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Cancer stem cells (CSCs) are a tumor cell population maintaining tumor growth and promoting tumor relapse if not
wholly eradicated during treatment. CSCs are often equipped with molecular mechanisms making them resistant to

conventional anti-cancer therapies whose curative potential depends on DNA damage-induced cell death.

cancer stem cells DNA repair replicative stress oxidative stress genomic instability
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| 1. Introduction

Recent discoveries for cancer therapy, such as antibody-based immunotherapy, and various predictive biomarkers,
have shifted the focus from standard uniform treatment towards personalized approaches L2, Although significant
improvement in life expectancy has been reached for certain tumors, tumor relapses still represent a major threat
for patients with metastatic disease BI4IB, Mounting evidence suggests that recurrences can be attributed, at least
in part, to the existence of a pluripotent subpopulation of tumor cells. The cancer stem cells (CSCs) possess the
ability to self-renew and exhibit an enhanced therapy resistance. Therefore, they can re-populate a tumor after
initially successful therapy RIBIZIE! Since their first isolation from acute myeloid leukemia by the group of John
Dick, CSCs have been identified in various solid tumors B2 As with their non-malignant stem-cell counterparts,
CSCs are equipped with various mechanisms to protect their genome from endogenous or treatment-induced
damage B,

Less DNA damage in CSCs as compared to their non-CSC counterparts was reported in several studies that
guantified DNA damage after genotoxic therapies or at baseline levels. This quantification was made, e.g., using
residual yH2A.X foci analysis (for example, more efficient foci resolution was shown for lung cancer CD133 + cells
(221 murine cancer CD29 + CD24 high cells 28 head and neck squamous cell carcinoma (HNSCC) ALDH + cells
(241 glioblastoma CSC populations in patient-derived cell lines 12 or by comet assay (for example the lower
amount of DNA damage was found in glioblastoma patient-derived CD133 + cells 18] CD133 + CD44 + colon
cancer cells 12 and murine cancer CD29 + CD24 high cells [22)). However, some studies showed no difference in
the levels of DNA damage quantified in the same way in CSCs and non-CSC populations 18291201 Thijs
controversy can be partially attributed to DNA repair pathways that can be activated independently on H2AX
phosphorylation 21 different timepoints used for these analyses, inconsistent methods for CSC isolation or

enrichment, and, in some cases, lack of CSC functional validation. At the same time, quantification of DNA damage
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and DNA repair response does not always correlate with tumor resistance to the DNA-damaging treatment (22120
22)

Interestingly, while the accumulation of mutations is a major threat for the maintenance of embryonic and adult
stem-cell populations, a certain level of genomic instability can promote malignant transformation and CSC
induction [23124] According to the unified model of tumor evolution suggested by Kreso and Dick, CSCs are located
at the apex of the tumor cell hierarchy 8. Yet, the ongoing process of tumor evolution enables CSCs to acquire
additional mutations that further enhances their tumorigenic potential and therapy resistance [El. Hereditary
mutations in key DNA repair genes, such as the breast cancer susceptibility (BRCA) and Fanconi anemia (FA)
genes, drastically emphasize the role of genomic instability as a driving force in tumorigenesis [23125]126]
Importantly, previous reports suggest that this relationship is not linear. Long-term accumulation of DNA damage
can lead to permanent replication stress and intolerable mutation burden, eventually activating tumor suppression
mechanisms such as apoptosis and senescence 272811291 |n this context, suppression of the DNA damage
response (DDR) and its associated signaling might increase the DNA damage tolerance and prolongs the survival
of CSCs [202230]  However, various studies demonstrated that CSCs crucially rely on the up-regulation of DNA
repair pathways to counteract the adverse effects of genomic instability, as reviewed in detail elsewhere [BIIL1[E1],
Consequently, the high basal levels of cell cycle checkpoint kinases and DNA repair proteins provide CSCs with a
robust armor against genotoxic treatment. Yet, the dependency on a balanced DDR also provides promising
opportunities for targeted therapy, as demonstrated for poly(ADP-ribose) polymerase 1 (PARP1) inhibitors in
BRCA-mutant tumors 22,

Despite the obvious link between DNA repair pathways and the CSC phenotype, the mechanisms mediating and
modulating this crosstalk remain only partially understood. Notably, the double-edged role of the DDR in tumor
evolution and therapy resistance suggests a complex relationship that goes beyond the elimination of treatment-

induced DNA damage.

2. The Role of DNA Repair Proteins in the CSC Induction and
Maintenance

Despite the emergence of targeted therapies and immunomodulatory approaches, DNA-damaging agents such as
ionizing irradiation and platinum-based chemotherapeutics are still a primary strategy for the treatment of various
cancers 3834 Thus, many studies investigated the expression and activity of DDR factors as determinants of
resistance towards these therapies [B3IS8I37] |nterestingly, an increasing number of reports demonstrate that
alterations in DNA repair gene expression equally modulate the cancer cell self-renewal capability, in vivo
tumorigenicity, and invasiveness—characteristic properties of CSCs. At first glance, the connection between DNA
repair and the cellular stemness program might not be obvious. Yet, accumulating evidence suggests that DNA
repair genes possess many regulatory functions in addition to their canonical role in the DNA repair process. This
chapter describes selected examples of stemness regulation via co-regulation of transcription, interference with
CSC-related signaling, and ROS detoxification and discusses the implications of DNA repair gene expression

modulation for the CSC phenotype.
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Thus, the corporation with these transcription factors enables DNA repair proteins to influence the CSC cellular

program at the apex of the regulation hierarchy.

It is well known that deficiencies in DNA repair pathways, such as the FANC/BRCA pathway or the DNA mismatch
repair (MMR), predispose to cancer due to increased genomic instability. However, the overexpression of DNA
repair genes is also often associated with malignant transformation 3813240144421 - A rapidly growing body of
evidence suggests that the altered expression of DNA proteins promotes EMT, metastasis, and de-differentiation of
tumor cells by interfering with major CSC-related signaling pathways. Due to the numerous reports of possible

interactions, the following paragraphs focus on a few well-investigated examples.

In summary, the described interactions of DNA repair proteins with various CSC-related signaling pathways support
a scenario in which functional tumor-suppressive crosstalk requires fine-tuned protein expression, precise
posttranslational modification, and coordinated sub-cellular localization of all involved factors. Furthermore,
overexpression, inactivation as well as loss-of-function or gain-of-function mutations on both sides can potentially

disbalance the regulatory network, leading to malignant transformation, de-differentiation, and therapy resistance.

3. The Role of DNA Repair Signaling in the Immune
Response against Cancer Cells

Besides the impact of the DDR on the maintenance and plasticity of CSCs, direct and indirect effects of the DDR
can modulate antitumor immunity. Importantly, damaged DNA and impaired chromosome segregation during
mitosis lead to accumulation of genomic DNA in the cytosol. For example, the DDR-induced release of nuclear
DNA into the cytoplasm in prostate cancer cells was dependent on the endonuclease methyl methanesulphonate
and ultraviolet-sensitive 81 (MUS81), which cleaves DNA upon stalling of replication forks 3. Although low levels
of cytosolic DNA are usually degraded by DNases such as three prime repair exonuclease 1 (TREX1), an
accumulation of nuclear DNA in the cytoplasm can stimulate various DNA-sensing pattern recognition receptors
(PRRs). For example, the RNA polymerase Il recognizes AT-rich dsDNA and activates retinoic acid inducible gene
| (RIG-1), which induces type | interferon (IFN) and the NF-kB pathway 4. Furthermore, cyclic GMP-AMP synthase
(cGAS) also detects cytosolic DNA and produces the second messenger cyclic GMP-AMP (cGAMP), resulting in
the activation of stimulator of interferon genes (STING) and subsequent type | IFN production 43, STING
phosphorylation by TANK-binding kinase-1 (TBK1) results in the recruitment of interferon response transcription
factor (IRF)3, which is involved in the signaling of type | IFN responses. The TBK1-mediated phosphorylation of
IRF3 induces its dimerization, nuclear translocation, and transcription of target genes 8. By promoting the
antigen-presenting capacity of dendritic cells and stimulating the cytotoxic activity of CD8+ T cells and natural killer
(NK) cells, type | IFNs can essentially contribute to antitumor immunity 7. As STING is a key factor of the immune
response to DNA damage, it has been shown that many tumors down-regulate STING or exhibit mutations, which
leads to a dampened inflammatory response 8. Recently, Suter et al. demonstrated that the inhibition of the
cGAS-STING axis is at least partially mediated by interleukin (IL) 6 and downstream JAK2/STAT3 signaling 42,

Interestingly, IL-6 and STAT3 are key players in the generation and maintenance of CSCs, suggesting a
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mechanistical link 2%, Besides a type | IFN response, the sensing of cytoplasmic DNA via absent in melanoma 2

(AIM2) facilitates inflammasome formation and generation of IL-1p 2152,

In addition to cytosolic DNA stimulating classical PRRs, certain molecules involved in the DDR closely interact with
the immune system. For example, the DNA repair protein DNA-dependent protein kinase (DNA-PK) prolongs the
half-life of the activated form of the transcription factor IRF3, which is involved in the signaling of type | IFN
responses “6I331 Furthermore, DNA-damaging agents induce an ATM-dependent small ubiquitin-like modifier
(SUMO) modification of NF-kB essential modulator (NEMO), which fosters IkB kinase complex (IKK) and
subsequent NF-kB activation 241, Although a temporary inflammatory response may promote tumor elimination by
activation and recruitment of immune cells, chronic inflammation can in turn lead to further DNA damage, for
example by phagocyte-derived ROS, and thus foster tumor progression B2, Importantly, the DDR also prevents the
accumulation of additional cytosolic DNA and the subsequent triggering of cytosolic DNA sensors. As shown by
Wolf et al., the DDR proteins RAD51 and replication protein A (RPA) prevent short ssDNA from passing the nuclear
membrane and a knockdown of both molecules resulted in a cGAS-dependent activation of the type | IFN response
(5681, Depletion of RAD51 is associated with accumulation of cytosolic DNA attributed to excessive degradation of
the reverse replication fork by MRE11 exonuclease and consequent activation of STING signaling BZ. Interestingly,
RAD51 was shown to be up-regulated in CSCs and drive the resistance of CSCs towards PARPL1 inhibitors in
TNBC and glioma B8I39 | Figure 1. Similarly, the loss of BRCA2 leads to cytosolic DNA accumulation and
subsequent cGAS/STING-dependent up-regulation of IFN-stimulating genes %, Another study demonstrated that
radiation delivered to tumor cells at a high dose in a single fraction induces expression of TREX1 DNA
exonuclease leading to the accumulation of cytosolic DNA and activation of cGAS/STING signaling, illustrating the
mechanism of radiation-induced innate immune signaling 6. Furthermore, DNA damage in the S-phase of the cell
cycle highly activates STING/TBK1/IRF3 signaling activation and expression of PD-L1 in breast cancer cells that

lack functional FA/BRCA-signaling S-phase specific DNA repair mechanism [62],
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Figure 1. Deregulation of DNA repair proteins in cancer stem cells (CSCs) (examples). Deregulated proteins are
involved in the non-homologous DNA end-joining (NHEJ) [B3I64I65](66167]  homologous recombination (HR)—
mediated DNA repair 13J[3068][69](63][58][591[66](67][0)[71][72][73][74] and DNA single-strand break repair (SSBR)/base
excision repair (BER) [EEIZ3IB4E776][77] DDR proteins are classified as described previously B2I[Z8 ATM—Ataxia
telangiectasia mutated; ATR—Ataxia telangiectasia and Rad3 related; BC—breast cancer; BRCA1l—Breast cancer
type 1 susceptibility protein; CC—cervical cancer; CHK1—Checkpoint kinase 1; CHK2—Checkpoint kinase 2; CRC
—~Colorectal cancer; DNA-PK—DNA-Dependent Protein Kinase; ERCC1—Excision repair cross-complementing
rodent repair deficiency, complementation group 1; GBM—Glioblastoma; HCC—Hepatocellular carcinoma;
HNSCC—Head and neck squamous cell carcinoma; MM—Mouse model; Nbs1—Nijmegen Breakage Syndrome 1
(Nibrin); NER—Nucleotide excision repair; PARP1—Poly(ADP-Ribose) polymerase 1; PC—pancreatic cancer; PrC
—prostate cancer; PSMC3IP—PSMC3 interacting protein; RAD5—Radiation sensitive 51; RAD52—Radiation
sensitive 52; RAD54L—RAD54-like; Ref-1/APEX1: apurinic/apyrimidinic endodeoxyribonuclease 1; RPA—
Replication protein A; TNBC—Triple-negative breast cancer; XLF—XRCC4-like factor; XRCC4—X-ray repair cross-

complementing 4.

Besides driving proinflammatory immune responses via STING and NF-kB, the DDR promotes tumor cells to
express ligands for the activating NK cell receptors NKG2D (Killer cell lectin-like receptor subfamily K, member 1)
and DNAM-1 (DNAX Accessory Molecule-1) via ATM and ATR signaling 289 Functional experiments revealed

that the aphidicolin-induced up-regulation of NKG2D ligands on T cell blasts increased their sensitivity towards IL-
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2-activated NK cells, which was partially reduced by addition of an anti-NKG2D antibody. These results are
supported by Soriani et al., who showed that the degranulation of NK cells in the presence of myeloma cells was
promoted upon treatment with doxorubicin or melphalan, while the addition of NKG2D and DNAM-1 blocking
antibodies reduced the observed effect. Furthermore, a persistent DDR facilitates the senescence of tumor cells
accompanied by the secretion of IL-6 and IL-8, which is also known as the senescence-associated secretory
phenotype (SASP) Bl Accumulating evidence suggests that the SASP promotes invasiveness, regenerative
capacity and other characteristics associated with the generation of CSCs B2, |t has also been shown that DSBs
induce PD-L1 expression by cancer cells via the ATM/ATR/CHK1 signaling axis and the IRF1 pathway [€3184185]
Therefore, DDR-associated molecules emerged as potential biomarkers predicting the efficacy of checkpoint
inhibitor (CPI) treatment. In a cohort of CPI-treated metastatic urothelial carcinoma, the activation of the DDR
pathway was associated with a reduced TGF-§3 signaling as well as an increase in neoantigen load, activated
immune cells, and survival time 8], Another study found that mutations of the DDR pathway were associated with
improved overall survival in a colorectal CPI-treated colorectal cancer (CRC) patient cohort, while there was no

such correlation in the non-CPI cohort B2,

In conclusion, the DDR can modulate antitumor immunity by facilitating the production of proinflammatory cytokines
and promoting tumor cells to express ligands for stimulating NK cell receptors. However, a functional DDR also
prevents the accumulation of cytosolic DNA and subsequent activation of the immune system, which suggests
particular implications for CSCs, as they frequently overexpress proteins involved in the DDR. Nevertheless, the
effect of an altered DDR on the immune response towards CSCs remains to be discovered, as CSCs additionally
create an immunosuppressive environment and exhibit various mechanisms to effectively evade the recognition

and elimination by the immune system [88,

| 4. DNA Repair in Cancer Stem Cells as a Therapeutic Target

The fundamental properties of CSCs, such as unlimited self-renewal potential, differentiation capacity, and,
consequently, tumor-maintaining properties, make them an ultimate therapeutic target for permanent tumor control.
Thus, the utmost clinical importance of CSC is proven using CSC-related signatures as reliable prognostic
biomarkers and by clinical trials aiming at targeting CSCs in different tumor entities. Targeting DNA repair in CSCs
can be suggested as a promising anti-cancer therapeutic strategy as many preclinical studies revealed a high DNA
repair capacity in CSCs. Indeed, CSCs in the different tumor entities are shown to be more proficient in the
activation of the DDR signaling pathway due to the activation of its various components, including signal sensors,
transducers, and effectors, as summarized in a recent review of Schultz et al. and shown in Figure 1 . On the other
hand, defective DNA repair leads to genetic instability and cancer susceptibility 2. Here, we will discuss the role of
several DNA repair proteins as the most promising emerging targets to eliminate CSC populations and discuss the

potential challenges of their clinical translation.

Inactivation of the p53 tumor suppressor is a hallmark of most types of cancer and one of the survival mechanisms
for CSC with DNA repair deficiency B9 Under DNA-damaging treatments, activation of p53 is required either for

the cell cycle arrest to repair DNA lesions or for the induction of cell senescence and death if DNA damage is
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unrepairable. In the absence of p53-mediated G1- and G2/M-phase cell cycle arrest, cancer cells harboring DNA
lesions are no longer arrested at the G1/S transition and progress through S-phase into the G2 phase and mitosis
91 Thus, p53 plays a vital role in maintaining genome integrity, and its dysfunction leads to the accumulation of
DNA mutations and genome instability. In response to UV treatment, impaired p53 activation in esophageal CSCs
was associated with an attenuated G1 and G2/M-phase cell cycle arrest. Thus, it can be a potential mechanism of
CSC survival upon DNA toxic therapy and cancer progression Y. Furthermore, developing p53-activating
therapeutic strategies including MDM2 and MDMX inhibition, induction of p53 transcription program by chemical
compounds such as CP-31398 and PRIMA-1met, and synthetic lethality caused by p53 loss in combination with
inhibition of protein kinases such as WEE1, FYN, and AURKA open further directions for targeting of CSCs
deficient for p53 activation 221,

Enhanced DNA repair and extended cell cycle arrest upon DNA toxic treatments are not always a common feature
of CSCs possessing relative radioresistance compared to their non-CSC counterparts 2289 Furthermore, up-
regulation of a single or several DNA repair genes does not always correlate with more efficient DNA repair
mechanisms. For example, a study based on the analysis of The Cancer Genome Atlas (TCGA) database showed
that increased expression levels of a gene set, including 23 DNA repair genes, are associated with a deficient HR
and inhibition of DNA repair machinery and therefore are indicative for the improved patients’ response to the DNA
toxic therapies 23, Another finding demonstrated that high expression of four DNA repair proteins such as Rifl,
PARP-1 Binding Protein (PARI), RAD51, and Ku80 indicates low HR-dependent DNA repair efficiency and is

associated with genomic instability and high sensitivity to platinum-based chemotherapy in NSCLC patients [24],

These studies are supported by a recent finding showing that high expression levels of single genes involved in
HR-dependent DNA repairs such as POU5F1, PSMC3IP, and RAD54L are associated with better disease-free
survival in patients with HNSCC. Furthermore, this study also showed that the transcription factor POU5F1 /Oct4 is
a marker of HNSCC stem cells and acts as a transcriptional regulator of PSMC3IP and RAD54L expression,
suggesting a mechanism of direct regulation of DNA repair by CSC-specific transcriptional factors 2. A similar
observation was also made for DNA repair genes representing the chromosomal (CIN) instability score in patients

with HNSCC, indicating that high expression of individual DNA genes did not lead to the therapy resistance 221,
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