p-Glucan (Enterococcus
faecalis)

Yeun-Hwa Gu

Abstract

In this study, f-glucan was orally administered and irradiated with whole body 2
Gy. It was then confirmed that the mortality of mice and tumor growth of mice with
tumors were significantly reduced. Since the number of leukocytes and lymphocytes
increased with a single dose of f-glucan, the crystal was encountered where the
radioprotective effect of f-glucan was probably increased by the hematopoietic action
of irradiated mice. In previous studies, p-(1-3)-D-glucan extract has a radioprotective
effect and an antitumor effect, and regarding the mechanism of action, the immune
activity and antioxidant were elucidated. In this study, we investigated the antitumor
effects of p-glucan on radiation, protection of immune disorders, and antioxidant
effects. After intraperitoneal inoculation of about 2 x 10° sarcoma 180, ICR mice were
administered 200 mg/kg p-glucan every other day every two weeks. We irradiated
2 Gy radiation 3 times and counted the number of white blood cells and lympho-
cytes. In addition, body weight and tumor size were measured 2 weeks after cancer
cells were seeded. Antioxidant activity was measured using the AAPH (2,2-azobis
(2-amidinopropane) dihydrochloride) method. There was a clear decrease in tumor
size in the radiation and glucan groups compared to the group receiving only cancer
cells that increased tumor size over time. Almost all mice inoculated with only cancer
cells died two weeks after radiation, but two-thirds of radiation and the glucan group
were alive. Regardless of radiation exposure, the number of leukocytes and lympho-
cytes increased when p-glucan was administered. Antioxidant activity has been dem-
onstrated in both groups of glucans. These results may indicate that administration of
B-glucan increases immune activity, prevents side effects during cancer radiotherapy,
and provides a supplemental tool for the treatment of cancer.

Keywords: lymphocyte, CD4 +, CD8 +, p-(1-3)-D-glucan, radioprotection,
radiotherapy
1. Introduction

Recent studies have demonstrated the immunomodulatory effects of heat-killed
lactic acid bacteria. The aim of this study was to evaluate the protective effect of
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heat-killed Enterococcus faecalis EF-2001 (EF-2001) on a radiation protective and
immunopotentiating Effect.

Drugs that suppress the radiosensitizer that enhances the biological action of
ionizing radiation are collectively called radioprotector. Drugs that show protec-
tive effects by radical scavenging or hypoxic action, such as WR-2721, need to be
administered before exposure [1]. Interleukins and the like are also effective with
prior administration. Drugs that enhance iz vivo production of hematopoietic cell
growth factors, such as hematopoietic cell growth factors such as G-CSF and immu-
nostimulants such as 4320K, are effective even after administration [2]. Chelating
agents and iodine agents that prevent radionuclides from being absorbed from the
skin and gastrointestinal tract and deposited in tissues and promote excretion are
broadly considered protective agents [3].

Protective agents for radical scavengers have been studied as an adjunct to
cancer radiotherapy, and WR-2721 (S-2-(3-Aminopropylamino) ethylphosphoro-
thioic acid) is the most promising among many compounds. It is thought to show
a protective action by eliminating radicals caused by indirect action of radiation,
hydrogenation, reduction of oxygen effect, etc. A drug that can reduce radiation
damage when administered immediately before radiation exposure is called a
radioprotective drug. Typical examples are aminothiol derivatives such as cyste-
amine (mercaptoethylamine) and WR-2721. At the time of tumor radiotherapy,
clinical application has been considered for protecting normal tissues around the
tumor, but it has not been put into practical use. In addition, there is a possibility
that these radiation prevention drugs may be used to protect rescue workers and
decontamination workers in the event of a nuclear facility accident, but all currently
known drugs are stamina, judgment, agility. Side effects such as decreased sex and
vomiting are strong and have not been put to practical use [4].

Mn, Zn, and Cd ions, as activators of biological defense mechanisms, induce
protective effects by inducing biosynthesis of metallothionein with radical scav-
enging ability in cells. In addition, gelen, interleukin 1 (IL-1), lipopolysaccharide
(lipopolysaccharide, LPS), muramyl dipeptide (MDP) derivatives, ginseng extract,
etc. Effective when administered prior to exposure. Leucons and innocities are
nucleic acid precursors that are approved as drugs for leukopenia and have radiation
protection but are not strong [5].

G-CSF (granulocyte colony-stimulating factor), a hematopoietic cell growth
factor, is a growth factor for leukocyte progenitor cells such as neutrophils. Prevents
infection and bleeding and provides lifesaving effect. GM-CSF (granulocyte/mac-
rophage colony-stimulating factor) and interleukin 6 (IL-6) have similar effects,
but G-CSF is most expected in terms of fewer side effects. These proteins are natu-
ral substances collectively called cytokines, but can be produced as recombinants
by genetic engineering techniques. In addition, picibanil (OK-432), glucan, lactic
acid bacteria preparations, etc. are said to enhance in vivo production of hema-
topoietic cell growth factor and are effective when administered after exposure.
Hematopoietic hormones, such as GM-CSF, are actually post-accidents in Brazil and
San Salvador used for exposed people [6].

New Protective Agents Stable nitroxide radicals have SOD activity and protect
animal cells from oxidative stress caused by superoxide and hydrogen peroxide.
Tempol, one of the stable nitroxide radicals, has been shown to exhibit radioprotec-
tive effects on C3H mice both in vitro and in vivo. It has also been shown to prevent
radiation-induced bone marrow damage and appears promising as a protective
agent in cancer radiotherapy [7].

Chelating agents and iodine agents that prevent radionuclides from being
absorbed from the skin and gastrointestinal tract, or deposited in tissues, or
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promote excretion as agents for preventing absorption and deposition of radionu-
clides in the body and promoting elimination these are protective agents in a broad
sense. Prussian blue is used to prevent absorption of '*’Cs. To promote *’Sr excre-
tion, calcium citrate and sodium alginate are recommended. In addition, sodium
citrate and a low phosphorus diet are effective. Geralmine (aluminum hydroxide
gel) has the same effect as a low phosphorus diet because it inhibits the absorption
of phosphoric acid. Zn-DTPA or Ca-DTPA is used to promote plutonium excretion.
An jodine agent (potassium iodide agent) is effective for preventing radioactive
iodine from collecting in the thyroid gland [8-10].

p-glucan is an edible mushroom, belonging to the f-glucan, and named
p-glucan. It particularly resembles L.shimeji Hongo in its taste and touch. Itisa
stump mushroom, which grows in forest, having a grayish brown-shaped umbrella
about 4-9 cm in diameter [11]. Glucan (B-glucan decastes Sing) was called the
p-glucan aggregate and has highly been valued for a long time, and its artificial
cultivation was difficult till now. Recently, there has been artificial cultivation using
bacterial strains as seedlings [12]. Now you can see it with general partial exposure.
The authors studied glucan for antitumor, angiotensin converting enzyme inhibi-
tion, and serum cholesterol-lowering activity [13]. Glucan was found to have higher
activity than the same class of shiitake Enteroccous Faecalis in anti-tumor activity,
p-1,6 D-glucan and p-1,3D-glucan, and their active -1, 6 D-glucan contains p-1,3D-
glucan [14]. Here, we report the effect of glucan extract on radiation therapy in
mice with cancer.

2. Materials and methods

2.1 3-Glucan

EF-2001 is a commercially available probiotic that was originally isolated from
healthy human infant feces. Nihon BRM Co. Ltd. (Tokyo, Japan) supplied it as a
heat-killed, dried powder. One gram of dried EF-2001 is equivalent to over 7.5 x 10*
colony-forming units prior to being heat-killed. Nikon BRM Co. Ltd. (Tokyo, Japan)
supplied Enteroccous Faecalis 2001®, a glucan product, composed of yeast extract,
dextrin and gelatin.

Dry Enterococcus faecalis contains 35-45 g of p-glycan per 100 g. Enteroccous
Faecalis was orally administered using a zoned for 2 weeks before the start of the
experiment.

2.2 Animal

The experimental animals used in this study are ICR / Slc mice. ICR/Slc mice
(5 weeks old, male) were obtained from SLC, Japan. Once received, the mice were
pre-bred for a week and only healthy mice were used for testing. Mice were fed
with commercial feed (CA-1, CLEA Japan) and water ad libitum, with a 12-hour
light cycle (8:00 lights, 20:00 lights off). The room humidity and temperature were
60-65% and 22 + 2° C, respectively.

2.3 Experimental groups
The experimental groups were divided into control group, tumor seeding group,

tumor seeding +2 Gy exposure group, p-glucan treatment group, p-glucan + tumor
seeding group, p-glucan + tumor seeding +2 Gy exposure by 6 groups.
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2.4 Irradiation device

The X-ray generator used was Philips MG226/4.5. For the pipe voltage, a dose of
200 kV was applied at a rate of 0.35 Gy/min. The total amount of X-rays exposed was
2 Gy. The exposed place of the mouse was fixed to the position of the front part of the
left foot (place where cancer cells were seeded) with a holder, and the place not irra-
diated was covered with a lead container. X-rays were irradiated on the 1 and 3 days.

The specific radiation irradiation method in each experimental group is shown
below. For changes in blood cells, single irradiation with 2 Gy was performed. However,
in the radiation tumor effect experiment, 2 Gy was divided into 3 divided doses.

2.5 Tumor inoculation

In order to obtain reproducible experimental data, mice were inoculated on the
15th day after breeding for more than 1 month. Approximately 2 x 10° sarcoma 180
cancer cells were inoculated into the muscle of the left foot of an ICR male mouse.

2.6 Administration method of f-glucan

Dissolve the extract in physiological saline, and for the control group,
tumor-seeding group, f-glucan administration group, f-glucan + tumor seeding
group, extract the water extract (200 mg/kg) every other day for several weeks.
Administered. In the control group, tumor seeding +2 Gy-exposed group and
p-glucan + tumor seeding +2 Gy-exposed group, only saline was injected. After
2 weeks of cancer cell seeding, the tumor size was measured weekly. We also mea-
sured body weight on exactly the same schedule as tumor size measurements.

Each group consisted of 10 mice. Tumor size was measured using.

Formula:

Tumor size(cm’ ) = 3/4 nA2B/2

A; Minor axis (cm);

B; Longer axis (cm)

At 14 (just before the first X-ray exposure), 1, 3, 5, 7, 9 and 11 days after tumor
dissemination, each mouse is fixed with a holder and the caudal vein is covered with
an extended female to get about 20 ul of dripping blood. Blood was collected in a
blood collection container (Dolamond Co. Ltd.) and diluted with diluent (Nihon
Kohden Co. Ltd.). White blood cell counts, including lymphocyte counts and
granulocyte counts, were measured using an automated blood cell analyzer (Nihon
Kohden Co. Ltd., Celltac-a-MEK-6318). The results obtained were expressed as
mean * standard deviation (S.D.). Student’s t-test was applied and results above
0.05 were considered significant.

3. Results
3.1 Number of peripheral blood cells: leukocytes
Figure 1 shows the changes over time of leukocytes in the 4 groups.
Compared with the control group, the B-glucan group showed a significant
increase in the number of white blood cells. The rate of significant increase

throughout the treatment period was 5/8 (p-glucan group). These results suggest
that p-glucan decisively increases white blood cell count.
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Figure 1.

B-glucan on blood leukocyte counts in mice. There weve 10 animals in each experimental group. Data are
mean + standard deviation values. Statistically significantly different (* P < 0.05) from the control group.
Statistically significantly different (* P < 0.05) from the 2 Gy group. Administration of p-glucan was
administered for 2 weeks and then treated with radiation. da; days after, hp.; hours post, dp; days post.

In the irradiated group, white blood cell counts began to decrease in all experi-
mental groups immediately after irradiation and tended to recover after 3 days.
Compared to the 2 Gy group over time, the white blood cell count was always higher
in the p-glucan +2 Gy group. When observed in each period, the white blood cell
count in the f-glucan +2 Gy group was significantly higher than the 2 Gy single
group the day before irradiation (P < 0.05). This suggests that an increase in white
blood cell count is shown in the un-irradiated state. A significant ratio was observed
in the B-glucan +2 Gy group. These results suggest a decrease in 2 Gy-induced
decrease in white blood cell count in the B-glucan +2 Gy group.

3.2 Number of lymphocytes

Figure 2 shows the time course of lymphocyte counts by f-glucan administra-
tion in each non-irradiated and 2 Gy whole body irradiated groups.

In the non-irradiated group, all treatment groups showed higher lymphocyte counts
compared to the control group. Specifically, there was a significant ratio in the p-glucan
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Figure 2.

B-Glucan on blood lymphocyte counts in mice. There were 10 animals in each experimental group. Data
are mean + standard deviation values. Statistically significantly different (* P < 0.05) from the control
group. Statistically significantly different (* P < 0.05) from the 2 Gy group. Administration of p-glucan was
administered for 2 weeks and then treated with radiation. da; days after, hp.; hours post, dp; days post.
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group (4/8), and statistically significant differences were observed over many periods
(P < 0.05). Overall, lymphocytes tended to increase compared to the control group.
This is the same trend seen in the non-irradiated group. Time-dependent
changes after irradiation, all experimental groups showed a decrease, and subse-
quent recovery was observed 3 days after irradiation. The p-glucan +2 Gy group
also showed higher lymphocyte counts than the X group. A significant ratio was
observed in the p-glucan +2 Gy group (P < 0.05). These treatments have been shown
to be particularly effective with a recovery period of 3 days after irradiation.

3.3CD4 + and CD8 +

Figures 3 and 4 show the changes in CD4 + and CD8 + after p-glucan adminis-
tration compared to the control group.

Figures 3 and 4 shows the increase frequency of CD4 + or CD8 + by p-glucan
administration in each non-irradiated and 2 Gy whole body irradiation groups.

The p-glucan +2 Gy group showed a higher increase in CD4 + or CD8 + than the
X group.

18 H Contorol

B B-glucan

CD4+ T-lymphocyte(%)

Time(days)

Figure 3.

Lymphocytes were analyzed for CD4+ in C3H mic. The change of CD4+ cells after control and p-glucan
administration group. The change of CD4+ cells control and B-glucan administration group. Statistically
significantly different (* P < 0.05) from the control group.
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Figure 4.

Lymphocytes were analyzed for CD8+ in C3H mic. The change of CD8+ cells after control and B-glucan
administration group. The change of CD8+ cells contvol and B-glucan administration group. Statistically
significantly different (* P < 0.05) from the control group.
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Figures.

Effect of p-glucan on the tumor growth in mice inoculated with 4 T1 (high grade) of mouse cancer cell line.
Groups of ten mice each were subjected to each treatment. Results represent means + S.D. * Statistically
significant (P < 0.05) from the control.

3.4 Effect of antioxidant activity (AOA sapn)

Although an effect was observed in the p-glucan administration group, there
was no statistically significant difference. The antioxidant activity against peroxy
radicals after treatment was subtle.

3.5 Anti-tumor effects

Figure 5 shows the measurement of tumor growth rate by p-glucan administra-
tion. The doubling time of the non-irradiated group was not different from the
doubling time of the control group with respect to the number of days required to
double the tumor size and the ratio of the control group to the 6 Gy group. In the
local irradiation group (treatment group), the doubling time of the p-glucan +6
Gy group was 1.4 times longer than that of the control group. The doubling time of
the p-glucan +6 Gy group did not exceed the doubling time of the 6 Gy group and
tended to be slightly shorter. Compared to the 6 Gy group, it was confirmed that
tumor growth was suppressed.

4, Discussion

White blood cells consisting of lymphocytes, granulocytes, and monocytes are
deeply involved in immunity. Lymphocytes are roughly classified into T cells and B
cells. T cells are associated with cellular immunity, while B cells are associated with
humoral immunity through the production of antibodies. T cells are further classi-
fied into helper T cells and suppressor T cells, helper T cells play a role in directing
and activating B cells, NK cells, killer T cells, cytotoxic T cells, and granulocytes
are mediated by blood Phagocytoses vascular walls, bacteria and foreign bodies.
Monocytes are transformed into macrophages through morphological changes after
moving to tissues, and transmit antigen information to T lymphocytes. In addition,
macrophages activate NK and LAK cells. Thus, in white blood cells, lymphocytes
distinguish between self and non-self, give instructions, and play a central role
in the immune response [15-19]. In this study, in the non-irradiated group, the
p-glucan group showed an increase in the number of lymphocytes, suggesting an
increase in the overall white blood cell count.
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p-Glucan is a mushroom that contains abundant $-(1-3)-D-glucan and -
(1-6)-D-glucan. It has been reported that the number of granulocytes increases in
response to Petrchenko et al. B-(1-3)-D-glucan. Treatment with p-(1-6)-D-glucan
has also been reported to cause macrophage activation, increased T cells, and
increased TNF-a and IL-release 8 macrophage activation [16-18]. However, intra-
peritoneal administration of these polysaccharides has also been reported to induce
inflammation in the peritoneal cavity due to difficulty in intestinal absorption [20].
Furthermore, f-(1-6)-D-glucan has been reported to accumulate in the liver and
spleen after peritoneal and oral administration [21].

This study and previous reports strongly suggest the involvement of p-(1-3)-D-
glucan and p-(1-6)-D-glucan. Polysaccharide polysaccharides such as $-(1-3)-D-
glucan are difficult to absorb these substances in the peritoneal cavity and intestine
and may stimulate intestinal immunity with a slight inflammatory condition.
Intestinal mucosal epithelial T lymphocytes are located between intestinal mucosal
epithelial cells, and Peyer’s patch and lymphoid tissue are located around the diges-
tive tract. The intestine is considered the largest immune system because 70-80% of
B lymphocytes are present in the intestinal lymphoid tissue [22-24]. However, with
the exception of B-(1-3)-D-glucan, there are few reports that food is directly related
to the immune system, regardless of how difficult it is to absorb.

Therefore, this is thought to be due to slight differences in physicochemical
structures such as the side chain of p-(1-3)-D-glucan. In addition, p-(1-6)-D-glucan
is degraded by beneficial intestinal bacteria and is relatively well absorbed, so it is
necessary to consider the relationship with intestinal bacteria [25]. It is therefore
speculated that macrophages are activated by the intestinal immune system. IL-8
and TNF-q are released from macrophages, activate helper T cells, and activate the
systemic immune system consisting of macrophages, cytotoxic T cells, killer T cells,
NK cells, and B cells.

However, there is no good basis for connecting these series of mechanisms
and further experimentation is required. Cell damage is the most important side
effect of radiation, and lymphocytes are the most sensitive cells [22]. Radiation
causes interphase death in the short term [23]. Therefore, the control of radiation
effects on lymphocytes essential to the immune system is very important, and the
effects on lymphocytes can be viewed as an indicator of radiation-induced cell
damage. When the body is exposed to radiation, free radicals suchas He, OH e,
and O*- (superoxide anion) are generated by the decomposition of water molecules
by radiation. DNA free radical damage is called an indirect effect. Administration
of the redox agent reduced the cytotoxicity induced by O® produced by ionizing
radiation [25].

It has been suggested that the administration of a-glucan, which has a radio-
protective effect, does not inhibit the suppression of tumor growth by radiation,
but inhibits tumor growth independently [26]. This may be due to low blood flow
in hypoxic cells such as tumor cells and low radical scavenger factors in plasma.
Therefore, the antitumor components and tumor suppressors of these substances
act by activating immune cells [27-30].

In this study, we examined tumor growth of sarcoma 180 alone, but in the
future, we will need to explore different types of tumors and adopt more accurate
experimental systems.

Figure 6 shows mechanisms of cell repair in radiation protection.

Figure 7 shows radiation protection and radical scavenger processes.

Figure 8 shows the free radical removal mechanism of f-glucan by radiation.

Enterococcus faecalis is a gram-positive bacterium that belongs to the LAB family.
Its cell walls are reported to induce B-cell activation along with stimulation of IgA
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Radiation protection and radical scavenger processes.

secretion in the intestine [31], which could remove pathogens from the intestine
[32]. To date, several functions of EC-12 have been reported [33, 34]. However, the
preventive effects of heat-killed EC-12 on intestinal carcinogenesis have not yet
been elucidated. In this study, we demonstrated that administration of heat-killed
EC-12 weakly decreased intestinal tumorigenesis in Min mice, Apc-mutant mice
that develop many intestinal polyps through activation of B-catenin signaling.
Moreover, were vealer that heat-killed EC-12 possesses suppressive function of
B-catenin signaling in vitro by measuring T-cell factor/lymphoid enhancer factor
(TCF/LEF) transcriptional activity.

High IFN-y production as part of the Thl immune response has been associ-
ated with colitis in mice [33]. Furthermore, Ito et al. reported that IFN-y plays a

109



Translational Research in Cancer

Free radical removal mechanism of p-glican by radiation J:>

E stimulstion = H,0+ — H + OH +

Rt ) bl e

a \01{ « +0H » —H,0,

/e (=
('/H

Lymphocyte count, granulocyte count, monocyte count
decreass, carcinogencsis, genatic influence

1

Establishment of autoimmune disease
Deterministic impact, M?lc impact
Chromosome abnormality

\

DNA replication crroc el || [ DO R

Figure 8.
The free radical removal mechanism of B-glucan by radiation.

fundamental role in the development of colitis in mice [34]. In addition, IFN-y
activates downstream effector cells to produce inflammatory cytokines such as
IL-1p. Therefore, suppression of IFN-y and IL-1p induction may explain the anti-
inflammatory properties observed with EF-2001. In addition, Th1 or humoral
responses are important for resistance to extracellular pathogens and these cells
produce certain IL family cytokines, including IL-1p, IL-6, and IL-10 [35-37].
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Chapter7

Evaluation by Monte Carlo
Simulation of Doses Distribution
in Tumors with Hypoxia

Mirko Salomon Alva-Sdnchez and Thatiane Alves Pianoschi

Abstract

Radiotherapy is one of the most useful modalities applied for tumor treatments,
which use ionization radiation to eradicate the tumor, in major cases. Cells with
normal oxygenation are more sensitive to the effects of ionizing radiation than
those with hypoxic conditions, because O, molecules react rapidly with free
radicals, produced by irradiation, originating highly reactive radicals. Thus, the
different concentrations of hypoxia in tumors can modulate the response of the
irradiation through the radioresistance they present and consequently the success
of the treatment. This chapter deals with the dose distributions in cranial tumors
with different concentrations of hypoxia through a code based on Monte Carlo
simulation.

Keywords: radiotherapy, tumor hypoxia, dose distribution, Monte Carlo simulations

1. Introduction

The modality of treatment with ionization radiation, specifically, for cancer can
be considered routinely in several hospital centers, which must have human and
technological resources capable of conforming the radiation dose into the target
volumes and trying to avoid high toxicity in the adjuvant tissues. Although all these
resources exist, the treatment planning is based on prior knowledge of the struc-
tures of the patient that can be obtained through any kind of medical images. Once
the tumor has been diagnosed, appropriate treatment is indicated without, often,
considering some factors that may influence treatment success, due the limitation
of the medical images. Factors known as repair of sublethal DNA damage, cell
repopulation, redistribution of cells, and reoxygenation are not considered [1].

Experimental data showed that oxygen is the most component that modified
the radiation sensitivity and hypoxic cells that can be 2-3 times more resistant to
ionizing radiation, which would imply administering doses higher than doses to
achieve the same effect in oxygenated cells under normal conditions [2-4].

An important concept in clinical radiobiology is that the tumor may have
subpopulations in hypoxic areas, thus leading to success of radiotherapy. Still, there
are concepts related to acute or chronic hypoxic cells that may also alter treatment
outcomes [5]. The low concentration of oxygen or hypoxia in the tumor tissues is
aradiobiological phenomenon that has been observed since the beginning of the
twentieth century [6].
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The dependence of oxygen in tissue is related with the generation of free radi-
cals, which came from interacting between the radiation energy and tissues. The
quantity that measures the likelihood of this interacting is the cross section, which
decreases when the beam energy increases [7]. Thus, few radicals will interact with
the DNA of the tumor cell and consequently decreasing the chain reaction. This
dependence is known as the oxygen effect that is ignored in the accuracy of ioniza-
tion radiation treatments [8, 9], which is why hypoxia characterizes a tissue as
radioresistant. Therefore, hypoxia and radiosensitivity are related to lower oxygen
concentration rate; there will be higher survival cell rate, in postirradiation. On
the other hand, there is an optimal oxygenation value wherewith the radiosensi-
tivity increases [10]. Concentrations of oxygen in some tumors can be found in
different regions in the same tumor complex. In this case, the tumor hypoxia may
occur in a chronic or acute form. A form of oxygen concentration is due to the
accelerated growth of the tumor in the most central parts, which are usually origi-
nated by the lack of adequate blood supply. In this way, in an axial section of one
tumor, have concentric circles of regions of different oxygenation, whose central
areas are necrotic [4]. One way to express the decreased radiosensibilty of cell, due
to hypoxia, is through the parameter oxygen enhancement ratio (OER), which is
defined as the amount of dose reduction required for cell of a given oxygenation
level compared to cell with no oxygen to obtain the same effect [11].

One way to study the oxygen effect in tumors is through computational model-
ing. Thus, different modeling of oxygen effect has been proposed such as a voxel-
based multiscale tumor response model [12]. The model used in this work was
written in C++ simulating a virtual tumor with considering biological parameters as
vascular fraction that is related to the oxygenation of the tumor.

Laura Antonovic and co-authors [13] used a treatment planning system TRiP
[14] to simulated spherical tumors in silico based on a biological model of oxygen
diffusion [15]. The beam used was carbon ion.

Another publication showed the use of a computational model for trans-vascular
oxygen transport and blood vessel networks in tumors [16, 17].

The paper title Dose prescription and optimisation based on tumor hypoxia [18]
proposed a method to prescribe dose distributions in radioresistant tumors.

The Monte Carlo HYP-RT model was used to simulate tumors considering the
repopulation and reoxygenation for hypoxic head and neck tumors [19].

A 4D cellular model was applied to simulate head and neck cancer with oxygen-
ation varying with vascularity and blood oxygenation [20].

An algorithm implemented on Geant4-DNA (codes based on Monte Carlo) was
developed to show the effect of oxygen on DNA [21].

The Monte Carlo simulation, specifically the codes based on this method, can
also be an effective dosimetric tool for the study of dose deposited. The dose—
response from the codes shows an advantage of providing detailed studies in differ-
ent conditions that involve procedures which are lengthy, complex, and expensive.
The most commonly used Monte Carlo simulation codes in radiotherapy simula-
tions are EGS, MCNP, and PENELOPE [22-28]. The quality of the results provided
by the different codes is directly related to the accuracy of the implemented trans-
port model and its data libraries associated with the cross section of the transported
particles. Thus, the mixed charged particle transport algorithm, implemented by
the penetration and energy loss of positron and electrons (PENELOPE) code [29],
led to its intense use in radiotherapy [30-35].

This chapter presents a study of dose distribution in simulated cranial tumor with
different concentrations of oxygen [18, 36-39] through the PENELOPE simulation
code, which is based on the Monte Carlo method [40, 41]. The tumor with different
concentrations of oxygen will be compared with one under normal oxygen conditions.
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1.1 PENELOPE-Monte Carlo code

PENELOPE is a code used to simulate the transport of electrons, positrons, and
photons considering interactions of photons and charged particles (such as the
photoelectric effect, Rayleigh scattering, Compton scattering, production and anni-
hilation of pairs, elastic and inelastic collisions), which are simulated in complex
geometries and arbitrary materials.

In the PENELOPE package, there are subroutines written in FORTRAN distrib-
uted in various (open) source codes, applications, a database with characteristics
of various materials, as well as application examples. The FORTRAN subroutines
are organized into four basic files: PENELOPE.f, PENGEOM.f, PENVARED.f, and
TIMER f.

PENELOPE.f contains the simulated particle scattering and absorption subrou-
tines, primary and secondary particle generation and storage, and particle transport
management and simulation as a whole.

PENGEOML.f defines the structures, or geometries, to be simulated, which may
consist of several homogeneous bodies, defined by a specified material and also by
their limits in space. The bounding surfaces of the geometry bodies are described by
quadratic functions. Through these functions surfaces such as planes, plane pairs,
spheres, cylinders, cones, ellipsoids, parables, and hyperboloids can be defined.

For each body defined in the geometry file of a given simulation, a material
index must be defined, corresponding to the material that will be a constituent of
the body, having an agreement between the geometry file and the material file. In
the material archive, the interaction data of the radiation with the material being
used are shown in tables, as interaction coefficients for electrons and photons in
energies from 1 eV to 1GeV. A material file is created using the subroutines of the
MATERIAL.f and PENELOPE.f source codes. One of the advantages of PENELOPE
is that it uses a recent database with the characteristics of various materials of inter-
est in radiological physics [42] and current cross section libraries and other quanti-
ties required for particle transport [43].

The PENVARED.f source code contains subroutines that perform the variational
reduction methods of the code, without increasing simulation time and neither the
statistical uncertainty of the simulated results.

Finally, source code TIMER.f manages the simulation time.

The simulation algorithm is based on a model that combines numerical and
analytical cross section data for the different types of interaction and is applied
for initial energies from 1 keV to 1 GeV. Photons transport are simulated by the
conventional or detailed, and for electron and positron are simulated using a mixed
algorithm. Thus, for electrons and positrons, the PENELOPE code differs from
other simulation codes by using a mixed algorithm that implements two simulation
models: the detailed, for strong events, defined from angular deflection (scattering
angle) or energy loss above a set value, and the condensate for weak interactions
with angular deflection or energy loss less than the preset values. Condensed
interactions are described by a multiple-scatter approximation consisting of trans-
forming a given number of weak interactions into a single artificial event [44]. To
develop a simulation with PENELOPE, the user must edit a FORTRAN file, user.f,
with calls from the subroutines PENELOPE.f, PENGEOM.f, PENVARED.fe, and
TIMER.f, providing overall simulation management and creating with these five
FORTRAN files a user.exe file.

The simulation is started by running the user.exe file that reaches the user-
supplied input information through the input.in file, geometry information through
the geometry.geo file, and cross section information for the materials involved in
the simulation through the material.mat file.
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Another executable program comes together with PENELOPE package, the
GEOVIEW.exe, which allows the visualization of the defined bodies and the materi-
als that constitute a simulation geometry.

1.2 Simulation of the dose distribution in tumors with hypoxia through
PENELOPE code

As some tumors have concentric circles of regions of low concentration of
oxygenation, which are deprived of adequate blood supply, the evaluation of those
regions becomes essential to guarantee the success of radiotherapy treatments [4].
The study evaluated the hypoxia effect in the dose distribution for simulated cranial
tumor with different concentrations of oxygen [18, 36-39] through the PENELOPE
simulation code. The code allows the “construction” of tumors through the com-
pound’s chemical composition, mass density, mean excitation energy, and energy
and oscillator strength [45, 46]. The tumor with different concentrations of oxygen
will be compared with one under normal oxygen conditions. The parameter OER
was applied to express the decreased radiosensibilty of the tumor with hypoxia. The
simulation of the dose distribution in tumors with hypoxia through PENELOPE
code is based on the published by Alva-Sanchez [47].

2. Material and methods

The Monte Carlo code, PENELOPE®, version 2008 was used to achieve the main
objective to simulate tumors with hypoxia. Since the code allows the “construction”
of materials by the compound’s chemical composition, the soft tissue material from
the code, number 262, was modified by adding different concentrations tumors
with hypoxia, from knowledge that chemical compounds of the normal tissue are
approximately equal to the tumor. The geometry of simulation used was a paral-
lelepiped of 8 x 15 x 21 cm’ containing six identical spherical tumors of 1.2 cm
radius, as shown in Figure 1 [47]. In that work 2 x 10° primary particles and 0.1mm?®
pixel size and photon spectra at 6 MV [48], which was applied in the input file of
the code, were used. The tumors were located before the buildup region for the

plane z=6.00 E+00 cm

Figure 1.
Geometric representation through of the PENELOPE code, for the simulation of six tumors (spheres) spaced
within the pavallelepiped, in the XY plane.
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plane x= 0.00E + 00 cm

Figure 2.
Geometric representation of the PENELOPE code, for the simulation of a tumor (sphere) centralized in the
center of the brain (cylinder), in the ZY plane.

6 MV beam at 10 cm from the top of the phantom. The simulated material of the
parallelepiped was a soft tissue, available in the code, while the tumors had differ-
ent pressures of oxygen, from 5 to 70 mmHg. Simulation responses were obtained
through the values average in the whole target or spherical tumors.

This geometry used to simulate the radiation conditions was 22 x 22 cm” radia-
tion field, 100 cm source-tumor distance, with a 6 MV energy beam. The obtained
results from the simulation were analyzed in terms of deposited energy and values
of OER relative to the pressure O, in terms of mmHg, following the OER equation
proposed for [55].

OER - 14081 (p020'616)/(1 . P020,616) (1)

The second part of that work published [47] analyzed the oxygen effect in the
dose distributions in simulated cranial tumors: one with different oxygen concen-
trations and the other with normal oxygenation [18, 36-39]. A cylinder with 18 cm
in diameter and 20 cm in height was simulated to represent the head of an adult,
containing concentric spheres of radii of 0.5-1.2 cm that can represent the dimen-
sions of a glioblastoma tumor. Due the characteristics of localization of this kind of
tumor, the simulation tumors were centralized at 10 cm height, beyond the equilib-
rium range to charged particle for the energy used in this study. The bean incident
was simulated in the direction to the phantom, parallel to the Z axis. In Figure 2 the
geometry for radiation for a simulated tumor with different concentrations of oxy-
gen from minor (radius sphere 0.5 cm) to greater is shown (radius sphere 1.2 cm).

The simulated material of the tumors and brain structures was soft tissue due
to similar chemical compounds present. This material is available in the simulation
code. In the spheres (tumors) these materials were modified with different concen-
trations of oxygen. The radiation conditions used were 1.2 x 1.2 cm radiation field,
source-tumor distance of 100 cm, and photon spectra at 6 MV.

3. Results

From the results obtained to the six spheres inserted in the parallelepiped
(Figure 1), the deposited energy was plotted for each spherical tumor containing
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different pressures of oxygen as shown in Figure 3. Values of the OER were obtained
through Eq. (1) and plotted for each pressure of oxygen, as shown in Figure 4.

The penmain file of the code generates an output file with generic information,
such as number of simulated primary showers, secondary-particle generation prob-
abilities, average deposited energies, and statistical error, etc. Each simulation was
written in a separate file. The program computes and delivers the statistical uncer-
tainties (30) of all evaluated quantities and distributions. Thus, for all obtained
results, an error at least 3.58% was reported by the code used.

Figure 5a shows the dose distributions for a simulated tumor of 1.2 cm radius
with different pressures of O, and Figure 5b shows the same tumor of Figure 5a
with normal oxygenation.

These distributions were compared through a dose profile, as shown in Figure 6,
along the center of the dose maps.
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Figure 3.
Behavior and deposited energy for six identical spheves with different pressures of O,.
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Figure 4.
OER values relative to each of the six identical spheres with different pressures of O,.
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Figures.
Dose distribution of the tumor of 7.24 cn?: (a) tumor 1, with different pressures O,, and (b) tumor 2, normal
oxygenation.
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Figure 6.
Dose relative profile of tumor 1 (with different pressuves of O,) and tumor 2 (with normal oxygenation,).

4, Discussions and conclusions

Statistical uncertainties at least 3.58% was reported by the code for all simula-
tions. From the results shown in Figure 3, we can observe that the deposited
energy have an approximately linear behavior with the increases in pressure until
50 mmHg of O,; from this pressure the deposited energy shows a constant trend for
higher pressures than 60 mmHg of O,. This behavior was also equivalent to those
presented in the literature [36, 49].

The obtained values of the OER relative to pressure of O, shown in Figure 4
have a behavior similar to an increasing logarithm function as found in literature
[50-54]. After the 60 mmHg of pressure of O,, the OER values have a trend to
value constant. Figures 3 and 4 confirm the increasing of the deposited energy for
tumors with a high concentration of oxygen, because of the oxygen effect that is
disregarded in accuracy of the ionization radiation treatment [53, 55].

The dose distributions shown in Figure 5 visually show almost the same distri-
bution, but in the field profile of both distributions, shown in Figure 6, a difference
of 7.29% was found at a radial distance of 0.6 mm of the tumor. The code allowed
evaluated the influences of effect of oxygen for tumors with hypoxia that is related
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with the outcome of treatment with radiotherapy. However, the hypoxic tumor
cells are resistant to radiation [8]. From the comparisons of the dose distribution in
the central plane of the phantom, it was observed that there are regions where the
concentration of oxygen was lower (that of sphere of less radius), thus, the energy
deposited was lower, unlike the spheres with higher oxygen concentrations.
Despite the fact that the code cannot simulate the physiological factor, which
it can modulate a variety of normal developmental and metabolic processes that
cause injury to the tumor cell, the present study of tumors with hypoxia plays an
important role in dose distribution that can compromise the treatment outcomes
and individual prognosis.

5. Considerations

There are a number of simulation and numerical methods and codes that
demonstrate the importance of the low concentration oxygen effect in response to
ionizing radiation treatments. This chapter shows the work Study of the distribution
of doses in tumors with hypoxia through the PENELOPE code which showed physical
parameters with results similar to the literature through the PENELOPE-Monte
Carlo code.
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Bozepinib: A Promising Selective
Derivative Targeting Breast Cancer
Stem Cells
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Abstract

Bozepinib is a potent antitumour compound that shows an ICs of 0.166 pM
against MDA-MB-231 human breast cancer cell line. It is also a very selective drug
that presents a therapeutic index (TI) of 11.0 against MDA-MB-231 in relation to
the normal MCF-10A. It is important to identify new cancer stem-like cells (CSCs)
anticancer drugs to struggle against the resistance and the high risk of relapse in
patients. In the present chapter, we show how bozepinib demonstrated selectivity
on cancer cells and showed an inhibitory effect over kinases involved in carcinogen-
esis, proliferation and angiogenesis. Bozepinib inhibits HER-2 signaling pathway
and JNK and ERK kinases. In addition, it has an inhibitory effect on AKT and VEGF
together with anti-angiogenic and anti-migratory activities. Interestingly, bozepinib
suppresses the formation of both mammo- and colonospheres and eliminated
ALDH+ CSC subpopulations at a low micromolar range similar to salinomycin. It
also induces the downregulation of SOX2, c-MYC and -CATENIN and upregula-
tion of the GLI-3 Hedgehog signaling repressor. Finally, bozepinib shows in vivo
antitumor and anti-metastatic efficacy in xenotransplanted nude mice without
presenting subacute toxicity. However, further studies in cancer patients are needed
to confirm the therapeutic potential of bozepinib.

Keywords: benzoxazepine, bozepinib, cancer stem-like cells, MDA-MB-231, MCF-7,
MCF-10A, protein kinases, seven-membered ring

1. Introduction

Expansion of cancer keeps going on as an important health problem in the
developed, undeveloped and developing countries. Although major advances have
been made in the chemotherapeutic management of some patients, the continued
commitment to the laborious task of discovering new anticancer agents remains
critically important, in the course of identifying various chemical substances,
which may serve as leads for designing novel antitumor agents.

1.1 Cancer stem cells

Currently, one of the most interesting concepts being explored in can-
cer research is the theory of cancer stem cells. CSCs can be defined as the
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subpopulations of cells within tumors that possess the ability to self-renew and
differentiate into the different lines of cancer cells that make up the tumor. This
type of cell is proposed as the promoter of resistance against antitumor therapies,
being able to maintain benign and malignant tumors, as well as causing relapses [1].
Compared to normal stem cells, CSCs are thought to have no control over their
proliferation. These CSCs, present in tumors in small numbers, are characterized by
their ability to remain quiescent for long periods of time, capacity for self-renewal,
maintenance of growth and heterogeneity of the tumor, affinity for environment
resistance to chemotherapy and development of metastases [2].

CSCs are characterized by their ability to form spherical colonies when culti-
vated in suspension [3]. Al-Hajj et al. managed to demonstrate that the injection of
200 tumoural cells expressing characteristic markers of CSCs was more effective in
generating tumors in immunodepressed mice than the injection of 50,000 tumor
cells with differentiated cell markers of the same histological lineage [4]. It has been
found that multiple molecules related to the characteristic properties of stem cells
such as self-renewal and pluripotency and certain enzymatic activities are largely
expressed in CSCs, including c-MYC, p-CATENIN [5], SOX-2 [6] and aldehyde
dehydrogenase activity (ALDH1) [7]. New strategies for selective and effective
cancer therapy can be provided by selectively acting on overregulated pathways
or molecules in differentiated cancer cells and/or in CSC populations, but not in
normal cells.

1.2 Therapies targeted against cancer stem cells

Cancer treatment currently targets its proliferation potential, and therefore
most treatments target rapidly dividing cells. The presence of CSCs may explain
the failure of treatments to eradicate the disease or the recurrence of cancer [1].
CSCs have to remain in a state of quiescence, a state in which the cell does not divide
staying in the GO phase of the cell cycle [8] allows them to survive most anticancer
treatments. This characteristic makes relapses possible, even decades after initial
treatment, such as in colon or breast cancers [1, 9]. Although current treatments
may reduce the tumor size, these effects are transient and generally do not improve
patients’ survival. For tumors in which CSCs play a role, there are three possibili-
ties. First, the mutation of normal stem cells or CSC progenitor cells can lead to the
development of the primary tumor. Second, during chemotherapy, most cells in
the primary tumor can be destroyed, but if CSCs are not eradicated, they become
refractory CSCs and can lead to the recurrence of the tumor [10]. Third, CSCs
can migrate to distant sites of the primary tumor and cause metastasis [11-13].
Theoretically, the identification of CSCs can allow the development of treatment
modalities that target these cells rather than rapidly dividing cells [14].

One of the therapeutic approaches currently being studied to combat CSCs is
related to the signaling pathways involved in the processes of their self-renewal,
proliferation and differentiation. This is because the loss of regulation of pathways
such as Hedgehog (Hh), Notch and Wnt/f-catenin results in the key processes
involved in the characteristics of CSCs. Currently, the therapy directed against
these routes represents one of the most promising mechanisms of action against
these initiation cells of the tumor [15, 16].

Herein we will discuss the search and biological activity of small synthetic
derivatives: racemate 2, named as bozepinib (isomer of 1), was selected for anti-
CSC studies (Figure 1). The information presented in this chapter should be of
interest to medicinal chemists and represents an effort to summarize the experi-
mental research and advances in the field of CSCs [17, 18].
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Cl

50, N)ﬂ?r
N )%[)\Cl
CL
d =N

1: 0-NO, isomer
2: p-NO, isomer (bozepinib)

Figure 1.
Chemical structures of bezoxazepine derivatives 1 and 2.

A better understanding of the molecular mechanisms responsible for CSC
formation probably lead to the design and synthesis of new anticancer drugs which
will be able to eliminate CSC or to halt tumor growth by interfering with important
intracellular signaling pathways related with CSC stemness or CSC differentiation
or both.

2. (RS)-2,6-Dichloro-9-[1-(o- or p-nitrobenzenesulfonyl)-1,2,3,5-
tetrahydro-4,1-benzoxazepine-3-yl]-9H-purines 1 and 2

2.1 Synthesis of tetrahydrobenzoxazepine O,0-acetals with electron
withdrawing groups on the nitrogen atom

As part of an Anticancer Drug Programme, we were interested in the prepara-
tion of the heterocycles 3a-b (Figure 2) that could be useful intermediates for the
synthesis of novel bioactive compounds. Figure 2 shows the synthesis of derivatives
3a-b [19]. The Mitsunobu reaction is a versatile method for the transformation of
aliphatic alcohols into alkylating agents in situ and under mild conditions [20]. A
successful Mitsunobu displacement depends on the pK, associated with the N—H
bond [21]. Thus, a powerful electron withdrawing group for the amino moiety was
needed such as the p- or o-nitrobenzenesulfonyl fragment.

The synthesis of compounds 3a-b begins with the protection of the hydroxyl
group of anthranilic alcohol by the tert-butyldimethylsilanyl group to give 4; the
synthesis of sulfonamides 5a and 5b was accomplished under the conditions of
Fukuyama et al. [22]. Compound 6a was obtained in a 70% yield under Mitsunobu
conditions from 5a and glycolaldehyde dimethyl acetal. The yield of this reaction
depends greatly on the temperature: at rt., it is 19%, increasing up to 70% at 30°C
and falling to 40% when the temperature is 40°C (Figure 2). When the optimized
temperature conditions were applied to 5b, 6b was obtained in an 80% yield. After
deprotection of the silanyl group of 6a (and 6b) with tetra-z-butylammonium
fluoride (TBAF) in tetrahydrofuran (THF), 7a was obtained in an 83% yield (and
7b in 100% yield). Compounds 7a and 7b quantitatively afforded the benzo-fused
seven-membered O,0-acetals 3a and 3b, respectively, using boron trifluoride
diethyl etherate as previously reported [23].
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4 5a(62%) 6a (70%)

5b (100%) o6b (80%)
a 0-NO,
b p-NO,

OMe NO,

M

EOJW
o el e b

va (83%) 3a (100%)
b (100%) 3b (100%)

Figure 2.

Reggents and conditions: (a) 0-O,N-CsH ,-SO,Cl (1.1 equiv), TEA (1.5 equiv), CH,CL,, veflux, 24 h, for

s5a; p-O,N-CsH ,-SO,CI (0.5 equiv), CH,Cl,, rt., 3 h, for 5b; (b) HOCH,CH(OMe), (1 equiv), diisopropyl
azodicarboxylate (DIAD, 1.1 equiv), PPh; (1.2 equiv), anhydrous THF, 21 h; (c) TBAF (1 equiv), THE, rt., 1 h;
(d) BF;OFEt, (2 equiv), anhydrous Et,0, rt., 7 days for 3a; when these conditions were used to obtain 3b, the
yield was 67%; p-H;C-CgH ,-SO;H (0.03 equiv), anhydrous toluene, 110°C, 2 h under argon for 3a and 3b [19].

Until compounds 3a and 3b were obtained under the optimal conditions
described above, other conditions were studied giving rise to unwanted products.
Product 5b was obtained using a twofold excess of the 0-aminobenzyl silanyl ether
4, and these conditions were most important for the preparation of this compound
(5b, Figure 2). Actually, the derivative 8 was isolated when the reaction was carried
out using triethylamine (TEA) as a hydrochloride acid scavenger and 1.1 equiv. of
the sulfonyl chloride was added (Figure 3) [19].

A reasonable explanation implied the previous ionization of the sulfonamide
hydrogen atom of 5b to give a "NSO, anion which reacts more rapidly than the
starting amine to give 8. Disulfonimides have been stated [24] to be by-products in
reactions of sulfonyl halides with primary amines and ammonia. The o-nitro group
might sterically hinder the "NSO, anion, and therefore the analogous side product
was not isolated.

We also investigated other conditions to synthesize 6b (Figure 4) [19]. The
isopropyl alkylated derivative 9 (38%) was obtained together with the expected
acetal 6b (31%) when an excess of glycolaldehyde dimethyl acetal (4.3 equiv) was
added. Such a compound could be interpreted by the transesterification reaction of
glycolaldehyde dimethyl acetal and diisopropyl azodicarboxylate (DIAD), with the
concomitant leaving of isopropanol. A similar process was previously reported for
diethyl azodicarboxylate (DEAD) but not when DIAD was used [25].

The O,0-acetals 3a and 3b were formed after treatment of the p-toluenesulfonic
acid-mediated cyclization from the acyclic acetals 7a and 7b, using anhydrous
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toluene as solvent. When neutral and mild conditions using triphenylphosphine/
carbon tetrachloride were employed, the substitution of the hydroxyl group by
the chlorine took place, and compounds 10a and 10b were obtained instead of the
cyclic derivatives 7a and 7b (Figure 5) [26]. Compounds 7a and 7b present bulky
groups that limit their conformational motions, making them rigid structures. The
oxygen atoms of the acetalic groups cannot act as nucleophiles against the benzylic
position (with the triphenylphosphine ether) due to steric hindering. Hydrogen
atoms of the methylene groups of both compounds (7a and 7b) are diastereotopic
protons (Jgem = 12.6-14.1 Hz) [19].

4 8 (100%)
Figure 3.

Reagents and conditions: (a) p-O,N-C¢H,-SO,CI (1.1 equiv), TEA (1.5 equiv) and anhydrous CH,CL,, rt., 5 h
when 0.5 equiv. of p-O,N-CsH ,-SO,Cl was used, see Figure 2 (conversion 4 — 5b) [19].

i h
@i— S0, NO N-S0, NO,
9] | CL/ ‘ o
~qi %
s \]< s (31%)
5b 9 (38‘/)
Figure 4.
Reagents and conditions: (a) HOCH,CH(OMe), (4.3 equiv), DIAD (1.2 equiv), PPh; (1.2 equiv) and

anhydrous THE, rt., 18; h; when 1.2 equiv. of HOCH,CH (OMe), were used, see Figure 2 (conversion
5b — 6b) [19].

OMe OMe

MeO/H weo’H
NO, NO,
e o

~a (83%) 10a (40%)
~h (100%) 10b (100%)

Figures.
Reagents and conditions: (a) Ph3P (1 equiv), CCl,, 110°C, 30 min [19].
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2.2 Synthesis of tetrahydrobenzoxazepine 2,6-dichloropurine O, N-acetals
with nitrosulfonyl groups on the nitrogen atom

The preparation of the O,N-acetals 1 and 2 was achieved by the microwave-
assisted Vorbriiggen one-pot condensation of the cyclic acetals 3a and 3b [27] and
the commercially available purine base 2,6-dichloropurine, using trimethylsilyl
chloride (TMSCI), 1,1,1,3,3,3-hexamethyldisilazane (HMDS) and tin(IV) chloride
as the Lewis acid in anhydrous acetonitrile. The reaction mixture was microwave-
irradiated at a temperature of 140°C for 5 min (Figure 6).

Compounds 11 and 12 were obtained along with the cyclic 2,6-dichloropurine
O,N-acetals (1 and 2, bozepinib) and the acyclic one 13 (when starting from 3b) in
the reaction of purines with 3a and 3b, respectively. The mechanism of the reaction
of these compounds is important as none of them were previously isolated in the

1(47%) 11 (20%)
(a) | Starting from
NO, 3a (0-NO,)
Cl
30,
N + N ’/”K/l[N\>
\% OMe s ey
Cl” 'N
O H
a,b Starting from
? (b) 3b (D'NOQ)
0N 0,N O:N
&
Cl
> N7 N
80, N7 N 50, 0,8 MeO \
N /\Q[/\Lm ' Nt N._AL a al
Gl -
=N OH
© 0
2, Bozepinib (20%) 12 (20%) 13 (12%)

Figure 6.

Reagents and conditions: (a) 3a (1 equiv), 2,6-dichloropurine (1.5 equiv), trimethylsilyl chlovide (TMSCI, 1.5
equiv), 1,1,1,3,3,3-hexamethyldisilazane (HMDS, 1.5 equiv) and SnCl, (1 M solution in CH,CL,, 1.5 equiv),
140°C, microwave, 5 min; (b) 3b (1 equiv), 2,6-dichloropurine (2.5 equiv), TMSCI (4.0 equiv), HMDS (4.0
equiv) and SnCl, (1 M solution in CH,Cl,, 4.0 equiv), 140°C, microwave, 5 min.
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corresponding reactions with uracil or 5-FU [27]. We have previously explained the
mechanism of the reaction leading to the benzo-fused derivatives 1, 2, 11 and 12 [28].

2.3 Homochiral drugs

A better understanding of the molecular recognition of the therapeutic targets
in many diseases highlights the issue of drug in the design and development of new
drugs. The separation of racemates, chiral pool and asymmetric synthesis are the
three most used methods for the production of a chiral drug. Since the 1980s there
has been a significant increase in the development of chiral pharmaceutical drugs.
When patents of racemic drugs expire, pharmaceutical companies can extend
patents by developing the synthesis of enantiomers that exhibit the desired biologi-
cal activity [29].

Compound 2 was resolved into its two enantiomers: [(R)-2: [a]®p = —43.6
(c = 0.22, THF) and (S)-2: [a]*p = +41.0 (c = 0.23, THF)]; using a semipreparative
column CHIRALPAK® and a mixture of hexane/t-BuOMe/iPrOH as eluant [28].
From this moment on, the racemic 2 [(RS)-2] will be named only as bozepinib.

2.4 Biological studies

Table 1 shows the anti-proliferative activity (ICso values) for 1, bozepinib and
5-fluorouracil (5-FU) as a reference drug. Compounds were first assayed as anti-
proliferative agents against the human breast adenocarcinoma cell line MCF-7 (p53
wild type and ras mutated). Compounds 1 and bozepinib were further assayed
against the human breast cancer cell line MDA-MB-231 which presents high levels
of mutant p53 [28, 30]. The ICs = 0.166 pM for bozepinib against the human
cancerous cell line MDA-MB-231 stands out.

In order to determine the in vitro therapeutic index of the compounds, they
were assayed against the non-cancerous human mammary epithelial cell line MCF-
10A. The TI of a drug is defined as the ratio of the toxic dose to the therapeutic dose
(in vitro TI = ICsp non-tumor cell line/ICsy tumor cell line) [28]. Bozepinib is more
selective against both human breast adenocarcinoma MCF-7 and MDA-MB-231
cancer cell lines (TIs = 5.14 and 11.0, respectively) in relation to the normal one
(Table?2).

Asbozepinib is more active and more selective and more active than its iso-
mer 1, we decided to carry out the separation of bozepinib into their component
enantiomers (resolution). (S)-2 shows higher anti-proliferative effect that of
(R)-2 in the MCF-7 cell line. However no differences against the MDA-MB-231 cell
line were observed (Table 3). The enantioselective cytotoxicity indicates that the

Compound ICso MCF-7 (uM) ICso MDA-MB-231 (uM) ICso MCF-10A (uM)
1 0.383 + 0.027 0.280 + 0.006 1530 + 0.198
Bozepinib 0.355 + 0.011 0.166 + 0.063 1.825 + 0.503
5-FU° 4.32 + 0.020 N.DP N.D”

“All experiments were conducted in duplicate and gave similar results. Data ave means + SEM of three independent
determinations. The treatment time was 48 h.

"N.D. = not determined.

“Taken from Ref. [31].

Table 1.
Anti-proliferative activities” for compounds 1 and bozepinib against the cancerous cell lines MCF-7 and
MDA-MB-231 and the non-cancerous cell line MCF-10A.
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Compound Therapeutic index (TI)
MCF-7 MDA-MB-231
1 4.00 5.50
Bozepinib 5.14 11.0
Table 2.

Therapeutic indexes for 1 and bogepinib.

Compound MCF-7 (uM)? MDA-MB-231 (uM)*
Bozepinib 0.355 + 0.011 0.166 + 0.063
(R)-2 0.19 £ 0.001 0.11+ 0.001
(S)-2 0.10 + 0.001 0.11+0.001

“All experiments were conducted in duplicate and gave similar vesults. The data ave means + SEM of three independent
determinations.

Table 3.
Anti-proliferative activities of bozepinib and its enantiomers against the cancerous cell lines MCF-7 and
MDA-MB-231.

enantiomers of some chiral drugs may differ both quantitatively and qualitatively in
their biological activity [32, 33]. Moreover, enantiomers can show minimal in vitro
but a dramatic in vivo chiral dependency in their antitumor activities [34, 35].

2.4.1 Effect of bozepinib against CSC subpopulations

The cytotoxic effect of bozepinib was determined on SKBR-3 and MDA-MB 468
breast and HCT-116 colon CSC-enriched subpopulations by growing them into low
attachment plates with sphere-forming medium for 72 h. Salinomycin is a selective
and potent drug used in the treatment of CSCs, but its use is limited in humans due
to considerable toxicity [36]. Thus, we decided to include salinomycin in our studies
as reference drug. Bozepinib displayed IC50 values in a similar range to salinomycin
in SKBR-3 and MDA-MB 468 cells [30].

CSCs were separated using ALDH activity by FACS. ICs, values were determined
in both ALDH positive cells (called ALDH+), ALDH negative cells (called ALDH-)
and cells growing in sphere-forming medium without sorter enrichment process
[30]. Since there is controversy about the efficacy of sphere-forming cultures to
select CSCs [37, 38], we used ALDH activity to enrich cell cultures with clonal
ability and stem-like properties. Bozepinib substantially diminished the number
and size of spheres at 5 uM and abolished the formation of spheres at 20 pM [30] in
subpopulations isolated by ALDH activity. High ALDH activity is associated with
metastasis, resistance to chemotherapies and poor prognosis in human cancers, and
it has been identified as one of the most specific markers of human CSCs [39].

Apoptosis is also an important factor in the onset of a tumor. It has been
reported than CSCs are resistant to apoptosis to ensure succeeding generation [40]
and may be on the causes to chemo- or radiotherapy survival. Reactivating death
programmes in CSCs may increase efficacy of the treatment. Bozepinib induced a
significant level of cell death by apoptosis in the resistant ALDH+ subpopulations
from both SKBR-3 and HCT-116 cell lines. Higher levels of apoptosis were detected
in the ALDH- subpopulations.

Bozepinib induced the downregulation of important genes involved in
Notch and Wnt signaling. These genes contribute to the CSC phenotype when
they are deregulated [41]. A downregulation was detected of the co-activator
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Mastermind-like MAML-2 protein, which decreases Notch signaling, reducing the
primary tumor sphere formation and side population in MCF-7 cell line, contribut-
ing to the decrease in the number of CSC subpopulations [42]. We also found an
evident downregulation of the NOT'CH 3 gene, which has recently been involved in
the proliferation of both HER2 positive and negative breast cancer cells, suggesting
that targeted suppression of this signaling pathway may be a promising strategy for
the treatment of determined HER2-related breast cancers [43, 44].

The modification of proteins related to the CSC phenotype such as -catenin,
GLI-3, c-MYC and SOX-2 was additionally analysed. This study was carried out in
both ALDH+ and ALDH— SKBR-3 breast and HCT-116 colon cancer subpopulations.

p-Catenin is a key mediator of the Wnt signaling which has a crucial role in CSCs
[45]. B-Catenin expression was detected in ALDH+ SKBR-3 but not in ALDH—-
SKBR-3 cells. A high level of expression in HCT-116 cell lines with an ALDH + sub-
populations in comparison with the ALDH— in HCT-116 subpopulations was also
detected. After bozepinib treatment, -catenin expression was reduced in ALDH+
HCT-116 subpopulation. Its inhibition in ALDH— HCT-116 cells was also observed.

GLI-3, a described target gene transcription repressor of Hedgehog signaling
pathway [16], was detected in ALDH— HCT-116 isolated cells and was not present
in the ALDH+ cells, denoting that the Hedgehog signaling pathway is involved
in the CSC phenotype as previously reported [16]. Bozepinib greatly induced the
expression of GLI-3 in both ALDH+ and ALDH— HCT-116 cells. However, no
changes at protein level were observed in ALDH+/— subpopulations isolated from
the SKBR-3 cell line. Furthermore, the activation of GLI-3 protein corresponded
with an inactivation of p-catenin expression in CSC subpopulations after bozepinib
treatment in accordance with the previous published studies [46]. Considering that
GLI-3 overexpression decreased tumor cell proliferation and induced apoptosis in
colon CSCs [47], the GLI-3 induction by bozepinib could be one of the mechanisms
by which this drug exerts its antitumor activity in colon CSCs. This hypothesis will
be deeply study the future.

The c-MYC oncoprotein was observed in SKBR-3 and HCT-116 cell lines with a
high level of expression in ALDH+ subpopulations in comparison with the ALDH—
subpopulations. Bozepinib induced a significant decrease of c-MYC level in ALDH+
HCT-116 cells and inhibited its expression in ALDH+ SKBR-3-treated cells. It also
inhibited ALDH—- subpopulations of both HCT-116 and SKBR-3 cells [30]. In
accordance with the high level of stem signaling proteins described for CSCs, higher
levels of these proteins in the ALDH+ subpopulations in comparison with ALDH-
cells were detected. The downregulation of c-MYC activates the inhibition of cancer
cell proliferation, invasion and migration [48].

The transcription factor SOX2 was detected in HCT-116 ALDH+ subpopulation.
However SOX2 was not observed in breast cancer cells, and the expression of SOX2
was very weak in HCT-116 ALDH- subpopulation [30]. Its expression practically
disappeared after treatment with bozepinib. SOX2 is involved in the induction and
maintenance of pluripotent stem cells and has also been associated with metastases
and poor prognosis in colon cancer [49].

2.4.2 In vivo studies of bozepinib

The acute toxicity profile of bozepinib was determined in BALB/c mice. After
2 weeks, bozepinib was nontoxic to BALB/c mice even at the highest intraperitoneal
bolus dose of 200 mg/kg and orally bolus dose of 50 mg/kg. Control mice were
treated with vehicle alone. All 50 bozepinib-treated mice remained healthy and
gained weight throughout the 15-day observation period, with no evidence of
morbidity [28].
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We then evaluated the subacute toxicity after 29 days of intraperitoneal treat-
ment with 100 mg/kg twice a week. Bozepinib-treated mice presented no weight
loss or unusual behaviour, and the histopathologic examination did not find any
detectable toxicity in the liver or kidneys. These data indicate that, at the concentra-
tion used, bozepinib did not cause any systemic damage [30].

3. Conclusion

Although we show promising data proving the efficacy of bozepinib over CSCs,
the mechanism by which bozepinib inhibits the CSC growth requires further
detailed investigation. Moreover, the in vivo antitumor and anti-metastatic effect
and the non-systemic toxicity of bozepinib encourage further studies on the thera-
peutic potential of this synthetic compound in breast and colon cancer patients.

The detection of CSCs in multiple solid tumors over the past years represents
a paradigm shift in oncology and will probably change our understanding of the
tumourigenic process. The impressive number of publications that have appeared in
this field in recent years bears testimony to its enormous current interest.

We expect this chapter to stimulate fresh activity within the medicinal chem-
istry community and to result in the enlargement of chemical structures active
against CSCs.

Abbreviations

ALDH aldehyde dehydrogenase activity
CSCs cancer stem cells

DEAD diethyl azodicarboxylate

DIAD diisopropyl azodicarboxylate
FACS fluorescence-activated cell sorter
5-FU 5-fluorouracil

Hh Hedgehog

HMDS 1,1,1,3,3,3-hexamethyldisilazane
PKR protein kinase R

TBAF tetra-n-butylammonium fluoride
TEA triethylamine

THF tetrahydrofuran

TI therapeutic index

TMSCI trimethylsilyl chloride

VEGF vascular endothelial growth factor
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Abstract

Developing cancer therapeutics that radiosensitize in a tumor-selective manner
remains an ideal. We developed a novel means of radiosensitization, exploiting
NAD (P)H:Quinone Oxidoreductase 1 (NQO1) overexpression, and lowered catalase
expression in solid human tumors using NQO1-bioactivatable drugs. Non-small cell
lung (NSCLC), pancreatic (PDAC), prostate, and breast cancers overexpress NQO1.
Ionizing radiation (IR) creates a spectrum of DNA lesions, including lethal DNA
double-strand breaks (DSBs), and mutagenic but rarely lethal altered DNA bases and
DNA single-strand breaks (SSBs). NQO1-bioactivatable drugs (e.g., f-lapachone and
deoxynyboquiones) also promote abasic DNA lesions and SSBs. These hyperactivate
poly (ADP-ribose) polymerase 1 (PARP1) and dramatically increase calcium release
from the endoplasm reticulum (ER). Exposure of human cancer cells overexpressing
NQO1 to NQO1-bioactivatable drugs immediately following IR, therefore, hyperac-
tivates PARP1 synergistically, which in turn depletes NAD+ and ATP, inhibiting DSB
repair. Ultimately, this leads to cell death. Combining IR with NQO1-bioactivatable
drugs allows for a reduction in drug dose. Similarly, a lower IR dose can be used in
combination with the drug, reducing the effects of IR on normal tissue. The combi-
nation treatment is effective in preclinical animal models with NSCLC, prostate, and
head and neck xenografts, indicating that clinical trials are warranted.

Keywords: NQO1 expression, PARP hyperactivation, abasic site synergy,
NAD+/ATP losses, DSB repair inhibition, programmed necrosis

1. Introduction

For decades, radiobiologists and physician-scientists have collaborated to develop
effective combination therapies with ionizing radiation and radiosensitizing agents
to reduce the overall dose of radiation required in cancer therapy. This minimizes
adverse side-effects observed in normal tissues and increases the efficacy of radiation
in reducing tumor burden. Here, we discuss the pros and cons of radiosensitizing
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agents used in the clinic in comparison with NAD (P)H quinone oxidoreductase-1
(NQO1)-bioactivatable drugs. p-Lapachone (B-Lap) is a clinical chemotherapeutic
agent discovered to be a potent DNA repair inhibitor in the late 1980s. It has since
been shown to be bioactivated by NQO1, an enzyme elevated more than 20-fold in
most solid human cancers, e.g., non-small cell lung, pancreas, prostate, head and
neck, and breast cancers, and shows promise as a potent radiosensitizer.

2. Radiotherapy as a single agent
2.11Initial use of ionizing radiation

The late 19th-century discovery of the X-ray by Wilhelm Roentgen led to
diagnostic tools and therapies for diseases such as blood disorders and benign and
malignant growths [1, 2]. Initially, radiation was delivered using unfocused beams,
causing skin and blood malignancies in both patients and radiologists [1, 2]. Today,
patients benefit from vast technological improvements, allowing for focused radia-
tion beams, which markedly increased patient survival. Current approaches include
conformal radiation therapy, proton beam radiation therapy, stereotactic radiation
therapy (using linear accelerators or gamma knife devices), and intraoperative
therapy [3]. Despite improvements in targeting tumors and reducing normal tissue
damage, high doses of radiation are still required for a curative effect. Some tumors
can also be resistant to radiotherapy, including hypoxic tumors and dormant cancer
cells that regrow when the optimal tumor microenvironment presents itself. Thus,
methods to improve the safety and efficacy of ionizing radiation were initiated,
including combination with chemotherapeutics or radiosensitizers.

2.2 Enhancing radiation therapy with radiosensitizers
Radiosensitizing agents are molecules that enhance the dose of ionizing radia-

tion delivered to a patient’s tumor. The optimal clinical radiosensitizer (a) lowers
the required dose of ionizing radiation, (b) increases its antitumor effect, and

Radiosensitizer Tumor type Mechanism
Hyperbaric oxygen Brain tumors Oxygenation
Nicotinamide Glioblastoma Oxygenation
Metronidazole Cervical cancer Oxygenation

Mitomycin-C

Breast cancer

Kills hypoxic cells

5-fluorouracil (5FU)

Gastrointestinal

S-phase check points

Bromodeoxyuridine (BrDU) Breast Repair inhibition
Topo-inhibitors Breast, cervical DNA damage
NBTXR3 Solid tumors Direct

Nimoral Head and neck Modifies hypoxia
Trans sodium crocetinate Glioblastoma Oxygenation
NVX108 Glioblastoma Oxygenation

List of commonly used radiosensitizing methods/agents for combination with radiotherapy in various tumor types.
The last four are emboldened to denote their current use in ongoing clinical trials.

Table 1.
Clinical radiosensitizers.
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(c) synergistically kills cancer cells. To date, no radiosensitizer has met these
demands. Many radiosensitizers have been used clinically (Table 1, normal text)
with limited success, or are currently in clinical trial (Table 1, bold text). These
include suppressors of radioprotectors (e.g., thiol) [4], molecules releasing cyto-
toxic substances when radiolyzed [5], thymine/cytidine analogs [6], oxygen mimic
sensitizers [7], and DNA repair inhibitors [8].

3. p-Lapachone, a DNA repair inhibitor
3.1Initial discovery of p-lapachone’s effect on DNA repair

In the late 1980s, our laboratory began searching for DNA repair modulators
that synergize with ionizing radiation to kill cancer cells more effectively. The goal
was to thwart cancer cells’ ability to repair IR damage, to avoid the survival of
IR-resistant malignant cells that have undergone potentially lethal damage repair
(PLDR). One of those compounds was (3,4-dihydro-2,2-dimethyl-2H-naphthol[1,2-
b]pyran-5,6-dione), also known as p-lapachone [9].

We found that just four micromolar p-lapachone inhibited single-strand DNA
break repair in cancer cells exposed to DNA-damaging agent methyl methane
sulfonate [9, 10], killing 99% of cells at an exposure time 90-120 min [11].
Additionally, we found that combining p-lapachone with ionizing radiation in Hep2
cells increased double-strand breaks and dramatically lowered the dose of radiation
required for cell death, highlighting p-lapachone as a potent radiosensitizer [12].

In the 1990s and early 2000s, we conducted subtraction-hybridization screen-
ing to isolate X-ray inducible genes to investigate ionizing radiation resistance and
found Xip3, also known as NQO1 [13]. Dicoumarol, an NQO1 inhibitor, specifi-
cally blocked B-lapachone’s toxicity, indicating that the radiosensitizer may be
bioactivated by this enzyme. As NQOL1 is specifically expressed in tumor cells, this
indicated a promising use of p-lapachone as a cancer therapeutic with or without
ionizing radiation.

4. Mechanism of action for NQO1-bioactivatable therapies
4.1NQO1 vs. catalase ratio and specificity

NQO1 is a Phase II detoxification enzyme that reduces ROS levels in cancer cells.
NQOI1 converts quinones into stable intermediate hydroquinones that are exported
out of the cell by conjugation [10]. Most solid cancers, including non-small cell lung
and pancreatic cancers (>85%), prostate, colon, and breast cancers (60%) and head
and neck cancers (40%) overexpress NQO1 5- to 200- fold above normal tissue.
Corresponding levels of catalase in these cancers were strikingly reduced, impacting
the ability of cancer cells to eliminate ROS [14]. Overexpression of NQO1 appears to
stabilize HIF-1alpha and promotes metastasis [15].

Though NQO1 detoxifies most quinones through two-electron oxidoreduction,

a few quinones undergo a rapid futile redox cycle response, generating an unstable
intermediate hydroquinone that spontaneously reverts back to its original form
using two oxygenation steps and creating two superoxides. Deoxynyboquiones
(DNQ), KP372 agents, and B-lapachone are three classes of NQO1-bioactivatable
drugs currently known [16]. Recently, Napabucasin, an orphan drug in clinical
trials for pancreatic and cervical cancer, has also been reported to be bioactivated
by NQO1 [17]. Though mitomycin C and streptonigrin are metabolized by NQO1,
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these agents can also be activated by other drug metabolizing enzymes [18]. Human
cancer cells overexpressing NQO1 have been shown to be sensitive to NQO1-
bioactivatable drugs alone and in combination with PARP inhibitors, cisplatin,
radiation, and NAMPT inhibitors both in cell culture and xenograft models [14, 19].

4.2 NQO1-dependent ROS formation and PARP hyperactivation

Cancer cells overexpressing NQO1 and exposed to NQO1-bioactivatable drugs,
such as p-lapachone, DNQ or IB-DNQ, acquire extensive DNA lesions as evidenced
by alkaline comet assays [11]. The unstable hydroquinone form of these NQO1
bioactivatable drugs reacts with two oxygen molecules spontaneously to regenerate
the original compound [20]. This futile redox cycle consumes ~60 moles of NADPH
to generate ~120 moles of ROS in ~2 min for p-lapachone, leading to the generation
of permeable hydrogen peroxide (H,0,). This diffuses into the nucleus and causes
massive oxidative stress and SSBs [16]. Initial DNA damage is mainly through the
formation of altered bases, SSBs, and apurinic/apyrimidinic (AP) sites generated
through incorporation of 8-oxo-deoxyguanine [21]. Ultimately, damage caused by
H,0; results in extensive SSBs and DSBs. These lesions lead to PARP hyperactiva-
tion that can be prevented by BAPTA-AM (chelates Ca’*), PARP inhibitors, or the
NQO1 inhibitor dicoumarol, in NQO1+ cells. In contrast, cells deficient in NQO1
due to NQO1 polymorphisms, *2[C609T] or *3[C465T], are unaffected by exposure
to NQO1-bioactivatable compounds [14], lacking the enzyme activity for redox
cycling Hyperactivation of PARP rapidly degrades the increased NAD+ pools gener-
ated as a result of the oxidation of NADH in the futile cycle [11, 20, 22]. NAD+ loss
is not seen in cells treated with PARP1 inhibitors; instead, cells exposed to PARP
inhibitors in combination with NQO1-bioactivatable drugs undergo a synergistic
apoptotic cell death response [14].

4.3 Calcium release, DNA damage and p-Calpain-dependent programmed
necrosis

One of the key components in the cell death response by NQO1-bioactivatable
drugs is the release of calcium from the core endoplasmic reticulum (ER)
stores, which is otherwise inert [11, 23]. This results in specific programmed
necrosis referred to as NAD+ -Keresis. Pre-treatment, with the calcium chelator,
BAPTA-AM, suppresses PARP hyperactivation and results in specific inhibition of
NQO1-dependent cell death by NQO1-bioactivatable drugs. Extensive DNA dam-
age along with Ca”" release from the ER results in the hyperactivation of PARP1 in
NQO1+ cancer cells. PARP1 hyperactivation rapidly degrades the NAD + and causes
concomitant ATP losses within 30-40 min of drug treatment. p-Calpain activation
is observed upon treatment with NQO1-bioactivatable drugs within 8-24 h [16, 24].
The multitude of damage caused by treatment with these drugs overwhelms DNA
repair machinery and depletes the cells of the energy resources, culminating in cell
death [10, 11, 16, 20, 24-27].

4.4 NQO1-bioactivatable drugs lead to perturbations in metabolic pathways

Treatment with NQO1-bioactivatable drugs causes wide-scale metabolic changes
in the cell, which can be attributed to cell death overwhelming the cellular machin-
ery. Altering key enzymes in NAD metabolism results in synergy with NQO1-
bioactivatable drugs. NAMPT is an important source of reducing equivalents for
redox balance in cancer cells. Pretreatment with FK866, a NAMPT inhibitor, leads
to accelerated cell death due to decrease in NAD +/NADH levels and reduced doses
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of NQO1-bioactivatable drugs [28]. NAMPT knockdown has also been shown to
sensitize cancer cells to ROS induction through ionizing radiation [29, 30].

4.5 Exploiting NQO1-bioactivatable drugs as radiosensitizers

Cancer cells, tissues, and organs subjected to ionizing radiation experience a wide
spectrum of DNA lesions including SSBs, DSBs, AP sites and DNA-protein cross-
links. One unrepaired DSB is lethal to the cell [21, 31]. Hence, NQO1-bioactivatable
drugs, when combined with IR (Figure 1), synergistically kill cancer cells due to
the combined effect of DNA damage and PARP1 hyperactivation [21, 32]. Sublethal
doses of NQO1 drugs and IR combine to release massive amounts of ROS due to

lonizing
Radiation

< Synergy laads to \
+ PARP1 hyperactivation
+ Loss of NAD+ & ATP
. S + Inhibition of DSB repair
e — + Cell death r

Figure 1.

Radiation sensitization by NQO1 bioactivatable drugs: sublethal doses of p-lapachone when bioactivated

by NQO1 release massive amounts of ROS, resulting in synergy with IR and increased programmed necrosis.
NQO1 bioactivatable drugs in combination with IR show tremendous synergy even at low doses. The combined
effect of DNA damage and PARP hyperactivation provides more lethality to a cancer cell whereas NQO1
provides the specificity. This leads to increased ROS, gH2AX formation, hyperactivation of PARE, massive
NAD and ATP losses, prevention of DSB repaiv, perturbations in the metabolic pathways, and u-Calpain-
mediated programmed necrosis known as NAD + -Keresis.
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Su%lethal doses of IR and p-lap in NQO1+ LNCaP cells cause PARP-1 hyper-activation and dvamatic

ATP loss: A, LNCaP cells expressing or lacking NQO1 were treated with IR + f-lap and monitored for PAR
formation—UT, untreated control for IR; V; vehicle; DMSO only. B, Synergistic ATP loss was noted after

IR + p-lap compared to single treatments alone. Results are means + SE for experiments performed three times

in duplicate. Student’ t-tests compared single to combined treatments. *p < 0.001, *p < 0.01.
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Figure 3.

/}—%ap inhibits DNA double strand break repair: A. log-phase A549 NSCLC cells were treated with or without
P-lap (6 uM) and cell extracts prepared at various times during treatment to detect PAR-PARP formation,
y-H2AX (pS139), pS1981 ATM, total ATM (t-ATM) and a-tubulin steady-state levels by Western blot. A549
cells were also exposed or not to IR (8 Gy) and analyzed 1 h later. Mock, non-irradiated cells. DM, media
alone. B. Graphical vepresentation of data shown in Figure 2A. C. Representative images of As549 cells exposed
or not to IR (2 Gy) alone, p-lap (3 uM, 2 h) alone, the combination [IR (2 Gy) + p-lap (3 uM, 2 h)], or the
combination with DIC (50 uM, NQO1 inhibitor) and assessed for DSB breaks over time (0120 min) using
53BP1 as the surrogate marker (in red). Cells were also stained for nuclear DNA using DAPI (in blue). Scale
bar = 10 ym. D. Graphical representation of data presented in Figure 2C; ****p < 0.0001.
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Figure 4.

B-Lap radiosensitizes subcutaneous A549-luc xenografts in athymic nude mice: A. subcutaneous A549-luc
xenografts (400 mm®) were generated in athymic nude mice and then treated with or without IR (2 Gy) then
immediately with or without f-lap (20 mg/kg) for 5 treatments every other day. Representative antitumor
responses (at day 20 post-treatment) are demonstrated for p-lap alone, IR alone, and the IR + p-lap
combination. B. Antitumor responses (tumor volumes, mm?) over time are shown for the treatments described
in Figure 3A. C. Overall survival of animals treated as described in Figure 3A. D. PK values for plasma and
subcutaneous vs. orthotopic A549-luc tumors in athymic nude mice. Note the significantly high levels of p-lap in
orthotopic vs. subcutaneous As49 tumor tissue, whereas plasma levels were identical in both sets of mice.

their synergy, resulting in PARP hyperactivation, loss of nucleotides and increased
programmed necrosis (Figures 2 and 3), beyond the capabilities of the single agents
(IR or NQO1-bioactivatable drug) alone. Head and neck cancers, PDA and NSCLC
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have been shown to be sensitive to nontoxic doses of f-lapachone when combined
with IR [21, 32]. Using NQO1-bioactivatable drugs as radiosensitizers leads to
increases in ROS, YH2AX formation, hyperactivation of PARP1, massive NAD +

and ATP losses, inhibition of DSB repair, perturbation in carbon flux pathways and
p-Calpain mediated programmed necrosis known as NAD + -Keresis. The cell death
responses observed are independent of any oncogenic drivers [21, 31-33]. This lethal
combination between radiation therapy and NQO1-bioactivatable drugs prolongs
long-term survival and promotes enhanced tumor shrinkage at non-toxic doses of
each agent (IR and Drug, Figure 4). Thus, combining NQO1-bioactivatable drugs
with radiation therapy, should be a long-standing treatment modality for tumors
overexpressing NQO1.

5. Discussion
5.1 Advantages of NQO1-bioactivatable drugs vs. other radiosensitizers

The major advantage of using NQO1-bioactivatable drugs as radiosensitizers
is the tumor selectivity afforded by the drugs themselves. Synergy is afforded by
a number of tumor-selective responses to the drugs. First, the dependence of the
drugs on NQOT1 levels is perfect for the specific treatment of various difficult-to-
treat human cancers, including non-small cell lung, pancreatic, breast, prostate,
and head and neck cancers. Tumor selectivity requires approximately 100 units of
enzyme activity, whereas lower levels of NQO1 results in mild metabolomic altera-
tions used for the treatment of metabolic syndromes [34]. Second, the minimum
time of exposure of 30-120 min fits the pharmacokinetics of the drug. It should
be noted that all studies thus far indicate that the drugs have to be available imme-
diately after or at the same time as exposure with IR. Pre-treatment prior to IR is
ineffective. Third, synergy between NQO1-bioactivatable drugs and IR occurs due
to PARP1 hyperactivation causing massive NAD+ and ATP loss, preventing repair
of the DNA damage created by IR. NQO1-bioactivatable drugs are highly specific
to tumors, causing little normal tissue toxicity, which is unaffected by IR treatment
[14, 16, 20, 25, 31]. Preclinical in vivo data suggest that radiosensitization trials
with NQO1-bioactivatable drugs are warranted for non-small cell lung, pancreatic,
breast prostate, and head and neck cancers.

5.2 Future directions for NQO1-bioactivatable drugs

A clinical trial of radiation sensitization effects of the new drug, isobutylde-
oxynyboquione (IB-DNQ ), against non-small cell lung (NSCLC) and/or pancre-
atic adenocarcinomas (PDAC) is warranted. These cancers are almost uniformly
NOQ1 over-expressive and they have routinely low levels of catalase [14]. We have
developed CLIA assessments of NQO1 status and enzymatic levels for these stud-
ies. The pharmacokinetics of IB-DNQ in these cancers, particularly in NSCLC and
PDAC cancers, is relatively short at about 6 h, but long enough for sensitization of
tumors to the NQO1-bioactivatable drug + IR. Biomarker and DSB repair kinetics
are ongoing in our laboratory in preparation for these radiosensitization studies.
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Chapter 10

Brachytherapy in Endometrial
Cancer

Mehmet Sait Bakir

Abstract

Endometrial cancer is the most common gynecologic cancer in developed
countries with the cumulative risk rate of 1.71%. Endometrial cancer standard
treatment is surgery. But adjuvant radiotherapy may be recommended for patients
in advanced age who have high-grade disease, deep myometrial invasion, LVSI
positivity, risk factors such as large tumor diameter, lymph node invasion, and
advanced stage disease. Brachytherapy is applied in two ways, namely intra-cavitary
or interstitial radiation therapy. Intra-cavitary brachytherapy is the presence of a
therapeutic radioactive isotope within the body space, for example, vaginal and
intra-uterine brachytherapy. Radioactive isotopes are directly inserted within the
tissue in interstitial brachytherapy as in the treatment of cervical or endometrial
cancers that have reached the lateral walls. The intra-cavitary brachytherapy
technique is the most commonly used technique in gynecologic oncology. Standard
treatment cannot be performed in a group of patients due to their medical disorders
and clinical performances. In these patients, definitive radiotherapy is applied
for clinical stage 1 patients, neo-adjuvant therapy is applied to patients with local
advanced stage disease and brachytherapy alone or radiotherapy with addition of
EBRT is applied as palliative treatment in patients who have complaints such as
bleeding and pelvic pain.

Keywords: endometrial cancer, vaginal brachytherapy, high dose rate (HDR),
medically inoperable, vaginal boost

1. Introduction

Endometrial cancer is the most common gynecologic cancer in developed
countries with the cumulative risk rate of 1.71% [1]. The median age at the time
of diagnosis is 63 years and about 90% of the patients are above 50 years of age.
However, 4% of the patients are diagnosed under the age of 40 years [2]. The vast
majority (80%) of endometrial cancer patients are diagnosed at early stages and
while the 5-year survival rate is 95%, it significantly decreases in patients with local
and distant metastases (68 and 17%, respectively) [3]. The standard treatment
of endometrial cancer is total abdominal hysterectomy and bilateral salpingo-
oophorectomy (TAH + BSO). Lymphadenectomy is performed in suitable patients
when indicated [4, 5]. Adjuvant radiotherapy may be recommended for patients in
advanced age who have high-grade disease, deep myometrial invasion, LVSI positiv-
ity, risk factors such as large tumor diameter, lymph node invasion and advanced
stage disease (Table 1)[6-9].
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PORTEC-1 GOG 99
Age >60 See below
Grad: 3 2-3
Myometrial invasion >50% (outer 1/2) >66.6%-(outer 1/3)
Lvmphvasctilar space invasion N/A Present
High-intermediate risk group Atleast 2/3 of above any age, all three of above risk factors

age > 50, two of above risk factors
age > 70, one of above risk factors

FIGO, International Federation of Gynecology and Obstetrics; PORTEC, postoperative radiation therapy in
endometrial cancer; GOG, gynecologic oncology group.

Table 1.
High-intermediate risk groups in FIGO stage I endometrial cancer as defined by PORTEC-1 and GOG 99.

The risk groups had previously been addressed in many studies (PORTEC-1,
GOG 99 studies) and finally a consensus was reached by the European Society For
Medical Oncology (ESMO), European Society for Radiotherapy and Oncology
(ESTRO) and the European Society Of Gynecological Oncology (ESGO) in 2014
(Table 2)[9].

In the randomized controlled studies of GOG (Gynecological Oncology Group)
99 and PORTEC-1 (Operative Radiation Therapy in Endometrial Cancer), the
patients who had intermediate risk factors were divided to two groups and while one
group received external beam radiotherapy (EBRT), the other group was followed-up
without treatment. The groups in both studies have been presented in Table 1 [6, 8].

No effect could be demonstrated on the overall survival in either of the
two studies. However, the recurrence rate decreased to 3-6% from 12 to 15%
in patients with intermediate risk factors who received EBRT. In the subgroup
analyses, while the recurrence rate decreased to 5-6% from 18 to 26% in patients
in the high-intermediate (H-I) risk group, it decreased to 2% from 5 to 6% in
the low-intermediate risk group. Side effects of radiation therapy were seen at a
high rate in both studies despite an excellent local control. While the toxic effect
rate was 26% in the EBRT group in PORTEC 1, it was 4% in the untreated group
(p < 0.0001) [10]. Hematological, genitor-urinary, gastro-intestinal and skin
complications were also significantly higher in the GOG 99 study group compared

Risk group Description

Low Stage I endometrioid, erade 1-2, <50% myometrial invasion, LVSI negative
Intermediate Stage I endometrioid, grade 1-2, >50% myometrial invasion, LVSI negative
High-intermediate Stage I endometrioid, grade 3, <50% myometrial invasion, regardless of LVSI status

Stage I endometrioid. 1-2, LVSI unequivocally positive, regardless of depth of
invasion

High Stage I endometrioid, grade 3, >50% myometrial invasion, regardless of LVSI status
Stage II
Stage III endometrioid. no residual disease
Non-endometrioid (serous or clear cell or undifferentiated carcinoma, or

carcinosarcoma)
Advanced Stage III residual disease and stage IVA
Metastatic Stage IVB

Table 2.
New risk groups to guide adjuvant therapy use.
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to the untreated group [6]. In the long-term quality of life data of the PORTEC-1
study, urinary and intestinal functions were found to be poorer compared to the
untreated group [11]. Local radiation therapies have come to the foreground due
to the high incidence of the toxic effects of pelvic EBRT and their significance has
gradually increased. Brachytherapy is applied in two ways, namely intra-cavitary
or interstitial radiation therapy. Intra-cavitary brachytherapy is the presence of a
therapeutic radioactive isotope within the body space, for example, vaginal and
intra-uterine brachytherapy. Radioactive isotopes are directly inserted within the
tissue in interstitial brachytherapy as in the treatment of cervical or endometrial
cancers that have reached the lateral walls. The intra-cavitary brachytherapy
technique is the most commonly used technique in gynecologic oncology.

2. Vaginal brachytherapy
2.1 Vaginal brachytherapy (VB) application
2.1.1 Vaginal applicators

Various vaginal applicators are available in gynecologic oncology depending
on the location of the radiation source and whether it contains a cover or not. The
Fletcher-Suit-Delclos system is among the most commonly used (Figure 1). Vaginal
ring applicators are mostly used in HDR. Cylinder vaginal applicators, i.e., Delclos
dome cylinder are used in patients undergoing hysterectomy (Figure 2).

Figure 1.
Vaginal ring applicator.

Figure 2.
Cylinder vaginal applicators (Delclos dome cylinder).
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Single-channel cylinder applicator is among the most commonly used applica-
tors; it minimizes the toxic effects as it is simple and since it covers the whole of the
vaginal surface [12]. Multi-channel vaginal cylinder applicators are less harmful to
neighboring tissues through providing asymmetrical dose radiation; however, they
have a higher effect on the vaginal mucosa [13, 14].

Despite the presence of variable applicators, they have similar efficiency in the
prevention of vaginal recurrence.

2.1.2 Dose depth

Despite the absence of a standard dose depth, vaginal lymphatics were reported
to proceed 3 mm beneath the mucosa and treatment covering this depth was
reported to be sufficient. Normally, a 1 cm depth is targeted. The most common
monotherapy isa 0.5 cm depth and 7 Gy 3 fraction [12]. The doses effective in the
vaginal surface when used as vaginal boost treatment have been reported by the
Radiation Therapy Oncology Group [15].

2.1.3 Vaginal length

There is no consensus on the vaginal length to be treated. It has been reported
that the proximal vagina can be treated between 1 and 10 cm [16]. The American
Brachytherapy Society (ABS) has reported that the proximal vagina should be
treated 3-5 cm or including 1/2-1/3 of the vagina [17]. Due to the possibility of high
toxic doses causing vaginal stenosis and due to the decreasing frequency of distal
vaginal recurrence, the treatment modalities that cover the whole vagina are gradu-
ally decreasing [12].

2.1.4 Dose rate

All vaginal brachytherapy applications had been carried out as LDR before the intro-
duction of HDR [4]. Historically, low dose hourly 60 cGy had been used widespread in
most brachytherapy regimens. This treatment modality given as LDR was taking long
and it required hospitalization. About 96% of brachy therapists have switched to this
method through the introduction of HDR applicators [17]. The advantages of HDR
include less radiation exposure of the health staff and visitors as it enables remote con-
trol, thrombo-embolic events are less frequently encountered as the patients are treated
in the outpatient setting and long-term immobilization is avoided. There is no differ-
ence between LDR and HDR with regard to recurrence and the overall survival [18].

2.1.5 Treatment plan

There are many ways for an accurate treatment plan in VB applications. When 2D
and 3D CT-based treatment plans were compared, the 3D method was found to be supe-
rior as it reached the clinical target volume and produced less harm to neighboring tis-
sues [19]. Many brachy therapists use the 3D treatment plan and its application at every
session separately was not found to be superior to single session application, except for
being expensive [20]. The CT-based treatment plan reveals the air between the vaginal
cuff and the applicator effectively and enables a more effective treatment [21].

2.1.6 Dose and duration of vaginal brachytherapy

The toxic dose that emerges during VB is related to the amount of the total dose,
dose velocity, total vaginal length, dose depth and the fraction time. In a study, the
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patients who received VB with HDR were allocated to four groups as 4 fractions of
9.0 Gy, 5 fractions of 6.0 Gy, 6 fractions of 5.0 Gy and 6 fractions of 4.5 Gy. A1cm
depth from the vaginal surface was utilized. Vaginal, urinary bladder and rectal tox-
icity were found to increase as the amount of the dose increased along with the frac-
tion [22]. In another study, no grade 2 or above vaginal, urinary bladder and rectal
toxicity were encountered when 6 fractions of 4.0 Gy VB was applied targeted only
to the vaginal surface [23]. The ABS recommends HDR VB as 24 treatment schemes
as monotherapy and the 22 treatment scheme as boost dose [12]. In the PORTEC-4
study conducted for standardization of the dose and the fraction amount, the
patients with H-I risk, early stage endometrial cancer were divided into treatment
and observation groups; the treatment group was randomized as 3 fractions of 7.0 Gy
or 3 fractions of 5.0 Gy. However, the study was terminated early as the patient
collection and the untreated group were not proper. Therefore, further studies are
required for standardization of the dose amount and the duration of fraction.

2.1.7 Protection from vaginal toxicity

Vaginal toxicity is a significant complication of VB and it impairs the quality of
sexual life due to vaginal atrophy, shortness and narrowness. The sexual activity
frequency and satisfaction are reduced in patients undergoing surgery and VB [24].
In a study, having sexual intercourse during the VB treatment was reported to pre-
vent vaginal shortness and narrowness; however, atrophy-related dyspareunia was
reported in 2/3 of the patients and furthermore, it was emphasized that the distal
2/3 of the vagina was more susceptible to toxic effects rather than the proximal
1/3 of the vagina [22]. Use of vaginal dilator for 6 months following radiotherapy
was shown to decrease the vaginal stenosis [25]. In the Cochrane database, use of
vaginal dilator during radiotherapy was not shown to have sufficient evidence.
However, it accepts the observational studies suggesting that use of the regular
vaginal dilator may improve the vaginal stenosis rates reported by the patients [26].
Estrogen cream is another option for protection of the vagina. Despite the absence
of sufficient and strong evidence about the use of estrogen creams, they were
shown to prevent vaginal atrophy in small studies [27]. A selection should be made
after discussing the benefits and harms of this treatment option with the patient.

3. Adjuvant vaginal brachytherapy treatment
3.1 Adjuvant vaginal brachytherapy as monotherapy

Asreported above, we know that pelvic EBRT reduces the recurrence; however,
it leads to severe side effects compared to follow-up without treatment in endome-
trial cancer. Radiotherapy via the vaginal route was considered to be more proper
as vaginal recurrences are seen most in post-operative endometrial cancer patients.
Similarly, with pelvic EBRT, VB treatment was not shown to be effective on the
overall survival. However, while the vaginal recurrence rate is 0-3.1% in VB, the
pelvic recurrence rate is 0-4.1% [28-30]. These rates are similar with pelvic EBRT
and related to the lower toxic effects.

In the randomized controlled PROTEC-2 study comparing the effectiveness
of pelvic EBRT and VB treatment, all patients were H-I risk endometrial cancer
patients who had undergone TAH + BSO, but not lymphadenectomy. The patients
were allocated to three groups as the group that received 23 fractions 46 Gy as pelvic
EBRT, the high dose rate (HDR) group that received 7 Gyx3 fractions and the low
dose rate (LDR) group that received 30 Gy VB. While the 5-year vaginal recurrence
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was 1.8% with VB, it was 1.6% in the pelvic EBRT group (p = 0.74). The pelvic
recurrence rate was higher in the VB group (3.8% vs. 0.5%, p = 0.02). However, the
gastrointestinal side effects were significantly lower in the VB group compared to
the EBRT group [30].

3.2 Adjuvant vaginal brachytherapy as boost

A better loco-regional control can be achieved by adding VB to pelvic EBRT
and the rate of vaginal recurrence would be seen as 0-2.7% and the rate of pelvic
recurrence as 0.3-4.0% [29, 31-33]. Despite the absence of EBRT +/-VB random-
ized controlled study, boost VB may be added in the treatment of high risk patients
whose vaginal recurrence is high and who receive low dose EBRT (45 Gy at 1.8 Gy/
fractions). There are randomized controlled studies comparing EBRT + boost VB
and VB alone. In one of these studies, while the total pelvic recurrence rate was
0.4% in EBRT + boost VB group, it was 5.3% in the VB only group (p = 0.013). No
difference was found between the groups with regard to vaginal recurrence and
overall survival; however, the radiation toxicity was lower in the VB group [33]. In
the studies of RTOG, applying 5-6 Gy VB boost only onto the vaginal surface as
45 Gy EBRTx3 fractions or 50.4 Gy EBRTx2 fractions is recommended [34, 35].

3.3 Vaginal brachytherapy and chemotherapy

The effect of adding chemotherapy (CT) to VB was investigated particularly in
high risk endometrial cancer patients who had the likelihood of distant metastasis.
In a study conducted by Landrum et al., the 2-year progression-free survival was
91% in 23 patients including H-I risk early stage endometrial cancer, uterine serous
carcinoma (USC) and clear cell carcinoma (CCC). Vaginal recurrence occurred
in one patient (4.2%); this patient also had distant metastasis [36]. The effect of
VB + CT was investigated in the GOG 249 randomized controlled study. In that
study, while one group received EBRT, another group received VB + CT (3 cycles
of carboplatin and paclitaxel). The study included the GOG 99 H-I risk patients,
patients with stromal invasion and stage 1-2 USC and CCC. While the overall
survival was 92% in the EBRT group, it was 92% in the VB + CT group at the end
of the 2-year follow-up (p = NS). There was no significant difference between the
vaginal recurrence rates in the two groups. While hematologic toxicity, neuropathy
and fatigue were more common in the VB + CT arm, grade 2 diarrhea was more
common in the EBRT arm [37].

4. Vaginal brachytherapy treatment in high-risk histology

More aggressive treatments are used in uterine serous cancer (USC), clear cell
carcinoma (CCC) and carcino-sarcoma (CS), which are the high risk histologies of
endometrial cancer [38]. Most of the large studies including PORTEC-1, GOG 99
and PORTEC-2 [6, 8, 30] included early stage endometrial cancer patients and not
high-risk patients. However, in the GOG 249 study, 20% of the patients were USC
and CCC patients [37]. In a study conducted by Creasman et al., the outcomes of
stage 1 high risk patients were found to be similar to those of grade 3 endometrioid
type adeno-carcinoma patients [39]. Despite the presence of vaginal recurrence at
arate of 0-2.7% in stage 1-2 patients with high risk histology, the pelvic recurrence
rate was found to be 0-9% [40-43]. In a study investigating USC patients, while
the 5-year survival rate was 94% in patients who received VB + CT, it was 65% in
patients who received LDR + EBRT but not CT [40]. In another study, USC patients
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received VB + CT (six cycles of carboplatin and paclitaxel) and the vaginal, pelvic
and distant metastasis rates were found to be 0, 9, and 10%, respectively, and the
5-year survival rate was 90% [41]. The effectiveness of VB alone was investigated
in endometrial cancer patients with high risk histology. Some authors reported that
CT did not have a great contribution [42, 43].

4.1 Brachytherapy for treatment of medically inoperable endometrial cancer

As mentioned above, the standard treatment of endometrial cancer is
TAH + BSO (total abdominal hysterectomy + bilateral salphingo-oopherectomy)
and lymphadenectomy when indicated, however, this standard treatment cannot
be performed in a group of patients due to their medical disorders and clinical
performances. In these patients, definitive radiotherapy is applied for clinical stage
1 patients, neo-adjuvant therapy is applied to patients with local advanced stage
disease and brachytherapy alone or radiotherapy with addition of EBRT is applied
as palliative treatment in patients who have complaints such as bleeding and pelvic
pain. While LDR VB+/-EBRT has been used recently in the treatment of these
patients, HDR VB+/-EBRT is widely used today [44, 45]. The treatment of medi-
cally inoperable endometrial cancer patients is planned better and more effectively
through advancements in radiology.

4.1.1 Patient characteristics

Medically inoperable endometrial cancer patients should be meticulously evalu-
ated pre-operatively by a gynecologic oncologist. Most of these patients have cardiac
diseases, pulmonary diseases, hypertension, diabetes mellitus, cerebro-vascular
disease, renal disease, syndromes such as Marfan syndrome, advanced age and
other malignancies. Morbid obesity is a relative contra-indication for the operation
depending on the experience of the surgeon and the condition of the patient. Clinical
performance of the patients is of vital importance as a pre-operative parameter. All
of these patients should be evaluated pre-operatively for local or general anesthesia
by experienced anesthetists. The hormone therapy (progestin, aromatase inhibitors)
option is also available besides the radiotherapy option for clinical stage 1, grade 1
patients who are not eligible for surgery, for patients with endometrioid type endo-
metrial cancer, for those below the age of 40 years and those willing to have a child
[46]. Regression has been detected in 55% of the patients treated in this way [47].

Levonorgestrel-releasing intra-uterine devices (LNGIUDs) may be added to
treatment of patients who have precancerous and stage 1, grade 1 endometrioid
type endometrial cancer [48]. The patients are meticulously evaluated with CT or
MRI with regard to tumor diameter, myometrial invasion depth, cervical involve-
ment, ovarian involvement and pelvic para-aortic lymph node involvement if
hormone therapy is planned, as oral regimens have the likelihood of recurrence
at a rate of 25% despite the 50% or above success rates [49]. While endometrial
cancer staging is done surgically according to the recent International Federation of
Gynecology and Obstetrics (FIGO) 2009 classification, clinical staging is used in
medically inoperable patients (Table 3) [50].

The patients should be meticulously evaluated for pelvic examination and dis-
tant metastasis if clinical staging would be used. Vagina, cervix and the uterus are
evaluated, presence of a mass lesion is examined and the search for parametrium
involvement is attempted through bimanual (rectal-vaginal) examination. Computed
tomographies of the thorax, abdomen and the pelvis are performed for distant
metastasis and MRI is used for assessment of the uterus and the pelvis as the negative
predictive value is >85% for myometrial invasion in contrast-enhanced T2-weighted
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IA-Uterine cavity sounds to <8 cm

IB-Uterine cavity sounds to >8 cm

Stage II-Involves the corpus and cervix

Stage I1I-Parametrium, adnexa, or vagina but confined to true pelvis

Stage IVA-Involving local structures (rectum/bladder)

Stage [IVB-Metastatic

Table 3.
Clinical staging system for endometrial cancer.

Structure Image data set Definition

Gross tumor volume T2-wcightcd MRI Visible abnormality if present Entire uterus, cervix,
clinical target volume MRIor CT and upper 1-2 cm of the vagina

Organs at risk MRI or CT Sigmoid, rectum, bladder, bowel, and uninvolved

lower third of the vagina

CT, computed tomography; MRI, magnetic resonance imaging.
Note. MRI is required if a gross tumor volume is to be contoured. The clinical target volume includes the entire uterus,
cervix, and upper vagina. Ovgans at visk include bladder, rectum, and sigmoid.

Table 4.
Recommended structures for volume-based planning in medically inoperable endometrial cancer.

MRI and the positive predictive value is low [51]. 18-F-fluoro-deoxyglucose positron
emission tomography (PET) is used for lymph node involvement [52, 53]. In a study
conducted with PET-CT, the pelvic node involvement rate was 63% and the para-aortic
lymph node involvement was 95% [54].

4.1.2 Dose standards and technical properties

The target volume has been defined as the whole uterus, cervix and the upper
3-5 cm of the vagina for inoperable endometrial cancer in the 2000 ABS guideline
and mainly MRI, and if MRI is not available, CT was recommended for the treat-
ment plan [55]. The risks for the neighboring organs should be considered when
performing volume-based treatment through MRI or CT [56] (Table 4).

In a study of Gill et al., 38 inoperable endometrial cancer patients underwent
volume-based treatment and the gross tumor volume (GTV) and the clinical
target volume (CTV) were determined with MRI in 19 patients and with CT in
the remaining 19. While 20 patients received a mean 37.5 Gy VB in 4-5 fractions,

20 patients received 45 Gy EBRT followed by 25 Gy boost VB treatment. While

the local control rate was 90.6% for 2 years, the overall survival rate was 94.4%.
Hemorrhage developed in only one patient during the applicator placement and she
received blood transfusion. No patients had grade 3 or acute and late complications
[57]. The patients should be referred to centers where MRI or CT is available or their
treatment should be attempted by using ultrasonography and radiography.

4.1.3 Treatment

1.HDR VB may be used alone in patients who have clinical stage 1, grade 1-2
myometrial invasion of less than 50 [56]%. GTV is specified in the course
of brachytherapy with MRI and the whole uterus and its serosa are irradi-
ated (CTV). For minimal harm to the neighboring tissues (OAT), the limit is
70-75 Gy for the rectum and the sigmoid, and 80-100 Gy for the urinary blad-
der. The HDR dose schemas for these patients have been presented in Table 5.
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2.Pelvic EBRT+HDR VB is recommended for clinical stage 1 patients with myo-
metrial invasion >50%. EBRT is applied 45-50 Gy so as to include all pelvic
lymph nodes, the whole uterus and 1-2 cm proximal of vagina. Dose schemas
are presented in Table 6 for these patients.

3. Patients with clinical stage 2 endometrial cancer are given pelvic EBRT + HDR
VB. This treatment modality is also valid for clinics that do not have MRI. The
doses presented in Table 6 are used.

4. Higher doses of pelvic EBRT (including all lymphatic regions) up to
65 Gy + HDR VB are given to patients with clinical stage 3 endometrial cancer.
The doses presented in Table 6 are used.

4.1.4 Management of recurvent disease after definitive radiation

Radiotherapy options are quite limited in biopsy-proven recurrences after
definitive radiation treatment. It may only be used for palliative purposes in vaginal
hemorrhage and pelvic pain. Hormone therapy and chemotherapy options should
be considered in patients with recurrence [58].

4.2 Treatment-related toxicity from the use of radiation therapy for
endometrial cancer

In the literature, radiotherapy was shown to have been used in 60% of cervi-
cal cancers, 45% of endometrial cancers and 100% of vaginal cancers [59, 60].
Healthy cervical and uterine tissues are known to tolerate radiation therapy (RT)
well. Although pregnancy is known to have occurred in women receiving 20-30 Gy
RT for the uterus, an atrophic uterus improper for pregnancy develops in women

HDR total dose (Gy) HDR dose fractionation EQD; (Gy)
36 6Gy x 6 48
384 64 Gy x 6 52.5
363 73 Gy x5 526
34 85Gy x 4 524
40-50 5Gy x 9-10 50-62.5
Table 5.
HDR dose table.
EBRT (Gy) HDR total dose (Gy) HDR dose fractionation EQD, (Gy)
45 195 6.5Gy x 3 711
45 189 63Gyx 3 699
45 20.8 52Gy x4 70.6
45 25 5Gy x5 75
45 17 85Gy x2 70.5
50.4 12 6.0 Gy x2 656
50.4 225 375Gy x 6 753
Table 6.

EBRT and HDR dose schemas.
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receiving 40-50 Gy. The toxic effect of RT depends on the age for ovaries; exposure
to 20 Gy usually results in ovarian insufficiency in an adult woman. The influence
of RT on the vagina depends on the location (superior, medial, inferior, posterior
or the anterior wall). While the proximal vagina seems to be resistant to high doses
(>100 Gy), the distal and the posterior walls are susceptible to atrophy and ste-
nosis. While the rectum and the urinary bladder can be treated with low risk with
45-50 Gy RT, the small intestine shows severe toxic effects against <30 Gy, depend-
ing on the treated volume. These toxic effects of RT are known to be related to the
treated tissue amount, fraction number and dose, previous surgeries, concurrent
chemotherapies, co-morbid conditions and the smoking status [61].

Acute toxicity is defined as conditions that develop in the course of RT.

Sub-acute toxicity is defined as conditions that develop between 4 and 12 weeks
after termination of RT.

Late toxicity is defined as the irreversible reactions that develop 3 months after
termination of the treatment.

4.2.1 Genito-urinary (GU) system toxicity

The patient is asked to come to the treatment with a full urinary bladder with
the aim of moving away the bowels as the urinary bladder can tolerate RT relatively
better than the bowels.

4.2.1.1 Acute radiation cystitis

This is among the most common RT-induced complications. The patients pres-
ent with urinary symptoms (dysuria, frequency, urgency and nocturia). Infectious
cystitis should be excluded. The symptoms usually recover spontaneously within
1-2 weeks. Genitor-urinary complaints were reported to be seen less frequently
when adjuvant therapy was performed with intensity-modulated radiation therapy
(IMRT) [62].

4.2.1.2 Late genito-urinary toxicity

This toxic effect of RT emerges as the urinary bladder epithelium and the
micro-vascular circulation are affected. Fibrosis and collagen accumulate under the
epithelium and the muscle layer, and the urinary bladder capacity decreases. This
effect leads to over-activity and contraction of the urinary bladder resulting in urge
incontinence. In the PORTEC-1 study, while grade 3-4 toxicity was not observed,
the rate of grade 1-2 genito-urinary complication was 5% higher [11].

Hematuria and ulcer formation are the late GU findings. Recurrent urinary blad-
der stones may be formed. Ureto-vaginal or vesico-vaginal fistulae may also develop

following brachytherapy [63].
4.2.2 Gastro-intestinal (GI) toxicity

Gastro-intestinal toxicity may develop during RT or later and impair the quality
of life of the patients through leading to restrictions in the daily lives of the patients.

4.2.2.1 Acute RT toxicity
As the small intestine epithelium shows a rapid proliferation, it is affected to a

higher extent by RT. While nausea and vomiting are seen at the beginning of the
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treatment, abdominal cramps and diarrhea are experienced during the following
2-3 weeks. This effect is considered to result from the disappearance of small intes-
tine crypts and the inability to restore them in a short while [64]. The acute effects
in the colon include fecal urgency and tenesmus. Acute colonic problems are seen
in approximately 50% of the patients who receive 45-50 Gy as adjuvant; however,
acute grade 3 toxicity is lower than 3% [10, 30]. There are randomized studies
reporting that these acute effects may be significantly reduced by using IMRT [65].

4.2.2.2 Late GI toxicity

Late effects may develop between 6 months and several years in most patients.
The pathophysiology includes chronic enteropathy with mucosal atrophy and loss
of mucin-producing goblet cells. Fibrosis in the intestinal walls causes dysmotility
and acute obstruction. There are no techniques that do not cause late intestinal
complications, including IMRT. The late toxic intestinal effects include chronic
diarrhea, malabsorption, recurrent ileus, mucosal ulcer, telangiectasias and rectal

proctopathy.
4.2.3 Vaginal toxicity

Vaginal complications are commonly seen both during pelvic EBRT and VB. This
toxic effect impairs the quality of life of the patients by leading to sexual dysfunc-
tion. Vaginal toxicity above grade 2 was not reported when the vaginal cuff was
treated with HDR VB alone in a study [23].

4.2.3.1 Acute vaginal mucositis

Erythema and superficial ulcers develop as a result of vaginal surface epithelium
injury in patients receiving brachytherapy. This leads to exudative vaginal discharge
and may result in secondary infections.

4.2.3.2 Vaginal ulceration and necrosis

This complication is particularly seen when interstitial brachytherapy is used for
treatment of full-thickness vaginal mucosa involvement [66].

4.2.3.3 Vaginal stenosis

This is a common late complication of both pelvic EBRT and VB. Dyspareunia
is common due to reduced vaginal length. Vaginal stenosis and complete closure
should be prevented to achieve a satisfactory follow-up. Stenosis usually develops
3-6 months after therapy. Vaginal dilators with proper thickness and length are
used for the primary repair in these patients. While some authors propose that the
use of vaginal dilators after RT reduces the stenosis, some others propose that it is
not much effective [67].
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Abstract

Oncology clinical trials provide opportunity to advance care for patients
with cancer. Bridging basic science with bedside care, cancer clinical trials have
brought new and updated scientific knowledge at a rapid pace. Managing subject
data in translation science requires a sophisticated informatics infrastructure that
will enable harmonized datasets across all areas that could influence outcomes.
Successful translational science requires that all relevant information be made
readily available in a digital format that can be queried in a facile manner. Through
a translational science prism, we look at past issues in cancer clinical trials and the
new National Institutes of Health/National Cancer Institute initiative to address the
need of database availability at an enterprise level.

Keywords: translational science, IROC, clinical trials, radiation oncology, NCTN,
imaging, NCTN, TCIA

1. Introduction

Translational science provides the opportunity to apply advances in science
directly to patient care. In oncology, new and important scientific information
is moving forward at an enterprise level. Managing data for translational science
requires a sophisticated informatics infrastructure that can harmonize multiple
datasets on subjects in all areas that influence outcome. Medical history, stage of
disease, disease location, surgery, pathology genomic/proteomics imaging, radia-
tion therapy, and medical oncology are equally important in determining outcome
both in tumor control and normal tissue function post-therapy. In this chapter, we
describe opportunities moving forward to enhance our knowledge and application
of science to patient care.
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2. Problems of the past

The primary mechanism for oncology clinical development over the past 50 years
has been in the planning and execution of clinical trials. The oncology clinical trial pro-
gram in the National Cancer Institute (NCI) began as small groups of clinical investiga-
tors driven by the common need to potentially improve the care of subjects undergoing
cancer therapy. The groups quickly grew into larger organizations of adult and pediatric
oncologists, which included representation from all oncology disciplines in surgery,
medical oncology, and radiation therapy. By 1980, pediatrics was recognized as its own
discipline and the Pediatric Oncology Group (POG) was established by the merger
of the pediatric divisions of the former Cancer and Leukemia Group B (CALGB)
and SWOG. In 1995, imaging was recognized as its own discipline and the American
College of Radiology Imaging Network (ACRIN) was established to meet the growing
need of imaging acquisition and imaging science in clinical trials. Although each of the
established groups housed radiation oncology as a discipline committee, the Radiation
Therapy Oncology Group (RTOG) was established to promote radiation oncology as a
discipline with a pathway to evaluate radiation technology and comprehensive radiation
therapy. In its halcyon moment, there were 10 cooperative groups each with its own
statistical data center and tissue bank resource center. The cooperative groups have been
responsible for generating many of the most important publications on oncology care
over the past 60 years and have become the model for validating progress in oncology.
Core services in imaging and radiation therapy were established to manage specified
needs in cooperative group clinical trial management. These included the Radiological
Physics Center (RPC) and the Quality Assurance Review Center (QARC) as well as
the American College of Radiology (ACR). As radiation oncology matured into an
image-directed discipline, the radiation oncology quality assurance centers assumed a
greater responsibility into collecting images used to develop target volumes of choice
for radiation therapy treatment planning. In pediatrics, the images were not siloed as
segregate entities between radiology and radiation therapy but applied symbiotically to
all investigators for target definition and assessment of response in a single data review
system. This enhanced the synergism between radiologists and radiation oncologists in
the care of children [1]. In 2007, a recommendation was made by a group designed to
review and assess the cooperative group mechanism and functions. The recommenda-
tion was to decrease the number of the individual cooperative groups and consolidate
core services including tissue banks, data management centers, and process review of
quality assurance [2]. The pediatric groups had merged into the Children’s Oncology
Group (COG) and as the restructuring started to mature, COG was positioned to be
one of the five funded groups. The transition was completed by 2014. SWOG (formerly
South West Oncology Group) chose to remain a single entity. The National Surgical
Adjuvant Breast and Bowel Project (NSABP), the Radiation Therapy Oncology Group
(RTOG), and the Gynecologic Oncology Group (GOG) merged as an administrative
entity now known as NRG Oncology. The Cancer and Leukemia Group B (CALGB),
American College of Surgeons Oncology Group (ACOSOG), and the North Central
Cancer Treatment Group (NCCTG) formed the Alliance for Clinical Trials in Oncology
and the Eastern Cooperative Oncology Group (ECOG) merged with the American
College of Radiology Imaging Network (ACRIN) to form the ECOG-ACRIN Cancer
Research Group. Each of the groups maintains an operation center as well as a statistical
and data management center with NRG having more than one center. Tissue banking
overlaps between the groups. The image acquisition and management and radiation
therapy quality assurance are managed by the Imaging and Radiation Oncology Core
(IROC), which was constituted by the existing imaging and radiation therapy quality
assurance centers. These centers include the Radiologic Physics Center (RPC), the
Quality Assurance Review Center (QARC), the Wright Imaging Center at Ohio State,
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and the American College of Radiology (ACR) core quality assurance centers in imag-
ing and radiation oncology [1, 3].

The integration of the cooperative groups established an economy of scale for the
NCI clinical trials program. The five NCTN groups house a significant amount of
data. These data include outcome data, tissue banks data, and IROC hosting invalu-
able information important for clinical trial outcome analysis. These data libraries
house the largest volume of oncology-related information in the world. Because the
data are acquired on clinical trials, the datasets and outcome information are the best
in the world for consistency in data acquisition and management and completeness
of the information. They are among the best resources in the world for performing
outstanding translational science research and comparing institutional translational
science against validated datasets. Currently, the data are fragmented and siloed
within the multiple remaining statistical centers, tissue banks, and IROC. Moving
salient trial information into a single or synergistic data system would be an impor-
tant objective promoting translational science. Hundreds of thousands of complete
datasets are readily available in these systems, which can be used to promote indi-
vidual work and serve to validate work of translational scientists for the next genera-
tion of clinical trials. This is the goal of big data acquisition and data management of
this information. Each subject on study has pathology, imaging, therapy, and data
for outcome analysis. Validated datasets with consistent and uniform acquisition of
information will permit accurate assessment of trial outcome and provide quantita-
tive significance to the work. The potential for successful application of this effort is
within our reach, the challenge is to define a pathway to achieve the goals of the work.

Problem solving in oncology is challenging. To move the field forward with
strong translational science and apply balanced judgments for disease manage-
ment, the information acquired for review must be robust to appropriately power
the study question and have the quality needed to be certain that the conclusions
are accurate and can be validated. Oncology data management can be challenging
if the information under review is incomplete and unvalidated, resulting in inac-
curate conclusions established in outcome analysis. The database must also undergo
self-renewal as process improvements become standard for evaluating outcome
imaging to validate patterns of failure and pathology to review change in biomarker
status relative to disease progression. Tools for biomarker identification, imaging,
radiation oncology, and applied medical oncology are under constant revision and
databases for translational science need constant maintenance to insure accuracy
and applicability. Future strategic translational science objectives are clear and
unambiguous. The more complete and accurate the information acquired, the more
successful science can be applied to the bedside. In the next section, we will describe
challenges in clinical trial outcome interpretation when information is incomplete.

3. Problems in clinical trial interpretation
3.1 Hodgkin lymphoma

Hodgkin lymphoma is a unique disease than can affect children, adolescents, and
adults of all ages. Chemotherapy has become the initial and primary therapy for this
disease with choice of agents and duration of therapy based on stage at presentation,
subject medical status, and response to induction therapy. The use of radiation ther-
apy remains under continued refinement and influenced by both response to che-
motherapy and volume of tumor at presentation. Pediatric Oncology Group protocol
8725 evaluated what would be today called intermediate and advanced stage subjects.
In this study, subjects were treated with eight cycles of hybrid chemotherapy
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(ABVD-MOPP). After completion of chemotherapy, subjects were randomized to
observation or to receive radiation therapy to all sites of disease identified on imaging
at presentation. In the original Journal of Clinical Oncology publication, there was no
difference in outcome in subjects who received radiation therapy [4]. Retrospective
analysis of the study required imaging at presentation and before radiation therapy.
The results revealed that subjects who received study-compliant radiation therapy
had a survival rate that was 10% superior to those who received chemotherapy only.
For the subjects treated in a manner not compliant to study guidelines (deviation),
the survival was identical to those who received chemotherapy alone. In other words,
subject outcome with chemotherapy was not improved using consolidation radio-
therapy in a non-study-compliant manner. Most study deviations were secondary to
excluding original disease from the treatment field [4, 5].

Because of the study deviation rate, the next series of clinical trials in Hodgkin
lymphoma required that the radiation therapy fields be reviewed pre-radiation
therapy at the Quality Assurance Review Center (QARC/now IROC). The trials
evaluated early stage subjects with therapy titration secondary to response after two
cycles of chemotherapy and subjects with intermediate risk disease. With pre-
treatment review of radiation therapy objects, compliance to study was outstand-
ing. However, the images at presentation and response were collected by QARC to
(1) confirm response and (2) define radiation therapy treatment fields. The images
were reviewed retrospectively for response confirmation and the central review
agreed only 50% of the time with the site assessment, demonstrating the need to
define response in a consistent manner if clinical trials were going to be designed to
either titrate or augment therapy based on response to treatment [6].

COG AHODO0031 was the first clinical trial in the world to use central review
of imaging objects to assess response to treatment and to review radiation therapy
treatment objects in real time. The real time review of objects was imbedded into
the trial design structure. The image review and the review of radiation therapy
treatment objects were completed at QARC with immediate feedback to site and
COG statistical center, which in turn triggered both secondary and tertiary points
of randomization with therapy titration based on good to complete response and
therapy augmentation if response was incomplete (Figure 1). The trial accrued
more than 1700 subjects. The completeness of the database, including outcome
images, have generated many secondary projects including response in bone
with PET, radiomics of response to chemotherapy in pulmonary parenchyma and
pleural effusions, and patterns of failure on protocol therapy [8-10]. The data
management process involved in COG trials has established the infrastructure for
translational science. Pathology objects are housed in tissue banks and outcome
information is housed at the statistical center; nevertheless, this information
could be made available as needed for secondary projects to be completed. One
of the goals moving forward is to have all this information available in a single
format. This will be discussed in greater length in The Cancer Imaging Archive
(TCIA) section.

The advantage to the data management system housed at IROC for COG is
the current ability to now manage clinical trials for many subsets of subjects with
Hodgkin lymphoma in a nimble manner with international involvement. With
digital data transfer tools, information can be reviewed in real time to effectively
manage adaptive trials in a facile manner. Very young subjects, older subjects with
medical co-morbidities, CD30 therapies, and immunotherapy are now under study
with real-time review of response coupled with biomarker analysis [11]. Expanding
this strategy to a global and quantitative function is how translational science can
be applied on an enterprise basis. Creating a central resource of all cancer research
information and objects for investigators would enhance next generation science.
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Real-time imaging and radiation therapy object reviews on AHODo0031. This image is under the creative
commons attribution license [7].

3.2 Breast

Clinical trials have been the infrastructure to process improvements in care for
breast cancer patients. The NSABP (National Surgical Adjuvant Breast and Bowel
Project) clinical trial B-06 confirmed the use of radiation therapy in the definitive
management of breast cancer. Clinical trials have optimized chemotherapy in this
disease, conformed the utility of hormonal therapy, and provided us the platform to
titrate therapies including surgery. The advantages of clinical trials in breast cancer
are self-evident [12, 13]. Likewise, clinical trials in breast cancer also reflect the
problems associated with limited data acquisition and how unintentional omission
of data acquisition negatively influences translational science.

The former CALGB conducted a series of well-designed clinical trials intended
to evaluate the role of chemotherapy dose escalation with Adriamycin and Cytoxan
with the sequential additional of Taxol in node positive subjects [13]. These trials
performed in sequence predated the routine use of Her-2-Neu-directed therapy in
this disease. Likewise, these trials in development predated the confirmation that
radiation therapy provided a survival advantage for node positive breast cancer sub-
jects treated with chemotherapy. The decision was made by the principal investiga-
tor not to either collect or inquire how local care to the breast and lymph nodes was
applied and accomplished. The decision was made in this direction because there
was no unambiguous information available at the time of trial development that
local care or local control affected survival; therefore, the utility of data collection
was not thought to be of consequence and did not merit the cost or effort. Evidence
to the contrary was made public in 1997 when two separate clinical trials were
published together, both demonstrating a survival advantage when node positive
subjects were treated with radiation therapy on an adjuvant basis [14, 15]. This made
clinical trial interpretation challenging because subject outcome relative to type,
duration, and specific chemotherapy could not be solely assigned to the chemother-
apy delivered. Many of the subjects on these series of studies also received radiation
therapy to dose and volumes that were non-uniform and site/investigator specific.

To attempt and address this situation, Sartor and colleagues from QARC (now
IROC Rhode Island) attempted to collect radiation therapy treatment information
in a retrospective manner by contacting institutions about specific subjects. This
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was partially effective, however limited in execution because of several reasons.
This effort was not the intention or part of the data management of the studies;
therefore, site investigator enthusiasm to support the effect was non-uniform. The
second issue was one that is now more visible in more modern clinical trials as to
collect this information, institutional review boards (IRB) began to insist that sub-
jects on study be re-consented for this effort. Accordingly, this became a significant
barrier to project completion [16].

These trials accrued more than 3000 subjects and were well powered to achieve
the objectives of the study. However, only less than one-third of the radiation
therapy information could be collected and often the information received was
incomplete. The information received clearly indicated that without protocol
guidelines, dose and volumes treated were significantly heterogeneous and when
treated, subjects received therapy that was non-uniform relative to dose and volume
and conclusions would have been difficult to validate. There was a trend for subjects
who received Taxol to also have received radiation therapy, imposing a question as
to which therapy, or both, provided a care advantage.

A second issue foreshadowed a problem now seen in current breast cancer clini-
cal trials. There were more than 300 local and or local regional failures in this study.
If radiation therapy objects were collected and detailed information concerning the
location and nature of the local failure, the application of the radiation oncology
treatment fields, technique, and dose could be reviewed to better ascertain how
radiation therapy can/should be applied along the chest wall and regional draining
lymph nodes. The lack of information has led to a paralysis in our understanding of
issues than remain today.

ACOSOG Z0011 (Z11) was a clinical trial designed to evaluate limited axillary
surgery in subjects with breast cancer including those with limited nodal involve-
ment. The objective was to validate that sentinel lymph node staging coupled with
radiation therapy would be non-inferior to more comprehensive axillary surgery
[17]. The trial asked for what is referred to as “tangential radiation therapy.” This
would imply that the axillary volume was treated to a partial volume. In stud-
ies evaluating this point using anatomical guidelines superimposed on radiation
therapy treatment fields, approximately 60% of the axilla would be included in a
traditional field that would not extend superiorly to the axillary vein nor posteriorly
to the latissimus muscle [18]. The study proved to be positive relative to limited
axillary surgery. However, radiation therapy treatment objects were not collected as
part of the study, giving the impression that partial volume RT to the axilla could be
considered a new standard of care. Jolie and colleagues decided to review this point
and with several colleagues including support from QARC (IROC), attempts were
made to gather specific information as to how radiation therapy was delivered to
subjects on study. The investigators encountered similar barriers to data acquisition
relative to site enthusiasm and IRB approval. However, the investigators were able
to determine that a significant number of subjects were treated with more com-
prehensive radiation therapy to extended volumes including regional lymph nodes
that were not study directed. Therefore, conclusions concerning the application of
radiation therapy to limited volumes of the axilla are premature [19].

If radiation therapy digital datasets and radiation dose were collected as part of
the study, it is possible that interventional review pre-therapy could have been per-
formed and the data set could have been more uniform. In this situation, outcome
images could be applied to patterns of failure analysis and define outcome relative
to axillary therapy with more security. This issue continues to haunt even the most
current breast cancer trial attempting to discern the appropriate radiation therapy
target volume in subjects with limited and more extended axillary surgery. This has
influence in normal tissue outcome and despite nearly 50 years of clinical trials, it
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remains unanswered. If the datasets were complete, it is possible we might be closer
to understanding how to apply therapy for both tumor control and optimal normal
tissue function. This is of increasing importance as radiation therapy is now being
asked to treat nodal regions with more limited surgery. If information acquired on
study was more complete, we may be further along in our understanding of field
placement. This also limits our ability to perform translational science including
pathology biomarkers for local failure and other potential areas of interest to the
oncology community. These are problems of omission of data acquisition and

limit our ability to use these datasets to review information in retrospect and apply
knowledge to the next generation of clinical trials.

3.3 Head/neck

There is much to be learned as issues of head and neck management are influ-
enced by biomarkers and relationship to viral origin of disease. To be accurate in
data assessment, pathology and imaging objects need to be complete to intercom-
pare both staging and therapy execution/outcome. Non-uniform treatment execu-
tion can limit study success and utility of the dataset for translational science.

Tirapazamine gained prominence as a hypoxic cell sensitizer to radiation ther-
apy with favorable phase 2 results. In the HeadSTART clinical trial, Tirapazamine
was randomized with traditional chemoradiotherapy for locally advanced squa-
mous cell carcinoma of the head/neck. In this study, both imaging and radiation
therapy quality assurance objects underwent on treatment review at QARC for
study compliance. Pre-treatment review was not utilized because the trial included
many international partners and most of the involved sites credentialed for partici-
pation had primitive digital transfer tools at the time of clinical trial participation.
The trial management committee determined that pre-therapy review would
potentially be a barrier to accrual. Nearly 25% of the cases required radiation field
adjustments to ensure that full dose was received to gross tumor as seen on central
review. Of the 211 requests for field alteration, 116 chose not to adjust the fields and
95 chose to make the adjustment. In all cases, the potential for deviation was due to
potential exclusion of gross tumor from full dose and protocol-compliant radia-
tion. If the adjustment was made on treatment, subjects had reasonable survival;
however, their survival was less than those who had a compliant plan de novo. If
adjustments were not made, except for two cases, the trial management committee
agreed with the assessment of the on-treatment reviewer. The trial committee asked
the primary on-treatment reviewer to score all study deviations into two categories,
clinically meaningful or not. Clinically meaningful deviations excluded gross tumor
from full-dose radiation therapy. Subjects with clinically meaningful deviations had
a significant decrease in survival while those whose deviations were not considered
significant had an outcome identical to those whose plans were adjusted for compli-
ance on treatment. Both groups had survival less than the subjects who had a com-
pliant plan upfront. The most unfortunate aspect of this study is the deviation rate
on trial over rode the point of randomization on the study, rendering the experi-
mental arm uncertain, secondary to quality of the radiation therapy. Therefore, the
cases become less helpful for translational science endeavors including pattern of
failure analysis as the outcome was influenced by the quality of the data [20, 21].

Current studies in head and neck cancer place emphasis on the role of immu-
notherapy in both comparing the traditional platinum-based therapy coupled
with non-inferiority objectives to evaluate toxicity. In these trials, investigators
have matured in the coverage of gross tumor. However, there is new disparity on
coverage of targets deemed of intermediate and low risk as investigators are empiri-
cally titrating volume treated to ameliorate mucosal discomfort and late effects
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to multiple normal tissue volumes. Therapeutic titration will influence toxicity
profiles. If investigators are titrating volumes, modern protocols may unfairly favor
toxicity profiles generated by new regimens in comparison to historical standard.
Complete datasets including outcome imaging with patterns of failure will be
important to compare both tumor control and toxicity moving forward.

These are important datasets as strategies in artificial intelligence and machine
learning in radiology and radiation oncology need to be developed from accurate
and complete datasets, especially as the origin of disease becomes multifactorial in
origin. If objects are not targeted correctly or per protocol, it will be impossible to
develop accurate artificial intelligence (AI) machine tools that can be applied for
translational science moving forward.

3.4 Lung

Treatment of patients with lung malignancy is challenging as metrics for normal
tissue function extend beyond the anatomical constraints that can be defined in
radiation oncology planning images. Both tumor control and normal tissue func-
tion are influenced by dose to target and radiation dose to normal tissue, including
volumes of parenchyma receiving low, intermediate, and high doses. One of the
challenges moving forward is to ensure that volumes are drawn accurately to assess
tumor control and cardio-pulmonary function. RTOG 0617 study evaluated the
role of targeted therapy coupled with both low- and high-dose radiation therapy to
tumor target. Radiation therapy treatment objects were submitted for review with-
out diagnostic images to validate that what was drawn for treatment reflected all the
tumor anatomy. It was assumed, perhaps accurately, that the planning CT would be
sufficient to confirm that all disease was included in the intended target. Although
the study did not show a benefit to high-dose radiation, the paradox was that in the
early phase of the trial, the higher dose arm had statistically worse local control.
One explanation is that gross tumor may not have been fully contoured in selected
cases and possibly influenced trial outcome. As such, without primary imaging and
outcome imaging, it is difficult to confirm the pattern of failure, possibly render-
ing these datasets less useful for secondary analysis. Complete datasets would be
helpful to validate trial outcome and increase the utility of the data for secondary
analysis and translational science [22].

4. Analysis

Successful translational science requires that all relevant information be made
readily available in an informatics format that can be queried in a facile manner.
Incomplete datasets can lead to conclusions that may be inaccurate. Complete
datasets will permit the facts to drive study outcome and investigators will feel the
analysis is accurate. A senior clinical trial investigator once stated that the time to
write your protocol is when you analyze your data as you finally begin to see the
questions you should have both asked and anticipated in the design phase of the
trial. This is why informatics platforms must have enterprise-level query function to
help answer questions not anticipated in study design. Datasets from clinical trials
potentially make the best tools for moving translational science forward as the (1)
subjects are entered on trial for a specific purpose, (2) the stage and appropriateness
for subject entry are confirmed with uniform standards, (3) information includ-
ing pathology and imaging are collected and collated in a uniform manner, (4)
subjects are treated in a uniform manner with treatment data available for review,
and (5) outcome information is available including imaging to validate outcome as
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appropriate. These datasets permit evaluation of a potential new biomarker as (1)
the information may be available in situ as a digital object and (2) additional tissue
may be available as part of an exhaustible resource housed in a tissue bank. Nimble
query function can permit intercomparison between subjects on the same trial or
other subjects on different studies with similar demographics for analysis. This
can potentially evaluate and compare those with similar biomarkers on different
studies. The datasets become a rich resource for science. At the moment within both
industry and the NCTN, the information is housed in disparate locations including
statistical data centers that house subject demographics and outcome, IROC which
houses images and radiation therapy treatment objects, and tissue banks which
house both digital maps of known biomarkers and tissue help for additional studies
when needed. As a result, efforts to perform secondary analysis on objects become
challenging and often lost in process and sequential approvals for use. This can take
considerable time and effort and often the scientific question is muted and defeated
by processes designed for data protection.

To make science move forward at an enterprise level, this information needs
to be housed in in a single platform designed to promote and support the modern
scientist with nimble and comprehensive query function for robust data review.
The next section will discuss how these objects are currently managed and present a
strategy for modern science moving forward.

5. The cancer imaging archive (TCIA)

TCIA is an initiative of the National Institute of Health (NIH) and the National
Cancer Institute (NCI) to address the need for enterprise database availability to
promote translational science and to validate concepts and ideas against a strong
database. The archive resides in the public domain and the objects are fully de-iden-
tified per government standards. The principal investigator of TCIA is Fred Prior,
PhD, who is the chair of quantitative science at the University of Arkansas. Dr. Prior
has long-standing expertise in database management and development of image
datasets. He has applied his expertise to this effort coupled with co-investigators
Joel Saltz, MD, PhD, and Ashish Sharma, PhD. Dr. Saltz is the chair of bioinformat-
ics at Stony Brook University and an international expert in digital pathology and
integrated database function. Dr. Sharma is at Emory University and is an informat-
ics expert who helps move TCIA to enterprise function.

The digital archive houses imaging and outcome information that can be used
for translational science. The current portfolio includes datasets from all cancer
subtypes in adult oncology and will soon be updated with datasets from pediatric
oncology. The information includes clinical information, imaging, radiation
therapy datasets and treatment plans, pathology objects including genomics, and
other supplemental information required for analysis. The current portfolio can
be accessed through www.thecancerimagingarchive.net. TCIA is an important
initiative as it makes information available to all interested scientists who can apply
information directly to their projects of interest.

As TCIA moves forward, it will be essential to find mechanisms for enterprise-
level data capture and uniform data formatting for all trials both within the NCTN
and industry. Clinical trials within the NCTN will likely need to be designed in the
future with data capture as part of the protocol and processes imbedded in the trial
will need to be made uniform in the trial design to be uploaded to TCIA once the
trial is complete and objects fully de-identified for the public archive. Investigators
will want to be able to look at specific subjects’ subsets in clinical trials and evaluate
both image and biomarker expression for subsets both within individual trials and
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intercompare with other trials for outcome analysis. This will be true in all adult
and pediatric oncology subtypes. We are learning more each day about response-
directed therapies and the relationship of response and disease progression relative
to biomarkers. The informatics tools will need to be robust to accommodate this ele-
ment of data exchange and evaluation. Digital pathology will play an increasingly
important role including capture of profiles that are identified to date in a manner
similar to oncotype for breast cancer. Tissue will need to be stored for the biomarker
not yet identified. Digital capture makes identified objects inexhaustible while
tissue is exhaustible, hence the reason we need to store and protect this invaluable
resource. Radiation therapy treatment plans will need to be fused with images

that define targets and correlate to images that review the pattern of failure. It will
be through these mechanisms we will all mature in our understanding of disease
processes and the success/failure of our applied therapies [23, 24].

6. Conclusions

Enterprise-level function of comprehensive clinical trial datasets is closer to
reality than it has been in the past. The quality of the dataset will significantly influ-
ence the quality of our understanding of the applied information and how we use
clinical information moving forward. Efforts need to be made to optimize existing
datasets in the NCTN and industry to help move knowledge forward in a manner
we can validate and trust.
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Abstract

Radiotherapy is a cornerstone of the modern treatment of many types of
cancer, having both curative and palliative roles. It is estimated that more than
half of cancer patients will need radiation therapy in the course of evolution. The
goal of radiotherapy is to maximize tumor control, reducing adverse effects on
normal tissues in close proximity at the same time. Improving the therapeutic
ratio is the main goal of the efforts made to improve the technique and accuracy
of the radiotherapy by using the targeting of the tumor volume with the help of
the imaging guide and the dose conformation around the target volume. The use
of the multi-leaf collimator (MLC) allowed a better coverage of the target volume
in the irradiation field, thus reducing the unnecessary irradiation of healthy tis-
sues. The use of radioprotective agents and radiosensitizers is another strategy to
maximize the effect of radiotherapy. Recently, interest has focused on the design
of irradiation protocols that exploit the differences in biology in terms of the
response to irradiation between tumor cells and normal tissues.

Keywords: radiotherapy, IMRT, VMAT, SIB, dosimetry

1. Introduction

The transition in the 1990s from conformal 3D radiotherapy to intensity-modu-
lated intensity radiotherapy (IMRT) allowed the high-dose irradiation of volumes
with irregular shapes [1, 2]. The use of radioprotective agents and radiosensitizers
is another strategy to maximize the effect of radiotherapy. Recently, interest has
focused on the design of irradiation protocols that exploit the differences in biology
in terms of the response to irradiation between tumor cells and normal tissues [2, 3].

From the clinical point of view, tissue radiosensitivity is reported as the differ-
ence in the degree of response at the same dose of irradiation or at different doses
required to produce the same response to different subjects. The radiosensitivity
and radioresistance of the different types of tissues is determined by the mitotic
rate and the cellular repopulation, being proven that the cells with low rates of
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repopulation are more radioresistant. Especially for cells with long post-mitotic
life, for which the main mechanism of radiation induced hypoplasia and atrophy, is
death in interphase, the response is obtained only at high doses of radiation [1, 2, 4].

2. Dose-volume-toxicity correlations - from radiobiology to guidelines
and clinical practice

With all the technical and ballistic advances in the planning and delivery of
radiation therapy that has occurred in over 100 years since the use of radiation
in anticancer treatments, it has not been possible to obtain a perfect therapeutic
ratio for which the irradiation of healthy tissues tends to zero. Historically, the
first initiative to guide doctor radiation oncologists was the publication of Rubin
and Cassarett, a collection of reports on toxicities and doses to which they were
reported. The 1980s were a significant evolution in the field of radiation oncology,
the radiotherapy being transformed from a two-dimensional (2D), based on the
approximate evaluation of the position of the radiosensitive organs based on the
anatomical landmarks and subsequently of the 2D simulator with conventional
radiographs, to a three-dimensional (3D/volumetric) process. This evolution has
shown that previous knowledge about tumoricidal doses and tolerance of radio-
sensitive organs to irradiation does not present accuracy and new information is
needed regarding partial organ volumes and toxicities [2, 5].

In this context, a scientific committee has carried out an extensive review on
the dose data received from different organs and toxicities, reaching the consensus
to evaluate the data using a volumetric division of organs in one-third, two-thirds,
and the whole organ. The consensus of eight experts from reference centers in the
United States was published under the name “Emami Paper” The paper was a refer-
ence for assessing the risk of toxicity associated with doses, but being a literature
review until 1991, it contained data from the previous 3D-CRT technology. Another
limitation of the study was the evaluation of toxicities after conventional irradiation
(2 Gy/fraction), and at that time neither the dose-volume histograms were routinely
used in dosimetry. From the clinical point of view, only the most severe toxicity was
evaluated, without any grading system for these adverse effects [1, 2, 6, 7].

The next decades have brought a revolution in terms of oncological treatments.
A multidisciplinary approach has become a standard in oncology, and sequential
and increasingly concomitant therapeutic associations are increasingly used. In
terms of technology, most cobalt units have been replaced with linear accelerators,
and radiotherapy planning based on CT simulation has become standard. 3D-CRT
and IMRT techniques based on IGRT have been widely implemented, and delinea-
tion of tumor target volumes using CT, MRI, and PET-CT imaging has become
a standard. The complexity and the large number of factors that influence the
response to the irradiation of the tumors and the probability of the complications
of the normal tissues have made it necessary to develop predictive models for the
clinical complications associated with the radiation therapy. The large number of
data reported in relation to the different toxicities and conditions of registration
make analysis difficult to identify value parameters. A group of clinicians and
researchers performed a retrospective analysis called “Quantitative Analysis of
Normal Tissue Effects in the Clinic (QUANTEC).” The aim of this approach was to
review the available literature on the correlation of dose-volume parameters with
the complications of normal tissues, the study being the analysis of the literature
of the last 18 years. The paper QUANTEC, resulting from the collective effort of
57 experts, appears with the support of the American Association of Radiation
Therapy (ASTRO) and American Association of Medical Physics (AAPM) and
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is published in the supplement of the journal “International Journal of Radiation
Oncology, Biology, Physics” (the Red Journal) [2, 5-8].

The QUANTEC group aimed to provide a reliable prediction at the time of radio-
therapy planning of the risk of occurrence of toxicity depending on the volume
parameters extracted from the dose-volume histograms.

Although these publications contain a comprehensive review of scientific papers
of the information published in order to be a guide for clinicians, the use of this
guide cannot substitute for the judgment of the radiation oncologist clinician,
considering the large number of intrinsic and extrinsic factors on which the radio-
sensitivity of each organ depends [7, 8].

There is no model that accurately predicts normal tissue responses to irradiation
for routine clinical use, most models being more descriptive than predictive. The
use of the multi-leaf collimator (MLC) allowed a better dosimetric coverage of the
target volumes also offering a significant reduction in the irradiation of the healthy
tissue from the proximity of tumors.

-n- a_
(BED) =n d<1+ a/ﬂ) 1)

The isoeffect formula for conversion to standard fractionation is commonly used
in cases where another fractionation scheme (hypofractionation or hyperfraction-
ation) is used to assess the toxicity risk according to the “QUANTEC” data:

d+ (a/p)

(EQD2) = D3

2

The a/p index is calculated based on information from cell survival curves
on in vitro cell cultures, assigning values for the o/p ratio, and using these values
to calculate a normal dose of tissue tolerance may be risky in estimating clinical
complications [2, 7, 9].

Organs at risk (OAR) are those organs that if irradiated can be structurally and
functionally affected. The structures that are in the proximity of the irradiated
volume or by their anatomical function are defined as OAR, receive a certain dose
during the treatment. These OAR’s have been divided from the radiobiological/
functional point of view into serial organs and parallel organs. The spinal cord is the
most relevant example of OAR with serial architecture. Each subunit of the spinal
cord is vital to the functioning of the entire organ. The parallel structural organiza-
tion is based on the functional independence of the subunits. The impairment of a
limited number of structures does not compromise the function of the whole organ;
the dysfunction occurs if a large number of subunits have been affected, because
the remaining functional ones do not have sufficient compensatory capacity. An
example of an organ with parallel architecture would be that of the parotid glands.
In these cases the average dose absorbed throughout the organ is the most signifi-
cant predictor of toxicity [5, 7, 8].

Using a Lyman mathematical model and the algorithm proposed by Kutcher
and collaborators, a radiobiological model was proposed based on extrapolation
of Emami guides to any dosimetric distribution, using dose-volume histograms
(DVH). The Lyman-Kutcher-Burman (LKB) model was and is one of the most
used radiobiological mathematical models, but the multitude of factors involved in
producing toxicities made this model an ideal one, without being implemented in
clinical practice as a standard. The QUANTEC is one of the most valuable analyzes
on dose-volume parameters based on numerous retrospective studies. However, the
therapeutic and technical diagnostic advances in the multimodal treatment of the
pathological pathology make it necessary to update and validate new recommenda-
tions regarding the dose-volume parameters correlated with toxicities [7-10].
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With the implementation of inverse planning techniques (IMRT and volumetric
intensity-modulated volumetric arc therapy (VMAT)), it became necessary to
define a risk-exposed volume (RVR) in order to obtain an optimal dose distribu-
tion using the planning software, trying to limit the risk of developing high-dose
regions outside the target volume. ICRU83 defines RVR as the difference between
the volume included in the external contour and the volumes CTV and OAR. With
the implementation of IMRT, the dose received by RVR can be a predictor of the
risk of radioinduced carcinogenesis, and a reduction of large volumes receiving
low doses is necessary. In fact, there are numerous intrinsic and extrinsic factors
that influence the radiosensitivity of each tissue/organ, related to the patient (age,
comorbidities, Karnofsky score/ECOG performance status) and dependent on the
radiosensitivity of each organ (serial dose-effect organization, the most eloquent
case being of the spinal cord, parallel radiobiological organization volume-effect
structure as in the case of liver and lungs, mixed serial and parallel organization
described in the literature in the case of kidneys), but it is also influenced by the
previous treatments applied. Radiotherapy treatment influences the response of
radiosensitive organs by parameters as the maximum dose, average, minimum,
dose rate, general treatment time, irradiation beam energy, and irradiated volume.
Systemic treatments (radiosensitizing and radioprotective agents, chemotherapy,
biological and immunotherapy) influence the tissue radiosensitivity and determine
the variability of the different responses at the same irradiation dose. The most
recent studies show the involvement of molecular and genetic profiles in radiosen-
sitivity. According to Emami and QUANTEC studies, cerebral radionecrosis usually
occurs late from 3 months up to a few years after radiotherapy with initially a 5%
risk at 5 years after treatment at a dose of 60 Gy received by one-third of the brain
by standard fractionation. Using the ratio «/p = 3 in formulas derived from the
quadratic linear model, radiation necrosis was estimated at <3% for a dose <60 Gy,
increasing to 5% if the brain tissue received dose is 72 Gy. The toxicity caused by the
irradiation of the brainstem can be potentially lethal. The Emami study considered
TD 5/5 of 50 Gy for the entire brainstem and 60 Gy in one-third of the brainstem
as the tolerance limit, but reviewing the study literature evaluates a brain stem
tolerance up to 54 Gy with <5% risk of brainstem necrosis or neurological toxicity. It
is also recommended to limit doses up to 59 Gy per volume (1-10 cc). In exceptional
situations the brainstem can tolerate up to 59 Gy (<< 1 cc) and can receive up to
64 Gy [2, 8, 11].

Toxicity by spinal cord irradiation is also severe, and myelopathy is often
disabling. For a ratio o/ = 0.87, the risk of myelopathy is 0.2% at 50 Gy and 5% at
59.3 Gy, using the quadratic linear model. The values used in the literature for the
o/ ratio are usually higher and make necessary to convert the dose of treatment per
fractions to 2 Gy [8, 9, 12].

Radiation-induced optic neuropathy (RION) is severe toxicity leading to a rapid
assessed blindness. Emami’s recommendations are TD 5/5 of 50 Gy for the entire organ.
Based on the QUANTEC review, a dose of 50 Gy received by the whole organ
is associated with <1% risk of toxicity, and the risk increases from 3-7% for doses

between 55 and 60 Gy, the increase in toxicity rate being significant for doses
greater than 60 Gy [2, 7, 8].

For the radiotherapy of thoracic tumors, radiation-induced pneumonitis is one
of the most common toxicities in patients treated with radiation for cancers of the
lung, breast, and other mediastinal tumors, often being the dose-limiting toxicity.
Parameter V20 was identified as the most significant predictor of pneumonitis.

Radiation-induced pericarditis is associated with increased levels of mortality,
the most relevant cardiac toxicity of irradiation. It was considered that the peri-
carditis risk is less than 15% when the mean pericardial dose was <26Gy, another
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dosimetric constraint considered predictive for pericarditis being V30 (pericardium)
<46% in the case of breast cancers irradiation [2, 7].

Radiation-induced liver disease (RILD) usually occurs between 2 weeks and
3 months after radiation therapy. Emami guideline estimates an associated risk of
<5% toxicity for an average dose of <30 Gy received by the liver, with a reduction to
a maximum of 28 Gy required in patients with pre-existing liver disease.

Radiation-induced renal dysfunction is manifested in a variety of ways, from
clinical symptoms to biochemical or imaging changes, most commonly with
decreased creatinine clearance or even renal failure. An average dose of 18 Gy is
considered to be associated with a 5% risk of toxicity at 5 years, with limitation to an
average dose of 20 Gy being considered a feasible option in clinical practice [2, 5, 7].

Treatment toxicity for pelvine tumors includes femoral neck and head necrosis,
associated with possible fracture. Factors such as osteoporosis and androgen treat-
ment in the background increase the risk of irradiation toxicity. A 52 Gy dose for
the entire femoral head was considered the recommended limit according to Emami
publication, limiting the dose below 50 Gy and reducing the risk of neck/femoral
neck necrosis to <5%. However, there are studies that report toxicities for large
doses delivered on smaller volumes [7, 9, 13].

Without proposing to present all the recommendations of these guides, we have
exemplified some recommendations and their predictive value on the toxicities for
radiotherapy of tumors of the cervical, thoracic, abdominal, and pelvic regions.

The development of mathematical models in cancer biology and radiotherapy
treatment is a step motivated by the desire to evaluate the probability of tumor
control and the probability of healthy tissue complications. The technical evolu-
tion of radiotherapy and the complexity of the treatment plans have led to the
emergence of increasingly complex treatment plans, with unpredictable difficulty
to evaluate dose distributions. The desire to obtain an optimal plan and to increase
the tumor control, limiting the risk of complications at the lowest possible level,
has oriented the research toward the development of radiobiological models with
a predictive value of the tumor response and the toxicity rate. The development
of radiobiological models originated three decades ago, but in recent years efforts
have been intensified to introduce these models into clinical practice. The inability
to consider variables as clinical data and histological type of tumor made it difficult
to introduce these models as standard in the process of evaluating treatment plans.
However, some producers have included radiobiological models in commercial
TPS that use DVH curves in the treatment plan and biological parameters such
as histologic type and characteristics of nearby healthy tissues to calculate tumor
control probability (TCP) and normal tissue complication probability (NTCP). The
radiobiological models included in the TPS software are based on the Poisson TCP
model and the LKB model for the calculation of NTCP [9, 14].

Although not yet implemented as a standard of assessment in clinical routine,
TCP and NTCP models offered the radiation oncologist and medical physicist a
useful tool in evaluating treatment plans and selecting the best treatment plan
but also in evaluating geometrical errors and in comparison of the most modern
radiotherapy techniques.

Dosimetric comparisons between treatment plans have been used extensively
in validating treatment plans generated by the inverse planning techniques IMRT
and VMAT, determining according to EMAMI/QUANTEC recommendations and
the latest RTOG recommendations the possibility of reducing the risk of toxicities
associated with irradiation. The use of radiobiological models has shown a small
benefit in TCP and a significant reduction of NTCP when using the IMRT technique
in prostate cancer radiotherapy. TCP/NTCP models were also used to compare
sequential IMRT plans with SIB-IMRT plans. The use of the boost integrated in the
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VMAT technique demonstrated the ability to reduce the average dose received by
the rectum and bladder by 13 and 17% [2, 7, 15].

Also the use of radiobiological models can highlight the percentage with which
the TCP value increases by increasing the dose to a certain value. In the case of com-
parative VMAT single-arc vs. VMAT double-arc treatment plans, the use of NTCP
radiobiological models revealed similar values regarding the risk of radionecrosis of
the femoral heads, on irradiation plans for prostate cancer although the dosimetric
distribution is significantly different between the two plans. However, some authors
report lower mean NTCP values for VMAT double-arc plans.

Biological optimization based on NTCP of treatment plans has become a feasible
alternative, based on dose-volume optimization, demonstrating the possibility to
reduce up to 3 times the doses received by the parotid glands in the case of locally
advanced nasopharynx cancers treated by IMRT technique [16, 17].

Patient repositioning based on imaging guidance is routinely performed in most
radiotherapy centers using modern radiotherapy techniques using daily setup and
four-dimensional computer tomography (CBCT) images performed with onboard
imaging (OBI) systems which are increasingly used to compare planned and treated
target volumes. TCP and NTCP radiobiological models can be used to evaluate the
effect of systematic and random errors on the probability of tumor control and on
the risk of toxicity, using information from the DVH curves. Some authors have
used EPID portal dosimetry to check the dose received by critical organs as heart
for the purpose of evaluating NTCP [2, 16-18].

Another direction of interest was the evaluation with the help of the NTCP of
the advantage of the new four-dimensional computer tomography (4D-CT) tech-
nology in radiotherapy planning. The radiobiology studies proved a minor benefit
in TCP in many situations. This evaluation has the role to give a suggestive image of
the situations in which the 4D-CT technique offers a clear advantage over 3D image-
based planning. Reposition during treatment is made according to the geometric
variations of the target volumes and to the changes in the anatomical conformation
of the body. The adjustments in treatment position using CBCT imaging is often
used without being able to accurately estimate the consequences from the point of
view of toxicities and tumor control [2, 18-20].

Currently, replanning of treatment using weekly CBCT imaging for radiother-
apy patients can be done during the course of treatment, to provide a more accurate
dose and to avoid erroneous treatment due to daily movement of organs. Adaptive
radiation therapy is defined as changing the radiological treatment plan delivered
to a patient during a course of radiation therapy to take into account temporal
changes in anatomy, such as tumor contraction, weight loss, or internal movement,
etc. However, the biological consequences of this intervention during the course of
treatment may remain unclear to some practitioners. The clinical impact of adaptive
radiotherapy has been evaluated using biological modeling of bladder cancer. In the
Wright et al. study, various adaptive planning target volumes (PTV) were generated
from the inter-fractional variation of the bladder observed in the first four CBCT
sessions. In addition to IMRT plans that deliver 60 Gy to a given PTV, simultaneous
integrated impulse (SIB) plans have been generated. For uniform clonogenic cell
density throughout the bladder, TCP ranged from 53-58% for 60 Gy planes, while
it was between 51 and 64% for SIB planes. They showed that dose tracking and TCP
calculation can provide additional information on standard criteria, such as geo-
metric coverage for selected cases [20-23].

It is assumed that the use of IGRT can lead to an improvement in TCP by increas-
ing the PTV dose coverage in daily treatment while decreasing NTCP by using low
uncertainty CTV-PTV margins in the case of prostate cancer radiotherapy, demon-
strating the ability to improve therapeutic for both IMRT and 3D-CRT plans.
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With all the efforts made to develop radiobiological models, they remain ideal
models. Including the individual biological parameters of the patients in the
treatment decision will contribute to the understanding of differentiated response
of tumors to radiotherapy and will be able to transform these models into feasible
models applicable in clinical practice. The number of malignant stem cells and their
intrinsic cell radiosensitivity, cell repopulation, tumor and tissue hypoxia, and the
ability of tumor cells to reoxygenate and repair DNA damage are factors whose
introduction into the radiobiological mathematical models will increase the accu-
racy of each case of tumor control and toxicity predictions. Thus, a step forward
will be taken in the use of these models in clinical practice within the concept of
personalized medicine, modulating the treatment for each patient in order to obtain
the best therapeutic ratio.

Identifying new biomarkers to guide radiotherapy tailored to each case depend-
ing on the radiosensitivity of tumor cells and healthy tissue requires the identifica-
tion of a large number of pre-therapeutic factors with predictive value on tumor
toxicity and control. If the data obtained from the tumor histology and the patient
performance status and comorbidities are taken into account in the evaluation and
pre-therapeutic optimization of the plans, the biological parameters of the tumor
are rarely considered in the modulation of the treatment. Also, early response to
imaging-evaluated therapy may be a predictive factor of tumor control [2, 23-25].

The development, validation, and integration of imaging biomarkers using CT,
PET-CT, and MRI to improve the response to radiotherapy are part of the areas of
interest of clinical and preclinical studies, this research directive being integrated
under the name of “radiomics.” There are two directions for using predictive
biomarkers for individualized treatment, to choose the treatment offered to a
patient (e.g., intensifying and choosing a multimodal therapy for a hypoxic tumor
with radiation and chemotherapy resistance factors or de-escalating treatment
for tumors with radiosensitivity-associated factors such as HPV viral etiology for
head and neck cancers). The modulation of the treatment by altered therapeutic
and fractional associations (hypo- and hyperfractionation) aims to obtain a higher
TCP with the limitation of NTCP of the tissues from the vicinity of target volumes,
avoiding the risk of toxicity [2, 24, 26, 27].

Biomarkers can also be used for early evaluation of therapeutic outcomes to
decide whether to discontinue or continue a therapeutic procedure or modify
the initial treatment, but validating some biomarkers and including them in
radiobiological models that are part of the clinical decision algorithm is still a
strategy used only in preclinical and clinical studies. Regarding systemic therapy
significant progress has been made, by discovering new therapeutic targets that
have changed the clinical oncological practice, making it necessary to identify
biomarkers to guide the therapeutic decision. HER-2 and hormone receptor status
evaluated at breast cancer patient biopsy is currently used for therapeutic proto-
col decision, EGFR mutation targets treatment for targeted molecular therapy in
lung cancer, KRAS mutational status is integrated into colorectal cancer treatment
to allocate patients for anti-EGFR therapies for KRAS wild-type tumors, PD-L1
expression becomes a marker of response to immunotherapy in more and more
nonplastic locations, and even though we have presented only a few suggestive
examples, there is an increasing number of biomarkers with potential predictive
for response to radiotherapy [2, 5, 27, 28].

Radiation oncology has a long history of research into understanding the implica-
tions of genetics in the variation of the response to treatment for each patient in order
to personalize the therapy. The identification of new biological signaling pathways
will explain the variation in the individual response of some tumors to irradiation.
The use of elements from the genetic signature of each patient could constitute
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biomarkers of the clinical response to irradiation by modifying radiosensitivity of the
tumor and healthy tissue. Since 1936 the different effects for subjects of irradiation
with an identical radiation dose have been demonstrated by the occurrence of early
skin toxicity, the near-Gaussian frequency distribution of individual sensitivity being
highlighted. Subsequent research has shown the involvement of genetic syndromes

in the early onset of toxicities, with the subtraction of cell hypersensitivity to irradia-
tion, caused by affecting the DNA chain repair mechanisms. In addition to the ATM
gene associated with ataxia-telangiectasia syndrome, other genes such as NBS1, LIG4,
and MRE11 have been linked with syndromes associated with high radiosensitivity,
caused by impaired DNA chain repair mechanisms [29, 30].

Modern radiobiology research has highlighted the applicability of genom-
ics in predicting the adverse effects of radiotherapy, based on the application of
genomics in radio-oncology. Advances in high-throughput approaches will support
increased understanding of radiosensitivity and the development of future predic-
tive analyses for clinical application. There is an established contribution of genetic
risk factor to adverse radiotherapy reactions. The radiosensitivity of an individual
is an inherited polygenic feature, and in order to elucidate the genomic involve-
ment in radiosensitivity, the Radiogenomics Consortium was set up to allow large
data cohorts for research development, and the REQUITE project would collect
standardized and genotyped data for~5000 patients [31]. Linking their information
with the dosimetric data will lead to the generation of multivariable models that can
be used in the clinic, identifying new genes that have an impact on the radiosen-
sitivity of the toxicity pathogenesis and the tests that will be incorporated into the
clinical decision-making process [30, 32].

The development in the last decades of imagistic techniques and their non-
invasive or minimally invasive character allowed the dynamic evaluation of the
changes of the biological characteristics of the tumor. Molecular imaging brings
pre-treatment information but also has the ability to evaluate the changes produced
by the treatment since the first irradiation fractions. CT and MRI imaging already
has a significant role in radiotherapy planning, CT simulation becoming a standard,
and MRI imaging contributes to a more precise delineation of tumor invasion into
adjacent organelles. The increasing use and availability of PET-CT imaging and
its inclusion in treatment planning make it possible to use different tracers as a
biomarker of tumor radiosensitivity in click practice [33]. 18F-Fluorodeoxyglucose
(18F-FDG) is one of the most used biomarkers in experimental and clinical inves-
tigations, the SUV values before and during the treatment being investigated as
possible biomarkers of the treatment by chemotherapy and radiotherapy. The
concept of “biological dose painting” is based on the delimitation of target volumes
on functional criteria; the irradiation of a tumor with different doses and the esca-
lation of the doses in areas with high uptake of 18F-FDG were discussed with the
introduction of IMRT and VMAT techniques that allow the irradiation with differ-
ent doses of some subvolumes from the target volume. 18F-FDG can identify tumor
regions with high cell density and radioresistant regions due to hypoxia. Identifying
the most common relapses after radiotherapy in the areas with higher uptake of
18F-FDG is a new argument for dose escalation in these regions.

The observation that in several cases of locally advanced cancers the tumor
control after irradiation was not satisfactory made necessary a careful analysis of
the areas where recurrence occurs. The analysis of the characteristics of the tumors
with recurrence risk revealed an increased risk for the hypoxic regions or with an
increased number of clonogens with proliferation capacity. One of the strategies
used to control the tumor response is to use the boost on subvolumes with radiore-
sistance pattern, considering the results of the studies that prove the survival rates
associated with better locoregional control [34, 35].
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The use of routine boost for all patients is a controversial topic. For head and
neck cancers and for prostate cancer, there was a benefit in escalating doses by
10-20% in the topographic regions of the tumor with an increased risk of recur-
rence. An EORTC trial shows a minor benefit of breast boost but with a significant
increase in toxicity rate.

Using radiobiological models, an increase of up to 20% of the TCP was observed in
the case of a 10-30% dose escalation on a sub-volume of 60-80% of the primary tumor
target volume. The introduction of IGRT and PET-CT hybrid imaging opens the hori-
zons of a new challenge, the topographic identification of the region where the boost
will be made, based on the clinical rationale balancing the benefit and the toxicities.

Adaptive risk optimization uses a biological objective function instead of an
objective function based on dose-volume constraints, maximizing TCP for differ-
ent regions of the tumor with recurrent risk while also minimizing NTCP for risk
organs [2, 26, 36].

The tendency to include biological information in radiotherapy will lead to the
use of cellular, molecular, and physiological characteristics in the treatment plan-
ning, PET-CT radiotracers 18F-FMISO-PET,*’Cu-ATSM-PET, and blood oxygen
diffusion (BOLD)-MRI are frequently investigated in translational research related
to tumor hypoxia. Investigation of tumor proliferation proved benefits from
18F-labeled fluorotime (FLT) as a biomarker.

The development of multivariable radiobiological models and dose prescription
protocol based on functional data obtained from hybrid imaging is part of the tendency
to include modern radiotherapy in the precision medicine trend, exploiting variations in
tumor radiosensitivity and healthy tissues in clinical practice [2, 21, 37, 38].
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