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Sex disparities in DNA damage response
pathways: Novel determinants
in cancer formation and therapy
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SUMMARY

Cancer incidence and survival are different between men and women. Indeed,
females have a lesser risk and a better prognosis than males in many tumors
unrelated to reproductive functions. Although the reasons for these disparities
are still unknown, they constitute an important starting point for the develop-
ment of personalized cancer therapies. One of the mechanisms that fuels
carcinogenesis is the accumulation of defects in DNA damage response (DDR)
pathways, a complex signaling cascade that senses DNA lesions and, depending
on the severity, coordinates transient cell-cycle arrest, DNA replication, repair,
apoptosis, and senescence, preventing genomic instability and cancer. Recently,
evidence of sexual dimorphisms is emerging in these pathways, therefore
providing new opportunities for precision medicine. Here, we will discuss current
knowledge about sexual disparities in the DDR, their role in tumorigenesis and
cancer progression, and the importance of considering sex contribution in both
research and cancer therapies.
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INTRODUCTION

Sex differences are evident in both incidence and survival in many different cancer types unrelated to

reproductive functions (Sung et al., 2021). In fact, males have a higher probability to develop cancer

and a worst prognosis than females for many somatic tumors like lung, bladder, colon, skin, liver, and

brain cancer (Figure 1). Reasons for these differences are still not well understood, but, besides environ-

ment and lifestyle, it is known that they partially rely on circulating sex hormones. Indeed, these mole-

cules are involved in both tumorigenesis and cancer susceptibility through different mechanisms

affecting the renewal of cancer stem cell, the metabolism, the tumor microenvironment, and the immune

system (Clocchiatti et al., 2016).

However, it is important to note that steroid hormones action represents only one of the mechanisms

responsible for sexual dimorphisms in cancer, that are instead the result of combined and independent ef-

fects of multiple sex-biasing factors. Accordingly, sex disparities can be found in many different pathways

important for tumor initiation, sustainment, and progression, such as regulation of senescence, angiogen-

esis, metabolism, immunity, epigenetic modifications (Rubin et al., 2020; Yuan et al., 2016) and, unexpect-

edly, in the DNA damage response (DDR).

The DDR is a complex but efficient network of pathways that cells developed to counteract DNA lesions

and prevent the onset of chromosomal instability that finally can lead to cancer (Carusillo and Mussolino,

2020). Upon genotoxic stress, the DDR detects the damages and boosts DNA repair, but in case of irrep-

arable lesions it induces premature cellular senescence or apoptosis, finally preventing the proliferation

of damaged and potentially dangerous cells. The importance of DDR in cancer prevention is highlighted

by the discovery in patients of mutations in genes involved in these pathways. However, it should be

considered that even if defects in these signaling cascades promote tumorigenesis, members of the

DDR can also be useful targets for therapy, because cancer cells, which are defective in these pathways,

are more sensitive to DNA-damaging drugs than normal cells that can repair the lesions (Pearl et al.,

2015).
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Figure 1. Sexual dimorphism in the incidence of different cancer types unrelated to reproductive functions

The pie charts represent the percentages of new diagnosed cancer cases in 2020 among men and women. The % values

have been calculated using data retrieved from the Global Cancer Observatory GLOBOCAN 2020 (Sung et al., 2021).
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The DDR ismainly constituted by the ATM-CHK2 and the ATR-CHK1 signaling cascades (Figure 2; Smith et al.,

2010). Upon DNA lesions, ataxia telangiectasia mutated (ATM) and ataxia telangiectasia and Rad3 related

(ATR) phosphorylate a plethora of substrates collaborating with mediator proteins and the transducer kinases

that are, respectively, CHK2 for ATM and CHK1 for ATR. These phosphorylations promote the appropriate

cellular response to DNA damage, but, while mediator proteins stimulate ATM and ATR activation, the trans-

ducer kinases CHK2 and CHK1 propagate, modulate, or eventually redirect the DNA damage signal (Zannini

et al., 2014). The ATM-CHK2 pathway is mainly involved in the response to double-strand breaks (DSBs), while

the ATR-CHK1 signaling is primarily activated upon single-strand breaks (SSBs) and replication stress. How-

ever, because single-strand DNA can be produced during the repair of DSBs and, conversely, DSBs can be

generated during the replication of damaged DNA, cells frequently activate both these signaling cascades

(Smith et al., 2010). Moreover, beside the response to many different types of DNA lesions, the DDR is also

involved in physiological cellular processes, such as telomere lengthmaintenance, mitochondrial DNA repair,

cell cycle, mitosis and meiosis regulation, circadian clock control, viral DNA processing, stem cell mainte-

nance, and V(D)J recombination during antibodies production (Zannini et al., 2014).

Given the complexity of these mechanisms and their importance for the maintenance of genome integrity,

many efforts are continuously employed to better understand the regulation of these pathways. Until now,

the DDR was considered to act equally in both male and female cells. However, recent discoveries suggest

that sexual dimorphisms may exist also in these signaling cascades andmay contribute to the different pre-

disposition of men and women to cancer development and to sexual disparities in the response to treat-

ments. Advances in these fields will be hereafter discussed.
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Figure 2. Graphical representation of the ATM-CHK2 and ATR-CHK1 signaling cascades

In response to DSBs or SSBs, the kinases ATM and ATR becomes activated and, collaborating with the transducer kinases

CHK2 and CHK1 promote the phosphorylation of a plethora of targets. Phosphorylation of these substrates finally induces

the appropriate cellular response to the lesions, that could be the induction of senescence or apoptosis, the activation of

cell cycle checkpoints, and the promotion of DNA repair.
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SEX DIFFERENCES IN THE RESPONSE TO PHYSIOLOGICAL DNA DAMAGE

As described above, the DDR participates also to physiological cellular processes, and in some of these

functions recently emerged unexpected sexual dimorphisms. Indeed, sex differences can be detected

not only in sex hormones functions related to the DDR but, importantly, also in the regulation of aging

and in the repair of mitochondrial DNA, two processes that were up to now considered conserved in

both men and women (Figure 3).
Hormones regulation

Steroid hormones are small molecules that, circulating in the human body and regulating nuclear receptors

function, promote autocrine, paracrine, and endocrine signaling in both physiological and pathological

conditions. However, steroid hormones (estrogens, androgens, and glucocorticoids) may also produce

genotoxic stress and it is not yet clear if they can be considered carcinogenic or tumor protective (Joosten

et al., 2004). Given the widespread use of hormonal steroids also in medicine (for contraceptive and therapy

purpose), their genotoxic activity has been widely investigated and it has been found that their signaling

may cause mutations, DNA damages, chromosome breakage, and polyploidy. Nonetheless, it has been
iScience 25, 103875, March 18, 2022 3



Figure 3. Sex disparities in physiological cellular processes regulated by DDR

Sexual dimorphisms are evident in at least three aspects of normal cell physiology regulated also by DDR proteins. i)

There is a reciprocal regulation between steroid hormones and DDR proteins: both androgens and estrogens promote

DNA repair, but, while male hormones seem to be pro-tumorigenic, estrogens appear to halt cancer formation. ii)

Telomeres shortening activate the DDR and it has been found that men are characterized by shorter telomeres than

women. iii) Sexual disparities can also be detected in mitochondria; indeed, in males these organelles display high levels

of oxidative stress which is instead reduced in females’ mitochondria that therefore demonstrate a better oxidative

balance.
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reported that sex hormones contribute differently, and possibly in an antagonistic manner, to tumor forma-

tion and progression. Indeed, studies in hepatocellular carcinoma, but also in other types of cancer,

demonstrated that estrogens counteract tumorigenesis while, on the contrary, androgens promote cellular

proliferation and metabolism activation (Clocchiatti et al., 2016). In general, males and females share the

same hormones, but differ in their production site, blood concentrations, and interplay with organs, sys-

tems, and apparatuses. Indeed, estrogens and androgens have important roles in both male and female

biology and their physiologic response depends on the ratio of estrogen and androgen receptors signaling

and on the amount of steroid metabolism (Hammes and Levin 2019). This suggests that sexual dimorphism

in cancer is not simply the result of the presence of estrogens in females and androgens in males, but their

levels and combinations contribute to the differences between sexes.

It should be, however, noted that sex steroid receptors are also involved in DDR modulation by regulating

the activity and expression of genes involved in these pathways (Joosten et al., 2004). For example, the ac-

tivity and expression of p53, one of the most important players of these signaling cascades (see below), was

reported to be positively regulated by estrogens and progesterons (Dunphy et al., 2008), while, on the con-

trary, male sex hormones decrease p53 function (Ma et al., 2008). Therefore, these functional associations

should be kept in consideration when combining hormone andDNAdamaging therapy in tumors with wild-

type p53.
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In addition, steroid hormones have also been reported to regulate DNA repair (Wengner et al., 2020), espe-

cially non-homologous end-joining (NHEJ) and homologous recombination (HR), the two main pathways

involved in DSBs repair (Carusillo and Mussolino, 2020). Indeed, in prostate cancer models, androgen re-

ceptors (ARs) stimulate the activity and expression of DNA-dependent protein kinase (DNA-PK), a serine/

threonine kinase that constitutes one of the main components of the NHEJ machinery (Mohiuddin and

Kang, 2019). Similarly, in breast cancer, estrogens positively regulate the expression of nibrin (NBS1),

the protein mutated in the radiation-sensitive Nijmegen breakage syndrome that, early after damage, ac-

cumulates at DSBs and induces the recruitment of DDR proteins favoring the repair of DNA (Komatsu,

2016). In addition, steroid hormones also regulate HR both positively and negatively (Bowen et al., 2015;

Wilk et al., 2012), demonstrating complexity in the modulation of these pathways and suggesting that ther-

apeutic inhibition of nuclear receptors may result in non-reparable DNA damages in different types of

tumor.

Conversely, there are also members of DDR pathways involved in the regulation of nuclear receptors func-

tions. For example, poly(ADP-ribose)-polymerase-1 (PARP1), a sensor of DNA damage important for the

recruitment at DSBs of DNA repair proteins (Pascal, 2018), has been reported to regulate estrogen recep-

tors (ERs), ARs, and progesterone receptors (PRs) functions and to foster their binding to target genes

promoters (Weaver and Yang, 2013). Therefore, the sex-specific effect of PARP1 functions should be

considered in clinical trials using PARP inhibitors to treat patients with breast cancer or metastatic castra-

tion-resistant prostate cancer.

Mediator of DNA damage checkpoint 1 (MDC1), a scaffold protein that amplifies the DNA damage signal in

the initial steps of the DDR (Ruff et al., 2020), has also been found to bind ERs and increase its transcriptional

activity, finally suppressing breast cancer cells growth (Zou et al., 2015). This finding, together with the

observation that MDC1 levels decrease during tumor progression, indicates that regulation of ERs by

MDC1 could have an important role in preventing breast cancer advancement. Similarly, MDC1 has

been shown to support ARs function in prostate cancer (Wang et al., 2015) and, considering the important

role of ERs and ARs in breast and prostate tumors, it should be interesting to investigate the mechanisms

underlying the regulation of the antitumorigenic functions of nuclear receptors by MDC1.

Additionally, other DDR proteins associated with post-translational modifications have been found to

regulate ARs function. For example, PIAS1, a sumo E3-ligase involved in DSBs repair (Galanty et al.,

2009) increases ARs stability and transcriptional function (Puhr et al., 2016), while DNA-PK establishes a

positive feedback loop of clinical relevance with ARs (Goodwin et al., 2015).

Because ERs and ARs are also involved in the development and progression of somatic tumors, such as he-

patocellular carcinoma, non-small cell lung cancer, and thyroid cancer, differences in sex steroid hormone

levels could contribute to disparities in cancer susceptibility between males and females and the feedfor-

ward loop between DDR and hormone signaling should be considered when analyzing the results of clinical

trials or in the development of novel combinations for therapy. Importantly, hormones effect should be

considered also for cancer therapy in transgender people who are exposed to high levels of estrogens

or testosterone to, respectively, promote feminization or masculinization. However, the findings that

women are more protected than men from different types of cancer even in the post-menopausal period

(Chlebowski et al., 2004) and that sexual disparities in cancer incidence and survival can be as well found in

pre-pubescent children (Williams et al., 2019) indicate that, as better detailed in the next sections, also hor-

mone-independent mechanisms are responsible for sex differences in both DDR and cancer.
Telomere length regulation

Telomeres are nucleoprotein structures that protect the end of chromosomes from being recognized as

DSBs and ensure proper chromosome replication (Kong et al., 2013). Among eukaryotes, the enzyme

responsible for telomere lengthmaintenance is telomerase reverse transcriptase (hTERT) and upregulation

of hTERT activity has been found in many tumors, suggesting a cancer promoter role. However, during ag-

ing or in response to genotoxic stress (e.g. oxidative damage), telomeres shorten and induce DDR activa-

tion and NHEJ-mediated DNA repair. These events may lead to end-end chromosome fusions that, during

the next mitotic cycles, could break and generate chromosomal aberrations, finally fuelingmalignant trans-

formation. Paradoxically, critically short telomeres also trigger cell-cycle arrest, senescence, or apoptosis,

preventing cancer cells proliferation (Kong et al., 2013). Therefore, telomere attrition has a dual role in
iScience 25, 103875, March 18, 2022 5
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tumorigenesis: it can promote genome instability and carcinogenesis while, on the contrary, it can also sup-

press tumor progression.

Nonetheless, the relationship between age, sex, and telomere length is complex and even if there are few

exceptions, different meta-analysis studies demonstrated that, in physiological conditions, adult women

have longer telomeres than men (Gardner et al., 2014). This association becomes stronger with the

increasing of age and suggests that females may be more protected from telomere-shortening effects.

However, it is still unclear if these differences appear soon after conception or later in life (Factor-Litvak

et al., 2016; Zhu et al., 2011) and also the reasons for sex disparities in telomeres are still undefined. It

has been suggested that larger body size is paired with more cell divisions and therefore with shorter telo-

meres (Barrett and Richardson, 2011). Because generally males have larger bodies than females, the

reduced length of telomeres in men could be a natural consequence of this disparity. However, the

most supported hypotheses foresee the involvement of sex hormones. Indeed, estrogen-responsive ele-

ments have been found in hTERT promoter and treatments with 17-b-estradiol result in upregulation of

telomerase activity (Mayer et al., 2006). Moreover, telomeres that are particularly sensitive to oxidative

stress and estrogen, which has antioxidant properties (Carrero et al., 2008), could help the metabolism

of reactive oxygen species (ROS). On the contrary, women may also have longer telomeres because of

the low levels of testosterone (Alonso-Alvarez et al., 2007), which is known to increase the deleterious ef-

fects of oxidative stress. However, because steroid hormones also regulate the function of DDR proteins

(see above), it should be investigated whether these circulating molecules could be involved in telomere

length maintenance by modulating DDR pathways.

Anyhow, it is important to note that short telomeres are generally associated with increased mortality and

morbidity in humans and that cancer incidence increases more rapidly in males than in females with

increasing age. Therefore, the presence of longer telomeres in female cells could contribute to explain

why, worldwide, women live longer than men and are less affected by cancer.
Repair of mitochondrial DNA

Oxidative stress activates the DDR and one of the main sources of ROS is mitochondria. These organelles

provide most of the cell energy through oxidative phosphorylation and contain their own DNA (mtDNA)

that lacks histones and encodes for proteins important for mitochondrial functions (Zong et al., 2016).

Therefore, mtDNA is more susceptible than nuclear DNA to genotoxic stress because besides being as-

saulted by exogenous stresses, such as UV radiations, it lies in the proximity of the oxidative phosphoryla-

tion sites and moreover it is not protected by histones. Additionally, excessive mtDNA damages, if not

properly repaired, increase the production of ROS, finally promoting mitochondrial dysfunction and the

pathogenesis of many human diseases including cancer (Rong et al., 2021). It was previously thought

that mtDNA might not be repaired and that these organelles, when damaged, are simply degraded (Druz-

hyna et al., 2008). Now, it is clear that repair pathways exist also in mitochondria and the most important is

base excision repair (BER) that removes non-bulky DNA lesions mostly produced by oxidation. However,

ROS may also cause DSBs in mtDNA that, similarly to nuclear DNA, are repaired by HR and NHEJ (Rong

et al., 2021).

Mitochondria present a strong sex-specific behavior and differ, between males and females, for

morphology, function, and oxidative stress regulation (Ventura-Clapier et al., 2017). Studies performed

in rat brain demonstrated that females have higher mitochondrial activity (Guevara et al., 2009) and

increased respiration rate (Khalifa et al., 2017) than age-matched males. Similarly, also in human brain,

the activity of mitochondrial enzymes is higher in females than in males (Harish et al., 2013). However,

even if their respiratory rate is increased, both mouse and rat female brains accumulate less ROS than

males, suggesting a better oxidative balance. Moreover, also oxidative damage is reduced in female

mouse brains, if compared with equal in age males, and the same happens also in humans, where bio-

markers of oxidative stress are lower in women than in men (Harish et al., 2013; Khalifa et al., 2017). These

differences in mitochondrial activity suggest that ROS accumulation, regulation, and sensitivity are sexually

dimorphic. Therefore, it seems that female mitochondria are better optimized than male mitochondria and

this difference could explain the sexual dimorphism detectable in different types of cancer. Indeed, be-

sides brain, sexual dimorphism inmitochondrial function has been found also in other tissues, such as white

and brown adipose tissues, liver, and skeletal muscles, and, therefore, it is possible that men, accumulating

more ROS than women, may have a higher risk to develop cancer. Because ROS accumulation increases
6 iScience 25, 103875, March 18, 2022



Figure 4. Sex disparities in the response to genotoxic stress

Sexual dimorphisms have been found in the behavior of some DDR-related proteins: i) p53, which has been found to

mutate more frequently in men than in women, ii) RB, that in male cancer cells is kept in a hyper-phosphorylated and

inactive state also upon DNA damage, therefore favoring G1-S transition and the propagation of potentially dangerous

cells, and iii) ATRX, that is more frequently mutated in women than in men and these mutations seem to increase the

immune response toward cancer. Evidence of sexual dimorphism has been found also in DNA repair pathways, but the

results of these disparities are still unclear.
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with age, this well correlates also with the increased cancer incidence rate found in males. Importantly, one

of the main players in the response to ROS is p53 (Shi and Dansen, 2020) that, as described below, is more

frequently mutated in men than in women, possibly contributing to the sex differences in ROS

accumulation.

SEXUAL DIMORPHISMS IN THE RESPONSE TO GENOTOXIC STRESS

During their lifetime, men accumulate more somatic mutations than women. These genetic alterations

could derive from errors in DNA replication, but also from defects in repairing DNA lesions. Therefore,

they could reflect important differences between males and females in the response to chemical and phys-

ical genotoxic agents and in DDR pathways activation. However, nowadays only few evidence of sexual

dimorphism in these signaling cascades does exist and these disparities are generally restricted to specific

inactivation or increased mutation rate of DDR genes (Figure 4).

p53

The main player of cancer defense mechanisms is the tumor suppressor protein p53 (Hafner et al., 2019).

Upon DNA damage, replicative, and oxidative stress, p53 acts as a sensor for the cell, promoting either

transient or permanent cell-cycle arrest, allowing the repair or inducing apoptosis or senescence. Recently,

evidence is emerging that some sexual disparities in cancer could be ascribed to different p53 activities

and regulations in men and women (Haupt et al., 2019).

The gene encoding for p53, TP53, is themost mutated gene in patients with cancer and thesemutations are

often followed by loss of heterozygosity and complete p53 deficiency, which promotes cancer initiation and

progression (Levine, 2020). It has been established that mutations in TP53 affect moremales than females in

non-reproductive cancers. Indeed, statistical analysis conducted among 12 most common sporadic tumors

in the US population proved that men aremore frequently characterized by cancers withmutated TP53 than

women (Haupt et al., 2019). Reasons for this difference could be attributed to a network of p53 regulatory

genes on the X chromosome that mutate more frequently in males than in females. Importantly, this
iScience 25, 103875, March 18, 2022 7
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disparity can be observed only in genes linked to p53 pathway, therefore suggesting that females can spe-

cifically inactivate mutant genes on the X chromosome finally protecting p53 signaling. In addition, p53

demonstrates sex-specific functions also in patients with Li Fraumeni who bear p53 mutations and are char-

acterized by increased predisposition to cancer. However, the outcome is still not clear since some groups

demonstrated that p53 mutations increase the risk of cancer formation mostly in female carriers (Gonzalez

et al., 2009; Wu et al., 2006), while other laboratories contradicted these findings (Olivier et al., 2003). How-

ever, studies with mouse models demonstrated that p53 mutant males develop more aggressive tumors

and have reduced lifespan than females (Kfoury et al., 2018).

In unstressed condition, p53 is kept at low levels by its major E3 ubiquitin ligase MDM2 through an autor-

egulatory negative feedback loop. Upon stress signals, MDM2-p53 interaction is disrupted inducing p53

accumulation and stabilization (Karni-Schmidt et al., 2016). A single nucleotide polymorphism (SNP,

SNP309 G/G) in MDM2 produces high mRNA and protein levels and the consequent reduction of p53

tumor suppressor function (Bond et al., 2004). This SNP, that is mostly disadvantageous for women, is asso-

ciated with increased predisposition for multiple cancers and the higher risk has been attributed to the

female Asian population, in the context of non-small cell lung cancer (Luan et al., 2019).

Another level of p53 regulation is represented by the ATM-, ATR-, and CHK2-dependent phosphorylation

cascade. Sexual dimorphism among these regulators has been observed in mouse models in contrast with

the sex differences characterizing human cancers. In C57BL/6 mice, p53 functions after g-irradiation decrease

with age, due to a reduction of ATM kinase activity, and the decline occurs later in males than in females

(Fenget al., 2007). In addition, thegreatmajority ofmice that carry theCHEK2*1100delCallele, lacking the kinase

activity, and that develop tumors were females (Bahassi El et al., 2009). Similarly, germline CHEK2mutations in-

crease the risk of developing breast cancer for human females (Bahassi El et al., 2009), while in contrast, lung

tissue developed mechanisms to counteract CHK2 inactivity and prevent tumor formation (van Jaarsveld

et al., 2020). These results indicate the existence of sex and tissue-specific risks for carcinogenesis and that

evidence obtained with murine models cannot be always translated to humans.

RB

Another protein with important roles in cancer development is RB which negatively regulates cellular pro-

liferation (Dick and Rubin, 2013); in fact, hyperphosphorylation or loss of RB results in higher levels of E2F1-

dependent transcription and a more rapid G1-S progression. Recently, RB has been linked to the sexual

dimorphism that can be detected in glioblastoma (GBM), which is known to affect more males than fe-

males. This sex disparity has been observed in mesenchymal GBM, which frequently shows loss of neuro-

fibromin (Nf1) and mutation in TP53 (Verhaak et al., 2010). Studies with male and female Nf1�/�DNp53

astrocytes demonstrated that male cells have a higher proliferation rate than females. At the molecular

basis, higher levels of phosphorylated and inactive RB were found upon serum addition in male cells, indi-

cating a more rapid G1 to S transit (Sun et al., 2014), and similar results were obtained also in response to

the DNA-damaging drug etoposide (Kfoury et al., 2018). Moreover, complete inactivation of p53 and RB by

SV40-TAg expression prevented sexual differences in the transformation process, indicating for RB a

sexually dimorphic role (Sun et al., 2014). Interestingly, retinoblastoma, in which RB is completely inacti-

vated, is not a sexually dimorphic tumor (Broaddus et al., 2009). Further analyses also demonstrated

that, upon serum withdrawal or etoposide treatment, there was a significant increase of the RB regulators

p16 and p21 in female GBM astrocytes, compared to male cells (Kfoury et al., 2018). These results suggest

that female astrocytes are protected by the cooperative induction of the CDK inhibitors p16 and p21,

arresting cell cycle. On the contrary, male cells do not arrest their growth and continue to acquire DNA

damage-induced chromosomal aberrations, possibly explaining the increase incidence and the poorer

outcome of GBM in males. Notably, p21 expression regulation is achieved also through sexually dimorphic

epigenetic modifications. Indeed, the lysine demethylase KDM6A, which escapes X-inactivation and is

more frequently mutated in male tumors, was found to regulate the expression of p53 and RB target genes,

including p21, finally protecting females from bladder cancer (Kaneko and Li, 2018). These findings demon-

strate that sex-specific epigenetic modifications differently regulate gene expression in males and females

and could contribute to sex disparities in DDR and cancer.

ATRX

ATRX is an X-linked gene encoding a tumor suppressor protein involved in chromatin remodeling,

maintenance of genetic stability, and X chromosome inactivation (XCI) through its binding to XIST
8 iScience 25, 103875, March 18, 2022
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(Ren et al., 2020). ATRX has been found mutated or absent in many cancer types, including gastric cancer

(GC), in which ATRXmutations occur more frequently in female compared tomale patients (Ge et al., 2021).

Among patients with GC, ATRXmutations have been associated with a higher overall survival in both sexes.

However, it has been observed that especially female ATRX mutants are characterized by stronger anti-

cancer immunity and favorable clinical response when compared to male ATRX mutants. This effect is

mainly due to a higher activation of DNA repair pathways and increased sensitivity to DNA damage (Ge

et al., 2021), as previously seen in glioma (Han et al., 2018) and murine pancreatic cancer (Young et al.,

2018). Therefore, ATRX mutations could be a predictive biomarker of favorable clinical outcome for female

patients and together with other markers could contribute to identify those women that possibly could

benefit of specific therapy.

DNA repair

In accordance with the increased cancer incidence found in males, chromosomal abnormalities and

somatic mutations have been found earlier and to a greater extent in men than in women (Podolskiy

et al., 2016). The mechanisms involved in this difference are still unknown, but it was suggested that

DNA repair efficacy could be different between males and females. However, the studies investigating

the role of sex on DNA repair have been up to now inconclusive. In fact, no sex disparities have been found

in the repair of DSBs in human peripheral blood mononuclear cells or in a meta-analysis of DNA damage

studies (Garm et al., 2013; Soares et al., 2014) therefore indicating that DNA repair effectiveness is not

different between men and women. On the contrary, another study (Wei et al., 2000) reported that females

have reduced capacity to repair tobacco-induced DNA damages by nucleotide excision repair (NER) and

lower NER activity has been associated with increased risk of lung and non-melanoma skin cancer (Spitz

et al., 2003; Wei et al., 1993). In addition, Trzeciak et al., using a modified form of comet assay, were

able to demonstrate that the fast component of SSBs repair, involving DNA ligation and polymerization

steps of BER, is lower in females than in males (Trzeciak et al., 2008). These findings suggest that at

least the initial phases of NER and BER pathways could be reduced in women compared to men, even if

in mice it was demonstrated that DNA repair works better in females than in males (Winkelbeiner et al.,

2020).

Importantly, it was also found that polymorphism in DNA repair genes may influence their repair ability,

finally increasing the risk of cancer development. For example, XPC Gln939Gln was found to increase

the risk of developing lung cancer in women but not in men (Letkova et al., 2013).

In addition, analysis of molecular differences in 13 cancers of The Cancer Genome Atlas (TCGA) database

revealed that DNA repair genes are expressed at higher levels in female patients than in males, possibly

because of the increased methylation that can be detected in male genomes (Yuan et al., 2016).

Collectively, these reports indicate that there is still a lot to investigate to understand the role of sex in

DNA repair and that the effect could be different depending on the tissue and on the type of lesions.

DIFFERENT SEX EFFECTS OF CANCER THERAPIES

The main goal of cancer therapy is the complete eradication of the tumor either via selective killing of can-

cer cells or surgical procedures. A common feature of cancer cells is the presence of defects in DDR path-

ways that make them more susceptible to DNA damaging agents and therefore radio- and chemotherapy

are frequently used to treat these diseases (Pearl et al., 2015). Although sex is an important factor in deter-

mining the sensitivity to cancer therapy, sex-based studies are still insufficient mostly because of the under-

representation of females in clinical trials (Murthy et al., 2004). However, it seems clear that generally cancer

therapies work better in females than in males. Indeed, it was shown that women respond differently from

men to many drugs and develop more frequently adverse reactions (Yu et al., 2016). For different types of

chemotherapy agents, it was reported a greater cancer cell death and worst side effects for females than

males and this means that women require lower doses of drug thanmen (Wagner et al., 2019). This disparity

finally leads females to better survive to therapy even if the reasons for these differences are still unknown.

Possible explanations could be that adult women have stronger innate and immune response than men

(Klein and Flanagan, 2016), and that males and females differ in their body composition (Wagner et al.,

2019). In fact, males have a higher percentage of fat-free body mass than females and this diversity could

lead to differences in drugs adsorption, metabolism, and excretion. In addition, body composition also in-

fluences drugs distribution, with females being more responsive to lipophilic compounds, because of the

higher proportion of fat, and males to water-soluble drugs. Therefore, the greater cancer cell death
iScience 25, 103875, March 18, 2022 9
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detectable in females could be attributed to slow drugs clearance and the subsequent prolonged survival

for women has been detected in response to alkylating platinum for esophageal cancers (Davidson et al.,

2019), upon paclitaxel for NSCLC (Wheatley-Price et al., 2010), and upon temozolomide treatment of glio-

blastoma (Yang et al., 2019). Radiotherapy was also found to extend the survival of females affected by

esophageal squamous cell carcinoma (Luo et al., 2019), compared to men, and this increase may be due

to the augmented radiosensitivity that can be detected in women and that can lead to improved therapeu-

tic effect. Accordingly, the median toxic dose of ionizing radiation is lower in females than in males and the

number of DNA damages is greater in women than in men. Nonetheless, understanding the reasons for

these disparities is of extreme importance, in the aim of cancer treatment optimization, and, therefore,

in the future, there will be an urgent need to expand these studies to better define personalized cancer

therapies.
CONCLUSIONS AND PERSPECTIVES

In the last years, many efforts have been employed with the purpose of developing personalized cancer

therapies. These studies mainly exploited the presence of specific mutations and only recently sex has

begun to be considered. In fact, male and female patients with different cancer types are currently treated

in a similar manner without dealing with the factor of sex. However, for therapeutic targets with strong sex

bias signature, sex-specific trials should be employed to succeed.

Therefore, understanding the basis for cancer sex disparities is fundamental to achieve comparable out-

comes for both male and female patients with cancer. Indeed, it is now essential that we consider that

sex differences may significantly affect cell biology of cancer and how males and females respond to ther-

apy. Therefore, it is extremely important that in the future both basic research and clinical studies consider

the sex component during data analysis and trials design, a procedure that was up to now complicated also

because of the low representation of women in clinical testing.

Moreover, the finding that males develop cancer earlier than females (Podolskiy et al., 2016), if confirmed,

could constitute an important information also for the national health systems, suggesting that men should

be included in cancer screening at younger age. However, reasons for sex differences in cancer incidence

are still not clear and even if initially the lifestyle of males has been blamed for greater exposure to carcin-

ogens, it is now commonly accepted that both environmental and genetic factors, among which sex, may

impact tumor formation and progression.

DDR pathways are involved in cancer development and therapy (Carusillo and Mussolino, 2020), but until

now they were considered common signaling cascades for both males and females. Only recently, evi-

dence of sexual dimorphisms in the DDR are emerging and given the importance of these pathways for

many aspects of the cell’s life, we expect that in the future many studies will be developed with the purpose

of clarifying the sex-specific aspects of these signaling cascades. Nowadays, these analyses and consider-

ations are sometimes complicated by the lack of information on the sex of the cell lines and of the animals

used during experimentations. In addition, another obstacle is posed by the absence of valuable databases

with the levels of protein expression in human biopsies. Indeed, only comprehensive data of gene expres-

sion are available, but they are not always sufficient for the comprehension of sex differences in DDR path-

ways, because the stability of proteins implicated in these signaling cascades are generally regulated

through post-translational modifications. Therefore, while the mRNA of a gene of interest could be equally

expressed in male and female cells, the levels of the corresponding protein in the same cellular systems

could be significantly different.

However, we expect that in the future the importance of sex impact in DDR studies will be recognized and

these complications will be overcome, finally allowing a better awareness of the molecular mechanisms un-

derlying sex disparities in cancer. These results will hopefully put the basis for the full understanding of the

molecular mechanisms underlying cancer formation and for the development and refinement of novel

personalized cancer therapies for both male and female patients.
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