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DNA is the prime target of anticancer treatments. DNA
damage triggers a series of signaling cascades promoting
cellular survival, including DNA repair, cell cycle arrest, and
autophagy. The elevated basal and/or stressful levels of both
DNA repair and autophagy observed in tumor cells, in
contrast to normal cells, have been identified as the most
important drug-responsive programs that impact the
outcome of anticancer therapy. The exact relationship
between DNA repair and autophagy in cancer cells remains
unclear. On one hand, autophagy has been shown to regulate
some of the DNA repair proteins after DNA damage by
maintaining the balance between their synthesis,
stabilization, and degradation. One the other hand, some
evidence has demonstrated that some DNA repair molecular
have a crucial role in the initiation of autophagy. In this
review, we mainly discuss the interplay between DNA repair
and autophagy in anticancer therapy and expect to enlighten
some effective strategies for cancer treatment.

Introduction

The increasing incidence rate and mortality rate of cancers is
becoming one of the biggest problems worldwide." There are 3
typical anticancer treatment modalities, including surgical resec-
tion, chemotherapy, and radiotherapy.” Due to the advanced dis-
covery in the majority of patients with tumor, chemotherapy
and/or radiotherapy commonly used alternative or supplement
scheme are playing an important role in anticancer therapy.””
Both of them can interfere with a plethora of cellular functions
and may damage a variety of cellular structures. Most impor-
tantly, genomic DNA is the pivotal cellular target of
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chemotherapy and/or radiotherapy. DNA damage can be caused
by exogenous and endogenous factors such as chemotherapeutic
agents, ionizing radiation (IR), and reactive oxygen species
(ROS). In response to DNA damage, cells have evolved a sophis-
ticated signaling transduction network for cellular destiny.
Depending on the extent of DNA damage, cellular fate appears
entirely differently. When the DNA damage is mild and repair-
able, cells will trigger a series of signaling cascades to restore the
damage, thereby promoting cellular survival. However, when the
severe damage is beyond repair, cells will execute the cell death
programs such as apoptosis and necrosis to restrain the damaged
cell from further expansion.®” Although chemotherapy and
radiotherapy have been widely used in the treatment of patients
with tumor, the resistance of tumor cells to them is becoming a
common clinical phenomenon. In general, the failure of DNA
targeted anticancer therapy mainly attributes to the survival
mechanisms of tumor cells, including the activation of DNA
repair pathways, downregulation of pro-apoptotic genes, and
overexpression of pro-survival genes.® Some evidence have sug-
gested that, in contrast to normal cells, the elevated level of the
capacity of DNA repair is observed in tumor cells. Furthermore,
a number of studies have shown that, in response to DNA dam-
age caused by chemotherapeutic agents and/or ionizing radia-
tion, the activation of DNA-repair signaling pathway is
involved in the resistance of tumor cells to these therapies. Fur-
thermore, the efficacy of anticancer treatment can be improved
by inhibiting the DNA repair pathway. Thus, targeting the
repair mechanisms of DNA damage has been becoming an
exciting concept.”™!

Autophagy, a lysosome-dependent degradation process, has
been demonstrated to be involved in DNA damage.'*'* In
response to DNA damage, autophagy can be induced to degrade
aggregated proteins, damaged mitochondria and even ribosome.
Increasing evidence has shown that the elevated basal and/or
stressful levels of autophagy have been observed in tumor cells."!
Some studies have suggested that autophagy plays a crucial role
in the chemoresistance and/or radioresistance of tumor cells.
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And autophagy inhibition can sensitize tumor cells to apoptosis
induced by chemotherapeutic drugs and/or ionizing radiation,
thereby enhancing the efficacy.'”"” Because of the characteristics
of DNA repair and autophagy in tumor cells, they have been
identified as the most important drug-responsive programs that
impact the outcome of anticancer therapy. However, the rela-
tionship between DNA repair and autophagy remains unclear.
Therefore, it is of great significance to exploit the mutual rela-
tionship between autophagy and DNA repair. This will be rele-
vant to current clinical efforts to exploit novel therapeutic
strategy for enhancing the response of malignancies to chemo-
therapy and/or radiotherapy. In this review, we mainly focus on
the possible relationship between DNA repair and autophagy

and expect to improve the efficacy of anticancer treatments.

DNA, DNA damage and DNA damage response

DNA is the target, directly or indirectly, for a large number of
our cancer chemotherapeutics and irradiation.'®?° DNA damage
is of obvious importance in determining the efficacy of these thera-
pies. In response to DNA damage, cells trigger a sophisticated sig-
nal transduction network, known as DNA damage response
(DDR), including the detection of the DNA damage and activa-
tion of transcription factors involved in DNA damage repair, cell
cycle arrest, and cell death.”*"** It is well known that cellular fate
in response to DNA damage has been shown to be determined by
the ability of DNA repair to restore DNA integrity which if unre-
paired would lead to the activation of cell death programs.'"**
Therefore, avid DNA repair could be a detriment to successful
anticancer therapy.'® There was once a time when the complexity
and redundancy of DNA repair made its components less attrac-
tive targets for cancer drug development. Fortunately, our growing
understanding of mutational complexity of most solid tumors
make it clear that DNA will remain important among the thera-
peutic targets for the foreseeable future.

In response to DNA damage, the first signal transduction
wave is governed by rapid activation of checkpoint kinases which
are best studied ataxia-telangiectasia mutated (ATM), and ATM
and Rad3-related (ATR).**? Although structurally related to
the phosphoinositide 3-kinase (PI3K) family members, ATM
and ATR, which are central components of the DNA damage
response, are protein kinases.”®*” ATM plays an important role
in the response to DNA double strand breakage caused by irradi-
ation, controlling the initial phosphorylation of several key pro-
teins such as check-point kinase 2 (Chk2), p53, and BRCAI in
response to DNA damage.”®*” ATR is likely to be regulated in
some fashion because it controls the late phosphorylation of p53
in response to irradiation and the phosphorylation of check-point
kinase 1 (Chk1).>**! More importantly, ATM and ATR control
different downstream DNA damage responses by controlling
Chk1 and Chk2 kinases: 2 serine/threonine kinases that are struc-
turally unrelated but that share some overlapping substrate speci-
ﬁcit’y.32 As we known, DNA double-strand breaks (DSBs)
potently caused by ionizing radiation, are the highest lethal DNA
lesions.?®** Following DNA double-strand breaks, the activation
of ATM is induced and subsequently becomes recruited as an
inactive dimmer to the DNA lesion by the Mrel1-Rad50-Nbsl
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(MRN) complex formation.>>?® The MRN complex and ATM
bind with each other through multiple protein-protein interac-
tions, and locate at the damaged DNA foci marked by phosphor-
ylated histone (y-H2AX) to regulate numerous downstream
mediators for coordinating the DNA damage response.”’ >’ By
contrast, the ATR protein kinase is recruited to the DNA lesion
by the ATR-interacting protein in response to DNA single-strand
break (SSBs).**%! After the phosphorylation of ATM and/or
ATR, checkpoint kinases including Chk1 and Chk2 are activated
to transmit the damage signaling to the effectors molecules such
as the tumor suppressor protein p53. Depending on the cellular
context and the extent of DNA damage, p53 induces transcrip-
tion of different sets of target genes, leading to apoptosis, cell

cycle arrest or cellular senescence (Fig. 1).424

Targeting of DNA repair as anticancer therapy

In response to DNA damage, cellular fate has been shown to
be determined by the capacity of DNA-repair pathways to restore
DNA integrity, which if unrepaired would lead to the activation
of cell death programs. The impairment of DNA repair systems
may predispose cells to genomic instability, which is considered a
hallmark of cancer.**” Depending on the specific type of DNA
damage and the phase of the cell cycle, different repair mecha-
nisms are potentiated to restore the damaged DNA'"*® In gen-
eral, the unmodified complementary strand of the DNA or the
sister chromatid is selected as a template to restore the original
strand. Without accessing to a template, cells use an error-prone
repair mechanism known as translesion synthesis as the last
resort.*?

In general, DNA repair systems are divided into direct and
indirect ones. The direct protein-mediated incorporate repair
during replication, catalyzed by the main DNA polymerase, the
o° methylguanine-DNA methyltransferase (MGMT) enzyme
repair for damages in O6 position of guanine caused by endoge-
nous and alkylating agents and finally the repair of pyrimidine
dimmers.’>>" There are several types of DNA indirect repair sys-
tems, > including (1) the mismatch repair (MMR) pathway, (2)
the nucleotide excision recombination (NER) pathway, (3) the
base excision repair (BER) pathway, (4) the homologous recom-
bination (HR) pathway, and (5) the non-homologous end join-
ing (NHE]) pathway. In brief, MMR recognizes and repairs
small loops in DNA either by base-base mismatches or by inser-
tion/deletion loops.’>** MMR system is considered to be critical
for maintaining the overall integrity of the genome, whose defect
is associated with an increased risk of cancer. In NER, XPC
enzyme spots the damage and then DNA is unfolding from both
sides in the site of damage because of the presence of helicases
XPA, XPG, and TFIIH. Finally, the removal of the damaged
DNA follows the synthesis of a new strand.’>*° BER is of great
importance for repairing the small base lesions induced by oxida-
tion and alkylation damage. Apurinic/apyrimidinic endonuclease
1 (APE1) recognizes the abasic site and hydrolyzes the phospho-
diester bond. At a last step, the repair is catalyzed by DNA poly-
merase B and DNA is joined by DNA ligase.””*® The majority
of NER lesions involve exogenous sources, whereas BER is
mostly, but not exclusively concerned with damage of
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Figure 1. The effects of the DNA damage response on cellular fate in response to DNA damage. In
response to DNA damage, cells trigger a series of signaling cascades. Depending on the extent of
DNA damage, cellular fate will be determined by DNA damage response. When the DNA damage is
mild and repairable, cells will activate the signaling pathways of promoting cell survival, including
DNA repair, cell cycle arrest, and autophagy. However, when the severe damage is beyond repair,
cells will execute the cell death programs such as autophagy, apoptosis and necrosis to restrain the
damaged cell from further expansion. Notably, autophagy plays a dual role in determining cell fate.
In general, depending on the extent of DNA damage and the tumor type, the type of stimuli, autoph-

replication is illustrated by embryonic
lethality of mice with knockout of genes
required for HR, including the Rad51
recombinase or the breast cancer suscep-
tibility genes BRCA1 or BRCA2.%” The
inhibition of DNA-PKcs, a DNA-repair
protein involved in NHE] pathways of
DNA DSBs, is shown to sensitize human
glioma cells to radiation-induced apo-
ptosis.”””" Tt has been reported that poly
(ADP-ribose) polymerase 1 (PARP-1)
participates in many molecular and cel-
lular processes including DNA damage
detection, DNA repair, and carcinogene-
sis.”> PARP-1 activation is shown to con-
tribute to cell survival during DNA
damage.73 Additionally, the involvement
of PARP-1 activation in cell survival has
also been confirmed in human breast
cancer tissue.”*

Presently, it seems like that, in con-
trast to conventional chemotherapy or
radiotherapy regimens, the concurrent
strategy using DNA repair inhibitors
with radical chemoradiotherapy is more
effective and conducive to the success of
anticancer therapy. However, caution
must be given when entertaining the

agy could be a survival mechanism or induce programmed cell death.

addition of a DNA repair inhibitor with

endogenous origin. Both systems repair damages affecting just
one DNA strand (SSBs). Most problematic are DSBs, as both
DNA strands are affected. DSBs are primarily repaired by 2 dif-
ferent pathways: HR that is a template-guided, error-free path-
way predominantly operating in the S and G2 phases of the cell
cycle and NHE] that tends to be error prone and is operational
in all phases of the cell cycle.>*>*°

More and more evidence show that the DNA-repair signaling
pathway is involved in cellular resistance to anticancer therapy.
The MRN is essential in recognizing DNA double strand breaks
caused by ionizing radiation and acts as an important part of the
DNA repair machinery, which also recognizes viral genetic mate-
rials and initiates a cellular response that results in the concateme-
rization and inactivation of nonself DNA.>*°! The inhibition of
MRN complex prevents the repair of radiation induced double
strand breaks and their constant accumulation leads to the
increased cell death.? ATM, a sensor of DNA damage, is
required for the phosphorylation of p53 and DNA-dependent
protein kinase catalytic subunit (DNA-PKcs), both of which are
key regulators in DNA DSBs repair.®>®* It is reported that ATM
inhibition sensitizes cells to apoptosis caused by chemotherapeu-
tic drugs or ionizing radiation.”>®® Many studies have reported
that HR plays an important role in cell replication.®”*® Because
of the generation of DSBs during replication that is not properly
repaired, cells with impaired HR exhibit cell proliferation defects.
In addition, in support of this, the essential role of HR in
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DNA-damaging agents. In general, there
may be a difficulty in using the combined regimen if the chemo-
therapeutic agents also systemic DNA damage in normal tissues.
Furthermore, the benefit of using DNA repair inhibitors could
be problematic since it may suppress the repair of late-acting nor-
mal dissues or lead to the accumulation of DNA breaks in normal
tissues, finally resulting in the increased possibility of genetic
instability and second malignancies. Thus, further studies are
needed to provide novel cancer therapies without undue harm.

Functions of autophagy

Autophagy, a ubiquitous highly conserved pathway in eukary-
otic cells, has been shown to be induced in adverse conditions
including nutrient starvation,”” hypoxia,”® oxidative stress,””
DNA damage” and other stress conditions. It is widely accepted
that autophagy is normally considered a cellular homeostatic
mechanism for quality control by promoting the degradation
and eliminated of damaged organelles, long-lived proteins, and
other damaged cellular constituents. In addition to recycling cel-
lular components, autophagy plays crucial roles in a variety of
physiologic and pathologic processes, including adaptive response
to starvation, anti-aging, antigen presentation, development of
placenta, elimination of intracellular microbes, genomic stabil-
ity’® and tumorigenesis, whereas dysregulation of autophagy is
involved in human diseases including neurodegenerative disor-

. 80
ders, cardiovascular, and cancer.”’
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Recent studies suggest that autophagy plays a dual role in deter-
mining cell fate, which means it could be a survival mechanism or
induce programmed cell death under different cellular stresses. In
some conditions, the activation of autophagy provides cellular
protection presumably by eliminating dysfunctional organelles
and proteins and maintaining energy balance. This pro-survival
function of autophagy could contribute to tumor cell survival and
growth in the face of adverse conditions, such as hypoxia and
nutrient starvation. Apparently, a form of protective autophagy is
also induced in response to irradiation as well as cancer chemo-
therapeutic drugs, where pharmacological or genetic inhibition of
autophagy has been shown to result in enhanced sensitivity of
tumor cells to various therapeutic modalities. To a large extent,
the cytoprotective function of autophagy appears to be a conse-
quence of the fact that autophagy induction inhibits apoptosis
through cross-talk between autophagy and apoptosis regulatory
pathways. On the other hand, autophagy is also considered as a
type of cell death program.®' It is well known that there are 3 types
of cell death. Necrosis, a type of unprogrammed cell death, evokes
cellular inflammation reaction by immunological activation and
subsequently leads to cell death in neighboring cells. Apoptosis,
which is programmed cell death type I, is characterized by the for-
mation of chromatin condensation, DNA fragmentation, and
apoptotic bodies. Cellular death by over-activated autophagy has
been shown as programmed cell death type II. Upregulation of
autophagy has been shown to lead to cell death in order to elimi-
nate damaged or abnormal cells. It would appear reasonable to
predict that cytotoxic autophagy should be a consequence of
higher levels or a more prolonged process of cellular self-digestion
than for cytoprotective autophagy. However, there is no explicit
experimental evidence suggests that autophagy which is cytotoxic
is uniquely different from autophagy which is cytoprotective. In
general, depending on the type of the tumor and stimuli and the
extent of DNA damage, autophagy can have both cytoprotective
and cytotoxic functions (Fig. 1).

DNA damage and autophagy

As we known, many different signaling pathways participate
in the regulation of autophagy modulated. The mammalian tar-
get of rapamycin (mTOR), as the most extensively studied regu-
lator of autophagy, is regulated by the class I phosphoinositide 3-
kinase/Akt (PI3K/Akt) that down-regulates autophagy.gz’83 In
addition, adenosine monophosphate-activated protein kinase
(AMPK), which can be activated by its upstream effectors LKBI,
TAKI, and CaMKKR,** negatively regulates mTOR by either
directly inhibiting mTOR or activating tuberous sclerosis 2
(TSC2) proteins, which is an upstream factor of mTOR, thereby
activates autophagy.®’

Recently, some researchers suggested that autophagy could be
induced by DNA damage.'*'? ATM, as one of the sensors at the
forefront of the DNA damage response, in response to DNA dam-
age, is activated and recruited as an inactive dimmer to the DNA
lesion by a sensor complex comprising the proteins Mrel1, Rad50,
and NBS1, thereby contributing to ATM autophosphorylation for
its fully activation to promote the repair of damaged DNA in the
nucleus. Recent studies have reported that exposing cells to
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genotoxic stress induces ATM activation causing repression of
mTOR signaling through AMPK pathway and finally activates
autophagy for cell survival or cell death. Depending on the cellular
context and the extent of DNA damage-which determines whether
or not damage is reparable-autophagy can trigger different cellular
fate. The protein p53, one of the central regulators of apoptosis
induced by DNA damage, plays a bidirectional role in the regula-
tion of autophagy depending on its subcellular localization. On one
hand, p53 can either activate AMPK, which inactivates mTOR
thereby inducing autophagy, or promote the transcriptional expres-
sion of damage-regulated autophagy modulator (DRAM), which is
a lysosomal protein that facilitates the autophagic process.*®*”
Additionally, p53 activation also results in the expression of the
phosphatidylinositol phosphate PTEN, which is an inhibitor of
PI3K/Akt signaling pathway, to contribute to the suppression of
mTOR thereby activating autophagy. On the other hand, in con-
trast to nuclear p53, cytoplasmic p53 functions as a repressor of
autophagy.®® Therefore, depending on the cellular context and the
extent of DNA damage, autophagy may play a cytoprotective or
cytotoxic role in the determination cellular fate (Fig. 2).

Targeting of autophagy as anticancer therapy

Although the prosurvival or anticancer role of autophagy in
anticancer therapy is still controversial, the studies in vitro and in
vivo are more likely to support the idea that autophagy contrib-
utes to the cancer cells’ resistance to anticancer drugs. Recently,
several studies have shown that resistance to anticancer therapies
can be augmented through the elevated expression of autophagy

DNA targeted therapy
——— (_ DNA damage —I

Figure 2. The signaling pathways of autophagy induced by DNA dam-
age. In response to DNA damage, ATM regulates autophagy through sig-
naling of AMPK and TSC1/2. Meanwhile, ATM and ATR also activate p53
to induce the activation of autophagy. p53 plays an important role in
autophagy regulation. On one hand, p53 positively activates AMPK and
DRAM to inhibit mTOR which is an inhibitor of autophagy, thereby induc-
ing autophagy activation. One the other hand, p53 activates PTEN, a
repressor of PI3K/Akt, to inhibit mTOR and induces autophagy initiation.
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in different tumor cell lines.?”° Furcher-
more, increasing evidence shows that
inhibition of autophagy in cells treated
with DNA-damaging agents leads to the |

increased cell death. Thus, autophagy is

l Cytoprotective autophagy ‘

becoming a potential target for cancer
therapy. More importantly, we should
be careful when autophagic inhibitors !

v

augments the cytotoxicity in combina-

| The turnover of DNA repair protein

] The dgradation of DNA reBair Brotein

tion with anticancer drugs, since it may
vary according to the cellular context
such as cell type, the extent of DNA
damage, and other circumstances.

[ONA repa ]

The Interaction Between \
Autophagy and DNA Repair

Presently, both autophagy and DNA

repair are thought to be the most closely
associated with the resistance of antican-
cer therapies including chemotherapy
and radiation therapy. Increasing evi-
dence has shown that, in contrast to nor-
mal cells, the elevated basal and/or
stressful levels of autophagy and DNA

Figure 3. The possible relationship between DNA repair and autophagy. Depending on the extent of
DNA damage, cellular fate appears entirely differently by activating different signaling pathways.
When DNA damage is mild and repairable, cytoprotective autophagy will be activated to promote
cellular survival via enhancing the turnover of DNA repair proteins. Meanwhile, some of the DNA
repair proteins are able to promote autophagy activation, thereby contributing to cell survival. How-
ever, when severe DNA damage is beyond repair, cells will activate cytotoxic autophagy to execute
the cell death program by accelerating the degradation of DNA repair proteins. The decreased capac-
ity of DNA repair will aggravate the induction of cytotoxic autophagy and finally result in cell death.

repair has been observed in tumor cells.

Recent studies have demonstrated that

autophagy and DNA repair have multiple and often overlapping
and complementary functions in cancer, both in terms of affect-
ing tumor development and in modulating the response to che-
motherapy and/or radiation. However, how autophagy and the
DNA-repair pathways interact with each other remains unclear.
Thus, exploring the relationship between autophagy and DNA
repair may allow us to develop a promising therapeutic strategy
to enhance the present efficacy of anticancer therapy and improve
clinical outcomes (Fig. 3).

Autophagy as the regulator of DNA repair

The activation of autophagy was shown to precede phosphor-
ylation of ATM and p53 and activation of DNA repair proteins
in response to DNA-damaging agents, revealing an intricate
pathway in which autophagy acts upstream, not just as a conse-
quence, of DDR activation. A recent study observed increased
radiosensitivity of autophagy-related gene 5 (ATG5) or BCN1-
depleted cells and reduced ATG5—/— tumor growth after irradi-
ation, suggesting that autophagy could affect trafficking of
damaged DNA.”! Furthermore, another study also uncovered
that the damaged nuclear DNA caused by DNA-damaging
agents is exported to the outside of nuclear and ultimately cleared
by autophagy.””> And massive damaged DNA was found to accu-
mulate in autophagy-deficient cells. Thus, these findings support
that autophagy activation can attenuate the extent of the DNA
damage induced by endogenous and/or exogenous factors,
thereby reducing the cytotoxicity of the damaged DNA and
finally contributing to cell survival.
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So how does autophagy influence DNA damage repair? To
date, the possible mechanisms are involved in the following
aspects. Firstly, autophagy may provide metabolic precursors for
the generation of ATP as well as regulate the supply of dNTPs
for DNA synthesis during DNA repair.”®?* As we known, many
steps in the process of DNA repair, including DNA unwinding
by helicases during NER,””> ATP-dependent chromatin remodel-
ing complexes in DSB repair®® and PARP activity,” are ATP
dependent, and the depletion of ATP results in the failure of
DNA repair. Katayama M et al has shown that, in temozolomide
(TMZ)-treated glioma cells, the inhibition of autophagy sup-
presses the generation of ATP and finally increased mitotic catas-
trophe. The mitotic catastrophe is prevented by adding pyruvate
to rescue ATP levels, indicating that autophagy-sustained ATP
generation may be employed in some mechanisms that contrib-
ute to genomic integrity including DNA repair processes.” A
recent study shows that autophagy, through the degradation of
ribonu-cleotide reductase (Rnr) subunits, may fight mutagenesis
by keeping a balanced dNTP pool, which is essential for DNA
replication and repair.”®”® Secondly, besides ATP generation
and dANTP recycling, autophagy has been shown to be involved
in the turnover of some of the DNA repair proteins participated
in the regulation/processing of genomic stability. Rad51, a key
protein of homologous recombination, has been shown to play a
vital role in the repair of DNA double-strand breaks (DSBs)
induced by radiation or some DNA-damaging agents. Overex-
pression of Rad51 can influence the chemoradiotherapy treat-
ment outcome as well as potentiate radioresistance in tumor

1009



cells. Ning mo et al. have demonstrated that inhibition of
autophagy with Atg5-targeted shRNA or an autophagy inhibitor
both resulted in decreased expression of Rad51, thereby enhanc-
ing the susceptibility of nasopharyngeal carcinoma (NPC) cells
to radiation.”” Heckyong Bae suggested that suppression of
autophagy by inactivation of FIP200 (200 kDa FAK-family
interacting protein) impaired the capacity of DNA damage repair
and increased cell death induced by ionizing radiation and anti-
cancer agents such as etoposide and camptothecin in mouse
embryonic fibroblasts (MEF).'”® A recent report showed that
p62 is required for polyubiquitinated protein interaction with
promyelocytic leukemia (PML) nuclear bodies involved in multi-
ple DNA damage repair proteins such as BLM/WRN DNA heli-
cases, the Mrell complex, or TopBPI.101 In this scenario,
increased p62 expression caused by deficient autophagy due to
FIP200 deletion may be responsible for the defective DNA dam-
age repair and consequent increase in cell death following DNA
damage-inducing agents.

Conversely, some studies have shown that autophagy can also
promote degradation of DNA damage repair proteins, thus facili-
tating cell death. A recent report showed that treatment with val-
proic acid (VPA), an histone deacetylases (HDAC) inhibitor,
impaired the activation of Rad53 in response to DSBs in budding
yeast.'% In the VPA-treated cells, the first factor recruited to DSB
sites, remained bound to the DSB site, accompanied by reduced
levels of Sae2, which is responsible for removing Mrell from the
DSB region, a step required for the process of lesion repair. In this
scenario, pharmacological or genetic disruption of autophagy
increased the acetylated levels of Sae2, whereas rapamycin, which
activates autophagy through mTOR inhibition, decreased it, con-
firming that autophagy induced by VPA could impair DSB proc-
essing through degradation of acetylated Sae2. One study
conducted in breast cancer cells showed that rapamycin (an
mTOR inhibitor) promoted the inhibition of repair of ionizing
radiation-induced DSBs by the significant suppression of HR and
NHEJ.'” In the rapamycin-treated cells, the decreased DSB
repair by HR is correlated with the impaired recruitment of
BRCA1 and Rad51to DNA repair foci. Since autophagy has been
shown to promote degradation of acetylated Sae2 in VPA-treated
yeast cells, thereby influencing the dynamics of DNA DSB repair
in an intricate manner, it is possible that the activation of autoph-
agy could contribute to the perseverance of DNA damage and fur-
ther enhancement of apoptotic signaling in mammalian cells by
controlling turnover of certain DNA repair-related enzymes. In
this context, in response to nutrient starvation, autophagy activa-
tion was shown to degrade the base-excision repair enzyme 8-oxo-
guannine DNA glycosidase (OGG1) in cardiomyocytes.'**

Taken together, these studies indicate that autophagy can
influence the resolution of DNA lesions and plays complex roles
in the context of DNA damage and repair. Interestingly, it
remains unclear when autophagy contributes to DNA repair and
when autophagy inhibits DNA repair. In general, in response to
reparable DNA damage, autophagy may promote the DNA dam-
age repair by above mentioned approaches. Alternatively, when
the DNA damage is beyond repair, autophagy may lead to the
initiation of cell death programs including apoptosis and
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autophagic cell death. Further studies are needed to reveal this
exciting yet obscure role of autophagy in DNA repair process.

DNA repair enzymes as the regulator of autophagy

Several studies have also suggested that the important role of
some of the DNA-repair proteins in the activation of autophagy
after genotoxic stresses. In response to a genotoxic methylating
agent, 6-thioguanine, DNA mismatch repair induces autophagy
and thus enhances the survival of human colorectal and endome-
trial cancer cells.'® Interestingly, the inhibition of DNA-PKcs, a
key DNA-repair protein, was shown to sensitize human malig-
nant glioma cells to radiation by inducing autophagy, which was
considered a form of programmed cell death.'®® The degradation
of the MRN complex by oncolytic adenoviruses (Ads) proteins
results in the inhibition of DSBs repair, which subsequently acti-
vates autophagy and leads to the increased cell killing in prostate
cancer cell lines.'"”” MGMT, an important enzyme responsible
for repairing monoadducts caused by alkylating agents in DNA,
is the major cause of resistance in the treatments of glioma.
Inhibiting DNA repair with OG—benzylguanine, an inhibitor of
MGMT, leads to the over-activation of autophagy and the
increased autophagic cell death in resistant glioma cells treated
with temozolomide.'® In general, only in these conditions where
DNA repair and apoptosis are inhibited or defective, autophagy
seems to play an alternative mechanism of cell death for clearing
these damaged organelles and proteins. However, the molecular
mechanism of DNA repair influence autophagy is still not well
understood. Apparently, further studies are needed to exploit the
role of DNA repair proteins in autophagy activation in response
to anticancer therapy.

Conclusions and Perspectives

Some evidences have demonstrated that both autophagy and
DNA repair are associated with the efficacy of chemotherapy
and/or radiotherapy and have a crucial function in resistance to
anticancer treatments. However, autophagy inhibition or the
blockage of DNA repair fails to obtain the success of anticancer
therapy. Excitingly, the use of the therapeutic regimen which
means autophagy inhibition combining DNA repair inhibition
and chemotherapeutic agents is considered a novel therapeutic
strategy. Recently, a study conducted by Liu et al. provides
important insights into the consequence of autophagy inhibition
on DNA repair.'” They reported that in the absence of autoph-
agy, inhibition of DNA repair resulted in persistence of genomic
lesions and rapid cell death. Above all, it is significant to explore
the interplay between autophagy and DNA repair to achieve
greater efficacy in cancer treatment. And further studies
are needed before we can identify potential therapeutic targets
that integrate the process of autophagy and DNA repair in anti-
cancer therapy.
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