1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Trans/ Sci. Author manuscript; available in PMC 2019 April O1.

-, HHS Public Access
«

Published in final edited form as:
J Trans/ Sci. 2019 April ; 5(2): . doi:10.15761/JTS.1000282.

The roles of homologous recombination and the immune system
in the genomic evolution of cancer

B Nandi23# S Talluril:3# S Kumarl2# C Yenumula?3, JS Gold?4, R Prabhalal3, NC
Munshil23 and MA Shammasl3*
IHarvard (Dana Farber) Cancer Institute, Boston, MA, USA

2Harvard Medical School and Brigham and Women'’s Hospital, USA
SResearh Services, VA Healthcare System, West Roxbury, MA, USA

4Surgery Services, VA Healthcare System, West Roxbury, MA, USA

Abstract

A variety of factors, whether extracellular (mutagens/carcinogens and viruses in the environment,
chronic inflammation and radiation associated with the environment and/or electronic devices/
machines) and/or intracellular (oxidative metabolites of food, oxidative stress due to inflammation,
acid production, replication stress, DNA replication/repair errors, and certain hormones, cytokines,
growth factors), pose a constant threat to the genomic integrity of a living cell. However, in the
normal cellular environment multiple biological pathways including DNA repair, cell cycle,
apoptosis and the immune system work in a precise, regulated (tightly controlled), timely and
concerted manner to ensure genomic integrity, stability and proper functioning of a cell. If damage
to DNA takes place, it is efficiently and accurately repaired by the DNA repair systems.
Homologous recombination (HR) which utilizes either a homologous chromosome (in G1 phase)
or a sister chromatid (in G2) as a template to repair the damage, is known to be the most precise
repair system. HR in G2 which utilizes a sister chromatid as a template is also called an error free
repair system. If DNA damage in a cell is so extensive that it overwhelms the repair system/s, the
cell is eliminated by apoptosis. Thus, multiple pathways ensure that genome of a cell is intact and
stable. However, constant exposure to DNA damage and/or dysregulation of DNA repair
mechanism/s poses a risk of mutation and cancer. Oncogenesis, which seems to be a multistep
process, is associated with acquisition of a number of genomic changes that enable a normal cell
to progress from benign to malignant transformation. Transformed/cancer cells are recognized and
killed by the immune system. However, the ongoing acquisition of new genomic changes enables
cancer cells to survive/escape immune attack, evolve into a more aggressive phenotype, and
eventually develop resistance to therapy. Although DNA repair (especially the HR) and the
immune system play unique roles in preserving genomic integrity of a cell, they can also
contribute to DNA damage, genomic instability and oncogenesis. The purpose of this article is to
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highlight the roles of DNA repair (especially HR) and the immune system in genomic evolution,
with special focus on gastrointestinal cancer.
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Homologous recombination

Homologous recombination plays a key role in the maintenance of genomic integrity of a
cell

Double stranded breaks (DSBs), which can be generated by a number of intrinsic and
extrinsic factors, are deleterious for a cell and must be accurately repaired. DSBs are mostly
repaired by either homologous recombination (HR) or non-homologous end joining. Repair
through HR depends on strict sequence homology and is known to be the most precise repair
mechanism, whereas non-homologous end joining (NHEJ) directly ligates broken DNA ends
and is known to be a more error prone mechanism [1,2]. HR plays important roles during
both mitosis and meiosis. Mitotic HR occurs in both the germline and somatic cells and
plays a key role in the maintenance of genomic integrity by ensuring precise and timely
repair of DNA damage. HR is closely linked to cell cycle. Cell cycle checkpoints ensure that
damage to DNA is repaired prior to entry of cell into mitosis (G2/M checkpoint) or S phase
(G1 checkpoint). Proteins such as p53 regulate both the cell cycle checkpoints and HR. The
G2 checkpoint plays a critical role in the maintenance of genomic integrity because if DSBs
are not repaired before entry of the cell into mitosis, they can lead to rearrangements or loss
of chromosomal fragments in the subsequent G1 phase of the cell cycle. In late S and G2
phases, HR can use the sister chromatid as a template to accomplish error free repair of
DNA damage. Homologous recombination in G1, which utilizes homologous chromosome
as a template for repair synthesis, is suppressed at multiple levels. This ensures that the
mitotic homologous recombination machinery uses only the sister chromatid as a template
so that repair synthesis is error free [3-5]

Meiotic HR ensures genetic diversity and proper chromosomal segregation

Meiotic homologous recombination is not only a repair mechanism but also serves as a tool
to generate diversity through exchange of genetic information between homologous
chromosomes and also contributes to evolution of genes and proper chromosomal
segregation [1,4,6]. Meiotic recombination in the first nuclear division is initiated by the
introduction of double-strand breaks (DSBs) by Spol1, a topoisomerase-like enzyme, at
specific sites known as hotspots, which range in number from 10,000-40,000 in mammalian
cells [7]. Induction of DNA breaks is followed by repair synthesis using a homologous
chromosome or a sister chromatid as a template. It seems multiple mechanisms ensure usage
of a homologous chromosome as the more frequent/preferred choice over sister chromatid
during meiotic HR in yeast [8]. This is important to ensure exchange of genetic material
between homologous chromosomes and accurate chromosomal segregation.
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Repetitive sequences are protected from HR to avoid genomic instability

Repetitive sequences, comprising nearly 50% of human genome, pose a threat to genome
stability. This is because these sequences can potentially promote unnecessary/unscheduled
homologous recombination and may also induce non-allelic homologous recombination
leading to deleterious genomic changes (deletions, insertions, inversions, translocations) and
instability. Repetitive sequences involving transposan elements (TESs) can undergo
transposition activity leading to genomic rearrangements. Moreover, repetitive sequences
can also interfere in proper chromosomal segregation. Therefore, as a safety mechanism,
regions of genome containing repetitive sequences are made inaccessible through the
formation of heterochromatin. Histone hypoacetylation, DNA methylation and
trimethylation of lysine 9 of histone H3 (H3K9me3) are prominent epigenetic marks of
heterochromatin. A non-histone protein heterochromatin protein 1 (HP1) recognizes and
interacts with these marks leading to further compaction of heterochromatin [9].
Heterochromatin formed at pericentromeric regions is associated with H4K20me3 [10].
H3K9me3 and DNA methylation are prominent marks at subtelomeric and telomeric
regions. Other important marks of heterochromatin include H3K9me3 in endogenous
retroviral sequences (classes I-11) in embryonic stem cells [11]Jand DNA methylation and
SUV39H in LINE elements (non-LTR retrotransposons) in embryonic stem cells of mouse
[12].

Repetitive sequences are protected from meiotic HR to avoid missegregation

To safeguard the integrity of germline DNA, multiple mechanisms ensure that meiotic
recombination involving homologous chromosome and cross over process is suppressed/
prevented at regions of repetitive DNA sequences [13]. These include: 1) epigenetic changes
that convert areas containing repetitive sequences into closed (heterochromatin) regions
making them inaccessible to recombination machinery; 2), suppression of DSBs at these
sites; and 3) ensuring that repair process either uses sister chromatid instead of homologous
chromosome or choses mechanisms not involving cross over [13]. Epigenetic changes which
contribute to the formation of closed (heterochromatin) areas can include histone
modifications such as H4K20me3, H3K9me3 and hypoacetylation of H3 and H4 at
telomeric regions [14—16], histone modifications like H3K9me [17,18], H3K9me2 and DNA
methylation in pericentric areas [19], usage of alternate histones such as replacement of
conventional H3 by CENH3 (CENP-A) in the nucleosomes of centromeres. In expressed
areas of the genome, the prominent epigenetic marks include H3K4me3, which is associated
with formation of DSBs [20] and meiotic recombination in mouse [21] and yeast [22];
H2A.Z, a variant of histone H2A, and H3K4me3 localized at the sites of homologous
recombination cross over in Arabidopsis; and H3K9ac associated with meiotic
recombination in yeast and mice [23,24]. DNA methylation, which seems to be guided by
histone marks [25], is an important mechanism to suppress gene expression as well as a
universal mark associated with heterochromatin and the suppression of meiotic
recombination [26].
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HR can become deleterious if dysregulated or spontaneously elevated

The ability of a cell to properly perform its functions requires a concerted and coordinated
action of multiple biological pathways [27-30]. To ensure the proper functioning, all these
pathways are tightly regulated at multiple levels including gene expression, chromatin
modification and chromosome maintenance. The regulatory mechanisms ensure that a
required task is accomplished at exactly the right pace, place and time [1,9,31]. Failure or
any defect/s in the regulatory mechanisms can result in loss of specificity and precision, and
unscheduled or unnecessary activity with potentially deleterious consequences [1,27-30]. In
the normal cellular environment, HR is tightly regulated and precise. If damage to DNA
takes place, it is detected by specific protein/s and depending on type of damage, a specific
set of repair genes are either expressed and/or activated through modifications. Right after
repair, the repair machinery has to inactivated through degradation and/or other
modifications. Dysregulation or increase in HR activity can potentially result in non-allelic
homologous recombination (NAHR), homeologous recombination (with reduced
dependence on strict sequence homology/identity) and/or unnecessary and untimely
recombination events. These aberrant forms of HR can potentially cause all sorts of genomic
rearrangements including deletions, amplifications, translocations, and aberrations
associated with segregation defects [2,32,33]. It is well documented that NAHR and other
error prone forms of HR including BIR and Single Strand Annealing (SSA) play a
significant role in generating genomic instability [1, 2,34-36]. Therefore, high (dysregulated
or spontaneously elevated) HR does not necessarily mean more repair. In an environment of
dysregulated HR, although possibility of accurate repair of DSBs exists, inaccurate repair
also takes place causing genomic rearrangements and other aberrations. Using multiple
myeloma and/or esophageal adenocarcinoma as model systems, we have demonstrated that
spontaneously elevated HR contributes to genomic instability [37,38], development of drug
resistance [37], telomere maintenance and growth of cancer cells as tumor in SCID mice
[39]. Unpublished data from our laboratory suggest that spontaneously elevated HR may
also lead to increase in spontaneous DNA breaks. This is probably because of HR-associated
nuclease activity, production of DNA fragments in consequence to HR-mediated deletion
events, and/or encapsulation of deleted products within lipid membrane, leading to
formation of micronuclei. Cell cycle checkpoint defects are also associated with
chromosomal segregation errors and generation of micronuclei. Micronuclei are not only a
marker but also a source of genomic instability. Aberrant DNA repair in micronuclei has
been associated with chromothripsis, which is characterized by massive genomic
rearrangements in a localized area of genome [40-42]. It has been proposed that an alternate
(error prone) HR called microhomology-mediated break induced replication (MMBIR) is a
key mechanism underlying chromothripsis [43,44]. Dysregulation of cell cycle check points
or defects in HR/cell cycle regulatory proteins can also cause unscheduled recombination
events leading to deleterious genomic rearrangements [3-5,45,46]. There are evidences that
suggest that repetitive sequence like Tandem repeats, Alu sequences and LTRs are hot spot
of genomic rearrangements and copy number variations which is mainly triggered by NAHR
[33,47]. Moreover, at regions containing repetitive sequences, the involvement of
homologous chromosome and the cross over process poses a risk of recombination to
become non-allelic. The cross over homologous recombination too close to centromere in
meiosis can also adversely affect kinetochore assembly and chromosomal segregation [48].
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In fact, several defects in chromosomal segregation have been attributed to cross over
recombination at telomeres in human [49], near centromeres in human [50,51] and near
centromeres in yeast [52]. Thus, dysregulated HR can mediate genomic instability and
evolution contributing to development and/or progression of cancer.

Immune system

Role of the immune system in cancer prevention

The host immune system consists of the innate and adaptive arms of immunity (Figure 1).
The innate immune system is comprised of cells of myeloid origin (i.e. cells of monocytic
lineage including monocytes, dendritic cells and macrophages; granulocytes including
neutrophils, eosinophils, basophils, and mast cell; and innate lymphoid cells including
natural killer (NK) cells). Adaptive immune cells include cells of lymphoid origin including
T (helper CD4* T and killer CD8* T) and B cells. Other lymphoid cells such as natural killer
T (NKT) and gamma-delta T (y8T) cells are semi-adaptive in nature [53].

One of the important functions of the immune system is to recognize and eliminate cancer
cells. Immune cells recognize cancer cells through specific tumor antigens (TAs) expressed
on their surface. These antigens can be classified into several subtypes as follows: 1) tumor
associated antigens (TAA); 2) tumor specific antigens (TSA); 3) Oncofetal antigens (OFA);
4) oncoviral antigens and; 5) lineage or differentiation specific antigens 6) cancer testis
antigens which are usually expressed in germ cells in adults but a group of these antigens
[MAGE(Melanoma-associated antigen 1), NY-ESO (New York- Esophageal cancer 1)] are
highly expressed in many cancer cell types (melanoma, liver, lung, bladder). These antigens
are harnessed as targets for cancer vaccination. TAAs appear due to overexpression of
certain genes in tumor cells and may also be expressed at lower level in normal cells. TSAs
arise from mutated proteins, proteins with aberrant glycosylation or unusual lipids on the
cell surface and, therefore, are foreign to the host immune system. Oncofetal proteins, alpha-
fetoprotein (AFP) and carcinoembryonic antigen (CEA) are usually expressed in embryo
before the host immune system is developed and can be re-expressed by some cancer cells,
hence they are seen as foreign to the immune system. Oncoviral proteins are antigens
expressed in cancers caused by viral infection [54,55].

Dendritic cells (of the innate immune system) play a critical role in priming T cells against
TAs through antigen presentation. During the initial stage of tumor development,
macrophages and neutrophils kill cancer cells through their cytotoxic activities including
antibody-dependent cell-mediated cytotoxicity (ADCC), complement dependent cytotoxicity
(CDC) and other pathways. However, with progression of cancer these innate immune cells
can transform into tumor-promoting cells such as tumor-associated macrophages (TAMSs) or
tumor-associated neutrophils (TANSs) [53]. The complement system, which increases the
ability of antibodies and phagocytic cells to eliminate cancer/damaged cells and microbes
through either phagocytosis, induction of inflammation, or direct cellular rupture, has also
been shown to play a crucial role in killing tumor cells. In fact, many CD8* T and NK cells
play a crucial role in killing cancer cells in the early stage by recognizing them as foreign.
CD8™* T cells recognize epitopes of TAs that are processed in the cancer cell and presented
by MHC class | on the cancer cell surface [55]. During progression, cancer cells can
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downregulate MHC class | expression, although lack of MHC class | expression can trigger
their destruction by NK cells [53]. Plasma B cells play an important role in cancer
prevention by secreting antibodies to TAs that kill cancer cells either through complement-
mediated lysis or by ADCC [53]. Apart from direct engagement of killer cells or antibodies,
soluble immunokines like IFN+y, IFNa, IL-2, secreted in the tumor microenvironment
(TME) can contribute to the prevention of cancer growth/progression [56].

Role of the immune system in etiology of cancer in the context of the Gl tract

The gastrointestinal (Gl) tract is lined with epithelial cells that come in direct contact with a
variety of substances/agents that can potentially disrupt genomic integrity and/or stability.
These substances/agents, which may include mutagens and carcinogens present in certain
foods, the low pH of certain dietary products (especially sodas), high temperature of some
foods (more relevant to the mouth and esophagus), oxidative metabolites of food,
microbiome dysbiosis, and likely others, make the epithelial barrier vulnerable. If this
barrier is compromised, chronic inflammatory conditions may be initiated. Chronic
inflammation in the esophagus, stomach, pancreas, intestine, colon, liver, and bile duct is a
potent etiologic agent for corresponding tissue specific precancerous conditions such as
inflammatory bowel disease, gastritis, pancreatitis, esophagitis, hepatitis, and cholangitis
[57]. Inflammation is known to induce oxidative stress as well as APOBEC deaminase
activity, which can potentially disrupt genomic integrity and stability leading to the
development of cancer (Figures 1 and 2). Although chronic inflammation (caused by
intrinsic or extrinsic factors) can potentially contribute to oncogenesis, inflammation can
also be induced by cancer [58] thus giving rise to a vicious cycle. In the cancer environment,
inflammation is impacted by the interplay of immunne cells, cancer cells and other stromal
cells in the TME. Moreover, with progression to cancer, soluble factors in the TME can
create an immune-suppressive and cancer promoting milieu.

Role of immune system in cancer growth and progression

Cancer advances when immune surveillance and immunoediting fails (Figure 1). This occurs
in three consecutive stages called elimination, equilibrium and escape (3Es) [59].

Elimination: In the elimination stage, the transformed cells are eliminated by the immune
system through recognition of TAs as well as other mechanisms as discussed above.

Equilibrium: When immune elimination is not complete, yet the tumor does not have the
capacity to evade the immune system and progress, a steady state can ensue where a viable
nascent tumor exists in an equilibrium phase. Escape: With acquisition of new genomic
changes, a subset of cancer cells are able to equip themselves for protection against immune
attack by: 1) acquiring surface expression of inhibitory molecules such as programmed cell
death protein 1 (PD1), programmed cell death protein-ligand 1 (PDL1), lymphocyte-
activation gene 3 (LAG3), T-cell immunoglobulin, mucin-domain containing-3 (Tim3),
cytotoxic T-lymphocyte-associated protein 4 (CTLA4) on cells in the TME; 2) inducing
secretion of immune-suppressive agents such as TGF, IL-10, indoleamine 2,3
dehydrogenase (IDO); and inducing expression of cancer growth promoting immune
cytokines such as TGF, IL-6, IL-17A [60], IL-22 and IL-23 as well as chemokines such as
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CCL2, CCL5/RANTES, CCL20, CXCL8/IL-8 and CXCL12 [61]. TGFp and IL-10 are
known to be important factors contributing to the suppressive function of regulatory CD4* T
cells (Tregs) [60]. IL-17A, which is secreted mostly by Th17 cells, is associated with poor
survival of gastrointestinal cancers. These cytokines/chemokines are known to promote
gastrointestinal cancers by allowing growth, angiogenesis and metastasis. In fact, Th17 and
Treg cells are very plastic and switch between the two cell types depending on the relative
abundance of TGF, IL-10, IL-6 and IL-23. Despite the abundance of literature on the
tumor-promoting role of IL-17A, in some cancer models, it has been shown to have a role in
the cytotoxic activity of CD8* T cells in anti-tumor responses. Hence the role of IL-17A in
cancer needs to be investigated further [62]. The majority of immune cells and
gastrointestinal epithelial cells produce TGFp, which is a master regulator in the gut
immune system. The overexpression of TGFp may also drive the growth of tumor cells. IL-6
is produced by multiple types of cells in the body as well as tumor cells and is also
documented to allow/promote tumor cell growth. In addition to the expression of immune
suppressive or inflammatory molecules, cancer cells can down-regulate expression of TAs
and/or reduce antigen presentation by lowering the expression of MHC class | on cell
surface to evade immune detection [60]. Moreover, gastric and pancreatic cancer cells
expressing FasL (which engages with FasR on infiltrating leukocytes), can kill the cytotoxic
NK and CD8* T cells [63] as an immune-escape mechanism. Cancer cells can also activate
the complement pathway promoting the infiltration immune-suppressive myeloid cells by
complement byproducts (C3a, C5a). This infiltration of immune-suppressive myeloid cells
has been shown to impair immune clearance of cancer cells and to promote cancer cell
survival and proliferation leading to immune escape. Innate cells like tumor-associated
macrophages (TAMs), neutrophils (TANs) and myeloid derived suppressor cells (MDSCs)
can all contribute to the creation of an immune-suppressive TME allowing growth and
metastasis of tumor cells [64].

Prominent defects of immune system in esophageal, colon and other Gl cancers

Since the gastrointestinal (GI) tract is naturally exposed to a variety of potentially harmful
intrinsic and extrinsic factors, the immune system in the Gl tract is appropriately balanced to
avoid unnecessary inflammation. A natural semi immune-suppressive environment prevails
to ensure that no adverse autoimmune responses are activated. However, the semi-
suppressive environment also poses a risk that mutated/transformed cells may go unchecked.
Additionally, epithelial cells in Gl tract are of a hyperproliferative nature. Once a tumor
develops, it can gradually progress and generate a more immune-suppressive and/or
inflammatory environment as mentioned above. Additionally, microbiomes play a crucial
role in maintaining immune balance and changes in the microbiota could disturb the balance
to promote cancer. For example, Fusobacterium nucleutum has been shown to be associated
with both esphageal and colorectal cancer, possibly through inducing the production of
CCL20. Inflammation induced by chronic Helicobactor pyloriinfection can lead to gastric
cancer. The efficacy of checkpoint inhibitors has also been shown to depend on the
composition of the microbiota [65].
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Crosstalk between DNA damage response (DDR) and immune response

The DNA damage response (DDR) is a critical signaling pathway triggered by damage
caused by intrinsic and extrinsic genotoxic agents and replication stress [66]. The DDR
signaling pathway consists of sensors that recognize DNA lesions (RPA, MRN, PARP1,
Ku70/80 etc.), transducer kinases (ATM, ATR, DNA-PK etc.) that convey the signal
downstream, and effector proteins (Chk1, Chk2, P53, PCNA etc.) that induce cell cycle
arrest allowing initiation of DNA repair pathways. Figure 2 provides an overview of
crosstalk between immune system and genome stability. The DDR is coupled with the innate
immune signaling in cells like DCs and macrophages. One of the key components of this
signaling system is pattern recognition receptors (PRRs) that recognize foreign nucleic acids
as well as damaged host DNA. Toll-like receptors (TLRs) are among the best-characterized
PRRs [67]. For example, TLR9 recognizes unmethylated CpG motifs in endosomes.
Activated TLR9 recruits MyD88 leading to the induction of inflammatory genes through the
transcription of nuclear factor kappa B (NF-xB) and IFN-regulatory factor 7 (IRF-7).

In recent years a number of studies have highlighted the interplay between DNA damage
response and immune response [68,69]. A number of proteins involved in DDR such as
Ku70, DNA-PK, and MRE11 have been shown to function as pattern recognition receptors
(PRRs) for sensing cytoplasmic DNA and activating inflammatory cytokines and
chemokines [70-74]. ATM kinase, a key player in DDR signaling, has been shown to
regulate the expression and activation of key transcription factors in immune signaling, such
as IRFs and NF-xB [75]. These transcription factors induce the expression of various
immune genes, including inflammatory cytokines and chemokines. Activation of NF-xB in
turn, has been shown to enhance the repair of double strand breaks by homologous
recombination (HR) [76]. In addition, DDR genes such as Ku-70, Ku-80, ATM, and BRCA2
have also been identified as transcriptional targets of NF-xB in tumor cells [77]. In addition
to inducing production of pro-inflammatory signals such as IFNs, replicative stress and
DDR can also induce the expression of a number of ligands for activating immune receptors
such as natural killer group 2, member D (NKG2D) and DNAX accessory molecule 1
(DNAM-1), which are mainly expressed by cytotoxic immune cells such as T cells and
natural killer (NK) cells [78]. This upregulation requires the activation of ATM or ATR
protein kinases and Chk1 kinase. These reports demonstrate the ability of DNA damage
sensors and DDR to directly activate immune signaling, clearly indicating crosstalk between
DDR pathway and the innate immune response.

Activation of DDR in response to oncogenic stress induces cellular senescence. Cellular
senescence is considered to be a tumor-suppressive mechanism that prevents malignant
transformation [79,80]. However, senescent cells develop an altered pro-inflammatory
secretory phenotype, called senescence-associated secretory phenotype (SASP) [81,82]. p53,
one of the main downstream effectors of the DDR pathway, has been shown to drive this
inflammatory phenotype contributing to tumor clearance [83]. A causal role for
inflammation in tumorigenesis is well established [84]. Thus, inflammation driven by DDR
signaling can also promote tumorigenesis [85]. There is growing evidence showing that
chronic inflammation induces production of reactive oxygen species (ROS) and reactive
nitrogen species (RNS) that drive tumorigenesis. For example, chronic inflammation
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induced by Helicobacter pylori and hepatitis virus infection have been shown to cause
gastric cancer [86] and liver cancer respectively. Furthermore, chronic inflammation and
resulting ROS induced by Crohn’s disease (CD) can promote colorectal cancer [87].

Figure 2 summarizes how HR and the immune system impact each other and genome
stability. Briefly, DDR signaling can activate an innate immune response that helps in
clearing of damaged cells that cannot be repaired, thereby preventing malignant
transformation. However, chronic inflammatory responses if unchecked can promote cancer
through a further increase in DNA damage. Thus, proper coordination between DDR and the
immune response is critical for organismal homeostasis and effective tumors surveillance.

Conclusion

In the process of oncogenesis, a normal cell, through a variety of genomic changes, acquires
new characteristics that enable it to divide indefinitely, escape the immune system, progress
to an advanced and more aggressive phenotypes and develop resistance to treatment. It
seems that genomic instability, the ability of a cell to constantly acquire genomic changes,
arises at an early (precancerous) state and underlies clonal evolution associated with
progression to advanced stages of disease. We have previously shown that homologous
recombination (HR) is spontaneously elevated (dysregulated) in cancer cells (including
esophageal adenocarcinoma) [37,38] and contributes to acquisition of ongoing genomic
changes [37,38], telomere elongation and tumor growth [39]. Dysregulated HR can
potentially cause amplifications, deletions, translocations, inversions, chromothripsis, LOH
and segregation defects, leading to genomic instability which is associated with clonal
evolution and oncogenesis. Genomic instability can also cause inflammation (Figure 2).
Inflammation is associated with the production of certain factors/activities (such as growth
factors, cytokines and deaminase) that further dysregulate DNA repair (including HR) and
genome stability. Therefore, in cancer environment, aberrant function of HR and the immune
system can interact in causing genomic instability and evolution (Figure 2). Components of
dysregulated HR and the immune system (as described in Figures 1 and 2) may, therefore,
provide useful targets to inhibit/reduce genomic instability and inhibit/delay genomic
evolution and progression in cancer.
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Figure 1. Schematic diagram showing the roles of immune system and DNA repair/HR in
genomic instability and oncogenesis.

Cancer cells express tumor antigens that are recognized by the immune system. Innate
immune cells (macrophages, neutrophils, NK cells) engulf and Kill tumor cells by
ADCC/CDC pathways by binding to the Fc part of antibodies through Fc receptors (FcR) or
binding to complement bound to the tumor antigen-antibody complex by complement
receptor (CR). They can kill the tumor cells by secreting toxic elements without direct
contact with tumor cells. NK cells have another unique way of killing tumor cells through
cytotoxic activity. With progression of cancer, cells downregulate the expression of MHC
class | which impairs the inhibitory signal for recognizing tumor cells as self and generate
foreignness. This allows activating signal to work between NK cells and tumor cells leading
to lysis of the cancer cells. Intracellular tumor antigens are processed and presented by MHC
class | of tumor cells to killer CD8 T+ cells in the adaptive arm of the immune system that
can specifically kill the tumor cells by their cytotoxic activity. With progression of cancer,
the TME becomes more immunosuppressive. DNA damage and genomic instability can
cause inflammation and inflammation further increases DNA damage and genomic
instability. Symbols used in the figure are explained within the rectangle
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Figure 2. Crosstalk between DNA damage response (DDR) and theimmune response.
The flow chart indicates how the immune system and DNA repair are interconnected, and

how aberrant functions of these pathways impact each other and genome stability. DNA
damage caused by various extrinsic and intrinsic factors leads to activation of DNA damage
response (DDR). A number of proteins involved in DDR have also been shown to function
by sensing cytoplasmic DNA and activating inflammatory cytokines and chemokines
resulting in inflammation. Inflammation itself generates oxidative stress leading to DNA
damage and further increase in genomic instability
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