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Abstract: DNA-targeted drugs constitute a specialized category of pharmaceuticals developed for
cancer treatment, directly influencing various cellular processes involving DNA. These drugs aim to
enhance treatment efficacy and minimize side effects by specifically targeting molecules or pathways
crucial to cancer growth. Unlike conventional chemotherapeutic drugs, recent discoveries have
yielded DNA-targeted agents with improved effectiveness, and a new generation is anticipated to be
even more specific and potent. The sequencing of the human genome in 2001 marked a transformative
milestone, contributing significantly to the advancement of targeted therapy and precision medicine.
Anticipated progress in precision medicine is closely tied to the continuous development in the
exploration of synthetic lethality, DNA repair, and expression regulatory mechanisms, including
epigenetic modifications. The integration of technologies like circulating tumor DNA (ctDNA)
analysis further enhances our ability to elucidate crucial regulatory factors, promising a more effective
era of precision medicine. The combination of genomic knowledge and technological progress has
led to a surge in clinical trials focusing on precision medicine. These trials utilize biomarkers for
identifying genetic alterations, molecular profiling for potential therapeutic targets, and tailored
cancer treatments addressing multiple genetic changes. The evolving landscape of genomics has
prompted a paradigm shift from tumor-centric to individualized, genome-directed treatments based
on biomarker analysis for each patient. The current treatment strategy involves identifying target
genes or pathways, exploring drugs affecting these targets, and predicting adverse events. This
review highlights strategies incorporating DNA-targeted drugs, such as PARP inhibitors, SLFN11,
methylguanine methyltransferase (MGMT), and ATR kinase.

Keywords: DNA-targeted drugs; targeted therapy; next generation sequencing; PARP inhibitors;
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1. Introduction

DNA-targeted drugs are a class of pharmaceutical agents designed to interact with and
modulate the activity of DNA molecules within cells. These drugs are developed to treat
various medical conditions, including cancer, genetic disorders, and infectious diseases,
by directly impacting DNA structure, replication, transcription, repair, or other essential
cellular processes involving DNA. DNA-targeting in cancer treatment aims to improve
the effectiveness of treatment and minimize side effects, as it targets specific molecules or
pathways involved in cancer growth and progression.

The inception of DNA-targeting cancer drugs traces back to Watson and Crick’s
1953 DNA structure revelation. The foundational groundwork was established by early
chemotherapy, including nitrogen mustards. Progress in DNA replication and repair paved
the way for drugs like etoposide in the 1970s.

Many drugs used in cancer treatments target DNA at the molecular level, considering it
a non-specific target for cytotoxic agents. While this holds true for conventional chemother-
apeutic drugs, newer agents discovered in recent times exhibit improved effectiveness [1].
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Furthermore, genomic insights and poly-ADP-ribose polymerase (PARP) inhibitors (2010s)
exemplify evolving precision medicine. A new generation of DNA-targeted drugs ex-
ploring synthetic lethality, DNA repair, and expression regulatory mechanisms, including
epigenetic modifications, is anticipated to be far more specific and effective.

2. Understanding DNA Structure and Function

DNA is a complex molecule that carries genetic information in living organisms. It
consists of two long strands arranged in a double helix, with each strand composed of
nucleotides containing a sugar, a phosphate group, and one of four nitrogenous bases:
adenine (A), thymine (T), cytosine (C), and guanine (G). Complementary base pairing (A-T
and C-G) allows DNA to replicate and transmit genetic information accurately during cell
division. DNA-targeted drugs exert their effects through various mechanisms, such as
intercalation, alkylation, topoisomerase inhibition, and DNA cross-linking.

The sequencing of the human genome in 2001 significantly contributed to the advance-
ment of targeted therapy and precision medicine [2]. This milestone marked a profound
understanding of the genetic structure of the human body, enabling the identification of
precise genetic mutations and variations responsible for the emergence and evolution of var-
ious diseases, including cancer. The combination of knowledge about the human genome
and technological progress has spurred a proliferation of clinical trials in precision medicine
in recent years. In these trials, the utilization of various biomarkers aids in the identification
of specific genetic alterations; molecular profiling identifies potential therapeutic targets,
and cancer treatments are tailored to address multiple genetic changes [3,4].

3. Characterizing Cancers to Targeted Treatments

Next-generation sequencing (NGS) has revealed that genomic alterations in advanced
cancers deviate from the conventional categories established by the organ of tumor origin.
In addition, NGS has brought to light the unique and complex genomic and immune
profiles of metastatic tumors, highlighting the importance of tailoring treatments based on
genomic analysis [5,6]. Recent technological advancements have substantially reduced the
cost and time associated with sequencing, rendering it more accessible for researchers to
undertake such studies and for clinicians to apply the information in treating cancer.

Circulating tumor DNA testing, known as ctDNA, represents a further advancement
in cancer characterization. This non-invasive method is progressively employed to choose
drugs and evaluate the response to treatment. As ctDNA captures the genetic characteristics
of the entire tumor and not just a single biopsy sample, it delivers a more thorough
understanding of the tumor’s genetic diversity. The process of ctDNA testing relies on
detecting DNA that has been released into the bloodstream from the patient’s tumor. This
is particularly advantageous in cases where the tumor exhibits multiple subclones [7].
ctDNA testing serves as a valuable tool for monitoring the treatment response, capable
of identifying alterations in the levels of ctDNA in the bloodstream during the course of
treatment. It offers significant information about the dynamics of subclones within the
tumor, guiding decisions on therapeutic interventions [8]. In ctDNA analysis, the detection
of BRCA1/2 mutations can guide treatment with PARP inhibitors, and the detection of
DNA methylation of selected tumor suppressor genes can provide prognostic information
in various types of cancer.

4. Precision Medicine and Molecular Markers

Examples of effective targeted therapies tailored to molecular changes involve the
design of tyrosine kinase inhibitors for certain patient subsets, including chronic myeloge-
nous leukemia, lung cancer, and melanoma patients with tumors carrying translocated
Bcr-Abl, mutated EGFR, and BRAF, respectively [9]. Efforts to enhance the applicability
of this approach have led to the design of multiple clinical trials based on molecularly
relevant information. The goal is that these molecular targets might function as indicators
that predict the tumor’s response to pharmacological intervention. In precision oncology



Int. J. Mol. Sci. 2024, 25, 752 3 of 13

trials conducted until now, a striking trend has been the extensive utilization of protein
kinase inhibitors in the majority of study arms [10].

DNA-targeting drugs, including cisplatin, etoposide, topotecan, mitomycin C, and
gemcitabine, which are pivotal in cancer therapy, are not evaluated within precision oncol-
ogy trials, except as constants maintained across all study arms. The reason is grounded in
various factors, including elevated risks and difficulties faced by clinicians and institutions
when sharing additional results related to existing drugs. Moreover, it takes into account
patent status and diminished profitability for the companies producing these pre-existing
drugs. The efficacy of precision medicine hinges on its capability to guide suitable treat-
ments for patient groups that may derive benefits. The widest application of this rationale
is observed in the utilization of pre-existing drugs. There is no rationale for assuming
that these well-established drugs would be any less suitable than newer medications for a
more targeted application based on the molecular characteristics of a patient’s disease. The
pre-existing drugs, through reassessment via precision medicine, may be repositioned to
be more effective and less harmful.

Progress in genomics and comprehension of the molecular system’s involvement in
cancer has given rise to targeted therapies designed for specific molecular changes or
biological characteristics. Genomics has revealed the intricate nature of cancer as a complex
disease, prompting a shift in treatment approaches. The emphasis is transitioning from
tumor types to individualized, genome-directed treatments based on biomarker analysis
for each patient. Recent treatment strategy involves (i) identifying the target genes or
pathways, (ii) exploring drugs that affect these targets (enhancing or attenuating their
effects), and (iii) identifying genes or pathways that predict adverse events [11–13].

5. Strategies for Incorporating Drugs That Target DNA
5.1. PARP Inhibitors

Extending the genetic inactivation of DNA repair genes to homologous recombina-
tion deficiencies (HRD) within tumors, such as the inactivation of BRCA1, BRCA2, or
PALB2, leads to increased susceptibility to PARP inhibitors, cisplatin, and topoisomerase I
inhibitors. The interaction of synthetic lethality has been thoroughly described in cases
of BRCA germline mutations and homologous recombination deficiencies (HRD) when
employing PARP1 inhibition [14] (Figure 1a). Activation of PARP1 occurs in response to
DNA repair intermediates such as single-strand breaks (SSB), triggering the synthesis of
PAR (poly-ADP-ribose) polymers. Inhibitors like olaparib, niraparib, and rucaparib effec-
tively block the catalytic activity of PARP1, preventing auto-PARylation. Consequently, this
interference disrupts the coordination of DNA repair and enhances the stability of PARP1
binding to the DNA intermediate. The immobilization of DNA-bound PARP-1 disrupts the
progression of replication forks, a phenomenon known as ‘PARP trapping’, resulting in the
accumulation of double-strand breaks (DSBs). In the context of BRCA deficiency, where
DSBs remain unrepaired, the accumulated DSBs ultimately trigger apoptosis specific to
cancer cells [15]. After several pre-clinical studies elucidated the mechanisms of action,
PARPi quickly advanced to clinical trials. In Table 1, a summary of clinical trials completed
and in progress for PARPi in the context of BRCA mutation is presented. The outcomes
from these studies have secured FDA (Food and Drug Administration) approval for ola-
parib and talazoparib in metastatic HER2-negative breast cancer with BRCA1/2 germline
mutations [16,17]. Furthermore, PARP inhibition with olaparib, rucaparib, or niraparib
has been approved for treating ovarian cancers with BRCA germline mutation [18,19].
Maintenance therapy with PARPi (niraparib, olaparib, rucaparib) was demonstrated to
substantially enhance progression-free survival (PFS) in platinum-sensitive sporadic ep-
ithelial ovarian cancer [18,20,21]. Olaparib has been approved by the FDA for metastatic
castration-resistant prostate cancer (mCRPC) characterized by HRD, including BRCA muta-
tion. Similarly, rucaparib is approved for mCRPC, specifically in the presence of a BRCA
mutation [22].
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Figure 1. Summary of the drug targets in DNA. (a) Synthetic lethality: mechanism of action of PARP
inhibitors. PARPs recognize damaged DNA sites and recruit DNA-repairing machinery through
PARylation. Failure to repair single-stranded DNA breaks can lead to DSB, which can be precisely
repaired by the homologous recombination (HR) mechanism when the DNA repair system remains
intact. However, cells with BRCA1/2 mutations progress to apoptosis. Because BRCA1/2 proteins
play a key role in HR, the non-homologous end-joining (NHEJ) pathway is activated instead of HR
in the case of BRCA1/2 mutated cells. Incorrect repair by NHEJ leads to genomic instability and,
eventually, apoptosis. In the box are the chemical structures of PARP inhibitors with IC50 of BRCA1
and BRCA2 in cell-free assays. PARP: poly-(ADP)-ribose polymerase, SSB = single-strand DNA
break, DSB = double-strand DNA break, HDAC = histone deacetylase, MSI = microsatellite instability.
(b) Molecular mechanism of SFLN11. SLFN11 triggers a series of molecular events, as listed. When
SLFN11 is absent, ATR is recruited to RPA and triggers ATR/CHK1-mediated DNA repair. Hence,
the replication fork is repaired, and replication resumes. Abbreviations: IEGs immediate early genes,
ER endoplasmic reticulum, HRR homologous recombination repair. (c) MGMT and resistance to
tumor treatments, investigating the manipulation of signaling pathways, in addition to employing
the previously mentioned inhibitors. MGMT functions as a DNA repair enzyme that prevents the
cross-linking of double-stranded DNA by alkylated agents reverses the alkylation of guanine at the
O6 position, and repairs DNA damage induced by alkylated drugs and radiation. (d) The ATR-kinase
pathway plays a pivotal role in defending the genome from DNA damage and replication stress
by overseeing and harmonizing diverse cellular processes. These processes encompass but are not
restricted to, cell-cycle arrest, inhibition of replication origin firing, safeguarding stressed replication
forks, and promoting DNA repair. Notably, replication protein A (RPA) is actively involved in
executing these protective measures.
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Table 1. Summary of clinical trials completed and in progress for PARPi in the context of BRCA mutation.

Drug Indication Phase Cancer Type Clinical Trial Efficacy Reference

olaparib maintenance 3 ovary SOLO2/ENGOT-Ov21,
NCT01874353 PFS 19.1 months vs. placebo 5.5 months, HR 0.30 [23]

olaparib maintenance 3 ovary SOLO1/GOG 3004,
NCT01844986

PF ratio at 3 years 60% vs. placebo 27%, HR 0.30
OS ratio at 7 years 67% vs. placebo 46.5%, HR 0.55 [24,25]

olaparib maintenance 3 ovary NCT03534453 PFS 16.1 m [26]

niraparib maintenance 3 ovary
ENGOT-OV16/NOVA,

NCT01847274
(gBRCA Cohort)

PFS 21.0 months vs. placebo 5.5 months, HR 0.27 [18]

niraparib maintenance 3 ovary NCT02655016 PFS 21.9 months vs. placebo 10.4 months, HR 0.43 [27]

rucaparib maintenance 3 ovary ARIEL3, NCT01968213
(BRCA-Mutant cohort) PFS 16.6 months vs. placebo 5.4 months, HR 0.23 [28]

rucaparib monotherapy 3 ovary fallopian tube,
or primary peritoneal

ARIEL4, NCT02855944
(Efficacy Population) PFS 7.4 months vs. chemo 5.7 months, HR 0.64 [19]

rucaparib monotherapy 3 ovary NCT03522246 PFS 28.7 months vs. placebo 11.3 months, HR 0.47 [29]

Olaparib monotherapy 3 breast OlympiAD, NCT02000622 PFS 7.0 months vs. chemo 4.2 months, HR 0.58 [16]

olaparib maintenance 3 breast OlympiA, NCT02032823 PF at 3 years 85.9% vs. placebo 77.1%, HR 0.58
OS at 4 years 89.8% vs. placebo 86.4%, HR 0.68 [30,31]

olaparib neoadjuvant 2/3 breast NCT03150576 n/a [32]

olaparib monotherapy 3 breast NCT03286842 PFS 8.11 months [33]

talazoparib monotherapy 3 breast EMBRACA, NCT01945775 PFS 8.6 months vs. chemo 5.6 months, HR 0.54 [17]

niraparib monotherapy 3 breast NCT01905592 PFS 4.1 months vs. chemo 3.1 months,
HR 0.96(censored) [34]

niraparib monotherapy 3 breast NCT04915755 n/a [35]

olaparib monotherapy 3 prostate PROfound, NCT02987543
(Cohort A) PFS 7.4 months vs. control 3.6 months, HR 0.34 [22]

talazoparib combination 3 prostate NCT04821622 n/a [36]

olaparib maintenance 3 pancreas POLO, NCT02184195 PFS 7.4 months vs. 3.8 months, HR 0.53 [37]

niraparib maintenance 3 small cell lung NCT03516084 PFS 1.54 months vs. placebo 1.36 months,
HR 0.66(censored) [38]

PARP inhibitors, effective in specific contexts, face challenges in clinical use. Issues
include resistance development, limited applicability to specific genetic mutations, potential
toxicity, high treatment costs, and the ongoing need for optimal combination strategies,
highlighting obstacles in their widespread therapeutic adoption across various cancers.

5.2. SLFN11

The expression of SLFN11 is emerging as a promising predictive biomarker for sensi-
tivity to DNA-targeted drugs, as indicated by cell line data. SLFN11, originating from the
German word “schlafen” meaning sleeping, has recently been causally linked to irreversible
cell cycle arrest triggered by various DNA replication inhibitors [39] (Figure 1b). Elevated
SLFN11 expression stands out as the major factor associated with responsiveness to DNA-
damaging drugs, encompassing topoisomerase I and II inhibitors, alkylating agents, and
DNA synthesis inhibitors. On the other hand, the absence of SLFN11 has been linked to
resistance to a wide range of DNA-damaging agents such as fluoroindenoisoquinolines,
nanoliposomal irinotecan, trabectedin, and platinum drugs, as well as PARPi [39–46]. Fol-
lowing DNA damage, SLFN11 triggers early S-phase arrest and cell death, in contrast to
SLFN11-deficient cells, which exhibit a slower progression to G2-phase and a survival ad-
vantage. More precisely, it is hypothesized that SLFN11 impedes replication by modifying
the chromatin structure of replication forks following the ATR-mediated replication stress
response. This suggests that interaction functions enhance the stability of paused replica-
tion forks within the intra-S and G2/M DNA damage checkpoints while also inhibiting
the activation of additional replication origins [47]. High levels of SLFN11 expression have
recently been associated with increased sensitivity to platinum-based chemotherapy in
gastric and esophageal cancers [46,48].
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In Table 2, a summary of clinical trials completed and progress for SLFN11 is presented.
Some studies have demonstrated the absence of SLFN11 expression resulting from CpG
promoter island hypermethylation in ovarian cancers, which is associated with diminished
overall survival in patients undergoing cisplatin and carboplatin treatment [49]. While
elevated SLFN11 levels in small cell lung cancer cells were associated with sensitivity to
PARPi, this correlation was more pronounced, particularly with the highly potent PARP
trapper talazoparib [50]. In the recently initiated Phase 2 randomized trial investigat-
ing the combination of maintenance atezolizumab with talazoparib versus atezolizumab
alone for patients with SLFN11-positive extensive-stage SCLC (ES-SCLC) (SWOG1929,
NCT04334941), SLFN11 expression by IHC is clinically feasible because it can be easily
assessed as positive (H score > 1) or negative, and has been found to be positive in ~50% of
ES-SCLC [51]. Therefore, the prognostic significance of SLFN11 may differ across distinct
PARP inhibitors available in clinical practice, depending on their level of PARP trapping.
Preclinical studies indicate that talazoparib exhibits the highest observed PARP-trapping
capability among these inhibitors [52].

In addition, SLFN11 has shown encouraging potential as a predictive biomarker for
response in ovarian and prostate cancer [43,53]. Patients with SLFN11-positive castration-
resistant prostate cancer had improved radiographical PFS and prostate-specific antigen
(PSA) tumor marker responses compared with patients without SLFN11 overexpression.

SLFN11, linked to drug sensitivity, faces clinical limitations. It exhibits tumor-specific
effects, unclear mechanisms, and challenges with heterogeneity. Resistance development,
biomarker issues, and limited trials underline the need for comprehensive research to
optimize its therapeutic potential across diverse cancer types.

Table 2. Summary of clinical trials completed and in progress for SLFN11.

Drug Indication Phase Cancer Type Clinical Trial Efficacy Reference

niraparib maintenance 2 extensive disease
small cell lung NCT05718323 n/a

talazoparib maintenance 2 extensive disease
small cell lung NCT04334941

atezolizumab plus talazoparib
4.2 months vs. atezolizumab

2.8 months, HR 0.70
[54]

olaparib combination 2 relapsed small
cell lung NCT04939662 n/a

olaparib combination 2 uterine
leiomyosarcoma NCT03880019 PFS 6.9 months [55]

5.3. Methylguanine Methyltransferase (MGMT)

Methylguanine methyltransferase (MGMT), an established marker, is not widely
employed in clinical practice. MGMT, classified as a DNA repair enzyme, is present in
many organs throughout the body, with its expression differing from one organ and tissue
to another. Expression of MGMT was reported to be lower in tumors such as gliomas,
lymphomas, breast cancer, prostate cancer, and retinoblastoma, most likely related to the
methylation status of its promoter region [56]. MGMT immunohistochemistry expression
has revealed substantial correlations with diverse glioma grades and subtypes, including
lymphomas, thymic tumors, and pituitary tumors [57–60]. MGMT is responsible for
eliminating the O6-methylguanine lesions produced by temozolomide [61]. Inhibition of
MGMT by several O6-guanine derivatives and related compounds has been explored and
shown to enhance temozolomide-induced cytotoxicity in cancer cells [62].

The activity of the MGMT enzyme varies in different tissues, among individuals,
and at different stages of development. Among normal tissues, the liver registers the
highest MGMT enzyme activity, while the lowest activity is recorded in brain tissue.
MGMT activity was most pronounced in liver, ovarian, and colon tumors, yet it remained
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notably low in gliomas, which may have contributed to the sensitivity of glioma cells to
temozolomide therapy. Some investigations suggest that heightened MGMT activity could
compromise the effectiveness of alkylated anticancer medications and adversely affect
patient prognosis [63].

MGMT functions as a DNA repair enzyme that prevents the cross-linking of double-
stranded DNA by alkylated agents, reverses the alkylation of guanine at the O6 position,
repairs DNA damage induced by drugs (including alkylating agents), and contributes to
resistance against alkylating drugs [64] (Figure 1c). It also plays a role in the resistance of
DNA against alkylating anticancer drugs like temozolomide, a subject extensively studied
to overcome these therapeutic challenges.

While some earlier clinical trials improved the therapeutic impact of temozolomide
by lowering MGMT protein expression, some trials did not achieve significant clinical
benefits [65]. An increasing body of research has concentrated on enhancing the sensitivity
of tumors, particularly glioblastoma, to temozolomide treatment by targeting MGMT
through various approaches. Exosome-mediated circWDR62 and cyanidin-3-o-glucoside
were reported to promote TMZ resistance and progression in gliomas [66,67]. Other
investigations have shown that the lncRNA UCA1/miR-182-5p/MGMT axis plays a role in
modulating the sensitivity of glioma cells to temozolomide via the MGMT-related DNA
damage pathway [67,68]. In addition to gliomas, several studies have examined various
tumors, such as melanoma, lymphoma, and cervical and ovarian cancer [69–72].

Numerous studies have explored the relationship between MGMT and resistance
to tumor medications, investigating the manipulation of additional upstream and down-
stream signaling pathways in addition to employing the previously mentioned inhibitors.
A study discovered that BanxiaXiexin decoction modulates MGMT expression by affect-
ing IL6/JAK/STAT3-mediated PDL1 activity, thereby influencing the drug sensitivity of
gastric cancer cells. This introduces a fresh perspective on treating gastric cancer by in-
hibiting MGMT [73]. Furthermore, it has been shown that MGMT plays a role in the
chemosensitivity of cisplatin in gastric cancer [74].

The expression of MGMT could influence the efficacy of chemotherapy drugs, po-
tentially reducing their therapeutic impact. Concurrently, chemotherapy drugs can also
influence MGMT expression. Multiple studies have indicated alterations in MGMT methy-
lation or activity in patients with glioblastoma (GBM) following chemotherapy, and the
expression of MGMT in some recurrent cases differed from that in the original tumor.
However, the underlying mechanisms behind these phenomena and their correlation with
the selectivity of chemotherapeutic drugs for cells with high MGMT expression have not
been elucidated [75].

MGMT-expressing tumors may limit alkylating agent effectiveness. Variable MGMT
expression levels pose challenges for precise treatment planning. Epigenetic regulation,
lack of a universal biomarker, and potential normal tissue impact highlight complexities
in MGMT-targeted therapy. Resistance development adds to challenges, requiring
ongoing research.

5.4. Ataxia Telangiectasia and RAD3-Related (ATR) Kinase

The ataxia telangiectasia and RAD3-related (ATR) kinase serves as a pivotal kinase
in the DNA damage response, operating in proliferative cells during DNA replication. Its
role is to secure the integrity of the genome and maintain cell viability [76]. ATR becomes
activated in situations of DNA replication stress caused by various genotoxic challenges that
result in phenomena such as double-strand DNA breaks, stalling of replication forks, and
single-strand DNA/double-strand DNA junctions [76,77] (Figure 1d). Diverse lesions are
transformed into single-strand DNA coated with replication protein A, serving as the trigger
to activate and recruit ATR to DNA damage sites. Once activated, ATR works to protect
genomic integrity and guarantee replication completion through various downstream
effects. These include slowing the progression of replication forks, suppressing replication
origin firing, ensuring a sufficient supply of deoxynucleotides, and predominantly inducing
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cell-cycle arrest through activation of the S–G2–M cell-cycle checkpoint. Hypomorphic ATR
suppression in mice with oncogene-driven tumors has proven to be a potent inhibitor of
tumor growth. These findings imply that while ATR plays a crucial role in the proliferation
and survival of both normal and cancer cells, partial ATR inhibition may offer a promising
avenue for anticancer therapy, ensuring a therapeutic window for normal tissues [78,79].

As a potent and selective ATR kinase inhibitor in the low-nanomolar range, BAY
1895344 demonstrates significant antitumor effectiveness in preclinical studies. When
employed as a monotherapy, it exhibits activity in models featuring distinct DNA damage
response (DDR) defects or oncogenic mutations that trigger replication stress. Such models
include those for ovarian, prostate, and colorectal tumors and lymphomas [80]. In vivo
studies have established a dose-dependent antitumor response, aligning with BAY 1895344
plasma exposure and an increase in DNA damage [81]. A randomized phase 2 clinical trial
of patients with small-cell lung cancer treated with ATR inhibitor berzosertib plus topotecan
did not improve progression-free survival compared with topotecan therapy alone among
patients with relapsed SCLC. However, the combination treatment significantly improved
overall survival [82].

Kinase inhibitors, including those targeting ATR, face challenges like off-target effects,
resistance development, and potential toxicity. Patient stratification and optimizing com-
bination strategies are critical. Limited clinical data and achieving CNS penetration add
complexity, underscoring the need for ongoing research and comprehensive clinical trials.

5.5. Binding Strength between Anticancer Drugs and DNA

The affinity between anticancer drugs and DNA significantly influences the biological
activity of these drugs. The development of an effective antitumor drug necessitates
adjustments to physicochemical properties, such as lipophilicity and base strength. These
modifications are critical for protein binding and metabolism, alongside the optimization of
DNA-binding affinity and binding kinetics. Therefore, investigating the interaction between
drugs and DNA can provide a reliable approach for screening drugs using DNA probes.
Several screening assays that use different instruments have been documented, offering
a straightforward approach to assessing anti-drugs in vitro. Recently developed metal
nanoclusters constitute a fresh class of fluorescent nanomaterials, capturing significant
interest among researchers owing to their notable characteristics such as low toxicity, high
fluorescent yield, excellent photochemical stability, and compact sizes—especially silver
nanoclusters [83,84].

5.6. Targeting DNA Hypermethylation

The strategic use of nucleoside analogs to address DNA hypermethylation has proven
to be an efficient method for restructuring the epigenome of cancer cells. This intervention
leads to a decrease in proliferation, better differentiation, enhanced recognition by the im-
mune system, and, ultimately, the death of cancer cells. DNA methyltransferase inhibitors
have been granted approval for the management of myelodysplastic syndromes, chronic
myelomonocytic leukemia, and acute myelogenous leukemia. To enhance clinical outcomes
and counteract drug resistance mechanisms, a second generation of DNA methyltransferase
inhibitors has been formulated and is currently undergoing clinical trials. While effective
as monotherapy for hematologic malignancies, the capacity of DNA methyltransferase
inhibitors to collaborate with small molecules targeting chromatin or immunotherapy
opens up additional possibilities for their prospective clinical use against both leukemia
and solid tumors [85,86].

The epigenome collaborates with regulatory elements like transcription factors and
noncoding RNAs to synchronize various biological processes, fine-tuning the expression
or repression of the genome. Cellular signaling pathways and external stimuli further
contribute to shaping epigenetics, yielding effects that are both transient and enduring.
Recognizing the pivotal role of epigenetics in shaping cell functions, a more profound
understanding of both normal and abnormal epigenetic processes is vital for unraveling
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the complexities of disease development and contemplating potential treatments, including
those for cancer [87].

Similar to genome instability and mutations, epigenome dysregulation is widespread
in cancer. Certain modifications influence cell function and play a role in oncogenic
transformation. Nevertheless, the use of drugs or gene therapy to reverse these mutations
can potentially restore the cancer phenotype to normal. A theory suggesting that epigenetic
changes contribute to tumorigenesis has been put forward [88]. Variations in the likelihood
of malignant transformation could be explained by the alteration of cellular methylation
status through a particular methyltransferase. In tumor tissues, various tumor cells display
diverse patterns of histone modification, either across the entire genome or in individual
genes, indicating the presence of epigenetic heterogeneity at the cellular level [89]. Similarly,
the use of molecular biomarkers is deemed a potential strategy for classifying patients into
different groups. It is essential to recognize that tumorigenesis arises from the cumulative
effect of multiple epigenetic events. Therefore, epigenetics serves as a tool for investigating
the potential mechanisms behind cancer phenotypes and offers a spectrum of potential
therapeutic options.

In contrast to genetic mutations, epigenetic alterations are reversible. With the recog-
nition of the crucial role of epigenetic marks in tumorigenesis, inhibitors targeting these
marks have attracted considerable attention. Moreover, the typical regulation of a gene
through epigenetics involves multiple events. To date, hundreds of clinical trials have
investigated the effects of anti-DNA methylation therapy for various cancers [86].

6. Conclusions

DNA-targeted drugs play a significant role in cancer treatment, offering therapeutic
options for a range of diseases. Understanding DNA structure and cellular processes
allows researchers to develop drugs that can precisely target and manipulate DNA,
paving the way for innovative treatments and improved patient outcomes. With ad-
vances in the study of synthetic lethality, DNA repair, expression regulatory mechanisms
such as epigenetic modifications, and the elucidation of comprehensive activating and
inhibitory factors through technologies like ctDNA analysis, it is anticipated that more
efficiently effective precision medicine will be realized. Ongoing efforts aim to tackle
challenges related to this approach, encompassing the intricate task of identifying perti-
nent molecular events and addressing the lower-than-expected frequency of such events
in patients. Focusing on distinct molecules or genes implicated in the progression and
metastasis of cancer cells, targeted therapy offers a more precise and less toxic alternative
to conventional chemotherapy.

Author Contributions: Conceptualization and literature search: K.W., Writing-original draft prepara-
tion: K.W., writing-reviewing and editing: N.S. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Hurley, L.H. DNA and its associated processes as targets for cancer therapy. Nat. Rev. Cancer 2002, 2, 188–200. [CrossRef]

[PubMed]
2. Lander, E.S.; Linton, L.M.; Birren, B.; Nusbaum, C.; Zody, M.C.; Baldwin, J.; Devon, K.; Dewar, K.; Doyle, M.; FitzHugh, W.; et al.

Initial sequencing and analysis of the human genome. Nature 2001, 409, 860–921. [PubMed]

https://doi.org/10.1038/nrc749
https://www.ncbi.nlm.nih.gov/pubmed/11990855
https://www.ncbi.nlm.nih.gov/pubmed/11237011


Int. J. Mol. Sci. 2024, 25, 752 10 of 13

3. Kringelbach, T.; Højgaard, M.; Rohrberg, K.; Spanggaard, I.; Laursen, B.E.; Ladekarl, M.; Haslund, C.A.; Harsløf, L.; Belcaid,
L.; Gehl, J.; et al. ProTarget: A Danish Nationwide Clinical Trial on Targeted Cancer Treatment based on genomic profiling—A
national, phase 2, prospective, multi-drug, non-randomized, open-label basket trial. BMC Cancer 2023, 23, 182. [CrossRef]
[PubMed]

4. Konda, P.; Garinet, S.; Van Allen, E.M.; Viswanathan, S.R. Genome-guided discovery of cancer therapeutic targets. Cell Rep. 2023,
42, 112978. [CrossRef] [PubMed]

5. Langenberg, K.P.S.; Looze, E.J.; Molenaar, J.J. The Landscape of Pediatric Precision Oncology: Program Design, Actionable
Alterations, and Clinical Trial Development. Cancers 2021, 13, 4324. [CrossRef]

6. Tsimberidou, A.M.; Müller, P.; Ji, Y. Innovative trial design in precision oncology. Semin. Cancer Biol. 2022, 84, 284–292. [CrossRef]
[PubMed]

7. García-Pardo, M.; Makarem, M.; Li, J.J.N.; Kelly, D.; Leighl, N.B. Integrating circulating-free DNA (cfDNA) analysis into clinical
practice: Opportunities and challenges. Br. J. Cancer 2022, 127, 592–602. [CrossRef]

8. Dagogo-Jack, I.; Shaw, A.T. Tumour heterogeneity and resistance to cancer therapies. Nat. Rev. Clin. Oncol. 2018, 15, 81–94.
[CrossRef]

9. Yu, K.H.; Snyder, M. Omics Profiling in Precision Oncology. Mol. Cell Proteom. 2016, 15, 2525–2536. [CrossRef]
10. Reinhold, W.C.; Thomas, A.; Pommier, Y. DNA-Targeted Precision Medicine; Have we Been Caught Sleeping? Trends Cancer 2017,

3, 2–6. [CrossRef]
11. Birendra, K.C.; Afzal, M.Z.; Sochaki, A.; Wentland, K.A.; Chang, R.; Singh, S.; O’Rourke, T. Tumor molecular profiling in the

treatment of refractory cancers. J. Exp. Ther. Oncol. 2015, 11, 27–32. [PubMed]
12. Chen, A.P.; Kummar, S.; Moore, N.; Rubinstein, L.V.; Zhao, Y.; Williams, P.M.; Palmisano, A.; Sims, D.; Coyne, G.O.S.; Rosenberger,

C.L.; et al. Molecular Profiling-Based Assignment of Cancer Therapy (NCI-MPACT): A Randomized Multicenter Phase II Trial.
JCO Precis. Oncol. 2021, 5, 133–144. [CrossRef] [PubMed]

13. Flaherty, K.T.; Gray, R.J.; Chen, A.P.; Li, S.; McShane, L.M.; Patton, D.; Hamilton, S.R.; Williams, P.M.; Iafrate, A.J.; Sklar, J.;
et al. Molecular Landscape and Actionable Alterations in a Genomically Guided Cancer Clinical Trial: National Cancer Institute
Molecular Analysis for Therapy Choice (NCI-MATCH). J. Clin. Oncol. 2020, 38, 3883–3894. [CrossRef]

14. Huang, A.; Garraway, L.A.; Ashworth, A.; Weber, B. Synthetic lethality as an engine for cancer drug target discovery. Nat. Rev.
Drug Discov. 2020, 19, 23–38. [CrossRef] [PubMed]

15. Lord, C.J.; Ashworth, A. PARP inhibitors: Synthetic lethality in the clinic. Science 2017, 355, 1152–1158. [CrossRef]
16. Robson, M.; Im, S.-A.; Senkus, E.; Xu, B.; Domchek, S.M.; Masuda, N.; Delaloge, S.; Li, W.; Tung, N.; Armstrong, A.; et al.

Olaparib for Metastatic Breast Cancer in Patients with a Germline BRCA Mutation. N. Engl. J. Med. 2017, 377, 523–533. [CrossRef]
[PubMed]

17. Litton, J.K.; Rugo, H.S.; Ettl, J.; Hurvitz, S.A.; Gonçalves, A.; Lee, K.-H.; Fehrenbacher, L.; Yerushalmi, R.; Mina, L.A.; Martin, M.;
et al. Talazoparib in Patients with Advanced Breast Cancer and a Germline BRCA Mutation. N. Engl. J. Med. 2018, 379, 753–763.
[CrossRef]

18. Mirza, M.R.; Monk, B.J.; Herrstedt, J.; Oza, A.M.; Mahner, S.; Redondo, A.; Fabbro, M.; Ledermann, J.A.; Lorusso, D.; Vergote, I.;
et al. Niraparib Maintenance Therapy in Platinum-Sensitive, Recurrent Ovarian Cancer. N. Engl. J. Med. 2016, 375, 2154–2164.
[CrossRef]

19. Kristeleit, R.; Lisyanskaya, A.; Fedenko, A.; Dvorkin, M.; de Melo, A.C.; Shparyk, Y.; Rakhmatullina, I.; Bondarenko, I.; Colombo,
N.; Svintsitskiy, V.; et al. Rucaparib versus standard-of-care chemotherapy in patients with relapsed ovarian cancer and a
deleterious BRCA1 or BRCA2 mutation (ARIEL4): An international, open-label, randomised, phase 3 trial. Lancet Oncol. 2022, 23,
465–478. [CrossRef]

20. Banerjee, S.; Moore, K.N.; Colombo, N.; Scambia, G.; Kim, B.G.; Oaknin, A.; Friedlander, M.; Lisyanskaya, A.; Floquet, A.; Leary,
A.; et al. Maintenance olaparib for patients with newly diagnosed advanced ovarian cancer and a BRCA mutation (SOLO1/GOG
3004): 5-year follow-up of a randomised, double-blind, placebo-controlled, phase 3 trial. Lancet Oncol. 2021, 22, 1721–1731.
[CrossRef]

21. Ledermann, J.; Harter, P.; Gourley, C.; Friedlander, M.; Vergote, I.; Rustin, G.; Scott, C.; Meier, W.; Shapira-Frommer, R.; Safra,
T.; et al. Olaparib Maintenance Therapy in Platinum-Sensitive Relapsed Ovarian Cancer. N. Engl. J. Med. 2012, 366, 1382–1392.
[CrossRef] [PubMed]

22. de Bono, J.; Mateo, J.; Fizazi, K.; Saad, F.; Shore, N.; Sandhu, S.; Chi, K.N.; Sartor, O.; Agarwal, N.; Olmos, D.; et al. Olaparib for
Metastatic Castration-Resistant Prostate Cancer. N. Engl. J. Med. 2020, 382, 2091–2102. [CrossRef] [PubMed]

23. Pujade-Lauraine, E.; Ledermann, J.A.; Selle, F.; Gebski, V.; Penson, R.T.; Oza, A.M.; Korach, J.; Huzarski, T.; Poveda, A.; Pignata,
S.; et al. Olaparib tablets as maintenance therapy in patients with platinum-sensitive, relapsed ovarian cancer and a BRCA1/2
mutation (SOLO2/ENGOT-Ov21): A double-blind, randomised, placebo-controlled, phase 3 trial. Lancet Oncol. 2017, 18,
1274–1284. [CrossRef] [PubMed]

24. Moore, K.; Colombo, N.; Scambia, G.; Kim, B.G.; Oaknin, A.; Friedlander, M.; Lisyanskaya, A.; Floquet, A.; Leary, A.; Sonke, G.S.;
et al. Maintenance Olaparib in Patients with Newly Diagnosed Advanced Ovarian Cancer. N. Engl. J. Med. 2018, 379, 2495–2505.
[CrossRef] [PubMed]

https://doi.org/10.1186/s12885-023-10632-9
https://www.ncbi.nlm.nih.gov/pubmed/36814246
https://doi.org/10.1016/j.celrep.2023.112978
https://www.ncbi.nlm.nih.gov/pubmed/37572322
https://doi.org/10.3390/cancers13174324
https://doi.org/10.1016/j.semcancer.2020.09.006
https://www.ncbi.nlm.nih.gov/pubmed/33022355
https://doi.org/10.1038/s41416-022-01776-9
https://doi.org/10.1038/nrclinonc.2017.166
https://doi.org/10.1074/mcp.O116.059253
https://doi.org/10.1016/j.trecan.2016.11.002
https://www.ncbi.nlm.nih.gov/pubmed/26259387
https://doi.org/10.1200/PO.20.00372
https://www.ncbi.nlm.nih.gov/pubmed/33928209
https://doi.org/10.1200/JCO.19.03010
https://doi.org/10.1038/s41573-019-0046-z
https://www.ncbi.nlm.nih.gov/pubmed/31712683
https://doi.org/10.1126/science.aam7344
https://doi.org/10.1056/NEJMoa1706450
https://www.ncbi.nlm.nih.gov/pubmed/28578601
https://doi.org/10.1056/NEJMoa1802905
https://doi.org/10.1056/NEJMoa1611310
https://doi.org/10.1016/S1470-2045(22)00122-X
https://doi.org/10.1016/S1470-2045(21)00531-3
https://doi.org/10.1056/NEJMoa1105535
https://www.ncbi.nlm.nih.gov/pubmed/22452356
https://doi.org/10.1056/NEJMoa1911440
https://www.ncbi.nlm.nih.gov/pubmed/32343890
https://doi.org/10.1016/S1470-2045(17)30469-2
https://www.ncbi.nlm.nih.gov/pubmed/28754483
https://doi.org/10.1056/NEJMoa1810858
https://www.ncbi.nlm.nih.gov/pubmed/30345884


Int. J. Mol. Sci. 2024, 25, 752 11 of 13

25. DiSilvestro, P.; Banerjee, S.; Colombo, N.; Scambia, G.; Kim, B.G.; Oaknin, A.; Friedlander, M.; Lisyanskaya, A.; Floquet, A.;
Leary, A.; et al. Overall Survival With Maintenance Olaparib at a 7-Year Follow-Up in Patients With Newly Diagnosed Advanced
Ovarian Cancer and a BRCA Mutation: The SOLO1/GOG 3004 Trial. J. Clin. Oncol. 2023, 41, 609–617. [CrossRef] [PubMed]

26. Gao, Q.; Zhu, J.; Zhao, W.; Huang, Y.; An, R.; Zheng, H.; Qu, P.; Wang, L.; Zhou, Q.; Wang, D.; et al. Olaparib Maintenance
Monotherapy in Asian Patients with Platinum-Sensitive Relapsed Ovarian Cancer: Phase III Trial (L-MOCA). Clin. Cancer Res.
2022, 28, 2278–2285. [CrossRef] [PubMed]

27. González-Martín, A.; Pothuri, B.; Vergote, I.; DePont Christensen, R.; Graybill, W.; Mirza, M.R.; McCormick, C.; Lorusso, D.;
Hoskins, P.; Freyer, G.; et al. Niraparib in Patients with Newly Diagnosed Advanced Ovarian Cancer. N. Engl. J. Med. 2019, 381,
2391–2402. [CrossRef] [PubMed]

28. Coleman, R.L.; Oza, A.M.; Lorusso, D.; Aghajanian, C.; Oaknin, A.; Dean, A.; Colombo, N.; Weberpals, J.I.; Clamp, A.; Scambia,
G.; et al. Rucaparib maintenance treatment for recurrent ovarian carcinoma after response to platinum therapy (ARIEL3): A
randomised, double-blind, placebo-controlled, phase 3 trial. Lancet 2017, 390, 1949–1961. [CrossRef]

29. Monk, B.J.; Parkinson, C.; Lim, M.C.; O’Malley, D.M.; Oaknin, A.; Wilson, M.K.; Coleman, R.L.; Lorusso, D.; Bessette, P.;
Ghamande, S.; et al. A Randomized, Phase III Trial to Evaluate Rucaparib Monotherapy as Maintenance Treatment in Patients
With Newly Diagnosed Ovarian Cancer (ATHENA-MONO/GOG-3020/ENGOT-ov45). J. Clin. Oncol. 2022, 40, 3952–3964.
[CrossRef]

30. Tutt, A.N.J.; Garber, J.E.; Kaufman, B.; Viale, G.; Fumagalli, D.; Rastogi, P.; Gelber, R.D.; de Azambuja, E.; Fielding, A.; Balmaña,
J.; et al. Adjuvant Olaparib for Patients with BRCA1- or BRCA2-Mutated Breast Cancer. N. Engl. J. Med. 2021, 384, 2394–2405.
[CrossRef]

31. Geyer, C.E., Jr.; Garber, J.E.; Gelber, R.D.; Yothers, G.; Taboada, M.; Ross, L.; Rastogi, P.; Cui, K.; Arahmani, A.; Aktan, G.; et al.
Overall survival in the OlympiA phase III trial of adjuvant olaparib in patients with germline pathogenic variants in BRCA1/2
and high-risk, early breast cancer. Ann. Oncol. 2022, 33, 1250–1268. [CrossRef] [PubMed]

32. Drewett, L.; Lucey, R.; Pinilla, K.A.; Grybowicz, L.; Wulff, J.; Dayimu, A.; Demiris, N.; Vallier, A.-L.; Qian, W.; Machin, A.; et al.
PARTNER: A randomized, phase II/III trial to evaluate the safety and efficacy of the addition of olaparib to platinum-based
neoadjuvant chemotherapy in patients with triple-negative and/or germline BRCA-mutated breast cancer. J. Clin. Oncol. 2022, 40
(Suppl. 16), TPS619. [CrossRef]

33. Gelmon, K.A.; Fasching, P.A.; Couch, F.J.; Balmaña, J.; Delaloge, S.; Labidi-Galy, I.; Bennett, J.; McCutcheon, S.; Walker, G.;
O’Shaughnessy, J. Clinical effectiveness of olaparib monotherapy in germline BRCA-mutated, HER2-negative metastatic breast
cancer in a real-world setting: Phase IIIb LUCY interim analysis. Eur. J. Cancer 2021, 152, 68–77. [CrossRef] [PubMed]

34. Turner, N.C.; Balmaña, J.; Poncet, C.; Goulioti, T.; Tryfonidis, K.; Honkoop, A.H.; Zoppoli, G.; Razis, E.; Johannsson, O.T.; Colleoni,
M.; et al. Niraparib for Advanced Breast Cancer with Germline BRCA1 and BRCA2 Mutations: The EORTC 1307-BCG/BIG5-
13/TESARO PR-30-50-10-C BRAVO Study. Clin. Cancer Res. 2021, 27, 5482–5491. [CrossRef] [PubMed]

35. Turner, N.C.; Cescon, D.W.; Loibl, S.; Janni, W.; Rugo, H.; Balmaña, J.; Crowley, C.; Chung, J.; Fucli, G.; Hofstatter, E.; et al.
Abstract OT2-24-02: ZEST: Randomized phase III study evaluating efficacy and safety of niraparib in patients with HER2-negative
BRCA-mutated or triple-negative breast cancer with detectable circulating tumor DNA after definitive therapy. Cancer Res. 2022,
82 (Suppl. 4), OT2-24-02. [CrossRef]

36. Agarwal, N.; Azad, A.; Fizazi, K.; Mateo, J.; Matsubara, N.; Shore, N.D.; Chakrabarti, J.; Chen, H.-C.; Lanzalone, S.; Niyazov, A.;
et al. Talapro-3: A phase 3, double-blind, randomized study of enzalutamide (ENZA) plus talazoparib (TALA) versus placebo
plus enza in patients with DDR gene mutated metastatic castration-sensitive prostate cancer (mCSPC). J. Clin. Oncol. 2022, 40
(Suppl. 6), TPS221. [CrossRef]

37. Golan, T.; Hammel, P.; Reni, M.; Van Cutsem, E.; Macarulla, T.; Hall, M.J.; Park, J.O.; Hochhauser, D.; Arnold, D.; Oh, D.Y.; et al.
Maintenance Olaparib for Germline BRCA-Mutated Metastatic Pancreatic Cancer. N. Engl. J. Med. 2019, 381, 317–327. [CrossRef]

38. Ai, X.; Pan, Y.; Shi, J.; Yang, N.; Liu, C.; Zhou, J.; Zhang, X.; Dong, X.; He, J.; Li, X.; et al. Efficacy and Safety of Niraparib as
Maintenance Treatment in Patients With Extensive-Stage SCLC After First-Line Chemotherapy: A Randomized, Double-Blind,
Phase 3 Study. J. Thorac. Oncol. 2021, 16, 1403–1414. [CrossRef]

39. Zoppoli, G.; Regairaz, M.; Leo, E.; Reinhold, W.C.; Varma, S.; Ballestrero, A.; Doroshow, J.H.; Pommier, Y. Putative DNA/RNA
helicase Schlafen-11 (SLFN11) sensitizes cancer cells to DNA-damaging agents. Proc. Natl. Acad. Sci. USA 2012, 109, 15030–15035.
[CrossRef]

40. Murai, J.; Thomas, A.; Miettinen, M.; Pommier, Y. Schlafen 11 (SLFN11), a restriction factor for replicative stress induced by
DNA-targeting anti-cancer therapies. Pharmacol. Ther. 2019, 201, 94–102. [CrossRef]

41. Hopkins, T.A.; Ainsworth, W.B.; Ellis, P.A.; Donawho, C.K.; DiGiammarino, E.L.; Panchal, S.C.; Abraham, V.C.; Algire, M.A.; Shi,
Y.; Olson, A.M.; et al. PARP1 Trapping by PARP Inhibitors Drives Cytotoxicity in Both Cancer Cells and Healthy Bone Marrow.
Mol. Cancer Res. 2019, 17, 409–419. [CrossRef] [PubMed]

42. Iwasaki, J.; Komori, T.; Nakagawa, F.; Nagase, H.; Uchida, J.; Matsuo, K.; Uto, Y. Schlafen11 Expression Is Associated With the
Antitumor Activity of Trabectedin in Human Sarcoma Cell Lines. Anticancer. Res. 2019, 39, 3553–3563. [CrossRef] [PubMed]

43. Nogales, V.; Reinhold, W.C.; Varma, S.; Martinez-Cardus, A.; Moutinho, C.; Moran, S.; Heyn, H.; Sebio, A.; Barnadas, A.; Pommier,
Y.; et al. Epigenetic inactivation of the putative DNA/RNA helicase SLFN11 in human cancer confers resistance to platinum
drugs. Oncotarget 2016, 7, 3084. [CrossRef] [PubMed]

https://doi.org/10.1200/JCO.22.01549
https://www.ncbi.nlm.nih.gov/pubmed/36082969
https://doi.org/10.1158/1078-0432.CCR-21-3023
https://www.ncbi.nlm.nih.gov/pubmed/35131903
https://doi.org/10.1056/NEJMoa1910962
https://www.ncbi.nlm.nih.gov/pubmed/31562799
https://doi.org/10.1016/S0140-6736(17)32440-6
https://doi.org/10.1200/JCO.22.01003
https://doi.org/10.1056/NEJMoa2105215
https://doi.org/10.1016/j.annonc.2022.09.159
https://www.ncbi.nlm.nih.gov/pubmed/36228963
https://doi.org/10.1200/JCO.2022.40.16_suppl.TPS619
https://doi.org/10.1016/j.ejca.2021.03.029
https://www.ncbi.nlm.nih.gov/pubmed/34087573
https://doi.org/10.1158/1078-0432.CCR-21-0310
https://www.ncbi.nlm.nih.gov/pubmed/34301749
https://doi.org/10.1158/1538-7445.SABCS21-OT2-24-02
https://doi.org/10.1200/JCO.2022.40.6_suppl.TPS221
https://doi.org/10.1056/NEJMoa1903387
https://doi.org/10.1016/j.jtho.2021.04.001
https://doi.org/10.1073/pnas.1205943109
https://doi.org/10.1016/j.pharmthera.2019.05.009
https://doi.org/10.1158/1541-7786.MCR-18-0138
https://www.ncbi.nlm.nih.gov/pubmed/30429212
https://doi.org/10.21873/anticanres.13501
https://www.ncbi.nlm.nih.gov/pubmed/31262879
https://doi.org/10.18632/oncotarget.6413
https://www.ncbi.nlm.nih.gov/pubmed/26625211


Int. J. Mol. Sci. 2024, 25, 752 12 of 13

44. Shee, K.; Wells, J.D.; Jiang, A.; Miller, T.W. Integrated pan-cancer gene expression and drug sensitivity analysis reveals SLFN11
mRNA as a solid tumor biomarker predictive of sensitivity to DNA-damaging chemotherapy. PLoS ONE 2019, 14, e0224267.
[CrossRef] [PubMed]

45. Marzi, L.; Szabova, L.; Gordon, M.; Weaver Ohler, Z.; Sharan, S.K.; Beshiri, M.L.; Etemadi, M.; Murai, J.; Kelly, K.; Pommier, Y. The
Indenoisoquinoline TOP1 Inhibitors Selectively Target Homologous Recombination-Deficient and Schlafen 11-Positive Cancer
Cells and Synergize with Olaparib. Clin. Cancer Res. 2019, 25, 6206–6216. [CrossRef] [PubMed]

46. Takashima, T.; Taniyama, D.; Sakamoto, N.; Yasumoto, M.; Asai, R.; Hattori, T.; Honma, R.; Thang, P.Q.; Ukai, S.; Maruyama, R.;
et al. Schlafen 11 predicts response to platinum-based chemotherapy in gastric cancers. Br. J. Cancer 2021, 125, 65–77. [CrossRef]

47. Murai, J.; Tang, S.W.; Leo, E.; Baechler, S.A.; Redon, C.E.; Zhang, H.; Al Abo, M.; Rajapakse, V.N.; Nakamura, E.; Jenkins, L.M.M.;
et al. SLFN11 Blocks Stressed Replication Forks Independently of ATR. Mol. Cell 2018, 69, 371–384.e6. [CrossRef]

48. Kagami, T.; Yamade, M.; Suzuki, T.; Uotani, T.; Tani, S.; Hamaya, Y.; Iwaizumi, M.; Osawa, S.; Sugimoto, K.; Miyajima, H.;
et al. The first evidence for SLFN11 expression as an independent prognostic factor for patients with esophageal cancer after
chemoradiotherapy. BMC Cancer 2020, 20, 1123. [CrossRef]

49. Murai, J.; Feng, Y.; Yu, G.K.; Ru, Y.; Tang, S.-W.; Shen, Y.; Pommier, Y. Resistance to PARP inhibitors by SLFN11 inactivation can
be overcome by ATR inhibition. Oncotarget 2016, 7, 76534–76550. [CrossRef]

50. Cardnell, R.J.; Li, L.; Sen, T.; Bara, R.; Tong, P.; Fujimoto, J.; Ireland, A.S.; Guthrie, M.R.; Bheddah, S.; Banerjee, U.; et al. Protein
expression of TTF1 and cMYC define distinct molecular subgroups of small cell lung cancer with unique vulnerabilities to aurora
kinase inhibition, DLL3 targeting, and other targeted therapies. Oncotarget 2017, 8, 73419–73432. [CrossRef]

51. Winkler, C.; Armenia, J.; Jones, G.N.; Tobalina, L.; Sale, M.J.; Petreus, T.; Baird, T.; Serra, V.; Wang, A.T.; Lau, A.; et al. SLFN11
informs on standard of care and novel treatments in a wide range of cancer models. Br. J. Cancer 2021, 124, 951–962. [CrossRef]
[PubMed]

52. Murai, J.; Huang, S.Y.; Das, B.B.; Renaud, A.; Zhang, Y.; Doroshow, J.H.; Ji, J.; Takeda, S.; Pommier, Y. Trapping of PARP1 and
PARP2 by Clinical PARP Inhibitors. Cancer Res. 2012, 72, 5588–5599. [CrossRef] [PubMed]

53. Conteduca, V.; Ku, S.-Y.; Puca, L.; Slade, M.; Fernandez, L.; Hess, J.; Bareja, R.; Vlachostergios, P.J.; Sigouros, M.; Mosquera, J.M.;
et al. SLFN11 Expression in Advanced Prostate Cancer and Response to Platinum-based Chemotherapy. Mol. Cancer Ther. 2020,
19, 1157–1164. [CrossRef] [PubMed]

54. Karim, N.F.A.; Miao, J.; Reckamp, K.L.; Gay, C.M.; Byers, L.A.; Zhao, Y.; Redman, M.W.; Carrizosa, D.R.; Wang, W.-L.; Petty,
W.J.; et al. SWOG S1929: Phase II randomized study of maintenance atezolizumab (A) versus atezolizumab + talazoparib (AT)
in patients with SLFN11 positive extensive stage small cell lung cancer (ES-SCLC). J. Clin. Oncol. 2023, 41 (Suppl. 16), 8504.
[CrossRef]

55. Ingham, M.; Allred, J.B.; Chen, L.; Das, B.; Kochupurakkal, B.; Gano, K.; George, S.; Attia, S.; Burgess, M.A.; Seetharam, M.; et al.
Phase II Study of Olaparib and Temozolomide for Advanced Uterine Leiomyosarcoma (NCI Protocol 10250). J. Clin. Oncol. 2023,
41, 4154–4163. [CrossRef]

56. Christmann, M.; Verbeek, B.; Roos, W.P.; Kaina, B. O6-Methylguanine-DNA methyltransferase (MGMT) in normal tissues and
tumors: Enzyme activity, promoter methylation and immunohistochemistry. Biochim. Biophys. Acta (BBA) Rev. Cancer 2011, 1816,
179–190. [CrossRef]

57. Butta, S.; Gupta, M.K. Immunohistochemical expression of MGMT in gliomas and its role in ascertaining patient survival. Med.
Pharm. Rep. 2021, 94, 318–324. [CrossRef]

58. Ohno, T.; Hiraga, J.; Ohashi, H.; Sugisaki, C.; Li, E.; Asano, H.; Ito, T.; Nagai, H.; Yamashita, Y.; Mori, N.; et al. Loss of O6-
Methylguanine-DNA Methyltransferase Protein Expression Is a Favorable Prognostic Marker in Diffuse Large B-Cell Lymphoma.
Int. J. Hematol. 2006, 83, 341–347. [CrossRef]

59. Mokhtar, M.; Kondo, K.; Namura, T.; Ali, A.H.K.; Fujita, Y.; Takai, C.; Takizawa, H.; Nakagawa, Y.; Toba, H.; Kajiura, K.; et al.
Methylation and expression profiles of MGMT gene in thymic epithelial tumors. Lung Cancer 2014, 83, 279–287. [CrossRef]

60. Bengtsson, D.; Schrøder, H.D.; Andersen, M.; Maiter, D.; Berinder, K.; Feldt Rasmussen, U.; Rasmussen, Å.K.; Johannsson, G.;
Hoybye, C.; van der Lely, A.J.; et al. Long-Term Outcome and MGMT as a Predictive Marker in 24 Patients With Atypical Pituitary
Adenomas and Pituitary Carcinomas Given Treatment With Temozolomide. J. Clin. Endocrinol. Metab. 2015, 100, 1689–1698.
[CrossRef]

61. Zhang, J.; Stevens, M.F.; Bradshaw, T.D. Temozolomide: Mechanisms of action, repair and resistance. Curr. Mol. Pharmacol. 2012,
5, 102–114. [CrossRef] [PubMed]

62. Fan, C.H.; Liu, W.L.; Cao, H.; Wen, C.; Chen, L.; Jiang, G. O6-methylguanine DNA methyltransferase as a promising target for the
treatment of temozolomide-resistant gliomas. Cell Death Dis. 2013, 4, e876. [CrossRef] [PubMed]

63. Bobola, M.S.; Alnoor, M.; Chen, J.Y.; Kolstoe, D.D.; Silbergeld, D.L.; Rostomily, R.C.; Blank, A.; Chamberlain, M.C.; Silber, J.R.
O6-methylguanine-DNA methyltransferase activity is associated with response to alkylating agent therapy and with MGMT
promoter methylation in glioblastoma and anaplastic glioma. BBA Clin. 2015, 3, 1–10. [CrossRef] [PubMed]

64. Anthony, E.P.; Dolan, M.E.; Robert, C.M. Structure, Function, and Inhibition of O6-Alkylguanine-DNA Alkyltransferase. Prog.
Nucleic Acid Res. Mol. Biol. 1995, 51, 167–223.

65. Gilbert, M.R.; Wang, M.; Aldape, K.D.; Stupp, R.; Hegi, M.E.; Jaeckle, K.A.; Armstrong, T.S.; Wefel, J.S.; Won, M.; Blumenthal, D.T.;
et al. Dose-dense temozolomide for newly diagnosed glioblastoma: A randomized phase III clinical trial. J. Clin. Oncol. 2013, 31,
4085–4091. [CrossRef]

https://doi.org/10.1371/journal.pone.0224267
https://www.ncbi.nlm.nih.gov/pubmed/31682620
https://doi.org/10.1158/1078-0432.CCR-19-0419
https://www.ncbi.nlm.nih.gov/pubmed/31409613
https://doi.org/10.1038/s41416-021-01364-3
https://doi.org/10.1016/j.molcel.2018.01.012
https://doi.org/10.1186/s12885-020-07574-x
https://doi.org/10.18632/oncotarget.12266
https://doi.org/10.18632/oncotarget.20621
https://doi.org/10.1038/s41416-020-01199-4
https://www.ncbi.nlm.nih.gov/pubmed/33339894
https://doi.org/10.1158/0008-5472.CAN-12-2753
https://www.ncbi.nlm.nih.gov/pubmed/23118055
https://doi.org/10.1158/1535-7163.MCT-19-0926
https://www.ncbi.nlm.nih.gov/pubmed/32127465
https://doi.org/10.1200/JCO.2023.41.16_suppl.8504
https://doi.org/10.1200/JCO.23.00402
https://doi.org/10.1016/j.bbcan.2011.06.002
https://doi.org/10.15386/mpr-1951
https://doi.org/10.1532/IJH97.05182
https://doi.org/10.1016/j.lungcan.2013.12.004
https://doi.org/10.1210/jc.2014-4350
https://doi.org/10.2174/1874467211205010102
https://www.ncbi.nlm.nih.gov/pubmed/22122467
https://doi.org/10.1038/cddis.2013.388
https://www.ncbi.nlm.nih.gov/pubmed/24157870
https://doi.org/10.1016/j.bbacli.2014.11.003
https://www.ncbi.nlm.nih.gov/pubmed/25558448
https://doi.org/10.1200/JCO.2013.49.6968


Int. J. Mol. Sci. 2024, 25, 752 13 of 13

66. Geng, X.; Zhang, Y.; Lin, X.; Zeng, Z.; Hu, J.; Hao, L.; Xu, J.; Wang, X.; Wang, H.; Li, Q. Exosomal circWDR62 promotes
temozolomide resistance and malignant progression through regulation of the miR-370-3p/MGMT axis in glioma. Cell Death Dis.
2022, 13, 596. [CrossRef] [PubMed]

67. Zhou, Y.; Chen, L.; Ding, D.; Li, Z.; Cheng, L.; You, Q.; Zhang, S. Cyanidin-3-O-glucoside inhibits the β-catenin/MGMT pathway
by upregulating miR-214-5p to reverse chemotherapy resistance in glioma cells. Sci. Rep. 2022, 12, 7773. [CrossRef]

68. Cheng, M.; Wang, Q.; Chen, L.; Zhao, D.; Tang, J.; Xu, J.; He, Z. LncRNA UCA1/miR-182-5p/MGMT axis modulates glioma cell
sensitivity to temozolomide through MGMT-related DNA damage pathways. Hum. Pathol. 2022, 123, 59–73. [CrossRef]

69. Wu, K.; Wang, Q.; Liu, Y.L.; Xiang, Z.; Wang, Q.Q.; Yin, L.; Liu, S.L. LncRNA POU3F3 Contributes to Dacarbazine Resistance of
Human Melanoma Through the MiR-650/MGMT Axis. Front. Oncol. 2021, 11, 643613. [CrossRef]

70. Li, X.; Xu, X.; Chen, K.; Wu, H.; Wang, Y.; Yang, S.; Wang, K. miR-370 Sensitizes TMZ Response Dependent of MGMT Status in
Primary Central Nervous System Lymphoma. Pathol. Oncol. Res. 2020, 26, 707–714. [CrossRef]

71. Choi, B.; Na, Y.; Whang, M.Y.; Ho, J.Y.; Han, M.-R.; Park, S.-W.; Song, H.; Hur, S.Y.; Choi, Y.J. MGMT Methylation Is Associated
with Human Papillomavirus Infection in Cervical Dysplasia: A Longitudinal Study. J. Clin. Med. 2023, 12, 6188. [CrossRef]
[PubMed]

72. Wu, X.; Luo, Q.; Zhao, P.; Chang, W.; Wang, Y.; Shu, T.; Ding, F.; Li, B.; Liu, Z. MGMT-activated DUB3 stabilizes MCL1 and drives
chemoresistance in ovarian cancer. Proc. Natl. Acad. Sci. USA 2019, 116, 2961–2966. [CrossRef] [PubMed]

73. Feng, X.; Xue, F.; He, G.; Ni, Q.; Huang, S. Banxia xiexin decoction affects drug sensitivity in gastric cancer cells by regulating
MGMT expression via IL-6/JAK/STAT3-mediated PD-L1 activity. Int. J. Mol. Med. 2021, 48, 165. [CrossRef] [PubMed]

74. Lei, Y.; Tang, L.; Hu, J.; Wang, S.; Liu, Y.; Yang, M.; Zhang, J.; Tang, B. Inhibition of MGMT-mediated autophagy suppression
decreases cisplatin chemosensitivity in gastric cancer. Biomed. Pharmacother. 2020, 125, 109896. [CrossRef] [PubMed]

75. Yu, W.; Zhang, L.; Wei, Q.; Shao, A. O6-Methylguanine-DNA Methyltransferase (MGMT): Challenges and New Opportunities in
Glioma Chemotherapy. Front. Oncol. 2020, 9, 1547. [CrossRef]

76. Blackford, A.N.; Jackson, S.P. ATM, ATR, and DNA-PK: The Trinity at the Heart of the DNA Damage Response. Mol. Cell 2017, 66,
801–817. [CrossRef]

77. Weber, A.M.; Ryan, A.J. ATM and ATR as therapeutic targets in cancer. Pharmacol. Ther. 2015, 149, 124–138. [CrossRef]
78. Schoppy, D.W.; Ragland, R.L.; Gilad, O.; Shastri, N.; Peters, A.A.; Murga, M.; Fernandez-Capetillo, O.; Diehl, J.A.; Brown, E.J.

Oncogenic stress sensitizes murine cancers to hypomorphic suppression of ATR. J. Clin. Investig. 2012, 122, 241–252. [CrossRef]
79. Lecona, E.; Fernandez-Capetillo, O. Targeting ATR in cancer. Nat. Rev. Cancer 2018, 18, 586–595. [CrossRef]
80. Wengner, A.M.; Siemeister, G.; Lücking, U.; Lefranc, J.; Wortmann, L.; Lienau, P.; Bader, B.; Bömer, U.; Moosmayer, D.; Eberspächer,

U.; et al. The Novel ATR Inhibitor BAY 1895344 Is Efficacious as Monotherapy and Combined with DNA Damage-Inducing or
Repair-Compromising Therapies in Preclinical Cancer Models. Mol. Cancer Ther. 2020, 19, 26–38. [CrossRef]

81. Yap, T.A.; Tan, D.S.P.; Terbuch, A.; Caldwell, R.; Guo, C.; Goh, B.C.; Heong, V.; Haris, N.R.M.; Bashir, S.; Drew, Y.; et al. First-in-
Human Trial of the Oral Ataxia Telangiectasia and RAD3-Related (ATR) Inhibitor BAY 1895344 in Patients with Advanced Solid
Tumors. Cancer Discov. 2021, 11, 80–91. [CrossRef] [PubMed]

82. Takahashi, N.; Hao, Z.; Villaruz, L.C.; Zhang, J.; Ruiz, J.; Petty, W.J.; Mamdani, H.; Riess, J.W.; Nieva, J.; Pachecho, J.M.; et al.
Berzosertib Plus Topotecan vs. Topotecan Alone in Patients With Relapsed Small Cell Lung Cancer: A Randomized Clinical Trial.
JAMA Oncol. 2023, 9, 1669–1677. [CrossRef] [PubMed]

83. Guo, W.; Yuan, J.; Dong, Q.; Wang, E. Highly Sequence-Dependent Formation of Fluorescent Silver Nanoclusters in Hybridized
DNA Duplexes for Single Nucleotide Mutation Identification. J. Am. Chem. Soc. 2010, 132, 932–934. [CrossRef] [PubMed]

84. Yuan, J.; Guo, W.; Wang, E. Oligonucleotide stabilized silver nanoclusters as fluorescence probe for drug–DNA interaction
investigation. Anal. Chim. Acta 2011, 706, 338–342. [CrossRef]

85. Da Costa, E.M.; McInnes, G.; Beaudry, A.; Raynal, N.J.-M. DNA Methylation–Targeted Drugs. Cancer J. 2017, 23, 270–276.
[CrossRef] [PubMed]

86. Cheng, Y.; He, C.; Wang, M.; Ma, X.; Mo, F.; Yang, S.; Han, J.; Wei, X. Targeting epigenetic regulators for cancer therapy:
Mechanisms and advances in clinical trials. Signal Transduct. Target. Ther. 2019, 4, 62. [CrossRef]

87. Bird, A. Perceptions of epigenetics. Nature 2007, 447, 396–398. [CrossRef]
88. Holliday, R. A new theory of carcinogenesis. Br. J. Cancer 1979, 40, 513–522. [CrossRef]
89. Seligson, D.B.; Horvath, S.; Shi, T.; Yu, H.; Tze, S.; Grunstein, M.; Kurdistani, S.K. Global histone modification patterns predict

risk of prostate cancer recurrence. Nature 2005, 435, 1262–1266. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/s41419-022-05056-5
https://www.ncbi.nlm.nih.gov/pubmed/35817771
https://doi.org/10.1038/s41598-022-11757-w
https://doi.org/10.1016/j.humpath.2022.02.016
https://doi.org/10.3389/fonc.2021.643613
https://doi.org/10.1007/s12253-019-00605-4
https://doi.org/10.3390/jcm12196188
https://www.ncbi.nlm.nih.gov/pubmed/37834832
https://doi.org/10.1073/pnas.1814742116
https://www.ncbi.nlm.nih.gov/pubmed/30718431
https://doi.org/10.3892/ijmm.2021.4998
https://www.ncbi.nlm.nih.gov/pubmed/34278452
https://doi.org/10.1016/j.biopha.2020.109896
https://www.ncbi.nlm.nih.gov/pubmed/32007918
https://doi.org/10.3389/fonc.2019.01547
https://doi.org/10.1016/j.molcel.2017.05.015
https://doi.org/10.1016/j.pharmthera.2014.12.001
https://doi.org/10.1172/JCI58928
https://doi.org/10.1038/s41568-018-0034-3
https://doi.org/10.1158/1535-7163.MCT-19-0019
https://doi.org/10.1158/2159-8290.CD-20-0868
https://www.ncbi.nlm.nih.gov/pubmed/32988960
https://doi.org/10.1001/jamaoncol.2023.4025
https://www.ncbi.nlm.nih.gov/pubmed/37824137
https://doi.org/10.1021/ja907075s
https://www.ncbi.nlm.nih.gov/pubmed/20038102
https://doi.org/10.1016/j.aca.2011.08.043
https://doi.org/10.1097/PPO.0000000000000278
https://www.ncbi.nlm.nih.gov/pubmed/28926427
https://doi.org/10.1038/s41392-019-0095-0
https://doi.org/10.1038/nature05913
https://doi.org/10.1038/bjc.1979.216
https://doi.org/10.1038/nature03672

	Introduction 
	Understanding DNA Structure and Function 
	Characterizing Cancers to Targeted Treatments 
	Precision Medicine and Molecular Markers 
	Strategies for Incorporating Drugs That Target DNA 
	PARP Inhibitors 
	SLFN11 
	Methylguanine Methyltransferase (MGMT) 
	Ataxia Telangiectasia and RAD3-Related (ATR) Kinase 
	Binding Strength between Anticancer Drugs and DNA 
	Targeting DNA Hypermethylation 

	Conclusions 
	References

