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Simple Summary: Targeting aberrant DNA repair in cancers in addition to transcription and replica-
tion is an area of interest for cancer researchers. Inhibition of DNA repair selectively in cancer cells
leads to cytotoxic or cytostatic effects and overcomes survival advantages imparted by chromosomal
translocations or mutations. In this review, we highlight the relevance of DNA repair-linked events
in developmental diseases and cancers and also discuss mechanisms to overcome these events that
participate in different cellular processes.

Abstract: Aberrant DNA repair pathways that underlie developmental diseases and cancers are
potential targets for therapeutic intervention. Targeting DNA repair signal effectors, modulators and
checkpoint proteins, and utilizing the synthetic lethality phenomena has led to seminal discoveries.
Efforts to efficiently translate the basic findings to the clinic are currently underway. Chromatin
modulation is an integral part of DNA repair cascades and an emerging field of investigation. Here,
we discuss some of the key advancements made in DNA repair-based therapeutics and what is
known regarding crosstalk between chromatin and repair pathways during various cellular processes,
with an emphasis on cancer.
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1. Introduction

Therapeutic targeting strategies for developmental diseases and cancers are being
designed independent and dependent of chromatin mechanisms. Aberrant levels of DNA
repair and histone modifications result in an imbalance in the genome and epigenetic
equilibrium. It is critical to assess the advantages and drawbacks of targeting a single
pathway or multiple signaling mechanisms that control genome stability in order to achieve
maximum long-term potency with minimal side-effects.

2. DNA Repair Is Dysfunctional in Certain Developmental Diseases and Cancers

The mammalian genome is constantly challenged by both endogenous and exogenous
agents that cause DNA lesions capable of inhibiting replication or transcription, which
can lead to developmental defects or cancers. Congenital defects within the DNA repair
networks themselves can additionally lead to cancer. Defects such as these have provided
insights into how the DNA repair and damage response pathways work, especially when
novel components are identified. Genomic instability is an enabling hallmark of cancer, and
defects in DNA repair facilitate the acquisition of genetic events that ultimately promote
oncogenic transformation [1]. This knowledge has led to the investigation and use of
targeted inhibitors of various repair pathways to sensitize cancer cells to DNA-damaging
agents, including conventional chemotherapies and radiation treatments. Disruption
of DNA repair mechanisms by targeting proteins that are mutated in developmental
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diseases may also block cancer development. For instance, Werner syndrome, which is
an autosomal recessive progeroid syndrome that is caused by a mutation in the gene
encoding repair factor Werner RecQ like helicase (WRN), is associated with defects in DNA
repair and telomere maintenance [2,3]. Bloom syndrome is another classical example of a
developmental disease that is caused by a mutation in BLM, which encodes a DNA repair-
linked helicase gene that predisposes patients to develop leukemia and lymphoma [4,5].
Whereas defects in proteins such as these can lead to malignancies, they are also potential
druggable targets for other cancers, particularly cancers with heightened DNA repair. Thus,
small-molecule inhibition of DNA repair linked to WRN and BLM helicases are currently
being tested in the clinic [6,7].

3. MRN and ATM/ATR Repair Signal Recognition Factors as Cancer Treatment Targets

The MRE11-RAD50-NBS1 complex (MRN) is one of the first complexes to arrive
at sites of double-stranded breaks (DSBs) in genomic DNA [8–11]. The MRN complex
plays a vital role in the downstream signaling involved in the DNA damage response
(DDR), including DNA repair, cell-cycle check points, and DNA replication [8–11]. Given
its importance in the DDR, it is not surprising that pathogenic mutations in genes that
encode members of the MRN complex can lead to diseases that exhibit DDR impairment
and radio sensitivity [12]. For example, Mre11a mutations result in a mild form of ataxia-
telangiectasia (A-T) that clinically manifests with cerebellar ataxia and oculocutaneous
telangiectasia but not cancer development [10]. Nijmegen breakage syndrome is the direct
result of mutations in NBS1. Patients have microcephaly, combined immunodeficiency,
growth retardation, and a predisposition to lymphoma [10,12]. In 2009, a disorder in
which compound heterozygous RAD50 mutations occurred was described for the first time.
This patient exhibited microcephaly and growth retardation consistent with Nijmegen
breakage syndrome, but no immunodeficiency or lymphoma [13]. This novel prognosis
was termed Nijmegen breakage syndrome-like disorder. Cells taken from patients with any
of these three syndromes are sensitive to ionizing radiation and exhibit reduced activity of
downstream repair factors such as ATM, even though not all of these disorders necessarily
predispose patients to malignancies.

A-T is one of the most well-known examples of a congenital defect of the DNA
repair pathway. A-T was first described nearly 100 years ago, but the defective gene,
ATM, was not identified until nearly 70 years later [14]. A-T is characterized by cerebellar
ataxia, oculocutaneous telangiectasia, increased incidence of lymphoid tumors, and radio-
sensitivity, among other abnormalities [14]. The ATM gene codes for a Ser/Thr protein
kinase that is involved in the DDR. ATM associates with the MRN complex at sites of
double-strand breaks (DSBs) during the early stages of DDR, and the phosphorylation of
ATM begins a signaling cascade that activates or recruits further repair proteins and that
triggers cell-cycle check point responses [15]. Patients with A-T have an impaired DDR that
causes radio-sensitivity and increases cancer risk, specifically for lymphoid cancers [14].

Although mutations within ATM can predispose A-T patients to malignancies, the
diverse roles of ATM in the DDR makes it a potential druggable target for cancer patients
who have radio-resistant tumors [16]. Glioblastoma is the most malignant form of glioma,
and it is characterized by a high rate of radio- and chemo-resistance, due to its “addiction”
to DNA repair. ATM inhibition should, therefore, be a viable therapeutic strategy for
glioblastoma. In fact, there is currently a phase I clinical trial underway with the ATM in-
hibitor AZD1390 in glioblastoma patients (NCT03423628) [17]. This trial will explore safety
and efficacy of ATM inhibition in combination with radiation therapy for the treatment of
glioblastoma.

Ataxia-telangiectasia and Rad3-related protein (ATR) is another Ser/Thr protein
kinase similar to ATM that is involved in DDR. ATR is activated by a broad range of
DNA damage signals [18]. The localization of ATR to sites of damage is dependent on its
interaction with ATR interacting protein (ATRIP) and replication protein A (RPA) coated
ssDNA [19,20]. In addition, DSB resection mediated by the MRN complex to create ssDNA
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is also important for ATR activation [21]. ATR is mutated in a number of cancers and
because of its key role in replication, the resulting replication stress can drive cancer
development as reported before [22–24]. ATR works with downstream checkpoint protein
kinase 1 (CHK1) to inhibit DNA replication, but recent studies have demonstrated that
ATR modulates replication even in the absence of DNA damage [25]. ATR inhibitors could
also be beneficial in liquid cancers that rely heavily on ATR functions for DNA repair, such
as chronic myelomonocytic leukemia (CMML) or myelodysplastic syndrome (MDS) and
in fact, ATR inhibitor AZD6738 is currently under phase I clinical trial for use in these
malignancies (NCT03770429) for progressive MDS or CMML.

Mutations in ATR have also been linked to the rare Seckel syndrome type 1 (ATR-
Seckel) (MIM #210600). Seckel syndrome is a heterogeneous developmental disorder
derived from a number of different mutations in cell cycle regulatory genes, such as ATR,
CEP152 and CENPJ [26,27]. Common characteristics of Seckel syndrome include dwarfism,
mental retardation, “beak-like” facial features, and intrauterine growth retardation. Similar
to other developmental disorders described above, ATR-Seckel cells demonstrate impaired
DNA repair but a link to cancer predisposition has not been well established in these
patients [28].

Even though both ATM and ATR are involved in the DDR, they have distinct roles
when damage occurs. ATM is typically associated with DSBs particularly those induced by
irradiation, but ATR can be stimulated in a variety of DNA damage-inducing conditions
as well as during replication stress [29–31]. ATM is not required for cellular viability,
whereas ATR is critical, and loss of ATR function results in embryonic lethality in mouse
models [32]. Confounding these separate mechanisms is the evidence of crosstalk between
the two proteins. ATM and ATR may directly or indirectly activate one another. For
instance, ATR can phosphorylate histone H2AX during replication stress, which can then
recruit ATM to stressed replication forks [33], and ATM can enhance DNA end resection,
thus promoting the activation of ATR [30,34]. Additionally, there is evidence that ATM and
ATR can function redundantly during the DDR when one of them is absent [35,36]. This
suggests that in some instances, it may actually be beneficial to target both kinases, and if
one kinase is deficient, targeting of the other may be advantageous.

The DNA-dependent protein kinase (DNA-PK) complex is another Ser/Thr protein
kinase similar to ATM that is involved in the DDR, it is the case for ATR, DNA-PK has never
been associated with a developmental disease in humans. However, numerous clinical
studies have reported evidence correlating aberrant DNA-PK status or activity with cancer
onset, progression, and responses to therapeutic modalities. Notably, multiple studies have
established the roles of DNA-PK outside DDR network, corroborating its functions as a
pleiotropic complex involved in transcriptional programs that operate in biologic processes
such as the epithelial to mesenchymal transition, hypoxia, metabolism, nuclear receptor
signaling, and inflammatory responses [37]. DNA-PK is an obvious therapeutic target in
cancer, and data pertaining to various pharmacological approaches have been published,
largely in the context of combination with DNA-damaging agents that act by causing
DSBs [38]. DNA-PK inhibitors M3814, also known as MSC2490484A (NCT02516813) and
CC-122 are currently being evaluated for the treatment of advanced solid tumors, leukemia,
or lymphoma either alone or in association with radiotherapy or chemotherapy [39–41].

4. Targeting Cell-Cycle Checkpoints in Cancer

To avoid permanent damage to DNA and allow time for repair, normal cells integrate
the DDR network into cell-cycle control via downstream checkpoint signaling. ATM and
ATR are two of the master regulators of the checkpoint pathways. The complex of ATM and
the check-point kinase CHK2 responds to DSBs to induce a G1 arrest, whereas ATR-CHK1
triggers S and G2 arrest [42]. Most tumors lack an intact G1 phase checkpoint response
and rely on S and G2 checkpoints for repair and survival, which are regulated by CHK1
activity [43]. Moreover, increased checkpoint activities are often seen in human cancer cells
that develop resistance to chemotherapy or radiotherapy. Inhibition of CHK1 activity im-
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pairs repair and promotes tumor cell death [44]. In spite of that, most checkpoint inhibitors,
even when used along with inhibitors of DNA repair, have failed in clinical trials [45]. One
reason for this failure is the absence of a thorough understanding of the mechanisms of
action and the lack of appropriate biomarkers for assessment of upstream and downstream
responses to defective DNA repair components in the context of particular cancers. Target-
ing checkpoint responses to overcome radio-resistance and improve therapeutic outcomes
in brain cancer has been a huge initiative but with only moderate success so far [46,47].

5. The Use of Synthetic Lethality in Cancer Therapeutics and Its Limitations

Loss of function of a particular DDR pathway can make cancer cells depend on
compensatory pathways, and thus targeting more than one DDR pathway can make cancer
cells accumulate synthetic lethality-driven DNA damage. Upstream of ATM is PARP1,
which synthesizes poly-ADP ribose (PAR) and transfers these moieties to proteins. PARP1
activity is essential for the recruitment of the MRN complex to DSBs [48]. The PARP
inhibitor Olaparib is the first clinically approved DNA repair inhibitor designed to utilize
this synthetic lethality property for cancer therapy [49]. The BRCA1/2 genes are the most
commonly mutated genes in hereditary breast and ovarian cancers [50]. BRCA1/2 are
tumor suppressor genes that control homologous recombination, and BRCA1/2-mutant
cells are sensitive to PARP1 inhibition [51]. PARP inhibitors sensitize cancer cells to both
chemo- and radio-therapy and BRCA1/2-deficient cells are 1000 times more sensitive to
PARP inhibitors than wild-type cells [51–53]. Unfortunately, resistance emerges even with
a combination of PARP and ATM/ATR inhibitors. Additionally, there are safety issues
associated with long-term treatment with PARP inhibitors. On the brighter side, a third
generation PARP inhibitor, rucaparib, is being tested in a randomized phase III clinical trial
(NCT01968213) following promising results in earlier stages of clinical development [52,54].

As alluded to above, ATM/ATR inhibition is another viable target for synthetic
lethality. While, ATR loss of function is rare in cancers, ATR inhibition may be particularly
potent in cancer cells with other, specific mutations, such as in ATM, when compared to
normal cells. Clinical trials with the ATR inhibitor AZD6738 intend to do just this. One
trial aims to induce synthetic lethality in cells with ATM deficiencies, specifically chronic
lymphocytic leukemias (CLL) that are ATM deficient (NCT01955668). This study has been
completed but to date there are no published results. Another clinical trial is aimed at
targeting ATM deficient advanced lung adenocarcinomas as well as high grade ovarian
cancers that harbor BRCA1/2 mutations using a combination of AZD6738 and carboplatin
(NCT02264678) [55]. This trial as well as others are additionally examining the effects of
AZD6738 alone or in combination with PARP inhibitor to treat a number of solid tumors,
including ATM deficient gastric cancer (NCT03682289, NCT03462342) [55]. All of these
studies are underway with limited results published at this time.

Synthetic lethality may also be induced by MRE11 or RAD50 inhibition. The viability
of this strategy is supported by the findings that subjects with A-T-like disorder and
Nijmegen breakage syndrome-like disorder have impaired repair via reduced ATM activity
but do not appear to have higher risks of malignancy. Mirin is an MRE11 inhibitor [56] that
affects the entire MRN complex and subsequent ATM signaling. MRE11 mediates MYCN
protooncogene dependent replication stress [56], and MYCN activation is an oncogenic
driver and a marker of poor prognosis. Treatment of MYCN-amplified neuroblastoma
mouse models with mirin resulted in a significant reduction in tumor growth [56]. Despite
promising in vivo studies, mirin and mirin analogs have not proceeded beyond pre-clinical
stages of development, and therefore advancement is necessary in this area of clinical
investigation.

6. Challenges Associated with Targeted Therapies and a Novel Strategy to Achieve
Pan DNA Repair Inhibition

The unique requirements of DNA repair pathways have been exploited extensively in
the search for treatments for both solid and liquid cancers. It is critical to stratify patients
based on the DDR status of the tumor under treatment. DNA lesions must be repaired
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effectively during all phases of cell cycle and eukaryotic cells have developed complex
DDR networks that function differently in various cell-cycle stages. The key to any repair-
targeting strategy is that the mechanistic differences between normal and cancer cells must
be evaluated to avoid toxic side effects that might arise from inhibiting DNA repair in
normal cells (Table 1).

Table 1. List of DNA repair inhibitors that target the double strand break system and their utility in cancers.

Target Drugs Side Effects (Clinical Trial Identifier if Applicable)

ATM AZD1390,
KU-59403

AZD1390—seizures, lung problems, muscle pain, dark urine, irregular
heartbeat, low blood pressure, light sensitivity, pancreatic or abdominal
pain, drop in blood cells counts, increased risk of infection and bleeding
problems (NCT03423618)
KU-59403—no major toxicity in mice, no clinical trials to date [57]

ATR
AZD6738,
VX-970 (M6620),
schisandrin B

AZD6738—fatigue, anemia, thrombocytopenia, nausea (NCT02223923) [58]
VX-970—no dose-limiting toxicities reported to date in phase I
(NCT02487095) [59]
schisandrin B—gastric distress, reduced appetite when used as a health
supplement, no clinical trial data [60]

PARP
rucaparib,
olaparib,
niraparib

Similar for all—fatigue, nausea and vomiting, anemia, constipation,
increased cholesterol, liver and kidney problems, diarrhea, abdominal pain,
decreased appetite (NCT00753545, NCT02655016 and many more) [61,62]

CHK1/CHK2
UCN-01, MK-8776,
AZD7762,
LY2603618

UCN-01—nausea, vomiting, hypotension, hyperglycemia; has not moved
past phase II trials due to low specificity (NCT00003289) [63]
MK-8776—QTc prolongation, fatigue, nausea, constipation (NCT00779584)
[64]
AZD7762—failed phase I clinical trial due to cardiac toxicity
(NCT00413686) [46]
LY2603618—fatigue, decreased platelets, nausea, decreased neutrophils,
decreased hemoglobin; has not moved past phase II as it was not more
effective than standard of care (NCT01341457) [65]

DNA-PK
VX-984, M3814,
AZD7648,
avadomide (CC-122)

VX-984—no data available from ongoing phase I trial (NCT02644278)
M3814—fatigue, nausea, constipation, vomiting, decreased appetite,
dysphagia, back and chest pain, diarrhea, mucosal inflammation
(NCT02516813)
AZD7648—no dose-limiting toxicity reported to date in ongoing phase I
trial (NCT03907969)
avadomide—fatigue, neutropenia, diarrhea [39]

MRN (MRE11) Mirin no side effects reported in mice [56]; no human trials have begun

DNA damage response
(DDR) Pathways AsiDNA (DT01)

no side effects yet reported in mice; in humans’ reversible grade 1 and 2
injection site reactions observed but no dose limiting toxicity in ongoing
trials (NCT01469455, NCT03579628) [66–70]

A novel strategy is to target the DDR as a whole, rather than inhibiting just one
sensor or kinase or even using a cocktail of inhibitors of specific factors. AsiDNA is a
first-in-class DDR activator that sequesters repair factors away from break sites to create
an artificial damage response signal selectively in cancer cells [67] (Figure 1A). AsiDNA is
a double-stranded DNA oligonucleotide that acts as a break mimetic to impair multiple
DDR pathways in liquid as well as solid tumor cells [67]. This global inhibition of repair
pathways causes a prolonged retention of DNA damage signals in melanoma and glioma
cells when used along with radiation [66,68]. A first-in-human phase 1/2a trial with
AsiDNA (DNA repair inhibitor and irradiation on melanoma (DRIIM), NCT01469455) in
patients with metastatic melanoma demonstrated the safety of local administration of this
compound [71]. Additionally, no maximum-tolerated dose was identified, and AsiDNA
induced tumor regression that correlated with systemic exposure [71,72]. Induction of
DNA damage in surrounding normal tissues is a major issue with radiation. Our group
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demonstrated that AsiDNA acts as a radiosensitizer in tumors but does not enhance the
toxicity of the radiation in surrounding the healthy tissues. This property was demonstrated
in pediatric models of brain tumors setting the stage for a clinical trial to treat recurring
glioma in children using AsiDNA in association with radiotherapy (NCT03579628) [70].
AsiDNA in combination with carboplatin (causes DNA lesions via formation of adducts)
and paclitaxel (stabilizes microtubules to block the cell cycle at the G2/M phase) is well
tolerated (NCT03579628) [73,74].
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7. Chromatin Interactions Associated with Repair, Transcription, and Replication and
Implications for Cancer Therapy

Chromatin organization has a profound effect on DNA repair-modulated dynamic
changes in histone modifications and vice versa. A number of histone modifications, includ-
ing histone phosphorylation, ubiquitylation, acetylation, methylation, and sumoylation,
that occur in the vicinity of breaks are associated with the DDR and DNA repair [75].
A majority of these modifications are also involved in other cellular processes such as
transcription and replication that interconnect to ensure proper cellular function and timely
genome maintenance. We will not list all the histone modifications and their functions in
DNA repair here. Instead, we will focus on how dysfunctional crosstalk between DNA
repair, transcription, and replication poses a threat to genome stability in cancer cells in a
chromatin-dependent manner.

Conventionally, analysis of the DDR has focused on the damage itself or response
proteins and their modifications rather than the chromatin landscape. It is imperative to
understand the dynamics of chromatin, in particular histone modifications, as chromatin
organization rapidly changes in the context of DNA damage [76]. One of the first studies to
examine chromatin in this context was a massive screen of histone modifications in U2OS
and HeLa cells [77]. This screen revealed a global reduction in H3K9ac and H3K56ac when
cells were exposed to DNA-damaging agents [77]. These modifications are particularly
interesting as they have been observed at the promotors of actively transcribed genes, and
sites of transcription are potential sites of DNA damage [78].

DNA–RNA hybrids (R-loops) are formed when the replication machinery collides with
the transcriptional machinery [79]. R-loops occur transiently during normal replication but
are stable when the DNA and RNA hybrids remain unresolved and paired for up to 2000
base pairs [80]. At R-loops, DSBs, fork collapse, or incomplete replication can result [81].
The structure of the R-loop itself may also make the DNA more prone to breakage due to
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flaps that are formed on either end of the R-loop [82]. Replication stress and DNA damage
caused by R-loops then activate both ATR and ATM signaling pathways [79,80].

The Fanconi anemia (FA) pathway resolves R-loops by stabilizing the replication fork
and by activating enzymes such as RNase H that resolve the RNA-DNA hybrids [83,84].
Interestingly, our research has shown that inhibition of class I histone deacetylases (HDACs)
can lead to the formation of R-loops. In leukemia patient-derived xenograft mouse models
that were treated with HDAC inhibitors, we observed an accumulation of R-loops within
the bone marrow [85]. Mechanistically, we showed that inhibition of class I HDACs
decreases the chromatin-bound levels of MRN complex components Mre11-RAD50 and
NBS1 [85]. Interestingly, the MRN complex also activates the Fanconi anemia pathway to
suppress R-loop formation. Therefore, HDAC inhibitors not only increase R-loop formation
but also prohibit their repair by altering the Fanconi anemia pathway and other core repair
components, such as the MRN complex. Whether alternative mechanisms mediated by
HDACs control timely resolution of R-loops in a cell-cycle-dependent manner is an area of
active investigation.

A phenomenon termed DNA damage-induced transcriptional silencing in cis (DISC)
halts transcription around DSBs to prevent collision of the transcriptional machinery
with the DNA repair machinery [86,87]. Using an elegant Fok1-based reporter system,
we showed that mammalian HDACs function as transcriptional repressors even during
repair. DISC is regulated by two histone modifications: H3K27me3 installed by EZH2
and H2AK119 mono-ubiquitination (H2AK119ub1) [88]. H2AK119ub1 marks are installed
by the polybromo-associated BAF (PBAF) nucleosome remodeler complex and serve as
transcriptional repression marks that act downstream of EZH2 during DNA repair [89,90].
We showed that HDACs control the balance of the histone H3K27 acetyl/methyl switch
at DSB sites to maintain DISC signals and DNA repair [91,92]. HDAC inhibition reduces
histone H3K27me3 at damage sites during active DNA repair but not the global levels of
H3K27me3 in spite of the robust increase in total H3K27ac [91,92]. Whether H2AK119ac
is mutually exclusive with H2AK119ub1 and whether mammalian HDACs control the
H2AK119ub1/ac switch to cause a timely shut down of transcription during repair are
being studied in our lab (Figure 1B).

Class I HDACs, HDAC1, 2, and 3, localize to sites of DNA replication for a number
of reasons [85,93,94]. HDAC1 and 2 associates with proliferating cell nuclear antigen
(PCNA), a DNA sliding clamp that is a co-factor of DNA polymerase and that is involved
in recruitment of various factors to the replication fork [93,95]. HDAC3 associates with
RbAp48, a component of the CAF1 complex that deposits newly synthesized histones on
chromatin during replication [96]. This suggests that HDAC3 plays a role in chromatin
maintenance in addition to controlling the fork velocity [96]. Newly synthesized histones
are acetylated at H4K5 and H4K12 prior to deposition on nascent chromatin and need
to be deacetylated for compact, mature, nascent chromatin to form, which is one reason
why HDAC1 and 2 may associate with PCNA [93]. Additionally, evidence suggests
that acetylation of histone 4 at lysines 8 and 12 is necessary for DNA decompaction [97].
Using nascent BrdU-CHIP-Slot, a method developed in our lab [93] and a complementary
technology to isolate proteins on nascent DNA (iPOND) [94,98], we showed that loss or
inhibition of HDAC1 and 2 results in an increase in histone acetylation marks that are
involved in chromatin compaction such as H4K16ac, which is known to cause a reduction
in the replication fork velocity [93] (Figure 1C). It is not clear if the chromatin structure in
front or behind the progressing fork is modulated by HDACs. An answer to this question
will provide insight into the mechanisms of HDAC inhibitors.

We did show that HDAC3 is required for DNA replication in hematopoietic stem
cells [99], which suggests that a difference in DNA replication rates in cancer versus
normal cells provides a therapeutic window for HDAC inhibitor selectivity. In addition,
identification of proteins at stalled replication forks using the iPOND technology has led to a
tremendous advancement in our understanding of the control of replication stress-induced
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mechanisms and the consequences of stalled fork-induced replication stress responses on
genome integrity [94,98].

In addition to HDACs, other chromatin modifying and remodeler enzymes, such as,
SMARCAD1, SMARCA5, DOT1L, BET, HP1, and EZH2 have been associated with the
chromatin maintenance during genome integrity [93,94,98,100–107]. Bromodomain and
extra-terminal (BET) proteins recognize and bind acetylated lysine residues in histone tails
and act as a scaffold for the recruitment of transcription factors and regulators [108]. BET
bromodomain proteins have been successfully targeted with JQ1 BET inhibitor (BETi) in
a number of cancers including AML which also provides an indirect strategy to target
Myc that recruits histone acetyl transferases and co-factors to enhance RNA polymerase II
activity [109,110]. BRD4 plays a crucial role in homologous recombination repair pathway,
induces BRCAness and increases the sensitivity of solid tumors to PARP inhibitors [111].
Small molecule inhibitors to BET and disruptor of telomeric silencing-like (DOT1L) that
primarily participate in transcription and also modulate homologous recombination repair
pathway have been recently used along with PARP inhibitors to provide an avenue to
increase chemosensitivity in hard-to-treat liquid and solid tumors [112–114] (Figure 2).
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Figure 2. Model for DNA repair- and/or epigenetics- based combinatorial therapies. PARP inhibitor prevents poly-
ADP-ribosylation (PAR) of histone or non-histone proteins to disrupt repair factor recruitment. Acetylation (Ac) ‘reader’
Bromodomain (BRD)-containing proteins or DOT1L-mediated H3K79 methylation promote transcription elongation (green
dotted line). BET inhibitor or DOT1L inhibitor could impede RNA polymerase II (pol2) progression to cause R-loop
formation, or directly disrupt DNA repair. Thus, the combination of these three drugs could effectively compromise genome
stability in cancer cells.

DOT1L, a non-SET domain methyltransferase, catalyzes the mono, di and trimethyla-
tion of H3K79 [115]. DOT1L co-purifies with RNA polymerase II-associated transcriptional
elongation complexes [116]. DOT1L-mediated H3K79 methylation (me) is positively cor-
related with a high transcription elongation rate [117]. Thus, disrupting transcription
elongation using DOT1L inhibition or when combined with other transcription inhibitors,
such as BETi JQ1, could trigger R-loops and genome instability in cancer cells (Figure 2).
DOT1L is highly expressed in GBM and a crucial factor regulating stemness and prolifera-
tion of GBM stem cells (GSCs) [118]. Therefore, DOT1L inhibition alone or when combined
with standard-of-care GBM therapies, such as alkylating agent temozolomide, could effec-
tively eradicate GBM stem cells. Repair factor 53BP1 functions in checkpoint activation
and is recruited to sites of DNA damage through binding of its Tudor domain to the methy-
lated histone residues [119,120]. Although H3K79me is implicated in 53BP1 recruitment,
evidence is controversial in mammalian cells, as H4K20me2 and not H3K79me3 is re-
ported to be important for 53BP1 recruitment to damage sites in mammalian cells [121,122].
Nevertheless, both DOT1L and H3K79me are linked to DNA damage repair and genome
stability [116,123,124]. A link between H3K79me and DNA resection during HR repair
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is established and thus, knockdown of DOT1L increases the sensitivity of cancer cells to
irradiation and PARP inhibitors, [125]. However, the underlying molecular mechanism(s)
remain to be determined and could involve altered chromatin structure, which can then
adversely affect DNA repair and transcription [126]. Overall, DOT1L inhibition as a mono
or combination therapy holds promise to overcome DNA repair “addiction” and/or cancer
stemness.

8. Conclusions

Overall, in this review we discuss and propose mechanisms and ideas for DNA repair
inhibition and the inhibition of chromatin modifying enzymes with the potential to cause
an impact on genome maintenance at multiple levels. This cross talk also connects DNA
repair to transcription and replication cellular processes. Because systems are redundant
and pathway activation can restore targeted molecular mechanisms inhibited by drugs,
therapies associated with various treatments seem to be the most effective strategy to
prevent tumor resistance. Targeting DNA repair inhibitors and/or chromatin modifiers
should cause sustained high levels or irreversible DNA damage in the tumor cells sufficient
to promote efficient death and open the promising tri-therapy to treat cancers. For exam-
ple, associating a DNA damaging treatment such as radiotherapy to treatments altering
DNA repair directly, such as broad-spectrum DNA repair inhibitor AsiDNA, or indirectly,
through chromatin remodeling with HDAC inhibitors, should ensure enough lethal dam-
age and the prevention of their repair to allow efficient tumor control with limited toxicity
in healthy tissues. These three treatments have already been tested in association two by
two (radiotherapy and AsiDNA; NCT01469455, radiotherapy and HDACi; NCT02137759)
in clinical trials and have shown good safety profiles but only a moderate efficacy. One
can expect that the triple combination would provide sufficient DNA repair inhibition to
overcome tumor resistance to radiation.
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