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Abstract

Mesenchymal stem cells (MSCs) are multipotent stromal cells originating from several adult tissues and sources,
including bone marrow, adipose tissue, skin, placenta, umbilical cord blood, amniotic fluid, and peripheral blood.
MSCs' secretome has the ability to induce proliferation, differentiation, chemo-attraction, anti-apoptosis, and
immunomodulation activities in stem cells. Moreover, MSCs can recognize tissue damage caused by drugs, radiation
(e.g., Ultraviolet, infra-red) and oxidative stress, typically responding in one of two ways. First, MSCs can differentiate
into particular cell lineages to preserve tissue homeostasis, or second, they can release a regenerative secretome to
activate tissue repairing mechanisms. The continued presence of MSCs in a quiescent phase (GO) can increase the
incidence and accumulation of various forms of genomic modifications, particularly upon environmental injury. Thus,
dysregulated DNA repair pathways can predispose MSCs to senescence or apoptosis, reducing their stemness and
self-renewal properties. In particular, DNA damage can impair telomere replication, activating DNA damage
checkpoints to maintain MSC function. In this review, we aim to summarize the role of DNA damage and associated

repair responses in MSC senescence, differentiation, programmed cell death, and aging.
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1. Introduction

Adult stem cells (ASCs) can promote tissue repair and regeneration upon injury and sustain inter-cellular heterogeneity
for physiological homeostasis. The number and function of stem cells (SCs), in addition to their compartmentalization,
contribute to the pathophysiological status of tissues (Vitale et al., 2017a). We know SCs for their self-renewal
capacity by infinite asymmetric divisions and their differentiation to cells of various lineages based on their origin and
differentiation capacity, their so-called stemness. SCs are categorized as totipotent, pluripotent, multipotent,
oligopotent, and unipotent cells. These classifications are according to plasticity and tissue regeneration potency of
SCs. Endogenous and exogenous damages on DNA can cause genetic lesions that may challenge cell survival and
function. The significant roles of DNA in living organisms necessitate precise control of DNA damage repair
mechanisms through recruitment of repair factors to damage sites and the activation of checkpoint regulators to
attenuate or arrest cell-cycle progression. These mechanisms, which are known collectively as the DNA damage
response (DDR), can execute full repair or promote the elimination of damaged cells to protect host organisms against
different malignancies (Bielak-Zmijewska et al., 2018). Adult stem and progenitor cells in various tissues are generally
equipped with several regulatory mechanisms to guarantee genome integrity and tissue homeostasis. Dysregulation of
DNA repair pathways in SCs can reduce tissue regeneration capacity by limiting the self-renewal and differentiation

properties of SCs and by inducing senescence or apoptosis in these cells (Weeden and Asselin-Labat, 2018).

Mesenchymal stem cells (MSCs) and Mesenchymal stromal cells are applied as equal terms in different studies. Here
in, we focus on the MSCs that are located within the stroma of adult organs, although these cells are present in a wide
range of tissue sources (Srinivasan et al., 2019). The secretome of MSCs contains tissue repairing elements that play
an essential role in regulating local and remote progenitor and SC function. In response to tissue damage, MSCs can
release factors that activate tissue repair mechanisms or that direct differentiation of SCs into certain cell lineages
(Fitzsimmons et al., 2018; Moravej et al., 2019; Xi et al., 2013). In the present review, we summarize the contributions

of the DDR in MSC senescence and apoptosis and highlight its pathophysiological relevance.

2. Mesenchymal stem cells

The International Society for Cell & Gene Therapy (ISCT) argues against the equality or interchangeability of the

term MSC with mesenchymal stromal cell. ISCT defines MSCs as a heterogeneous population of stromal cells that



are capable of self-renewal and tri-lineage differentiation (to osteoblast, adipocyte, and chondrocyte). These cells are
plastic-adherent under routine culture conditions and express CD73, CD90, and CD105 markers on their surface, but
not CD11b, CD14, CD19, CD34, CD45, CD79a, and HLA class Il markers (Pashoutan Sarvar et al., 2018;
Viswanathan et al., 2019). Different sources have been reported for the isolation of MSCs, including bone marrow
(BM), trabecular bone, periosteum, synovium, muscle, adipose tissue, pancreas and thymus, Wharton’s jelly, dental
pulp, peripheral blood, skin, lungs, amniotic fluid, chorionic villi, menstrual blood, umbilical cord blood, placenta,
and breast milk (Eleuteri and Fierabracci, 2019; Hou et al., 2013; Moravej et al., 2019; Wong, 2011).

Local tissue damage can be sensed by MCSs, resulting in the secretion of specific factors to support tissue repair and
regeneration (Fitzsimmons et al., 2018; Xi et al., 2013). The MSC secretome contains a significant amount of tissue
repairing elements, including interleukins (e.g. IL-6 and IL-8), chemokines (e.g. CCL2, CCL5 and CXCLS8), and
soluble factors (e.g., epidermal growth factor receptor ligands and hepatocyte growth factor), which collectively can
induce progenitor and SC proliferation, differentiation, and chemo-attraction (Broekman et al., 2016; Weyand and
Eberle, n.d.). Moreover, these tissue-repairing elements can activate the anti-fibrosis, anti-apoptosis, and angiogenesis
pathways in these cells (Srinivasan et al., 2019).

MSCs have limited self-renewal, multipotency, and differentiation capability in contrast to pluripotent SCs. However,
easy isolation and lower tumorigenicity of MSCs make them a much safer source for cell therapies (Li et al., 2017a;
Timari et al., 2017). After systemic injection of MSCs, these cells can migrate into the various target tissues with the
capacity to differentiate into cartilage, muscle, bone, skin, heart, liver, lung, intestine, endothelial, skeletal muscle,
neuron, and fat cells (Agmasheh et al., 2017; Wilson et al., 2010). Mesenchymal stromal cells' secretome contains
high amounts of bio-functional elements, including anti-inflammatory cytokines. These elements can boost local
trophy and immunomodulatory activities to suppress innate and adaptive immune responses (Caplan, 2009; Ferreira
etal., 2018). MSCs are continually being challenged by aging and genotoxic threats, which may result in losing their

differentiation ability and cause senescence (Wilson et al., 2010).

3. Effect of DNA damage in MSCs

In contrast to somatic cells, which typically undergo terminal differentiation, SCs can survive and duplicate for an
extended period, which can increase the possibility of incidence and accumulation of mutations in these cells (Mani

et al., 2019). Chemical reactions between DNA and active molecules, including intracellular reactive oxygen species
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(ROSs), can cause a wide range of DNA damage (Chatterjee and Walker, 2017). The main mechanisms of endogenous
DNA-damage include hydrolysis, deamination, s-adenosylmethionine alkylation, and ROS-mediated oxidation. In
some cases, these damages can serve as mutagenic templates or can distort the DNA double helix, resulting in adverse
consequences during transcription or replication. For instance, single base alterations, such as cytosine to uracil and
guanine to 8-oxoguanine, can cause mutagenesis and impair gene functionality, DNA binding sites or epigenetic
patterns. Exogenous DNA-damaging agents can be divided into two main groups: a) physical agents, such as UV-
radiation that produces cyclobutane pyrimidine dimers and 6-4 pyrimidine-pyrimidone (6-4PPs) (Osakabe et al.,
2015), and b) chemical agents, such as cisplatin, a therapeutic compound that induces DNA intra- and inter-strand
crosslinks. Furthermore, some chemicals, such as polycyclic aromatic hydrocarbons and malondialdehyde-related
pyrimidopurinones, can introduce bulky DNA adducts as either endogenous or exogenous agents (Vitale et al., 2017b).

A comprehensive list of genotoxic mechanisms and agents is provided in Table 1.

MSCs have been reported to both lose and improve their differentiation ability with age. Specifically, the ability of
MSCs to differentiate to chondrogenic and osteogenic cells gradually reduces during aging, whereas aging increases
the rate of differentiation to adipocytes in MSCs. The prolonged culture of MSCs results in the accumulation of
chromosomal abnormalities followed by loss of self-renewal ability (Benameur et al., 2015; Wilson et al., 2010).
Improper function of DNA repair mechanisms that can arise during long-term culture of MSCs can activate DDR
pathways. However, the extent of DNA damage can eventually exceed the DDR system capacity, ultimately resulting
in loss of differentiation capability and cellular senescence. P16 (c-20), phosphorylated-p53 (at Serl5), and
p21Wafl/Cipl are molecules associated with the DDR in late passages of MSCs (Alves et al., 2010). In vitro
experiments have confirmed that human MSCs (hMSCs) are highly sensitive to the accumulation of DNA damage.
For instance, the elevated generation of oxidative stress-related molecules as DNA-damaging agents can induce
senescence and growth arrest in hMSCs. Moreover, the lack of DDR mechanisms in hMSCs leads to a loss of

differentiation capacity, which negatively affects their potential clinical utility (Alves et al., 2010).

Table 1. List of endogenous and exogenous damaging mechanisms and agents.

Endogenous threats Ref
Error-prone (non-proof-reading) DNA polymerases (a, , o, v, A, REV1, {, 1,
(Loeb and Monnat, 2008)
L K, 0, v, p, Tdt and PrimPol)
Topoisomerases (TOP I, TOP II, TOP 111; 7 TOP) (Pommier et al., 2006)

Spontaneous base deamination (e.g., uracil) (Chatterjee and Walker, 2017)



Spontaneous base hydrolysis (AP sites) (Lindahl and Barnes, 2000)

ROS (range of oxidative DNA lesions, e.g., 8-oxoguanine) (Henle and Linn, 1997)
Methylation (e.g., O6-methylguanine) (O’Driscoll et al., 1999)
Exogenous threats Ref

lonizing radiation (alpha, beta, gamma, neutrons, X-ray) (Desouky et al., 2015)
UV radiation (Kiefer, 2007)

Alkylating agents (dietary components, tobacco smoke, biomass burning, .
. . . . (Chatterjee and Walker, 2017)
industrial processing, and chemotherapeutic agents)

Aromatic amines (cigarette smoke, fuel, coal, industrial dyes, pesticides, and . .
) . (Skipper et al., 2010; Sugimura, 1986)
everyday high-temperature cooking)

Polycyclic aromatic hydrocarbon (tobacco smoke, automobile exhaust,
. . . . (Harvey, 1991; Yu, 2002)
charred food and incomplete combustion of organic matter and fossil fuels)

Reactive electrophiles (4-nitroquinoline 1-oxide, N-nitrosamines) (Chatterjee and Walker, 2017)
. ] (Ames et al., 1990; Bennett and Klich,
Toxins (Aflatoxins)
2003)
(Ejtehadifar et al., 2016; Gafter-Gvili et
Environmental stress (extreme heat or cold, hypoxia, and oxidative stress) al., 2013; Luoto et al., 2013; Neutelings

etal., 2013; Skipper et al., 2010)
Cosmetic components (butylparaben and bisphenol A), food preserves
(sodium benzoate, potassium benzoate, and potassium sorbate), food additives = (Chatterjee and Walker, 2017)
(citric acid, phosphoric acid, brilliant blue, and sunset yellow)

4. Role of DNA damage in stemness and differentiation of MSCs

Irradiation can trigger ROS accumulation in cells and cause DNA damage and eventually lead to the loss of stemness
in MSCs. BM-MSCs show a different response upon exposure to low or high dose radiation. Low dose radiation can
induce senescence, a defense response against tumorigenesis, and reduce the stemness of MSCs by attenuating
autophagy activity (Alessio et al., 2015). Autophagy is an active mechanism to maintain the stemness of MSCs by
decreasing ROS accumulation and DNA damage. Starvation and rapamycin (as a macrolide compound) can activate
the autophagy process. Activation of autophagy has been shown to serve as a defense mechanism against irradiation
damage to protect the stemness of MSCs (Hou et al., 2013). Additionally, silencing of Retinoblastoma protein 1 (RB1)
in MSCs prior to X-ray irradiation can reduce cell proliferation and promote the onset of senescence (Alessio et al.,
2017). High-dose photon and carbon ion radiation can induce DNA double-strand breaks (DSBs) in MSCs and arrest

cell cycle at the G2 phase without affecting apoptosis (Nicolay et al., 2015). Exposure of MSCs to DNA-damaging
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agents not only affects their stemness, viability and proliferation, but also leads to a significant decline in their
differentiation ability (Alessio et al., 2017). For instance, chemotherapy can adversely affect the differentiation
capacity of SCs through the induction of severe DNA damage (Asumda and Chase, 2011a; Cruet-Hennequart et al.,
2012).

Mammalian target of rapamycin (mTOR) signaling pathway plays a vital role in cell metabolism, growth,
proliferation, and survival. DNA damage, hypoxia, and energy stress can induce the expression of the DNA Damage
Inducible Transcript 4 (DDIT4) gene (Ellisen et al., 2002; Gharibi et al., 2016; McGhee et al., 2009). Several studies
have suggested a significant role for DDIT4 in differentiation capability, pluripotency gene expression, and regulation
of the mTOR signaling pathway in MSCs. DDIT4 can regulate various biological functions of MSCs by negatively
regulating the mTOR signaling pathway in response to hypoxic conditions and nutrient restriction. High expression
levels of DDIT4 driven by DNA damage accumulation can decrease the differentiation ability, yet maintain the
stemness of MSCs (Gharibi et al., 2016). We note that prolonged culture of MSCs can also alter the methylation

pattern of DNA at specific CpG sites, an outcome that affects the expression of differentiation-associated genes, such

Ex vivo passages\
\

T DN | |

RUNX3 gene CpG Islands

as RUNX Family Transcription Factor 3 (RUNX3) (Bork et al., 2010).

Hypoxia, Energy stress and DNA damage

Figurel. MSCs DNA damage and differentiation ability. Hypoxia, energy stress, and DNA damage is the main factor in attenuating MSCs'
differentiation ability. DNA damage can activate DDIT4, which subsequently alters the mTOR signaling pathway to decrease MSCs' differentiation
ability. Also, P53 can upregulate DDIT4 expression in a P-53-depended manner. Chemotherapy agents are also able to reduce the MSCs'
differentiation ability by inducing DNA damage. For instance, in ex-vivo studies, the lower capacity of differentiation is observed through the
induction of methylation on CpG islands of the RUNX3 gene.



5. DNA damage in senescence and apoptosis of MSCs

DDR proteins are responsible for the detection of DNA damage to mediate appropriate cellular responses toward
repair, senescence or apoptosis (Lombard et al., 2005; Roos and Kaina, 2006). Senescence is a unique state of durable
cell-cycle arrest, which can be induced by various cellular stresses, including DNA damage accumulation. This
process is one of the critical defense mechanisms to avoid malignancy in mammalian cells. Although senescent cells
are non-replicative, they are metabolically active, and in rare conditions, these cells can redirect to replication-
competent cells. Generally speaking, aging and cytogenetic stresses can direct MSCs towards senescence rather than
apoptosis. Apoptosis is a selective hemostatic response to remove MSCs without self-renewal ability. Importantly,
senescence in ASCs, in general, and MSCs, in particular, can reduce regeneration and repairing activities of SCs in
tissues (He and Sharpless, 2017; Li et al., 2017b).

The main stresses that induce cellular senescence are dysfunctional telomeres, genomic lesions, disorganized
chromatin structures, and active mitogenic signaling pathways. For example, when telomeres have reached a critically
short length or DNA DSBs have become excessive, specific DDR pathways direct senescence-induced growth arrest
(Turinetto et al., 2016). The stressor-derived DNA damage can be detected by specific DDR proteins, including Ataxia
Telangiectasia Mutated (ATM) and p53 tumor suppressor, to inhibit cell cycle progression. Histone deacetylase
inhibitors are known as potent activators of DDR proteins (e.g., ATM and p53 tumor suppressor) that direct cellular
senescence (Munro et al., 2004; Ogryzko et al., 1996). Overall, genotoxic stress can induce replication arrest and the
collapse of the replication fork, events that activate signaling pathways involved in DDR-mediated cellular senescence
(Turinetto et al., 2016). The cell cycle responses involve the activation of Retinoblastoma (Rb) or the p53 protein that
subsequently stabilizes specific cyclin-dependent kinase inhibitors, such as p16 and p21, which in turn can trigger
senescence (McHugh and Gil, 2018) as illustrated in Figure 2.

MSCs broadly influence the function of various immune cells, including monocytes, macrophages, dendritic cells, T
cells, B cells, and natural Kkiller cells, and senescence can alter the immunomodulatory activity of MSCs. The
immunomodulatory activity of MSCs is assumed to be an inducible process by the presence of inflammatory
cytokines, instead of being a constitutive process. These cells regulate immune responses by releasing soluble factors
and via direct cell-contact-dependent mechanisms (Domenis et al., 2018). Ageing can cause elevation in lysosomal

activities and dysregulation of cytosolic pH, leading to an increase in the number of senescence-associated beta-
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galactosidase (SA-beta-gal)-positive MSCs with suppressed immunomodulatory function (Li et al., 2017a; Lunyak et
al., 2017). The immunosuppressive activity of senescent MSCs is reported to be restorable by treatment with CD3/28
and IL-2, restoring the capacity for T cell activation and proliferation (Yu et al., 2014). In the presence of the IFNy,
the immunosuppressive activity of MSCs is enhanced, due to stimulation of the production of inhibitors of
inflammation, such as indoleamine-pyrrole 2,3-dioxygenase, Factor H, prostaglandin E2, transforming growth factor
beta, and hepatocyte growth factor (Domenis et al., 2018).

Different resistance patterns occur when MSCs are treated with various anti-cancer drugs, many of which are
genotoxic. For example, MSCs are relatively sensitive to topoisomerase inhibitors, taxanes, Vinca alkaloids, platinum
compounds, and bleomycin. Conversely, they are relatively resistant to cisplatin, etoposide, and vincristine. They
show complete resistance to 5-fluorouracil and gemcitabine (Lopez Perez et al., 2019; Miinz et al., 2018; Nicolay et
al., 2016). BM-MSC:s are likewise resistant to antimetabolite chemotherapies such as 5-fluorouracil and gemcitabine.
The increased amount of DNA metabolism-related enzymes, such as thymidylate synthase, uridine monophosphate
synthase, and thymidine kinase 1, besides the high activity of DDR pathways in MSCs, affects the expression of anti-
apoptotic factors, such as Bcl-2 and Bcl-XL, altering the apoptosis process to maintain the stemness of MSCs (Lopez
Perez et al., 2019). The p53-mediated DDR can block the stemness properties of the MSCs by promoting the
formation of YH2AX DNA damage foci to induce premature senescence or differentiation of these cells. Knockdown
of p53 in MSCs can inhibit the formation of yYH2AX DNA damage foci, suggesting that p53 has a modulatory role in
senescence and differentiation (Hofig et al., 2016). In addition, post-senescent MSCs show downregulated expression
profiles for DNA-dependent protein kinases in contrast to pre- senescent MSCs which are accompanied with RAD51
protein downregulation after senescence bypass, RAD51 is responsible for specific DNA repair mechanisms. Notably,
in contrast to pre- and post-senescence MSCs, tumoral MSCs actively upregulate the expression of DNA repair genes
to overcome the excessive DNA damage caused by the higher metabolic rate of cancer cells (Rubio et al., 2008;

Tarhriz et al., 2019).
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Figure 2. Senescence in MSCs. Different factors can initiate DNA damage response (DDR) in MSCs, including dysfunctional telomeres, genotoxic
lesions, and chromatin disorganization, which result in senescence induction. Besides, strong mitogenic signals can induce cellular senescence.
Histone deacetylase inhibitors can stabilize senescence-related proteins like ATM, P53, and Retinoblastoma (RB). Senescent cells show decreased
immunomodulatory and increased SA-beta-gal activities.

6. DNA-repair mechanisms in MSCs

Various proteins involved in the DDR and DNA repair recognize DNA damage and either restore DNA integrity or
induce senescence, differentiation, or apoptosis in MSCs (Krokan and Bjgras, 2013). In all cells, there are different
DNA repair pathways that respond based on the DNA damage type. DNA repair activity is under the influence of
many modulators, including epigenetics and other factors, which can regulate the gene expression and post-
transcriptional modification (ubiquitination, phosphorylation, and acetylation) of proteins involved in DDR pathways
(Mens and Ghanbari, 2018; Natarajan, 2016; Patel et al., 2017). Transcriptome analysis of undifferentiated MSCs
derived from first-trimester fetal liver tissues indicates a generally higher expression of DNA repair genes in
comparison to adult MSCs. Plus, consistent with the discussion earlier (see Section 5), rat MSCs show globally higher

expression of DDR genes in comparison to senescent rat MSCs (Frosina, 2010a).
6.1 Base excision repair in MSCs

Base excision repair (BER) is a mechanism to repair DNA base and sugar damage, as well as certain single-strand
breaks (SSBs). Base lesions are recognized by DNA glycosylases, such as 8-oxoguanine DNA glycosylase (OGG1),
which excise substrate bases from the genome, creating an abasic site intermediate. Abasic sites in DNA are then

mainly detected by apurinic/apyrimidinic endodeoxyribonuclease 1 (APEX1) protein, which cleaves the DNA
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backbone at the site of the lesion. This protein subsequently collaborates with DNA polymerase beta (POLp), X-ray
repair cross-complementing 1 (XRCC1), and a DNA ligase (LIG1 or LIG3) to carry out a BER response. Moreover,
APEX1 may also communicate with poly (ADP-Ribose) polymerase 1 (PARP1) at sites of SSB repair (Kennedy et
al., 2018). The expression level of specific DNA repair genes, especially the genes encoding BER and inter-strand
crosslink-related repair proteins, is significantly upregulated in human embryonic stem cells compared to embryoid
bodies (differentiated forms), presumably to maintain genomic integrity (Maynard et al., 2008). Although an enhanced
BER capacity is visible in prolonged adipose-derived MSCs, in other types of SCs under similar culture conditions,
BER does not appear to be the dominant repair response. For instance, long-term culturing of hESCs can significantly
attenuate BER activity through decreased expression of APEX1, a central component of the BER mechanism

(Hildrestrand et al., 2009; Kruta et al., 2013).

6.2 Nucleotide excision repair in MSCs

Nucleotide excision repair (NER) responds to DNA adducts that induce helical structural changes (global-genome
mechanism) or interfere with transcription processes (transcription-coupled mechanism). NER substrates typically
impair transcription and replication processes by distorting the DNA double helix and modifying the DNA structure
(Tubbs and Nussenzweig, 2017). Collectively, it is reported that hMSCs show high capacity for NER responses in
comparison to other cells (Frosina, 2010b). Moreover, trichothiodystrophy mouse models, which carry homozygous
mutations in the NER helicase XPD, show enhanced bone aging and a reduced population of both MSCs and
osteoprogenitors cells, because of a decreased proliferation ability (Diderich et al., 2012; Nicolaije et al., 2012). An
altered phosphorylation pattern of the ubiquitin-activating enzyme E1 can inhibit the ubiquitination of critical NER
proteins, ultimately reducing NER capacity in cells undergoing differentiation (Frosina, 2010c). Thus, NER plays a

crucial role in MSC, with stemness and differentiation reducing the activity of this DNA damage response.

6.3 DNA mismatch repair in MSCs

DNA mismatch repair (MMR) removes base mismatches and indels (insertion/deletions of <10 nt) that arise during
faulty DNA replication or recombination. MMR activity is significantly correlated with DNA replication and

stimulated during S-phase. Although the details of damage-specific recognition are still being worked out, in MMR,
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a complex of MSH2 and MSH6 (MutS homologs that make up MUTSa) identify base-base mismatches or small
indels, while the MSH2/MSH3 complex (MUTSp) binds to small and large indels. This initial recognition is followed
by assembly of MUTLa (a complex of MLH1/PMS2) and Exonuclease 1, in collaboration with replication factor C
(RFC), proliferating cell nuclear antigen (PCNA), and POLS, to facilitate excision of the mispaired nucleotide(s) (Liu
et al., 2017). Defective MMR can cause over-duplication and genomic instability of microsatellites in the genome, a
hallmark of certain malignancies (Vaish et al., 2005). Mouse models with homozygous mutations in Msh2 or MIh2
develop stem cell-derived-lymphoid malignancies and many lymphoid tumors with the hallmark of microsatellite
instability (Wei et al., 2002). Since MMR deficient cells are not able to stimulate p53-induced G1 cell cycle arrest in
response to DNA damage, impaired MMR in SCs can lead to cellular transformation and the generation of cancer
stem cells (Vaish, 2007). In addition, Hsa-mir-675 can induce malignant transformation of MSCs by blocking the
MMR mechanism. The Hsa-mir-675 upregulates polyubiquitin-binding protein p62 expression and suppresses
H3K36me3-hMSH6-SKP2 complex formation, thereby inhibiting the activity of MMR in human cancers (Lu et al.,
2019). Interestingly, hsa-mir-1290 plays a similar negative regulatory role in colon cancer cells that exhibit a deficient
MMR capacity. Long-term ex-vivo expansion of MSCs can limit MMR activity and alter signaling pathways that
regulate the activity of telomerase and the stability of chromosomes in MSCs, eventually resulting in loss of stemness
(Jiang et al., 2017).

6.4 Non-homologous end-joining / Homologous recombination

Double strand breaks (DSBs) are known to have extremely deleterious effects on DNA integrity, yet can be repaired
by non-homologous end-joining (NHEJ) and homologous recombination (HR) mechanisms (Hare et al., 2016). NHEJ
can efficiently join two-ended DSBs through the activities of the end-binding complex, i.e., Ku70, Ku80 and DNA-
PK (DNA-dependent protein kinase), in collaboration with end-processing enzymes, such as Artemis, polymerases,
XLF, XRCC4 and DNA LIG4, independent of cell cycle status. NHEJ, which often entails some manipulation of the
DNA content to reveal microhomologies and facilitate alignment and ligation, is frequently error-prone. Conversely,
HR is a mechanism of faithful repair, as it entails the use of an undamaged sister chromatid for accurate resolution of
a DSB, but as a result, is restricted to S/G2/M phases of the cell cycle. The detailed mechanism of HR is beyond the
scope of this review, but involves 3’ to 5° end resection to generate single-stranded DNA stretches needed for strand
invasion and the acquisition of sequence information from the sister chromatid (Chapman et al., 2012; Polo and

Jackson, 2011). Some of the critical players in HR include the Ser/Thr kinase ataxia telangiectasia mutated (ATM),
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the MRN nuclease complex (comprised of MRE11, RAD50 and NBS1), and the homologous pairing protein RAD51,
to name a few. Epigenetic modulatory factors, such as DNA methylation and histone acetylation during long-term
culture and aging, can regulate NHEJ- and HR-specific gene expression in MSCs. In addition, h-BM-derived MSCs
from patients with bone marrow transplantation have elevated DSB repair mechanisms and high ROS-scavenging
capacity, making them resistant to infra-red exposure that is dependent on DNA repair (Frosina, 2010a). hMSC are in
fact broadly resistant to infra-red exposure and exhibit higher telomerase activity and both SSB and DSB repair

capacity in comparison to other cells (Frosina, 2010a).

6.5 Regulation of DNA repair pathways through miRNAs in MSCs

The asymmetric cell division of MSCs is a complicated process that is regulated by different transcription factors,
epigenetic modulators, and hormones. The role of mMiRNAs in the regulation of proliferation and cell cycle is well-
established in MSCs by several studies. For example, has-miR-16 efficiently targets mMRNAs of cyclin E in MSCs to
induce cell cycle arrest and inhibit proliferation and the DDR. Moreover, this miRNA downregulates the expression
of BMI1, a proto-oncogene, and other poly-comb proteins, including Ring Finger Protein 1 (RING1A), RING1B, and
Enhancer of Zeste 2 Polycomb Repressive Complex 2 Subunit (EZH2). In addition, has-miR-16 alters the expression
level of proteins that are involved in BMI1-dependent ubiquitination pathways (Mens and Ghanbari, 2018; Patel et
al., 2017). Chaudhry et al. found that elevated expression of has-miR-16 is associated with reduction in DNA-PK
expression and activity (Chaudhry et al., 2010). Also, has-miR-143 can suppress ERK5 gene expression (MAPK's
family member) and downregulate the expression of cyclin D and CDK®6 genes, resulting in the activation of the S
phase checkpoints. DNA damage upregulates has-miR-143 expression via p53 and MDM2 proto-oncogenes. The
established positive feedback supports the function of p53 in facilitating DNA damage-mediated cell death (Mens and
Ghanbari, 2018; Zhang et al., 2013). Upregulation of has-miR-27 promotes osteogenic differentiation of MSCs
through targeting of APC gene expression, which modifies the G2/M transition. Also, downregulation of has-miR-27
leads to overexpression of set of genes including ERK1/2, ERK5, TGF-B1 and KLF5 that results in adipocyte
differentiation of the MSCs (Mens and Ghanbari, 2018). Moreover, has-miR-27a can modify the DDR in y-radiated
lung cancer A549 cells by downregulation of the ATM gene and modulation of DSB rejoining kinetics following

irradiation damage (Di Francesco et al., 2013a). ATM controls the cell cycle checkpoints (G1-S, S, and G2-M), and
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downregulation of this gene by has-miR-27 adversely affects the p53-p21 axis and results in impaired cell cycle arrest

and DDR following radiation exposure (Di Francesco et al., 2013b).

6.6 Telomeres in DDR of MSCs

A lack of telomeric elements at the end of chromosomes can result in DNA degradation and genomic instability in the
form of end to end fusion. In addition, telomere defects can activate DNA damage checkpoints and the DDR
(Blackburn, 2000). Nucleotide gaps, oxidized bases, abasic sites, and uncorrected nucleotides can alter DNA
sequences by inhibiting replication fork activity, potentially causing loss of telomere structure integrity (Opresko et
al., 2005; von Zglinicki, 2002). Telomere length shortening is associated with DNA damage, and the accumulation of
prelamin A, a nuclear envelope protein precursor, can activate DNA damage-related mechanisms in hMSCs (Infante
etal., 2014). The DDR is characterized by ATM activation and the formation of DNA-damage foci containing p53BP1
and YH2A.X proteins around DSB sites (Borodkina et al., 2014). Hyper phosphorylation of histone H2A at serine 139

is a marker of DNA DSBs in old BM-MSCs (Asumda and Chase, 2011b; Prendergast et al., 2011).

Several studies have shown that SIRT1 and XRCCS5 (a.k.a., KU80) play an essential role in cellular stress responses
that are associated with telomere biology and DNA damage checkpoint regulation. XRCCS5 is involved in NHEJ DSB
repair, and SIRT1 can negatively regulate p53 activity and inhibit growth arrest, apoptosis, and senescence (Brandl et
al., 2011; Thacker and Zdzienicka, 2004, 2003). Telomere uncapping, DNA damage foci formation at telomere sites,
and oxidative insults can induce cellular senescence through activation of the p21-p53 axis (Ben-Porath and Weinberg,

2005; Brandl et al., 2011; Herbig et al., 2004).

6.7 Induction of DDR in MSCs

Ultraviolet radiation, osmotic shock, hypoxia, pro-inflammatory cytokines, and oxidative stress are the main extrinsic
stressors that can activate the p38 MAPK pathway, a process involved in differentiation, apoptosis and autophagy.
ROS mainly induce the loss of differentiation capacity of MSCs rather than affecting their proliferation ability.
Continued exposure of MSCs to ROS can induce senescence; however, a high amount of ROS has cytotoxic effects
and promotes mutagenic damages in healthy cells. Conversely, a low concentration of ROS in MSCs is essential to

maintain cell proliferation, self-renewal ability, regulation of differentiation, and intracellular signaling (Yang et al.,
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2015). Serum extracted from aged animals can be used to induce high levels of ROS in MSCs, through a mechanism
that likely involves changing the expression pattern of proteins related to mitochondria, unfolded protein binding and
stress responses; such serum can also increase intracellular ROS production and drive the accumulation of oxidatively
damaged proteins (GeiBler et al., 2013). This high level of ROS can activate the DDR and Wnt/B-catenin signaling
through the p53/p21 pathway, ultimately promoting aging in MSCs (Zhang et al., 2011). Physical stressors, such as
ionizing and infrared radiation, as well as starvation, can significantly reduce the cell growth rate and induce early
senescence in MSCs. Nevertheless, irradiated and starved MSCs conserve their immune-phenotype, maintain
differentiation ability into adipocytes or osteoblasts, and prevent mitogen-induced T-cell proliferation. These cells do
not show any significant changes on the genomic level (e.g., DNA mutation); however, supramaximal stresses can
stimulate ROS production in these cells, activating the DDR through ATM. Moreover, NHEJ-related genes, including
PRKDC (a.k.a., DNA-PK), RAD50, and H2A histone family member X (H2AFX), as well as HR-related genes,
including ATM, RPA1, BRCA1, and RAD51, are upregulated in MSCs in response to external stresses. Overall,
MSCs prefer to maintain their stemness under stress conditions rather than acquire malignant features (Alessio et al.,
2017, 2015; Conforti et al., 2016). Irradiated mouse MSCs can preserve proliferation and differentiation capacity for
the long-term through H2AX overexpression, S and G2/M DNA damage checkpoint activation, and effective repair
of infrared-induced DSBs. These cells also increase survival through the upregulation of DDR factors (e.g., ATM,
Chk2, and L1G4) and anti-apoptotic genes (e.g., Bcl-2 and Bcl-XL) and the downregulation of pro-apoptotic factors
(e.g., Bim and Puma) (Sugrue et al., 2013). Cisplatin can induce the DDR in MSCs, activating the p53-p21 axis to
arrest the cell cycle. MSCs derived from healthy individuals and chronic lymphocytic leukemia patients exhibit
different responses to treatment with cisplatin, fludarabine, cyclophosphamide, and rituximab. The MSCs derived
from treated patients show a decreased expansion capacity in comparison to normal MSCs in response to the cytotoxic

effects of DNA-damaging agents (Prendergast et al., 2011).

Conclusion

MSCs can modulate tissue homeostasis. Also, they can control tissue repair and regeneration capacity in aging-
associated degenerative diseases. Although MSCs are located in hypoxic niches to keep away from oxidative stressors

and maintain their stemness properties, they are still susceptible to intrinsic and extrinsic DNA-damaging agents. The
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primary responses of MSCs to DNA damage are the production of a considerable amount of anti-oxidants and

activation of the DDR to reduce genotoxicity.

However, irreparable damage to DNA in MSCs can activate differentiation, senescence, or regulated cell death
processes. Moreover, DNA damage can reduce the stemness, proliferation, and differentiation properties of MSCs,
thereby decreasing tissue repair and regeneration capacity. Understanding the DNA damage repair mechanisms in
MSCs can widen our knowledge about the potential clinical and therapeutic applications of these cells. Furthermore,
the unraveling of the DDR mechanisms of MSCs will allow us to improve the strategies of MSC use in in-vitro and
ex-vivo approaches. A comprehensive understanding will ultimately provide critical insight into the possible role of

MSCs in the treatment of age-related diseases during biological aging.
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