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Abstract

Stem cells are a sub population of cell types that form the foundation of our body, and have the
potential to replicate, replenish and repair limitlessly to maintain the tissue and organ homeostasis.
Increased lifetime and frequent replication set them vulnerable for both exogenous and
endogenous agents-induced DNA damage compared to normal cells. To counter these damages
and preserve genetic information, stem cells have evolved with various DNA damage response and
repair mechanisms. Furthermore, upon experiencing irreparable DNA damage, stem cells mostly
prefer early senescence or apoptosis to avoid the accumulation of damages. However, the failure of
these mechanisms leads to various diseases, including cancer. Especially, given the importance of
stem cells in early development, DNA repair deficiency in stem cells leads to various disabilities
like developmental delay, premature aging, sensitivity to DNA damaging agents, degenerative
diseases, etc. In this review, we have summarized the recent update about how DNA repair
mechanisms are regulated in stem cells and their association with disease progression and
pathogenesis.
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1. Introduction

DNA damage response (DDR) and repair processes are dynamic mechanisms and plays
important role in maintaining the integrity of genomic DNA, which is critical to pass the
precise genomic details to next generation. In human body, each individual cell faces 1000
to 10,000 genotoxic insults from endogenous metabolic byproducts such as reactive oxygen
species (ROS), lipid peroxidation, inflammation, estrogen metabolites, etc. [1,2]. In addition
to the endogenous reactive metabolites, several exogenous agents like radiation, smoking
and several organic and inorganic chemicals present in the environment can cause DNA
lesions upon exposure [3]. In order to counter these potential injuries to DNA, cells have
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evolved with various repair mechanisms with the ability to detect and fix these damages
(Fig. 1). Particularly, mismatches during DNA replication are fixed by mismatch repair
(MMR) [4], damaged bases are restored by base excision repair (BER) [5], bulky base
lesions are repaired by nucleotide excision repair (NER) [6], inter-strand cross-links (ICLs)
are repaired by Fanconi anemia (FA) pathway [7] and highly lethal DNA double-strand
breaks (DSBs) are repaired by non-homologous end joining (NHEJ) [8] and/or homologous
recombination (HR) [9] and some of these damages are also bypassed by low fidelity trans-
lesion DNA synthesis (TLS) [10]. Failure in any of these DNA damage sensing and repair
mechanisms can cause various diseases including cancer [11].

Stem cells are undifferentiated cells in multicellular organisms, which have the ability to
differentiate into multiple lineages [12]. Stem cells possess unlimited potential to replenish
when there is a need to repair the tissues and organs in our body. Thus, the maintenance and
preservation of stem cells have been much of the focus for research to use them in treatment
and prevention of certain diseases and to restore damaged tissues and organs, also called as
stem cell therapy [13]. Various types of stem cells include, (1) embryonic stem cells (ESCs),
which can be isolated from the inner mass of blastocyst, and pluripotent in nature, meaning,
they can differentiate into any cell type of the body except placenta and umbilical cord, (2)
adult stem cells (ADCs), which are mostly multipotent, meaning, they can differentiate into
specific lineages of cells in which they are present, (3) induced pluripotent stem cells
(iPSCs) are generated from fully differentiated cells by engineering them in the lab to
behave like ESCs [14] and (4) multi lineage-differentiating stress-enduring (MUSE) cells,
which are the subpopulation of mesenchymal stem cells (MSCs) and has the pluripotency
ability to differentiate into endoderm, ectoderm and mesoderm lineages compared to rest of
the non-MUSE MSCs subpopulation [15,16].

2. Association between DNA repair and stem cells

Unlike normal somatic cells, stem cells can remain quiescent and start to replicate
limitlessly when needed and can survive for the long term. This increased survival stretch of
stem cells puts them in an increased risk of accumulating more endogenous and exogenous-
induced DNA damages compared to the short-lived normal cells [17]. Additionally,
replication-associated mutations are more common in normal stem cells as they replicate
more times than normal somatic cells [18]. Stem cells are also at increased risk of
transferring acquired mutations to their daughter cells [17]. These challenges mark stem
cells to evolve with dynamic and effective DNA repair mechanisms. For example, studies
shown that mouse embryonic stem cells (MESCs) and human embryonic stem cells (hESCs)
possess superior DNA repair efficiency compared to their respective somatic cells [19,20].
Interestingly, several DNA damage sensing and repair factors are overexpressed in stem/
progenitor cells compared to non-stem cells (Table 1).

Furthermore, microarray based gene expression profiles indicate significant increase in the
expression of genes associated with DNA repair in hESCs, when compared to differentiated
cells [20]. In fact, as an additional layer of protection to genomic DNA, ESCs preferentially
uses the efficient HR-mediated DSB repair rather than the inefficient NHEJ mediated DSB
repair [25]. Not wanting to survive with unrepairable DNA damage, ESCs have
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constitutively active pro-apoptotic protein Bax in the Golgi, which translocate to
mitochondria and initiates apoptosis-mediated cell death in a p53 dependent manner [26].
Thus, stem cell’s integrity is well preserved by DNA repair mechanisms, and in its fiasco, it
affects the function and/or survival of stem cells, which in turn leads to the manifestation of
numerous diseases, as summarized in Table 2. The role of DNA repair and how it influences
cancer stem cells (CSCs) has already been revised in the previous issue of this journal [27].
Thus, we focused on the other diseases apart from cancer. In this review, we have
summarized the recent findings of how DNA repair and signaling mechanisms are regulated
in stem cells, and their association with human health and disease.

3. MMR and stem cells

3.1. Mechanism of MMR

High fidelity DNA polymerases are typically involved in DNA synthesis during replication.
Nonetheless, these polymerases still do make errors at a rate of about 1 per every 100,000
nucleotides. This means every time a diploid cell with 6 billion base pairs divides, it would
make up to 120,000 mistakes. Most of these mistakes are immediately fixed by MMR
mechanism (Fig. 2A). Mismatches are primarily detected by MSH2-MSH6, which then
recruits MLH1 to facilitate incision of DNA on either side of the mismatch. EXO1 nucleases
then remove the mismatch. DNA polymerase and PCNA resynthesize the DNA with the help
of template strand to preserve the genetic information, which is finally ligated by Ligase |

[5].

3.2. Regulation of MMR in stem cells

Individuals with MMR deficiency are susceptible to various types of cancers including
leukemia and colorectal cancer (CRC). Additionally, mutations in the MMR associated
genes often mark with microsatellite instability syndrome (MSI) and early onset of CRC.
MMR deficient hematopoietic stem cells (HSCs) reveal increased hematopoietic
repopulation defect and stem cell exhaustion in response to temozolomide-induced genomic
insults [28]. Furthermore, mESCs that are deficient in Msh2and/or Msh3 shows increased
levels of dinucleotide repeat instability [29]. Analysis of MSI in ten different hESC lines at
different passages revealed that MSI occurs at a very low frequency compared to the normal
somatic cells [30]. The mechanism was not clear until recently, as follows. Lentiviral-
mediated knockdown of MMR in hPSCs displays increased sensitivity towards DNA
alkylation damage in an MMR-dependent manner. Notably, damaged somatic cells
experience stable G2/M arrest only during the second cell cycle after DNA damage. On the
other hand, pluripotent stem cells (PSCs) instantaneously activate apoptosis signaling during
the first cell cycle. From these results, it is conceivable that DDR and cell death signaling
mechanisms are differentially regulated in stem cells to avoid accumulation of mutations or
MSI in their DNA [31].

Even though stem cells maintain these high standards of MMR, certain external factors like
hypoxia can obliterate the integrity of MMR efficiency in stem cells. Prolonged exposure to
hypoxic conditions in neural stem cells (NSCs) reduces the efficacy of MMR.

Mechanistically, promoter regions of MMR associated genes MLHI and MSH6 were found
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to be hypoacetylated and hypermethylated. Nevertheless, treatment with histone deacetylase
(HDAC) inhibitors facilitates the re-expression of MMR associated genes [32]. These
studies suggest that variations in physiologic conditions such as hypoxia could alter
epigenetic milieu of gene regulation, and influence integrity of DDR and pose threat to
genomic stability. Recent study demonstrates that inhibition of SIRT1 can lead to DNA
damage and trigger cell death in hESCs, but not in differentiated cells. Systematically, it is
also found that SIRT1 inhibition leads to decreased expression of MSH2 and MSH6 [33].
Furthermore, hESCs isolated from trinucleotide repeat expansions associated diseases
(Huntington Disease and Myotonic Dystrophy 1) were evaluated for MMR efficiency before
and after differentiation. MSHZ, MSH3 and MSH6 levels were often found to be
downregulated in association with increased genomic instability in differentiated cells [34].
Conversely, the role of MMR in irradiated HSC isolated from mice did not show a
dependence on MMR status [35]. Increased replication rate in stem cells has put them on
increased risk to develop mismatches. It is evident from the above results that various types
of stem cells engage increased expression of MMR associated genes/proteins to efficiently
repair errors during replication and to prevent mutations.

3.3. MMR deficiency in stem cells and diseases

Most of the disease or syndromes associated with deficient MMR results in a predisposition
to cancers like Lynch syndrome, Turcot syndrome and Muir-Torre syndrome (MTS). Cells
isolated from cutaneous and internal tumors from MTS exhibits increased MSI and also
lacks MSH-2 staining, which confirms the role of MMR in MTS [36]. In order to
demonstrate their pathologic significance, the two MSHZ gene variants found in Lynch
Syndrome patients MSH2-Y 165D and MSH2-Q690E were recreated in mESCs. Exposure of
Msh2-Y 165D and Msh2-Q690E mESCs revealed MMR deficiency in these cells in repair of
ultraviolet (UV) irradiation induced DNA damages [37].

4. BER and stem cells
4.1. Mechanism of BER

BER primarily repairs the common base modifications like oxidized, deaminated,
depurinated and alkylated bases (Fig. 2B). Apurination is one of the common damage that
happens on an average of 10,000-100,000 times per day in a human cell. Mechanistically,
altered bases are recognized and excised by DNA glycosylases. Then the abasic site is
cleaved by apurinic/apyrimidinic endonuclease 1 (APE1). A single nucleotide replacement is
done by short patch BER and 2-10 nucleotide replacement is done by long patch BER. In
short batch BER, polymerase  adds the single nucleotide and the gaps are sealed by
XRCC1-Ligase llla complex. In long batch BER, polymerase /e adds 2 or more into the
repair gap, the 5”-flap structure is excised by FEN-1, and finally, the remaining DNA single-
strand break (SSB) ends are then sealed by Ligase I [5].

4.2. Regulation of BER in stem cells

BER repair plays a significant role in maintaining the genomic stability of hESCs during
their adaptation to in-vitro culture conditions and also during the reprogramming of iPSCs
[38]. Evaluation of human ESCs shows an increased expression of various BER associated
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genes compared to the somatic cells [20]. For example, 8-oxoguanine DNA glycosylase-1
(OGG1), a major DNA glycosylase responsible for the removal of ROS induced 8-
oxoguanine was found to be highly expressed in NSCs. Correspondingly, a significant
reduction in OGGL1 expression was observed in the fully differentiated cells [39]. Similarly,
NEIL3 a mammalian DNA glycosylase is expressed more in NSCs compared to the
differentiated neurons [40]. Moreover, both of these glycosylases (OGG1 and NEIL3) are
necessary for the survival of NSCs, and their knockdown by siRNAs affects the
differentiation ability of NSCs as well as the expression of Musashi-1, an important stem
cell marker [41].

Levels of BER proteins like Ligase I11, APE1, and DNA polymerase 8 were also found to be
overexpressed in ESCs and iPSCs compared to the differentiated cells. In line with this
observation, ESCs and iPSCs exhibits enhanced resistance towards methyl methanesulfonate
(MMS) induced mutagenesis [42]. Terminally differentiated muscle cells displays decreased
BER activity and undetectable levels of key BER proteins DNA ligase I, XRCC1 and DNA
ligase 111 [43].

DNA methylation is one of the critical epigenetic tools that controls the pluripotent status of
stem cells [44]. Methylation-associated DNA damage induced by A-methyl-A~nitrosourea in
HSCs are repaired by a broad range of DNA repair mechanisms including BER.
Respectively, BER genes such as AAG, APE was found to be overexpressed in multipotent
CD34 (+) HSCs compared to the mature CD34 (-) cells isolated from cord blood of the
same donor [23]. Not only DNA methylation associated DNA damage, but active DNA
methylation status in ESCs are also maintained by BER mechanism, regulated by PR
domain-containing transcriptional regulator (PRDM14) protein [45].

In order to assess the efficacy of BER in long-term in-vitro culture conditions, efficiency of
BER was evaluated in long-term in vitro cultures of adipose-tissue derived MSCs. These
MSCs displays a prolonged efficacy of glycosylase activities and BER at least for 12
passages in-vitro [40]. Nevertheless, after a 55 month culturing of hESCs demonstrates
diminished BER activity and reduced expression of APE1, the major nuclease required for
BER [46].

4.3. BER deficiency in stem cells and diseases

Diseases or syndromes that are associated directly with BER proteins are not available.
However, few studies suggest a link between BER deficiency and certain type of
pathological conditions. For example, defective 8oxoG base excision repair by OGG1 in
vascular smooth muscle cells leads to increased accumulation of oxidative damage and
progression of atherosclerosis [47]. NEIL1 is another BER DNA glycosylase that is
important for repairing the oxidatively damaged purines. In a transgenic mouse model, Nei/l
deficient mouse develops metabolic syndrome displaying greater total weight, fat mass
gains, and more severe fatty liver disease compared to NVe//1 proficient mice [48].
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5. NER and stem cells

5.1.

Mechanism of NER

NER repairs bulky DNA adducts that are induced by external agents such as UV and
chemicals (Fig. 2C). Especially, NER repairs UV radiation-induced lesions like cyclobutane
pyrimidine dimers and 6-4 photoproducts. Both these lesions alter DNA structure and
inhibit DNA transcription and replication. NER is classified into two models. (1) GG-NER
(global genome repair) which preferentially removes lesions from total genomic DNA
(coding parts of the genome and non-transcribed strands of active genes). (2) TC-NER
(transcription-coupled repair) is restricted to removing lesions preferentially from the
transcribed DNA strand of active genes. Mechanistically, only the damage recognition step
differs between GG-NER and TC-NER. In GG-NER, the initial damage is recognized by
XPC-hHR23B complex, whereas in TC-NER, the presence of RNA polymerase Il stalled at
the damage site is sufficient for recognition. The transcription factor TFIIH and helicases
XPB and XPD are recruited to unwind the double helical structure. XPA-RPA complex is
then loaded into the DNA that allows the nucleases ERCC1-XPF and XPG to introduce the
5’-and the 3’-incisions, respectively. After incision, DNA polymerase & or e and PCNA
synthesizes the new strands which are then ligated by DNA ligase 111 or ligase I [6].

5.2. Regulation of NER in stem cells

NER deficient transgenic mouse model that lacks XPD demonstrates a progressive
deterioration of HSCs with age and upon exposure to genotoxic stress [49]. Similarly,
ERCC1 deficient ESCs were ten-fold hypermutable compared to the wild-type cells [50].
GG-NER-defective Xpa(—/-) and Xpc(—/-) ESCs shows hypersensitivity towards UV
radiation. TC-NER defective Ercc6(—/-) ES cells exhibit only mild UV sensitivity.
Furthermore, GG-NER-defective Xpa(—/-) and Xpc(—/-) ES cells display increased S-phase
delay and increased apoptosis upon UV treatment compared to the differentiated Xpa(—/-)
and Xpc (—/-) mouse embryonic fibroblasts (MEFs). However, mutation induction upon UV
is similar in both the NER-defective ESCs and NER-defective MEF’s. These results suggest
that a differential cell cycle response and apoptosis are indeed sufficient to protect against
proliferation of damaged ESCs [51]. In addition, spectral karyotyping analysis of TC-NER
defective £rcc6(—/-) ESCs exhibits increased complex exchanges that involves multiple
chromosome interactions [52]. Moreover, ERCC6-mediated DNA repair is also important
for the self-renewal of embryonic NSCs after UV induced DNA damage [53].

A recent study demonstrates that DNA damage induced increase in Xjpg levels are necessary
for cell cycle arrest in HSCs upon ionizing radiation (IR) treatment. Knocking down of Xpg
causes abrogation of IR induced cell cycle arrest and increased number of HSCs [54].
Additionally, a study shows that ERCC1-XPF heterodimer endonuclease in NER mechanism
is also important for the HR induced targeted gene replacement in ESCs [55].

Apart from their role in protecting stem cells from genotoxic lesions, XPC also serves as a
critical component of the transcriptional co-activation of pluripotency gene regulatory
network (NANOG, OCT4, and SOX2) [56]. Moreover, knockout of XPC results in
compromised pluripotency in ESCs and somatic cell reprogramming of fibroblasts to iPSCs
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[57]. XAB2 levels also decreased in the differentiated cells during myeloid cell
differentiation, a process by which stem cells develop into mature monocytes or
granulocytes [58]. Overall, the NER mechanism shows a very promising role in the
maintenance of the genome, as well as stemness in stem cells, and deficiency of NER results
in various disorders as described below.

5.3. NER deficiency in stem cells and diseases

Xeroderma pigmentosum (XP) is an inherited condition with defective GG-NER, where the
patients develop extreme sensitivity towards UV and other DNA damaging agents [59].
Recently, iPSCs derived from the fibroblasts of five different patients bear mutations in
XPA, XPB, XPC, XPG, and XPV genes were examined for their NER efficiency.
Comparatively, XPA-iPSCs shows decreased NER efficiency upon differentiation into neural
cells and stimulates apoptosis in dividing NSCs [60]. Cockayne syndrome is a premature
aging disorder with defective TC-NER and characterized by microcephaly (abnormal head
size), developmental delay, and importantly, they have increased sensitivity to sunlight. At
the molecular level, these patients have mutations in either ERCC6 or ERCC8 genes, which
involves in NER [61]. ERCC6 mutated patient’s fibroblasts were successfully
reprogrammed into iPSCs. However, these ERCC6-iPSCs show increased cell death and
ROS [62]. The apparent connection between upregulated ROS and aging has already been
established for decades [63]. Trichothiodystrophy (TTD) is an intellectual impairment
disease with sensitivity towards radiation exposure and carry mutations in XPD, XPB, or
GTF2H5 genes, which are primarily involved in TC-NER [64]. Studies using TTD mice
models with mutant Xpd displays the developmental defect, accelerated bone aging and
decreased MSCs/osteoprogenitors [65,66]. Cerebro-oculo-facio-skeletal (COFS) syndrome
is another degenerative disorder that affects the individuals with an intellectual and
developmental disability. Mutations in ERCCI1, ERCCZ2, ERCC5, or ERCC6 have been
documented for COFS syndrome [67].

6. DSB Repair and stem cells

6.1. Mechanism of DSB repair (DSBR)

DSB break is the most lethal type of DNA damage, where even 2—3 DSBs in a normal
healthy cell will initiate apoptosis to avoid the detrimental consequences. Given its
importance in maintaining genomic stability, DSBs are repaired by two fundamental
sovereign mechanisms based on the accessibility to template DNA. DNA damages before
replication are primarily repaired by error-prone-NHEJ (Fig. 2D), and DNA damage during
or after replication is repaired by predominantly by error-free-HR (Fig. 2E) and to an extent
by NHEJ. Exactly how cells choose between NHEJ and HR to fix its DSB is still unknown.
Mechanistically, NHEJ is initiated by Ku70-Ku80 complex that binds to the damaged ends
and recruits DNA-PKcs. DNA-PKcs holoenzyme and Artemis facilitates the DNA end
processing by MRN (MRE11-RAD50-NBS1) complex that possesses exonuclease,
endonuclease and helicase activity. After DNA end processing, the broken strands are ligated
by XRCC-Ligase IV complex. On the other hand, HR is initiated by the resection of the
DSB DNA ends by MRN complex. SSB protein RPA which then coats the single strands are
replaced by nucleoprotein RAD51 with the help of BRCA2. This nucleofilament then
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initiates the homology search and recombinase activity which results in the synthesis of new
DNA strands. Finally, the free ends are ligated using Ligase | or 111 [8,9].

6.2. Regulation of NHEJ in stem cells

Importance of NHEJ mediated DSB repair in stem cells is evident from the research
conducted on zygotes, the initial stage of ESCs. During embryonic development, zygotes
preferably choose NHEJ mediated DNA repair [68]. DNA repair during embryonic
development is mostly a maternal trait, depending on proteins and mRNAs provided by the
oocyte [69]. IR-induced DNA damage in sperms are repaired mostly by NHEJ mediated
repair after fertilization. Specifically, DNA PKcs plays a vital role in repairing DSB breaks
during the initial stages of zygotes [70]. Development of NSCs into differentiated neurons
in-vivo is mainly dependent on the NHEJ repair mechanism [71]. NSCs are very sensitive to
DNA damaging agents; even mild aphidicolin-induced replication stress prompted recurrent
DSB clusters. Interestingly, 90% of this gene fragility locates within gene bodies [72].

Lipopolysaccharide-induced inflammation in dental pulp stem cells (DPSC) activates DSB
associated repair proteins. In these DPSCs, knockdown of Ku70 increases DNA damage and
apoptosis [73]. DPSCs treatment with hydroxyurea sensitizes the cells to undergo
senescence. This increased senescence associates with decreased expression of NHEJ
proteins (Ku70, Ligase IV and XRCC4). Furthermore, DPSCs derived from young donors
exhibits increased resistant to apoptosis and increased NHEJ activity compared to old donors
[74]. Similar results were observed in mammary stem cells isolated from mouse, which
shows increased apoptosis and NHEJ activity [75].

DSB repair kinetics measured in mouse NSCs, neurons differentiated from NSCs in culture
and MEFs derived from the same littermates. Outcomes show that DSB repair was quicker
in NSC and neurons compared to MEFs. In parallel with these observations, increased
expression and activity of DNA-PKcs was observed in both NSCs and neurons compared to
MEFs [76]. A recent study presents that levels of DNA-PKcs dependent NHEJ in neurons
derived from iPSCs were regulated by a scaffold protein Translin-associates protein X
(TRAX) [77]. It is essential to note that TRAX protein has various functions and associated
with mental illnesses, including schizophrenia. Furthermore, SIRT6, an HDAC has been
shown to regulate NHEJ in iPSCs derived from old mice. Mechanistically, SIRT6 was found
to be directly binding with Ku80 and aids the Ku80/DNA-PK(cs interaction which in turns
facilitates the DNA-PKcs phosphorylation at residue Serine-2056, leading to efficient NHEJ.
Interestingly, NHEJ mediated DSB was only active in iPSCs derived from old mice, whereas
in iPSCs derived from young mice HR plays a significant role [78]. In skeletal muscle stem
cells, DNA-PKcs dependent NHEJ is more efficient compared to the differentiated cells
[79].

Ligase 1V is another essential member of NHEJ, which performs the end joining process of
DSB. Mutations in Ligase /Vresults in Ligase 1V syndrome, which is characterized by
growth defects, microcephaly, reduced number of blood cells, increased predisposition to
leukemia and variable degrees of immunodeficiency. hiPSCs that lack Ligase IV exhibits
increased accumulation of DSBs and increased apoptosis. Additionally, Ligase IV-deficient
hiPSCs show increased chromosomal aberrations and a significant decrease in
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reprogramming efficiency [80]. Furthermore, a hypomorphic Ligase 1V ( Y288C) mutant
mouse model has been developed for human Ligase 1V syndrome. Ligase IV ( Y288C)
mouse exhibits decreased DSB repair in association with progressive loss of HSCs, bone
marrow cellularity during aging and severely impaired stem cell function in tissue culture
and upon transplantation [81].

DSB DNA damage always does not induce NHEJ mediated repair in stem cells. For
example, hair follicle stem cells in mouse epidermis show increased accumulation of DSB
during the natural aging process. Conversely, aging-induced 53BP1 foci formation does not
co-localize with NHEJ repair components suggesting entirely different DDR events [82].
NHEJ appears to be more important even in the G2 phase of human ESCs. Compared to the
differentiated derivatives, hESCs displays increased radiation-induced chromatid breaks, a
G2 phase associated damage. Remarkably, inhibition of DNA-PKcs results in a significant
decrease in radiation-induced chromatid exchanges in hESCs but not in somatic cells. Thus,
establishing a role for DNA-PKcs in mis-rejoining of chromosomes in pluripotent cells [83].
Polymerase micro (Polmicro) is a DNA polymerase and a member of NHEJ repair.
Defective in hematopoietic development, as well as reduction in progenitors’ number and
expansion potential were observed in Polmicro (-/-) mice [84].

MUSE cells comprises of 10-15% of all MSCs and play important role in tissue repair and
in maintaining tissue homeostasis. Though the data is limited, but interesting DNA repair
studies were done in the MUSE cells. Evaluation of MUSE cells ability to repair various
types of DNA damage showed no significant difference in BER and NER activities among
MSCs, non-MUSE cells, and MUSE cells. However, basal level expression of DNA damage
sensing kinase ATM was elevated in MUSE cells when compared to non-MUSE cells. On
the other hand, in response to H,O, exposure, MUSE cells expressed increased levels of
DNA-PKcs (NHEJ) compared to MSC and non-MUSE cells. Based on these observations,
authors proposed that DNA-PKcs-mediated NHEJ might be the prominent mechanism
involved in repair of H,O,-induced DSB in MUSE cells [85].

Even though the role of NHEJ in repairing DSBs is robust based on the literature as
mentioned above, few types of damages are not successfully processed by NHEJ. mESCs
were genetically modified to carry two I-Scel sites in cis separated by a distance of 9 kbp.
Even though NHEJ repair was active in this system, it failed to efficiently restore breaks
induced in two distant chromosome ends [86].

6.3. Regulation of HR in stem cells

Although NHEJ plays a significant role in stem cell DNA repair, most of the time HR is
used by stem cells as an additional protection. Furthermore, whenever NHEJ repair fails, HR
seems to take control of the repair process, provided if DNA replication has already occurred
[87]. Even though the mechanism is not understood, RAD51 proteins are recruited at DSB
sites throughout the mESCs cell cycle, including G1 [88]. This observation challenges the
common assumption that HR can be active only during the S-phase of the cell cycle, and HR
in mESC can be independent of DNA replication. Additionally, treating hESCs with
replication inhibitors does not always activate CHK1 mediated S-phase arrest [89]. hESCs
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prefer elimination of cells with replication-associated DNA damage through apoptosis rather
than DNA repair.

Though they are inactive during unperturbed conditions, HR proteins are highly expressed
throughout different stages of the cell cycle in mESCs until their differentiation [90].
Possibly, stem cells might have this constant HR expression to immediately activate and fix
the DNA damage, thereby avoiding delay in time for their transcriptional activation.

Maintenance of telomere length is a critical hallmark of stem cells and for their immortality.
Accumulation of extrachromosomal telomeric repeats in the form of T-circles after excessive
telomere elongation is a common problem in stem cells. HR proteins, specifically, Nijmegen
breakage syndrome 1 (NBS1) and XRCC3 play a significant role in trimming the excessive
telomere elongation [91].

The efficiency of HR has been applied in gene editing of stem cells. Recently, Artemis
knockout (Art (—=/-)) mouse has successfully reverted the Art(—/-) phenotype. Technically,
I-Scel recognition site was replaced in the exon 12 of the Artemis gene and transfected
along with the Artemis correction template, which got incorporated into the murine genome
by HR [92]. Similarly, Sickle Cell disease pathology was reversed in mESCs using I-Scel
mediated HR gene-knock-in [93]. Still, it is important to note that I-Scel mediated HR may
be locus dependent in mammalian stem cells [94]. The success of these gene therapies
mostly relies on the efficiency of HR mechanism. List of human diseases that have been
successfully gene corrected in-vitro using HR in stem cells is given in table 3.

Several new methods have been identified to enhance the efficiency of HR in stem cells.
Combined inhibition of MEK and GSK3p pathways enriches the HR efficiency in ESCs
[114]. Similarly, combined obstruction of FGF receptor, ERK, and GSK3 or dual
impediment of Src and GSK3 also enhanced HR efficiency in mESCs [115,116].

BRCA proteins are potential tumor suppressors and have a significant role in DSB DNA
repair. Brcal mutated mouse develops hematopoietic defects in early adulthood that
included reduced HSCs [117]. Expression of BRCAL was observed in NSCs isolated from
rat brain; however, this expression of BRCA1 decreased as soon as the NSCs differentiated
[118]. Impaired Brca? mESCs reveals increased genomic instability and hypersensitivity to
genotoxic agents [119]. Both the human iPSCs and ESCs indicate increased expression of
BRCA2 upon irradiation, which shows its importance in maintaining the integrity of the
stem cell genome [120].

RAD51 is the final effector of HR mechanism and mainly involved in the strand exchange
process [121]. Irradiation-induced ATM-mediated RADS51 foci formation was observed in
hESCs but not in fully differentiated astrocytes [122]. Co-expression of RAD51 along with
the four reprogramming factors (Oct4, Sox2, Klf4, and c-Myc) increases the reprogramming
efficiency of iPSCs compared with the expression of four reprogramming factors alone
[123]. Conversely, inhibition of RAD51 in mESCs does not affect its self-renewal or
differentiation capacity. However, RAD51 suppression slowed the proliferation of mMESCs
by arresting them at the G2/M phase of the cell cycle [124]. Combined ectopic expression of
RADS51 and RADS52 results in efficient differentiation of ESCs [125]. Consistently, recent
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studies showed increased expression of RAD51 in response to UV exposure in MUSE cells
suggests a role for HR in repair of UV-induced DSB. Together these studies indicate swift
activation of DNA repair processes facilitate these cells resistance to senescence and
apoptosis which otherwise is activated upon unrepairable DNA damage [85].

6.4. DSBR deficiency in stem cells and diseases

ATM Kinase is an important signal transducer of DDR and its loss results in a
neurodegenerative disorder called ataxia-telangiectasia (A-T). A-T patients typically show
increased chromosomal instability and sensitivity towards IR. They also suffer from severe
cellular degeneration due to Purkinje cell death [126]. iPSCs from A-T patient exhibits
abnormal DNA repair mechanism, defective radiation-induced signaling, radiosensitivity,
and cell cycle checkpoint defects [127]. NBS1 protein plays a significant role in the repair of
DSB repair and its deficiency in humans’ results in NBS, characterized as growth retardation
and cancer predisposition. Predictably, iPSCs derived from NBS patient’s fibroblast shows
increased chromosomal instability, slower growth, mitotic inhibition, a reduced apoptotic
response to stress, and abnormal cell-cycle-related gene expression. Especially, NBS neural
progenitor cells show downregulation of neural developmental genes [128]. Ataxia-
telangiectasia-like disorder (ATLD) is a disorder that has mutated MRE11 and shows similar
features to that of A-T and NBS [129]. Conditional knockout of Mre11in mESCs results in
the inhibition of stem cells proliferation [130].

Werner syndrome (WS) is a premature aging disorder induced by mutations in WRN. WRN
gene belongs to the RecQ family of helicases that are involved in the separation of double-
stranded DNA. Telomere dysfunction and increased chromosomal instability are the
hallmarks of WS in cells isolated from WS patients [131]. WRN/~ ESCs maintained
standard karyotyping and successfully differentiated into all three germ layers. Nevertheless,
WRN= ESCs differentiated into WRN~ MSCs presents characteristics of premature aging
like premature loss of pro-liferative potential, increased number of senescence-associated—@-
galactosidase positive cells, up-regulation of aging-associated genes p16 and p21, activation
of senescence-associated secretory phenotype and elevated expression of DDR proteins
[132].

Similar to WRN protein, Bloom also belongs to RecQ family of helicases. Mutations in

BL M leads to Bloom’s syndrome (BLMS) that impairs its functions and results in increased
genomic instability, elevated sister chromatid exchanges and predisposition to cancer [133].
Mutation in murine B/m results in embryonic delay and decease by embryonic day 13.5.
Increased DNA damage induced by chromosomal segregation results in elevated apoptosis
of epiblast cells [134,135].

It is interesting to note that both WS and BLMS occur as a result of mutations in the RecQ
family of helicases. Nonetheless, clinically they are different, where, WS is mostly an aging
disorder, and BLMS is mostly a cancer predisposition disorder. Remarkably, few differences
occur at the molecular level between these two disorders. First, telomere dysfunction/
shortening happens only in WS but not in BLMS. Association between telomere dysfunction
and aging has been well documented [136]. Secondly, HR is elevated in BS cells and
depressed in WS cells. Finally, WRN is expressed in both dividing and non-dividing cells,
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whereas, BLM is expressed mostly in dividing cells. This situation might make the quiescent
stem cells to accumulate more damage in WS but not in BLMS [137]. These observations
show that mutations in genetically similar genes might have very different clinical
characteristics.

Another disease that is associated with RecQ family is Rothmund-Thomson syndrome
(RTS) and has mutations in RECQL4. RTS is clinically characterized as premature aging
and cancer predisposition disorder [138]. Similar to other RecQ associated diseases,
germline Recgl/4-deficient in mice is found to be embryonically lethal and somatic Recg/4-
deficient mice indicates increased genomic instability, apoptosis and defective
hematopoiesis [139].

7. ICLR and stem cells
7.1. Mechanism of ICLR

ICL repair is a complex DNA damage that employs a various type of DNA repair
mechanisms including NER, HR, FA group and TLS (Fig. 3A). NER mostly repairs ICLs at
GO0/G1 phase. However, during replication, the stalled forks are recognized by FANCM-
FAAP23-MHF 1/2 complex which in turn recruits the FA proteins and other accessory
proteins to form a multi-subunit ubiquitin E3 ligase complex or the FA core complex. Within
the core complex, an E3 ligase FANCL mono-ubiquitinates FANCD2 and FANCI at
Lysine-561 and 523 respectively and activates them. Activated FANCD2 and | complex then
localizes into the chromatin and interacts with the downstream components, which comprise
nucleases (XPF, MUS81, and SLX1), HR proteins (BRCA2, BRIP1, PALB2, and RAD51C)
and scaffold proteins (SLX4) to complete the repair.

7.2. Regulation of ICLR in stem cells

Deficiency in FA complementation group of proteins results in FA disease, characterized by
bone marrow failure, developmental abnormalities and predisposition to cancer [140].
FANCD? is a vital HR member that involves in DSB and ICL repair. Like any other HR
proteins, defective FANCD2 regulation by UapI leads to increased chromosomal instability
in mESCs and mouse embryonic lethality [141]. FancDZ2 deficient mice show defective
HSCs including defective long-term in-vivo repopulating ability. Similar results were found
in FancC knockout mice [142] and also in UspI deficient mice, an enzyme necessary for
deubiquitinating/deactivating FANCD2 [143].

FancU deficient mouse was observed to be embryonically lethal and the embryos that were
able to survive for a few days exhibit increased genomic instability [144]. FancB mutant
mMESCs exhibits hypersensitivity to the crosslinking agent mitomycin C (MMC) and did not
facilitate the recruitment of FANCD2 to MMC induced foci [145]. FancA and FancG
deficient mice display increased apoptosis of embryonic neural progenitors accompanied by
NSCs exhaustion with aging. Additionally, NSCs displays a reduced capacity to self-renew
in-vitro [146]. hiPSCs derived from somatic cells of FANCA mutant patients maintained
pluripotency but underwent profound G2 arrest and apoptosis [147]. Additionally, lentiviral-
mediated gene correction of FancA reversed phenotype of affected HSCs and promotes a
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healthy pattern of clonal turnover in-vivo [148]. FANCC mutant patient-derived iPSCs did
not show any difference in their pluripotency. However, FANCC deficient iPSCs exhibits
increased chromosomal abnormalities and unable to generate teratoma composed of all three
germ layers in-vivo. Even though FANCC deficient iPSCs successfully differentiate into
HSCs, the hematopoietic progenitors display increased apoptosis and reduced clonogenic
potential [149].

7.3. ICLR deficiency in stem cells and diseases

FA is an inherited disease that leads to bone marrow failure, physical abnormalities, organ
defects, and an increased risk of certain cancers. Currently, at least 22 genes were found to
be associated with this disease. iPSCs derived from FANCA deficient patients display an
early pathologically defective differentiation phenotype in both hematopoietic and
endothelial lineages [150]. Similarly, in another study, iPSCs derived from FANCA deficient
patients show decreased clonogenicity and increased sensitivity towards DNA crosslinking
agents. FA-HPCs and FA-MSCs show similar deficiencies in maintenance and proliferation.
Prominently, these FANCA deficient iPSCs exhibit defective differentiation into HPCs,
MSCs, and NSCs [151]. Furthermore, FA deficient hHSCs reveal a higher rate of cytokinesis
failure resulting in increased binucleated cells [152].

Karyomegalic Interstitial Nephritis (KIN) is a chronic interstitial nephropathy disorder that
is characterized by tubulointerstitial nephritis and formation of enlarged nuclei in the
kidneys and other tissues. Recent reports describe that mutations in the gene encoding
FANCD2/FANCI-associated nuclease 1 (FAN1) causes KIN in humans. Mechanistically,
FAN1 acts as a 5'—-3" exonuclease that cleaves DNA successively at every third nucleotide,
allowing to excise an ICL from one strand through flanking incisions which are later taken
care by FA pathway [153]. Chronic treatment of FanZ~/~ mice with cisplatin exhibits renal
failure within five weeks and defective MSCs [154]. Like-wise, karyomegaly became more
prominent in kidneys and livers of £anZ~~ mice with age, and also develops liver
dysfunction [155].

8. TLS and stem cells
8.1. Mechanism of TLS

Unrepaired DNA poses increased risk to the cells, especially during replication it stalls the
DNA polymerases. Persistent stalling of replication forks leads to fork collapse, genomic
instability, and cell death. These type of situations are handled by DNA damage tolerance
(DDT) pathway, which facilitates to bypass the damage during replication and leaving the
damage to get repaired at a later time (Fig. 3B). Mechanistically, TLS is a type of DDT that
recruits RAD6/RAD18 ubiquitin complex that mono-ubiquitinates PCNA and results in the
recruitment of specialized TLS polymerases like polymerase eta, which bypasses the
damaged DNA.

8.2. Regulation of TLS in stem cells

Revl, a core factor in TLS seems to be essential for normal stem cell replication and
proliferation. Rev knockout hematopoietic stem and progenitor cells displays decreased
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proliferation and increased replication stress that is rescued with antioxidants. In addition to
Revi, Xpc knockout results in the perinatal loss of HSCs, progressive loss of bone marrow,
and fatal aplastic anemia between three and four months of age. Further analysis reveals that
this observation associates with increased replication stress, genomic breaks, DNA damage
signaling, senescence, and apoptosis in bone marrow [156]. Recently, a detailed analysis of
TLS pathway was studied in Pcna164RIK164R mice as a unique DD T-defective mouse
model. Both the HSCs and HSC derived multipotent progenitors show reduced numbers and
stressed hematopoiesis was evident [157]. We have shown that RAD18, an essential member
of TLS is critical for the functional interaction of HR proteins FANCD2, BRCA2 and
RAD5L1 in cancer cells [158]. Rad18 knockout mESCs exhibits increased spontaneous sister
chromatid exchange, hypersensitivity to multiple DNA damaging agents and a defect in
postreplication repair [159]. Conversely, Rad18 deficient mice did not show any phenotype
similar to that of Fanc deficient mice models. Nevertheless, RadZ8'~ HSCs exhibits
increased sensitivity towards in-vivo treatment with the non-cross linking and
myelosuppressive agent 7 12-Dimethylbenz[g]anthracene [160]. RAD18, which primarily
involves in the repair of crosslinking induced DNA damages in cancer cells seems to differ
in HSCs. These results suggest that the stem cells depend on multiple DNA repair
mechanism to protect its genomic stability.

8.3. TLS deficiency in stem cells and diseases

Xeroderma pigmentosum variant (XP-V) is a subtype of XP disease associated with typical
pigmentation, sensitivity to radiation and types of cancer in the oral maxillofacial regions.
Mutation in the POLH gene that encodes for TLS polymerase n (pol n) is documented for
XP-V [161]. Mechanistically pol 1 can bypass sunlight induced TT-dimers with high
accuracy. Polfi'~ mice develops skin tumors upon UV irradiation, but not in control mice
[162].

9. Conclusion

Overall, it is clear that stem cells can upregulate almost all types of DNA repair mechanisms
to protect their genome from various types of genomic insults induced DNA lesions. It is
also clear that failure of any of these DNA repair mechanism, stem cells undergo senescence
or apoptosis in an accelerated manner to avoid the accumulation of damages in their
genome. In some cases, failing of this process also makes them accumulate these damages
and marks them predispose to aging and cancer (Fig. 4).

Deficiency of NER and DSBR mechanisms show a significant number of diseases or
disorders compared to the MMR, BER and TLS. This phenomenon may be due to the fact
that NER and DSBR are involved in repairing high magnitude DNA damages that are lethal
by nature. Another reason might be that upon MMR and BER deficiency, mismatches and
modified bases are repaired/compensated by NER. However, since there is no alternative for
NER and DSBR, NER and DSBR deficiency is associated with various type of diseases.

Recent studies indicate that pluripotent MUSE stem cells possess increased DNA repair
potential compared to the non-MUSE MSCs. However, further studies are needed to
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understand the regulation of different DNA repair processes in these cells, particularly
during tissue repair and homeostasis.

Gene editing technologies using DNA repair has recently brought a tremendous potential for
stem cells. Especially, HR in stem cells is used when dealing with knock-in, knock-out or
precise mutagenesis using CRISPR CAS systems. Several disease models have already
successfully reversed (gene corrected) in-vitro in patient-derived iPSCs using these gene
editing techniques employing HR (Table 3). Even though there is still much need to be done
for translating these technologies to in-vivo gene therapy, empowering stem cell potential
with DNA repair is something phenomenal and vital for future gene therapy. Alternatively,
specific mutations including the ones that can compromise DNA repair [29], and disease-
specific mutations like Hemoglobin H [163], Lesch-Nyhan disease [164], etc., has also been
achieved in stem cells using HR. Taking this research to another step ahead, mice models
with defined genetic defects can now be generated using HR based gene therapy in mESCs
with the potential for germline transmission [165]. Recently, several ways have been
identified by researchers to improve the efficiency of HR in stem cells. For example,
enrichment of hiPSCs in G2/M stage enhances HR-mediated gene editing with a 6-fold
increase in targeting efficiency compared to the cells in the G1 phase [166]. These types of
approaches that involve DNA repair mechanisms make gene editing in hPSCs and MUSE
cells will be a more viable tool for disease modeling, regenerative medicine, and cell-based
therapies. Further research about modifying DNA repair pathways will be un-doubtedly
helpful to improve the therapeutic potential of stem cells.
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DDR DNA damage response

ROS Reactive oxygen species
MMR Mismatch repair

BER Base excision repair

NER Nucleotide excision repair
ICL Interstrand crosslinks

FA Fanconi anemia

DSB Double strand breaks

NHEJ Non homologous end joining
HR Homologous recombination
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CRC
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HDAC
MTS
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NSC
MSC
COFS
GG-NER
TC-NER
HSC
MEF
TTD
DPSC
TRAX
NBS
A-T

ATLD
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Double-strand break repair

Embryonic stem cell

Adult stem cell

Pluripotent stem cell

Human pluripotent stem cell

Induced pluripotent stem cell

Mouse embryonic stem cell

Human embryonic stem cell

Multi lineage-differentiating stress-enduring
Cancer stem cell

Colorectal cancer

Microsatellite instability syndrome
Histone deacetylase

Muir-Torre syndrome

Ultraviolet

Single strand break

Neural stem cell

Mesenchymal stem cell
Cerebro-oculo-facio-skeletal

Global genome nucleotide excision repair
Transcription-coupled nucleotide excision repair
Hematopoietic stem cell

Mouse embryonic fibroblast
Trichothiodystrophy

Dental pulp stem cell

Translin-associated protein X

Nijmegen breakage syndrome
Ataxia-telangiectasia

Ataxia-telangiectasia like disorder
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WS Werner syndrome

BLMS Bloom’s syndrome

RTS Rothmund-Thomson syndrome

MMC Mitomycin C

KIN Karyomegalic Interstitial Nephritis
FAN1 FANCD2/FANCI-associated nuclease 1
DDT DNA damage tolerance

TLS Translesion synthesis

0OGG1 8-oxoguanine DNA glycosylase-1
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Different types of DNA damage and repair mechanisms. Cells in human body undergoes
various types of DNA damages like mismatch DNA during replication, damaged base, bulky
adducts and potentially lethal double strand breaks (DSBs) which are recognized and
repaired by mismatch repair, base excision repair, nucleotide excision repair and DSB repair
(non-homologous end joining and/or homologous recombination) respectively. These
damages are also bypassed by translesion synthesis during replication to be repaired later.
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Fig. 2.
Different DNA repair mechanisms. A) Mismatch repair is initiated by MSH2-MSH6

complex, which recognizes the mismatched bases and recruits nuclease (MLH1 and EXO1)
to incise and remove the mismatch. The abasic site is then resynthesized by DNA
polymerase and PCNA, and the gap is ligated by Ligase I. B) Base excision repair
recognizes damaged bases using DNA glycosylases, which then recruits APE1 to cleave the
abasic site. DNA polymerase and PCNA then add the missing bases which is finally ligated
by XRCC1-Ligase Illa complex. C) Nucleotide excision repair recognizes DNA adducts in
total genomic DNA using XPC-hHR23B complex (global genome repair) and in transcribed
DNA strand of active genes (transcription-coupled repair) by the presence of RNA
polymerase 1l stalled at the damage site. Transcription factor TFIIH and helicases XPB and
XPD are then recruited to unwind the strands to give access to XPA-RPA complex to recruit
nucleases ERCC1-XPF and XPG which then incise the damaged nucleotides. After incision,
DNA polymerase and PCNA synthesizes the new nucleotides and ligated by ligases. D)
DSBs before replication and also sometimes after replication is repaired by non-homologous
end joining. Ku70-Ku80 complex recognizes DSB and recruits DNA-PKcs and Artemis,
which then facilitates the DNA end processing by MRN (MRE11-RAD50-NBS1) complex.
After DNA end processing, the broken strands are ligated by XRCC-Ligase IV complex. E)
DSBs after replication are mostly repaired by homologous recombination. MRN complexes
recognize and initiate the resection of DSB DNA ends. The exposed single strands are
coated by RPA and replaced by RAD51, which then initiates the crossover. PCNA and
polymerase synthesizes new nucleotides with the help of template DNA and the free ends
are finally ligated using ligase.
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Different DNA repair mechanisms. A) Inter-strand cross links during replication is repaired
by Fanconi anemia (FA) pathway. Cross links induced stalled forks are recognized by
FANCM-FAAP23-MHF ¥ complex which then recruits FA core complex with E3 ligase
activity that mono-ubiquitinates FANCD2 and FANCI. Mono-ubiquitination of FANCD2
and FANCI facilitates their localization to the damaged site, which in turn recruits nucleases
(XPF, MUS81, and SLX1) to remove the cross link that results in DSB. DSB is then finally
fixed by homologues repair. B) Unrepaired damages are sometimes bypassed by translesion
synthesis during replication to avoid stalled forks. Upon experiencing adducts during
replication, RAD6/RAD18 ubiquitin complex is recruited to the stalled fork site, which
mono-ubiquitinates PCNA. Mono-ubiquitinated PCNA then undergoes confirmation change
that facilitates the recruitment of low fidelity polymerase eta, which bypasses the damaged
DNA. After bypassing, normal high fidelity DNA polymerase replaces the polymerase eta to
continue replication.
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Fig. 4.
Impact of DNA repair in stem cells. Stem cells are under constant threat from both

endogenous and exogenous DNA damage. Efficient DNA repair mechanisms are employed
to fix these damages. However, failure to fix these damages in stem cells results in reduced
clonogenic potential, increased senescence and apoptosis compared to damaged normal
cells. However, in some occasions, stem cells can survive with DNA damages especially
during development that can lead to various disease pathogenesis.
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DDR genes/proteins that are upregulated in various types of stem/progenitor cells in comparison with the non-

stem cells.
DDR Pathway ~Membersof DDR References
MMR MSH2, MSH6, PMS2, MLH1, EXO1, MSH3 [21-23]
BER APEL, PARP1, XRCC1, DNA Ligase Ill, FEN1, NTHL1, UNG, POLE, POLE2, AAG [20-24]
NER XPA, XPC, XRCC1, RAD23B, GTF2H2, GTF2H3 [20,22,24]
DSB/HR RAD50, RAD51, RAD52, RAD54, BRCAL, BRCA2, NBS1, XRCC5, BLM, WRN [20,22,23,25]
DSB/NHEJ KU70, KU80, NHEJ1, XRCC6 [22,25]
ICLR FANCG, FANCL, FANCA [20,22]
TLS PCNA [22]
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Table 2

List of human diseases and disorders affected by deficiency in various DDR pathways.

Disease or disorder

DDR pathway  Genesinvolved

Lynch syndrome

Turcot syndrome

Muir-Torre syndrome

Metabolic syndrome

Atherosclerosis

Xeroderma pigmentosa

Cockayne syndrome
Trichothiodystrophy

Ataxia telangiectasia
Cerebro-oculo-facial-skeletal syndrome
AT-like disease

Seckel syndrome 1

Nijmegen breakage syndrome

Ligase IV syndrome

Werner syndrome

Rothmund-Thomson syndrome
Blooms syndrome

Spinocerebellar ataxia with axonal neuropathy
Fanconi anemia

Karyomegalic interstitial nephritis

Xeroderma pigmentosum variant

MMR
MMR
MMR
BER
BER
NER
NER
NER
Global
NER
Global
Global
DSB/NHEJ
DSB/NHEJ
DSB/HR
DSB/HR
DSB/HR
DSB
ICL

ICL
TLS

MLH1, MSH2, MSH6, PMS2
MSH2, MSH6, MLH1, PMS1, PMS2
MSH2, MLH1

NEIL1

0OGG1

XP (A-G)

ERCC6, ERCC8

Various XP and CS related
ATM

ERCC1,2,50r6

MRE11

ATR

NBS

LIGASE IV

WRN

RECQLA4

BLM

TDP1

FA genes

FAN1

POLH
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