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ABSTRACT

The DNA damage response enables cells to survive, maintain genome integrity, and to safeguard the
transmission of high-fidelity genetic information. Upon sensing DNA damage, cells respond by activating this
multifaceted DNA damage response leading to restoration of the cell, senescence, programmed cell death, or
genomic instability if the cell survives without proper repair. However, unlike normal cells, cancer cells
maintain a marked level of genomic instability. Because of this enhanced propensity to accumulate DNA
damage, tumor cells rely on homologous recombination repair as a means of protection from the lethal effect
of both spontaneous and therapy-induced double-strand breaks (DSBs) in DNA. Thus, modulation of DNA repair
pathways have important consequences for genomic instability within tumor cell biology and viability
maintenance under high genotoxic stress. Efforts are underway to manipulate specific components of the DNA
damage response in order to selectively induce tumor cell death by augmenting genomic instability past a
viable threshold. New evidence suggests that RAD52, a component of the homologous recombination pathway,
is important for the maintenance of tumor genome integrity. This review highlights recent reports indicating
that reducing homologous recombination through inhibition of RAD52 may represent an important focus for
cancer therapy and the specific efforts that are already demonstrating potential.

DNA DAMAGE RESPONSE

DNA damage is a normal occurrence, with the average
cell facing up to one million DNA damaging events
each day [1]. Defined as a change in the basic structure
of DNA, damage includes chemical additions or
disruptions to a base of DNA such as crosslinking and
DNA adducts or a break in the individual strands of
DNA [2]. Consequently, when DNA carrying a
damaged base is replicated, an incorrect base may be
inserted opposite the site of the damaged base in the
complementary strand, leading to a mutation in the next
round of replication [3, 4]. DNA damage also occurs
when DNA double-strand breaks are restored by an
inaccurate repair process, leading to mutations.

Mutations, however, can be avoided if DNA repair
systems recognize DNA damage as irregular, and repair
the damage prior to replication.

DNA becomes damaged in the course of normal
replication, as a result of internal cellular respiration,
and also through exogenous means. Endogenously, the
human body produces reactive oxygen species (ROS)
and internal metabolites which alter DNA [5].
Exogenously, cells face environmental carcinogens, as
well as genotoxic and proinflammatory drugs as a part
of daily routine [6]. In order to combat these sources of
DNA damage, what has evolved is a multifaceted DNA
damage response (DDR). This response developed in
order to address the need for repair and to activate cell
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cycle checkpoints to allow for cell maintenance.
However, if the repair process is inefficient or non-
functional, cumulative DNA damage may result in
genetic mutations and chromosomal damage, con-
tributing to genomic instability or cancer [7, 8].
Genomic instability signifies an increased tendency of a
cell to acquire alterations in the genome during its life
cycle [9]. This can be a major driving force for tumori-
genesis but can also lead to the demise of a tumor cell if
the extent of damage exceeds a sustainable level. In
order to preserve genomic integrity, DNA must be
protected from such damage caused by exogenous
means or generated spontaneously by formation of ROS
during normal DNA metabolism [4, 8]. Thus, prompt
repair of DNA damage is a crucial protective
mechanism in safeguarding the integrity of the cell [4,
10-13].

DNA damage and genetic risk

Inherent DNA damage due to endogenous mechanisms
or unavoidable low doses of environmental carcinogens
has a cumulative effect, leaving a mutational signature
on the developing cancer genome [14, 15]. The extent
of endogenous DNA damage can thus be prognostic for
chemoprevention efficacy, one’s risk of developing
cancer and other genetic diseases arising from de novo
mutations. For instance, while 80%-90% of lung cancer
patients smoke, only a fraction of smokers, (10%-20%)
will develop lung cancer in their lifetime [16].
Accordingly, a large population may be exposed to an
environmental toxin, but only those who are
susceptible to the toxin’s effects due to inherent
genetic aberrations have an increased risk of
developing disease. Therefore, although carcinogens
undoubtedly increase cancer risk, other factors such as
variation in the DDR likely alter susceptibility to and
prognosis in disease.

DNA damage and cancer

DNA damage occurs in most types of cells including
replicating  cells, proliferative cells, and in
differentiated, non-dividing cells such as neurons in the
brain. Cancers, however, occur primarily in pro-
liferative tissues when a genetic variant leads to
uncontrolled cell growth. Cancerous cells also tend to
have high levels of DNA damage and therefore exhibit
a heightened level of genomic instability. Thus, the
DNA damage response would fundamentally appear to
protect the cell from tumorigenesis, and in some cases it
does. For instance, mutations in tumor suppressor and
DNA damage response genes BRCAI1/2 leaves the
cellular protein depleted or inactive and increases one’s
risk of breast and ovarian cancer. However, the DNA
damage response functions differently in cancer cells

than it does in normal cells, making it a viable anti-
cancer target [12].

While it makes sense that an alteration in the DDR
would elicit a higher predisposition to develop cancer,
conversely looking at the DDR as an actual pro-
oncogenic mechanism is not as straight forward. As
described above, many cancers will be lacking a portion
of or an entire DDR pathway. However, unlike normal
cells, cancers will also be associated with replication
stress factors such as cell-cycle checkpoint loss,
increased transcription, higher levels of metabolic
stress, increased ROS formation, and activation of
oncogenic drivers [12]. This combination of increased
DNA damage and decreased traditional repair capacity
leads the cancer cells to become exceedingly more
dependent on alternate cellular pathways, leading to
vulnerability and instability [10]. In fact, a principal
hallmark of cancers is their propensity to accumulate
DNA damage and their subsequent genomic instability.
Routine treatment of cancer by therapies such as
radiation and DNA-damaging chemotherapy target
genomically unstable cancer cells based on this standard
[12, 17, 18].

RADS2 and the DDR

Unrepaired or incorrectly repaired DSBs can result in
cell death, senescence, or chromosomal aberrations such
translocations, deletions and insertions which may
induce a loss of heterozygosity [19]. As described
above, such chromosomal aberrations are associated
with genomic instability and may lead to carcino-
genesis. Therefore, cells require on duty mechanisms to
quickly repair DSBs. There are two types of repair
which address double-strand breaks in DNA:
homologous recombination (HR), which uses the sister
chromosome as a source of information, and non-
homologous end-joining (NHEJ), which does not rely
on another source of information [20]. RADS52, a
protein important for DNA double-strand break repair
in homologous recombination, the more widely used
mechanism for eukaryotes. RAD52 mediates RADSI
function in homologous recombinational repair (HRR)
in both yeast Saccharomyces cerevisiae and in
mammalian cells of mice and humans. Recombination
refers to the exchange of nucleotide sequences, aka
information, between DNA molecules [21]. HR
specifically involves the exchange of DNA between
sequences of essentially perfect homology. This process
of homologous recombination plays both a crucial role
in the mitotic and meiotic cell cycles of most eukaryotic
organisms, as well as being the primary mechanism in
mitotic cells for repair of double-strand breaks that form
due to damage [21]. HR repairs insults of DNA damage
such as DNA gaps, adducts, double-strand breaks, and
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interstrand cross-links and is mediated by a group of
conserved genes of the Rad52 epistasis group [21, 22].
The Rad52 epistasis group earned its title name when
Rad52 was initially studied in S. cerevisiae, and named
a key player in recombinational repair [23]. The RADS52
epistasis genes (RADS50, RADS1, RADS52, RAD54,
RADS55, RAD57, RADS9, MREI11, and XRS2) are
mainly RAD genes involved in recombinational repair
of DSBs [21, 24-26].

RADS52, of the Rad52 epistasis group, functions
similarly to the well-known tumor suppressor protein
BRCA2 in providing high-fidelity replication of DNA
through the aforementioned HR pathway [27]. Hence,
RADS5?2 appears to work alongside the BRCA2 pathway
as part of redundant repair mechanisms. In fact,
RADS52-RADS1  foci, whether ionizing radiation-
induced or S phase-associated, form equally well in the
presence or absence of BRCA2. Such studies confirm
RADS52 to be part of an independent and alternative
repair pathway of homologous recombination that can
respond to DNA double-strand breaks and replication
stalling independently of BRCA2 [27, 28]. However,
despite its similarities to the renowned breast cancer
tumor suppressor and its hypothesized purpose of
repairing damaged DNA in order to maintain viability
in normal cells, differential expression of the RADS52
gene has been shown to function in the progression of
tumorigenesis both on its own accord, as well as in the
absence of BRCA proteins [27, 29-34].

PRO-ONCOGENIC NATURE OF RAD52
Association of RAD52 SNPs with cancer

Advances in genomics including DNA sequencing
technology and bioinformatics have allowed us to
identify some of the molecular characteristics that
define different cancers. These include both novel
characterizations of genes found to be involved in
tumorigenesis, as well as genetic mutations in
oncogenes and tumor suppressors that effect tumor
growth [35]. Analyses of patients have revealed distinct
differences in the tumor genomes of comparative
populations such as smokers and non-smokers or
between cancer patients and the normal population [36].
Such studies which use comprehensive genomic
analysis led the way for the application of
mutation/genetic driver-targeted therapy, based not only
on organ site but rather on cellular pathway and gene or
protein modifications.

Recent evidence has begun to show that genetic variants
also play a role in cancer progression and prognosis in
patients [37, 38]. Already shown to work with proteins
such as RAD51 and OGG1 to repair DNA damage and

increase cellular resistance to oxidative stress, RADS52
was first associated with NSCLC risk through a
genome-wide association study conducted in Europeans
which linked the 12p13.33 locus containing RADS52
with squamous cell lung cancer risk [39, 40]. This
preliminary study designated variation in RAD52 as a
risk factor for squamous cell lung cancer by comparing
5,355 European ever-smoker lung cancer patients with
4,344 smoking control subjects. Squamous cell lung
cancer (LUSC) development is strongly associated with
smoking, thus, it made sense that there would be an
increased need for DNA repair machinery due to the
genotoxic effects of long-term tobacco use [41].

The Pardini group demonstrated the role of single
nucleotide polymorphisms (SNPs) residing in miRNA
target sites of DSB repair genes and their association
with colorectal cancer (CRC) risk and clinical outcome
[42]. Both MREI1A and RADS52 share miRNAs
predicted to bind to regions in their DNA where SNPs
have been associated with survival [42]. Further
investigation into the miRNAs predicted to bind to both
RAD52 and MREI11A at the location of the
aforementioned SNPs determined that many of the
selected miRNAs are expressed in colon tissue. Among
the data, two miRNAs (miR-1296 and miR-296—5p),
predicted to bind both genes were shown to be
dysregulated in cancer and other diseases. In particular,
miR-296-5p has frequently been associated with cancer
prognosis [43, 44]. Thus, recalling how coordination
between genes involved in DNA repair pathways is
fundamental for maintaining genome stability, this
study suggests the importance of post-transcriptional
gene regulation by miRNAs. As gene expression
modulators, microRNAs may be able to regulate DNA
repair through SNPs in miRNA binding sites on DNA
repair genes. These differences may be one distinct
factor affecting microRNA binding, protein expression,
and could ultimately account for individual differences
in the DNA repair capacity [45].

Alterations in DNA repair is also at the forefront of
cervical cancer, especially in overcoming therapeutic
resistance. A study by Shi et al. evaluates three
potentially functional RADS52 SNPs and their
association with in vitro platinum resistance and
prognosis in cervical squamous cell carcinoma (CSCC)
patients [46]. Platinum-based chemotherapy is a
common treatment regimen in cervical squamous cell
carcinoma (CSCC), as well as other cancers [47]. A
major problem that accompanies this type of treatment
is the occurrence of primary or acquired drug resistance
where the DNA repair response works extensively to
repair or remove platinum-based DNA adducts that
would otherwise lead to cell death [48]. This group
found two SNPs that correlated with both RADS52
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protein expression and either carboplatin or nedaplatin
resistance. Progression-free survival was significantly
lower in patients with at least one variant allele [46].
Thus, in correlating variants in DDR genes with protein
expression and subsequent survival rates, variants in
DDR genes such as RAD52 may be able to predict
prognosis in cervical cancer patients.

In accordance with the previous studies, we evaluated
the concept of DNA repair modulation in lung
tumorigenesis in further examining the role of RADS52
[34]. We discovered two cis-expression quantitative
trait loci (eQTL) SNPs in the RADS52 gene that are
associated with its expression, as well as with LUSC
risk. Subsequently, we showed that amplification of the
genomic region 12p13.33, which contains RAD52, was
associated with the development of LUSC and that
somatic overexpression of RADS52 was significant in
LUSC tumors from our own patient cohort [34]. The
aforementioned  information  regarding  altered
expression of RADS52 suggested a corroborative change
in functionality. These genetic observations, thus,
guided our group to functionally demonstrate that over-
expression of RAD52 in lung cancer cell lines led to an
increased rate of cell proliferation. Conversely,
depletion of RADS52 not only decreased the rate of
tumor cell growth but also increased DNA damage and
subsequently halted tumor cells at the G2 phase of the
cell cycle [34]. This data aligns with that of others in
connecting variation in RADS52 expression to the
survival of tumor cells from numerous organ sites. Such
identification and understanding of susceptibility loci
will likely play a valuable role in personalized treatment
therapies for patients now and in the future.

RADS52 expression impacts tumorigenesis

Although RADS52 functions in a similar manner to the
BRCA2 tumor suppressor, repairing DNA damage in
order to stabilize cell homeostasis and viability,
expression of RADS52 has recently been linked to
several different forms of tumorigenesis (Table 1). One
of the first studies linking RADS52 to tumorigenesis was
through oxidative DNA damage and genetic instability
in hepatocarcinogenesis [49]. This study examined
whether defects in DNA repair pathways contribute to
the acceleration of liver cancer in TGFalpha/c-myc
mice. Starting on a broad scale, a cDNA expression
array containing 140 known genes and multiplex RT-
PCR was used to compare the basal expression levels of
DNA repair genes at the dysplastic stage. Surprisingly,
Rad52 was found to be upregulated in 10-week-old
TGFalpha/c-myc and c-myc transgenic livers,
respectively, compared with wildtype controls. These
data became some of the first to suggest that expression

of DNA damage response factors may directly
contribute to acceleration of cancer [49].

Shortly after RADS52 was found to be upregulated in
liver cancer, a study by the Barlow group connected
expression of the murine Rad52 gene with the disease
Ataxia Telangiectasia (A-T). Cancer predisposition
caused by A-T likely results from the loss of ATM
kinase  activity and  excessive = homologous
recombination, leading to tumors with aberrant levels of
DNA amplifications, deletions, and translocations [50].
This group found that knockout of the Rad52 gene in an
in vivo ATM-/- mouse model led to not only an
increased latency period to develop T-cell lymphoma,
but also an increased lifespan and decreased overall
tumor incidence in Rad52 knockout mice compared to
Rad52 wildtype [33]. This newfound ability to decrease
tumorigenesis and increase survival by depletion of
Rad52 in a tumorigenic environment was hypothesized
to stem from a reduction in excessive intrachromosomal
recombination found in the absence of ATM [33].

RADS2 expression was linked to loss of a BRCA gene
in tumorigenesis when the Skorski group published its
impact on BCR-ABL1-mediated leukemogenesis [30].
As mentioned above, DNA repair mechanisms are often
times altered in malignant cells to accommodate the
heightened level of genotoxic stress [51]. BCR-ABLI1-
mediated leukemia, which is deficient in BRCA-
controlled DNA repair, specifically relies on RADS2 to
repair increased levels of damage in the leukemia stem
cell environment due to enhanced ROS-induced damage
[30]. Thus, by inhibiting the binding of RADS52 to DNA
through targeting one of its two DNA binding domains
using a small peptide aptamer, a deadly level of DSBs
accumulate in malignant leukemia cells. Consequently,
hindering the binding capability of RADS52 prohibited
the proliferative and clonogenic potential of CML-CP
leukemia stem and progenitor cells due to the cells’
oncogenic addiction to Rad52 DNA repair. Since the
concept of synthetic lethality relies on the addiction of
cancer cells to a single DNA repair pathway, whereas
normal cells operate their DNA damage response by
way of two or more mechanisms, non-cancerous cells
did not have to rely on Rad52 for constant repair and
were left unharmed [30, 52].

Concomitantly, unpublished data from our group
suggests Rad52”" mice are more resistant to squamous
cell lung carcinoma compared to wildtype [84].
Wildtype or Rad52”" mice were randomized into two
groups and treated topically with 0.04 M NTCU twice a
week for 40 weeks. Lungs were fixed and stained with
H&E and examined histologically to establish the types
of lesions (invasive SCC, SCC in situ, or bronchial
hyperplasia/metaplasia), as well as markers of LUSC
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and proliferation [84]. Our novel observations suggest vations, complementary to genetic findings, further

that knockout of the Rad52 gene in an in vivo mouse strengthen the notion of RAD52 as a potential oncogene
model of carcinogenesis decreases murine lung hyper- and implicates a major role for the process of re-
plasia, in situ carcinoma and lung SCC [84]. These obser- combinational repair in determining risk for LUSC [84].

Table 1. Pro-Oncogenic Roles of Rad52.

Upon restoration of expression, levels of miR-302a, a breast cancer radiotherapy [80]
sensitizer, inversely correlated with RADS2
. RADS2 as a therapeutic target against familial breast and ovarian cancer with
Breast/Ovarian defective BRCA1/2/PALB2 genes [32]
Prevention of brain metastasis of triple-negative breast cancer through Vorinostat’s (65]
targeted downregulation of Rad52
Association between RADS52 SNPs and HBV-related HCC risk [81]
Liver
Rad52 upregulated in TGFalpha/c-myc and c-myc transgenic mouse livers [49]
Susceptibility locus identified for squamous cell lung carcinoma at 12p13.33 [39]
(RADS52)
Lung
Significant amplification of 12p13.33 and somatic overexpression of RADS2 in 34]
LUSC tumors; functional studies link Rad52 to tumorigenesis
RADS52 F79 aptamer found to induce synthetic lethality in BRCA1- and/or BRCA2- [30]
deficient leukemia
Leukemia
6-OH-dopa inhibits RAD52 ssDNA binding domain and proliferation of BRCA- [83]
deficient leukemia cells [80, 81, 82, 83]
Genetic deletion of Rad52 in ATM knockout mice reduced HR and development of T-
Lymphoma [33]
cell lymphomas
Cervical RADS?2 variants and protein expression can predict plat%num resistance and possibly [46]
prognosis in cervical cancer patients
Colorectal miRSNPs in Rad52 are involved in the maintenance of genomic stability and may [42]
olorecta affect CRC susceptibility and prognosis

www.aging-us.com 1651 AGING



THE DDR AS A MECHANISM IN TUMOR
PROGRESSION

Maintenance of genomic stability

Cancer is the result of uncontrolled cell proliferation,
generally due to unresolved DNA mutations which
allow for the cell cycle to bypass any warnings or red
flags that would normally cause the replication process
to halt. It is also understood that the genome accrues
genomic alterations during normal cell division and
tissue growth and that this, coupled with alterations in
DNA repair, can be a driving force for said tumori-
genesis [9]. However, although the DNA damage
response has been undoubtedly linked to cancer at every
stage of progression, the exact mechanisms underlying
the DDR at different stages of tumorigenesis are not
fully understood. Evidence demonstrates the bipartisan
role that the DDR plays in maintaining genomic
stability for both the viability of normal, as well as
cancer cells.

Unlike in a healthy system, the biological environment
surrounding tumorigenesis is one of high genotoxic
stress. In order for tumor cells to remain viable not only
in their area of primary induction, but also for
metastasis and recolonization, a functional DDR needs
to maintain a threshold level of genomic integrity within
the cell and may also be a prerequisite for tumor cells to
survive. Also, because DNA repair mechanisms are
modulated in tumor cells to promote survival under
genotoxic stress, tumor environments can be more
sensitive to inhibition of such DNA repair systems that
they have come to be so heavily reliant on. Inhibiting
tumor-specific DSB repair pathways, such as those
involving RADS52, may function by amplifying DNA
damage, overloading the cancer cell with genomic
instability to the point where it can no longer thrive
[30]. Thus, the manipulation of DNA repair pathways
in cancer may play a key role in promoting tumori-
genesis and progression by maintaining genomic
stability within tumor cells and actually enhancing their
survival [53].

Involvement of the DDR and RADS2 in cell death
pathways

Emerging data suggests that inhibition of DNA repair
may be inducing cell death through both apoptotic, as
well as necrotic means. Apoptosis, the most described
form of cell death, is defined as programmed cell death
due to environmental cues or intrinsic cell stress [54].
Apoptotic cell death is an energy-dependent method of
cell suicide where the content of the cell degrades
without rupturing the outer cell membrane or inducing
an inflammatory response [55]. Necrosis on the other

hand, has up until recently been noted as a solely
unregulated form of cell death which occurs due to
spontaneous states of trauma within the cell [56].
Recent reports, however, describe a form of cell death
by necrosis in which the cell can regulate its own death
in response to different forms of cellular damage,
including alkylating DNA damage [54].

It has been shown that tumor cells such as follicular
lymphoma cells which are found to be resistant to
apoptotic-based therapies succumb to cell death when
exposed to DNA-alkylating agents and that their death
occurs independently of apoptotic effector proteins such
as p53, caspases, Bax, and Bak [54, 57]. Along these
lines, our own unpublished data shows that depletion of
RADS52 in human squamous cell lung carcinoma cell
lines enhances phenotypes associated with decreased
tumorigenesis and increased cell death. In additions,
analysis of sacrificed murine lungs by FACS suggests
that knockout appears to increase cell death pathways
when treated with the alkylating agent and nitrosourea,
NTCU [unpublished data]. Such functional studies
continue to support genetic findings by revealing that
loss of RADS2 may induce DNA damage and genomic
instability within squamous lung tumor cells beyond a
threshold of viability. Thus, our data suggests a role for
regulated necrosis in combating lung carcinogenesis by
depletion of RADS2 and subsequent inhibition of the
DNA damage response.

TARGETING THE DDR AS A MECHANISM
IN TUMORIGENESIS

Inhibiting RadS2 function to thwart tumorigenesis

Although squamous cell lung cancer is responsible for
approximately 400,000 deaths each year worldwide,
like many diseases, there are no drugs specifically
designed to target this particular type of cancer [58]. In
accordance, several groups have begun identifying and
optimizing small molecule inhibitors against proteins
which are believed to enhance tumorigenesis, such as
RADS2, to better treat lung cancers and other diseases.
Targeting Rad52 has been shown to eliminate cancer
stem and progenitor cells, induce high levels of spon-
taneous DNA damage and decrease tumorigenesis
without detectable effects on normal cells and tissues
[30]. Thus, RADS52 represents an attractive, potential
therapeutic target and remains high among the list of
current inhibitor targets [30, 31, 59, 60].

Two promising techniques for targeting RADS52 have
been demonstrated through the use of aptamers which
target the binding ability of RADS52 to DNA, as well as
small molecule inhibitors targeting RADS52 based on its
structure [30, 32, 60]. These RADS52 inhibitors have
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therapeutic potential on many levels. When combined
with mutations in genes that cause hereditary breast and
ovarian cancer such as BRCA1, BRCA2, PALB2 and
RADSIC, depletion of Rad52 is shown to be
synthetically lethal [27]. In the context of cancer,
synthetic lethality results when a genetic mutation in a
single gene leaves the cell viable, but simultaneous
mutations in two genes leads to cell death [61]. So,
targeting a gene that is synthetic lethal to a cancer-
relevant mutation should kill only cancer cells and spare
normal cells. Synthetic lethality, therefore, provides a
conceptual framework for the development of cancer-
specific cytotoxic agents. This finding increased interest
in developing new ways of targeting Rad52 expression
and activity. Along these lines, Huang et al. identified
70 presumed inhibitors of RAD52 which were then used
to develop small molecule inhibitors of the RADS52
ssDNA annealing activity [32]. Functional results using
these inhibitors demonstrated that inhibiting RADS52, in
a model of hereditary breast and ovarian cancer, works
to suppress growth of BRCAI- and BRCA2-deficient
cells, impeding tumorigenesis [32].

While a specific target has been demonstrated in
BRCAI1/2 deficient cancers, proving that advances in
the treatment of primary breast cancer are on the
horizon, breast-to-brain metastases remains difficult to
treat. Penetration of drugs through the blood-brain
barrier (BBB) is a major determinant of therapeutic
efficacy against brain metastatic tumor cells [62-64].
Vorinostat, a histone deactylase inhibitor, showed
significant uptake into normal brain, and significantly
prevented the development of brain metastases of breast
cancer in an in vivo model [65]. Increased PCNA
staining of vorinostat-treated brain metastases in vivo
suggested a response to DNA damage as PCNA is a
processivity factor for DNA polymerases in both DNA
replication and DNA repair [65]. The implication of
DNA damage as a mechanism of action then lead to
further analysis by microarray where Rad52
downregulation was identified and thought to be as a
consequence of vorinostat treatment in vivo. Single
agent inhibitory activity of vorinostat was thus linked to
a novel function. As the first preclinical data for the
prevention of brain metastasis of triple-negative breast
cancer, these observations suggested that induction of
DNA double-strand breaks by Vorinostat was
associated with the downregulation of the DNA repair
gene Rad52 [65]. Thus, it was hypothesized that
decreased expression of Rad52 may enhance DNA
DSBs by impairing repair and allowing overwhelming
DNA damage to accumulate, resulting in decreased
viability and a slower rate of tumor cell outgrowth [65].

Although the exact mechanism of RADS52 function in
HR in mammalian cells is not yet completely

understood, RADS52 has been determined to retain
ssDNA annealing activity both in vitro and in vivo,
which it utilizes to function in HR [32, 66].
Researchers in the Skorski group have identified
compounds capable of disrupting ssDNA binding by
RADS52 and which consequently exerted anti-tumor
activity against BRCA-mutated carcinoma cells [60].
This group determined FDA approved drugs or drug-
like active compounds which bind to a critical “hotspot”
in the RAD52 DNA binding domain 1. One of the
compounds, adenosine 5’-monophosphate (ASMP), as
well as its mimic 5-aminoimidazole-4-carboxamide
ribonucleotide (AICAR) 5” phosphate (ZMP) inhibited
RADS2 activity in vivo. As previously suggested, this
activity exerted synthetic lethality against BRCA1 and
BRCA2-mutated carcinomas. These data shed further
light on the use of active inhibitory compounds against
RADS2 for the development drug-inducing synthetic
lethality to combat tumors [60].

Thus, through either peptide aptamers, small molecule
inhibitors, or chemotherapeutic histone deactylase
inhibitors, RADS52 inhibition can be used as a prototype
for development of novel therapies against hereditary
cancers with defective BRCA proteins or can be applied
against sporadic cancers in which BRCA1 or BRCA2
are either mutated or downregulated due to mechanisms
such as constitutive promoter methylation [67, 68].
With this new technology, researchers have already
begun to demonstrate a mechanism of treatment
targeting both hereditary breast and ovarian cancers, as
well as BCR-ABLI positive leukemia cells [30, 67]. As
discussed above, DNA repair machinery plays a critical
role in the induction, progression, and treatment of
cancer [69]. Thus, by pharmacological targeting of
tumor-specific DNA repair pathways functions in this
unique manner, therapy is able to amplify endogenous
and drug-induced DNA damage and trigger cell death in
cancer cells while sparing both normal cells and
heightened toxicity in the body [60].

CONCLUDING REMARKS

Malignant cells from both advanced solid tumors and
hematological cancers already contain a high level of
potentially lethal spontaneous DSBs caused by
endogenous factors such as ROS, AID, RAGI1/1, and
upregulated oncogenes [70-74]. Thus, by eliminating
key elements in the DNA damage response, pro-
vocation of synthetic lethality (i.e., in BRCA deficient
cells) or sensitization of otherwise-resistant tumor
cells may be possible through generation of an
overwhelming level of spontaneous and lethal DNA
damage. Remarkably, this method of treatment may
even be efficacious without genotoxic treatment, (i.e.,
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effects produced by chemotherapeutics) or with lower
doses of treatment.

Furthermore, unlike previous data showing that
knockout models of Rad51 are lethal to normal cells
both in vivo and in vitro, this precise method solely
effects tumor cells and does not cause damage to
normal cells because recombinational repair is mostly
active in S-phase of the cell cycle where DNA is being
replicated at a high rate in ultra-proliferative tumor cells
[75, 76]. Thus, this demonstration of efficacy against
tumorigenesis by targeting RADS52 through either its
expression or by preventing RAD52 from binding to
DNA not only suggests the potential benefit of
systematic gene targeting as a cancer therapy, but also
shows that there may be a way to couple such gene
targeting with a less cytotoxic treatment to combat
otherwise resistant tumor cells [30].

Recent advances in genome analysis have identified a
number of genetic alterations in cancer that could be
therapeutically exploited or used as predictive bio-
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expression
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Chemotherapeutics Q 4
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lethal DNA lesions Resist cell death
Overwhelming stress Division with damage
Tumor Cell ? Cell Viability/

markers for guiding treatment decisions, customizing
therapy, and eventually improving patient outcome [53].
Oncogenic data surrounding RADS52 and the DNA
damage response elucidate how DNA damage and
repair remain at the cornerstone of cancer at every level,
modulating the disease from initiation to progression
and even throughout treatment. Inhibiting DDR
pathways that tumor cells have come to rely on for
sustaining viability may work to combat the cancer by
amplifying both endogenous and drug-induced DNA
damage, thus, triggering cell death in tumor cells while
sparing normal cells that do not rely on these pathways
to maintain their integrity [30, 77-79]. Thus, by
targeting Rad52, the ensuing inhibition of cancer cell-
related DNA repair may amplify both endogenous and
drug-induced DNA damage, sensitizing tumor cells to
cell death [30]. Finally, beyond the scope of induced
synthetic lethality in BRCA deficient cells, this Rad52-
targeted phenotype may also be proven relevant by
genetic and epigenetic deficiencies found in other
genes, lending to the importance of prototypic Rad52
inhibitors currently in the pipeline.

Onset of tumorigenesis:
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Uncontrolled cell growth
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- Ne

[ DNA Damage Response J

Rad52-/- Wildtype

Death Cancer
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Figure 1. Rad52 activity promotes tumor cell viability.
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Our recent work [84] suggests that cell death, tumor
inhibition, and immunity are enhanced in mouse cells
depleted of RADS52. As shown in Figure 1, loss of
Rad52 increases genomic instability beyond a
manageable threshold and consents the damaged cells to
death before they are able to become tumor cells. We
have also shown a key role for the complex interplay
between the DNA damage response and host immunity
in determining risk for LUSC [84]. DNA damage has
also long been regarded as one of the primary driving
processes of aging contributing to genomic instability
and some of the premature aging diseases are the
consequence of accumulated DNA damage [85, 86].
Further investigations into the link between mediators of
the DDR and tumorigenesis and aging are required to de-
lineate the mechanism of this important facet of NSCLC
disease progression and premature aging diseases.
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