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Simple Summary: Paradoxically, although the steroid hormone 173-estradiol (E2) regulates many
aspects of male and female physiology, it is described in the chemical indexes as a carcinogen. By the
analysis of the literature, we unveil here a novel concept for which E2 possesses a dual nature for
which it is both a toxic and a homeostatic regulator controlling DNA stability. Therefore, cancer could
arise as a consequence of the deregulation of this delicate equilibrium between cellular pathways.

Abstract: 173-estradiol (E2) regulates human physiology both in females and in males. At the same
time, E2 acts as a genotoxic substance as it could induce DNA damages, causing the initiation of
cellular transformation. Indeed, increased E2 plasma levels are a risk factor for the development
of several types of cancers including breast cancer. This paradoxical identity of E2 undermines the
foundations of the physiological definition of “hormone” as E2 works both as a homeostatic regulator
of body functions and as a genotoxic compound. Here, (i) the molecular circuitries underlying this
double face of E2 are reviewed, and (ii) a possible framework to reconcile the intrinsic discrepancies
of the E2 function is reported. Indeed, E2 is a regulator of the DNA damage response, which this
hormone exploits to calibrate its genotoxicity with its physiological effects. Accordingly, the genes
required to maintain genome integrity belong to the E2-controlled cellular signaling network and are
essential for the appearance of the E2-induced cellular effects. This concept requires an “upgrade” to
the vision of E2 as a “genotoxic hormone”, which balances physiological and detrimental pathways
to guarantee human body homeostasis. Deregulation of this equilibrium between cellular pathways
would determine the E2 pathological effects.

Keywords: 17[3-estradiol; estrogen receptor alpha; breast cancer; DNA damage; DNA repair

1. Introduction

The sex hormone 173-estradiol (E2) exerts diverse pleiotropic physiological effects in-
cluding the control of the reproductive system in females and the development of primary
and secondary sexual characteristics in humans. E2 regulates a plethora of physiological
functions in non-reproductive tissues including heart, bone, and brain systems. Accord-
ingly, E2 can exert beneficial effects being protective against osteoporosis, cardiovascular
and neurodegenerative diseases [1].

The E2 effects occur mainly as the result of hormone binding to estrogen receptor
subtypes o and f3 (i.e., ERx and ERf), which display different patterns of expression in
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tissues although the two receptors show a high degree of sequence homology. The E2
molecular action through ERx and/or ERf justifies the diverse and sometimes contrasting
effects of this hormone. As an example, E2 can both induce or inhibit cell proliferation by
binding to ERoc or ERf3, respectively [1].

Thus, it is not surprising that E2 is involved in the growth and survival of several
types of human cancers including breast cancer (BCs) [2]. Although BC is a heterogeneous
disease with different molecular phenotypes, the most frequent BCs (i.e., 75%) express the
ER«x at the diagnosis. The ER« is an important prognostic factor because its expression
drives the treatment (i.e., the endocrine therapy), which aims to block different aspects of
the E2:ER« proliferative signaling [3].

Conversely, the increased plasma level of E2 is a well-defined risk factor for BC [4-6].
Although the mechanisms through which this hormone determines its detrimental effects
are not completely understood and imply also its interplay with other hormones (e.g.,
progestins) [4-6], E2 has been shown to cause directly or indirectly DNA damage [7]. E2
could contribute to the initiation and progression of BC through the induction of DNA
double-strand breaks (DSBs) and genomic instability [8-10]. Indeed, E2 can induce the
production of oxidative metabolites, which cause DNA adducts and/or oxidative DNA
damage [9]. Also, the hyperactivated E2:ER« signaling provokes excessive proliferation
in turn promoting DNA damage accumulation (e.g., replication fork stalling-dependent
DSBs) [11,12].

To face DNA damage, cells have evolved a complex set of mechanisms termed DNA
damage response (DDR), which allows the detection of the lesions, activates the damage
signaling, and regulates the DNA repair [13,14]. It has been suggested that E2 signaling
inhibits the DDR to induce chromosomal instability and aneuploidy, which are typical
cytogenetic prerequisites for BC initiation and progression [7]. Moreover, E2 induces a
physiological transcriptional and replicative stress (RS) on nucleic acids [15]. Remarkably,
RS commonly occurs in cells and causes DNA damage, which is rapidly counteracted by
the RS response (RSR) [16]. Therefore, this evidence suggests a complex E2-dependent
modulation of the cellular pathways controlling both DDR and RSR for the fine regulation
of the E2-induced cell proliferation. Nonetheless, it is difficult to reconcile how E2, which
controls crucial physiological processes both in females and males and contributes to body
homeostasis, could work as a carcinogen inducing the development of BC.

The mechanisms by which E2 elicits DNA damage and protect cells from genomic
instability as well as the ability of this hormone to directly control the signaling underlying
DDR and RSR are reviewed here. Reported evidence allows proposing that E2 balances
DNA damage and genome stability via an intertwined cross-talk involving ERx, DDR, and
RSR signaling.

2. The Molecular Pathways of E2:ER«x Signaling to Cell Proliferation

E2 induces cell proliferation by activating both nuclear and extra-nuclear ERox activities
(Figure 1).

ER« is a ligand-activated transcription factor belonging to the nuclear receptor su-
perfamily. E2 binding to ER« induces E2-dependent gene transcription by triggering
ERx association to the promoters containing the estrogen-responsive-element (ERE) se-
quence. The association of specific transcriptional co-activators and co-repressors to ERx
contributes to the modulation of gene transcription (Figure 1). ERx can also modulate
genes that do not possess the ERE-sequence in their promoters because the hormone-bound
receptor can associate with other transcription factors (e.g., AP-1, SP-1, and NF-kB), which,
in turn, expand the repertoire of the E2-regulated genes [1]. The E2:ER«x transcriptional
activity is further controlled by the membrane-starting signaling activated by E2 [2]. ER« is
also located at the plasma membrane through lipid modification (i.e., palmitoylation) medi-
ating, upon E2 binding, the activation of a plethora of signaling cascades (e.g.,, ERK/MAPK;
PI3K/AKT pathways) [17-19] (Figure 1). In mice models harboring the mutation of ERx
palmitoylation site (i.e., C447 to A in human ERx and C451 to A in murine ER«) it has
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been firmly demonstrated that the extra-nuclear plasma-membrane-dependent signaling
of the E2:ERa plays paramount roles in the regulation of the physiological effects of E2
in vivo [20,21] as they intimately integrate with the transcriptional functions of the E2:ERx
complex [18].
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Figure 1. E2:ER«x nuclear and extra-nuclear signaling to cell proliferation. The nuclear (left) and extra-nuclear (right)

signaling pathways are indicated. Localization of the ERx to the cell plasma membrane by palmitoylation is indicated

(blue sign). E2:ER-dependent transcription of the genes containing or non-containing the estrogen response element (ERE)
within their promoters as well as E2:ERx-dependent activation of the classic PI3K/AKT and ERK/MAPK kinase cascades
are indicated. 173-estradiol (E2); estrogen receptor o (ERx); Activator Protein 1 (AP-1); estrogen responsive element (ERE);

phosphatidyl-inositol-3-kinase (PI3K); v-akt murine thymoma viral oncogene homolog 1 (AKT); mitogen-activated protein
kinase (MAPK); extracellular regulated kinase (ERK).

The activation of the above-mentioned E2-induced cellular signaling ultimately results
in the induction of DNA synthesis, which allows cell cycle progression, cell duplication,
and cell proliferation (for extensive review, please see for example [22,23]).

Context-Dependent Effects of E2

The pleiotropic nature of E2 implies that this hormone can produce diverse effects in
different cellular contexts. Although the specific molecular details linking the repertoire of
E2-dependent effects with the structure-function relationships played by the ERs within
the cellular environments are still not completely understood, numerous evidence can
explain the context-dependent effects of E2.

The ERx and the ER are differentially expressed in different tissues. Indeed, the ERs
can be singularly expressed in one tissue or co-expressed at different levels in a specific
cellular context and their intracellular levels can vary as a function of time and tissue
physiological state [24].

Moreover, at the cellular level, it is well known that the ERx and the ER(3 possess a
high number of interacting partners [25-27]: the complexity of the ERs interactomes is not
only correlated to the regulation of the expression of the ERs interacting partners in the
different cellular contexts but also to the biochemical properties of the ERs. The ERs are
modular proteins, which contain only two folded domains (i.e., the DNA binding domain
-C domain; the ligand-binding domain: E domain) out of six (i.e., A to F) [28,29]. These two
structured parts of the proteins are then linked to the other domains through intrinsically
disordered regions (IDRs). IDRs confer to proteins a high degree of dynamic flexibility,
increase the possibility that the same protein could interact with various partners, allow
that the same protein could contribute to the regulation of many intracellular pathways,
and are the target of post-translational modifications (PTMs) [30]. The ERo and the ERf3
appear to have acquired all the properties of the IDR-containing proteins: the ER and the



Cancers 2021, 13, 1583

4 0f 20

ERp expose different epitopes in different subcellular compartments [31]; they interact with
different binding partners both in different subcellular compartments and in different tissue
contexts [25-27], in this way contributing to the regulation of many different intracellular
pathways [1,2]; the ERx and the ERf are the targets of a plethora of PTMs [32] and the
IDRs of the ERx can assume a different folding as a function of the specific receptor binding
partner [33].

Furthermore, the complexity of the ERs signaling is increased by the fact that (i) E2
plasma levels physiologically fluctuate as a function of time (see below), (ii) more than one
ligand-binding site has been suggested to be present within the ERs structure [34,35] and
(iii) E2 elicits complex transcriptional and non-transcriptional cellular responses [1,2].

Therefore, given the high heterogeneity of the functional panorama of E2 effects and
ERs structures as well as of the molecular actors mediating the effects of the E2-regulated
pathways in different cell types, in this work, the mammary gland cells are the main context
where the effects of E2 on the balance among DNA damage, protection from genomic
instability and control of DDR and RSR signaling are reported.

3. Relationships between E2 Concentrations and E2:ER« Signaling to Cell Proliferation

One possibility through which E2 can be at the edge between a hormone or a geno-
toxic compound could be its concentration-dependent effect. In fertile women, E2 plasma
levels physiologically fluctuate (from low pM to 1 nM at the ovulation peak), thus reg-
ulating female fertility [36]. In addition, the increase in plasma levels is a risk factor
for the insurgence of BC [4-6]. Therefore, one might expect deep knowledge of the E2
concentration-dependent effects on the E2:ER« signaling to cell proliferation, but instead, a
systematic analysis addressing this point is still lacking.

Nonetheless, it is well known that in vitro the concentration-dependent effects of E2
on both ER«-triggered ERE-based gene transcription and cell proliferation usually follow a
bell-shaped curve with low- and supra-physiological concentrations of E2 (i.e., pM and
uM, respectively) having the same effects. Remarkably, these observations have been also
confirmed in animal models where different tissues are differentially sensitive to low or
high levels of E2 [37].

In this respect, E2-induced gene transcription requires the ability of ER«x to cycle
on-and-off its target gene promoters. This fluctuation of receptor binding to chromatin
occurs in an ordered way. Thus, the E2:ERa complex could sequentially recruit both
co-activators and proteins of the basal transcriptional apparatus (e.g.,, RNA Pol II) to
coordinate gene expression with the fluctuating plasma concentration of E2. The regulation
of this intricate network is controlled by E2 itself, which induces ERx degradation to
limit the excessive response to the hormone stimulation [38,39]. Genome-wide chromatin
immunoprecipitation sequencing (CHIP-seq) confirms that ER«x interacts with millions of
chromatin binding sites with or without E2 [40-42], thus controlling the genomic landscape
of the E2-target cells.

Interestingly, although the E2 concentration-dependent modulation of these molecular
circuitries has not been studied, real-time live-cell analyses of E2:ERo-mediated ERE-based
transcription demonstrated that the activation of the transcriptional activity dependent
on the E2:ER«x complexes is rapid and detectable as early as 3 h after administration of
10 pM E2 [43]. E2-dependent transcriptional activity occurs with an effective dose 50 (EDs)
of ~5 pM at 24 h (Figure 2a) [43]. The gene transcription then induces the activation of
processes required for DNA synthesis. In addition, in this case, the regulation of DNA syn-
thesis induced by different E2 concentrations has not been thoroughly investigated. Recent
evidence in mice shows that supraphysiological concentrations of E2 inhibit uterine epithe-
lial cell proliferation and, consequently, the E2-induced increase of uterine weight [37]. In
ERo overexpressing cells, E2-induced DNA synthesis occurs as rapid as 6 h [44,45]. In BC
cells endogenously expressing the ERx, the DNA synthesis occurs 24 h after the admin-
istration of ~20 pM E2 (Figure 2b). Thus, picomolar concentrations of E2 are sufficient to
activate via ER« intense waves of both gene transcription and DNA synthesis.
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Figure 2. The E2 concentration-dependent effect on gene transcription and DNA synthesis. (a) ERc ERE-dependent
transcriptional activity has been measured at 24 h in MCF-7 cells as described in [43] as a function of the indicated doses
of 17B-estradiol (E2); (b) Bromodeoxyuridine incorporation (BrdU) in DNA has been measured at 24 h in MCFE-7 cells as
described in [43] as a function of the indicated doses of 173-estradiol (E2). Red and green lines indicate half-maximal effect.
For detail, see the text. 173-estradiol (E2); estrogen receptor « (ER); estrogen responsive element (ERE).

Because nanomolar concentrations of E2 at the ovulation peak (i.e., 1 nM) activate
E2:ERo complex-dependent gene expression and DNA duplication at maximal levels and
supra-physiological concentrations of E2 can inhibit cell proliferation [37], high concentra-
tions of E2 could be detrimental for cellular and tissue functions by damaging the genome
through physical breaks on the DNA helix (please see below).

4. Molecular Pathways for Genome Stability Maintenance

The DNA damage is recognized and processed by spatially and temporally controlled
pathways that are collectively called DNA damage response (DDR) (Figure 3).

DDR is required: (i) to detect the DNA lesion; (ii) to guide the correct damage signal-
ing, (iii) to coordinate transcriptional and post-translational activation of genes involved
in the DNA repair; (iv) to promote the activation of the cell cycle checkpoint; and (v)
to eventually induce apoptosis or senescence to deplete or to semi-permanently arrest
irreversibly damaged cells [7,46,47]. Of note, these pathways are activated also during the
RSR. Under pathological conditions, such as cancer, the regulation of DDR is impaired or
abrogated and the risk for genome instability is increased due to the lack of the proper
DNA repair mechanism.

ATM, ATR, and the catalytic subunit of DNA-PKcs, which associates with the Ku70/80
heterodimer (Ku) to form the DNA-PK holoenzyme [48], are large Ser/Thr kinases and
members of the phosphatidylinositol 3-kinase-related kinase (PIKK) family. These kinases
are central regulators of DDR that activate, through redundant mechanisms, three possible
signaling axes, i.e., the ATM-CHK2, the ATR-CHK1, and the DNA-PK cascades [48-53]
(Figure 3).

ATM kinase is recruited and activated in the presence of a DSB thanks to the
MRE11/RAD50/NBS1 (MRN) sensor complex [54-56]. ATR is activated together with
its partner ATRIP in response to a single-strand break (SSB) thanks to the presence of the
replication protein A (RPA) sensor [57-61]. DNA-PKcs is activated by DSB and is activated
by Ku [48,62]. Once activated, ATM, ATR, and DNA-PK phosphorylate H2AX (i.e., the
so-called YH2AX) and hundreds of mediator proteins (Figure 3).
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Figure 3. The DNA damage response (DDR) pathway involves sensor, transducer, mediator/amplifier, and effector proteins,
which act following the induction of a DNA lesion or replication stress. The induction of single-strand breaks (SSB) or
double-strand breaks (DSB) activates specific DDR kinases (i.e., DNA-PK, ATM, and ATR). In turn, this allows the activation
of genes and proteins involved in cell cycle control and DNA repair. In the presence of highly damaged cells, apoptosis
and senescence are activated to deplete or to semi-permanently arrest cells, respectively. For detail, see the text. X-Ray
Repair Cross Complementing 6 (Ku70); X-Ray Repair Cross Complementing 5 (Ku80); catalytic subunit of DNA protein
kinases (DN A-PKcs); phosphorylated H2A Histone Family Member X (yYH2AX); Non-Homologous End Joining Factor
1 (XLF); X-Ray Repair Cross Complementing 4 (XRCC4); DNA ligase IV (DNA lig IV); MRE11/RAD50/NBS1 (MRN);
Ataxia Telangiectasia Mutated (ATM); Checkpoint Kinase 2 (Chk2); Replication Protein A (RPA); Rad3-Related-Interacting
Protein (ATRIP); DNA Topoisomerase II Binding Protein 1 (TOPBP1); Ataxia Telangiectasia and Rad3-Related Protein (ATR);
Checkpoint Kinase 1 (Chk1).

ATM and ATR trigger also a second wave of phosphorylation through the activation
of CHK2 and CHK1 protein kinases, respectively [63,64]. The ATM-CHK2 and ATR-CHK1
axes also stimulate the transcriptional activity of p53, which promotes a temporary arrest
in the cell cycle, thus allowing DNA repair and restoration of homeostasis [51]. Once the
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damage is repaired, all these post-translational modifications are reversed to stop the DDR
signal [13,65-68] (Figure 3).

5. The Interplay among E2, E2:ER« Signaling, and Genome Stability Maintenance

Notwithstanding the deep knowledge regarding the mechanisms through which the
E2:ER« controls gene expression and DNA duplication, only limited, scattered and uneven
information is available about the impact of E2 and /or E2:ER« signaling on the regulation
of both DNA damage and DNA damage response and repair.

5.1. E2 as a Source of DNA Damage

Many in vitro and in vivo studies have highlighted the ability of E2 to induce DNA
damage (Figures 4 and 5). E2 appears to induce DNA lesions by both its chemical prop-
erties (i.e., acting by a direct carcinogen independently on cell cycle) and its functional
activity (i.e., inducing RS and therefore, restricted to S-phase). In humans and rodents,
the E2 administration increases the incidence of mammary, ovarian, colon, prostate, and
endometrial tumors [4-6,8], thus it appears not to be context-dependent. The role of E2
in carcinogenesis occurs through the pro-carcinogen metabolic activation (i.e., genotoxic
“initiator”) and the E2:ER« complex activation (i.e., “promoter”) [37,40-45]. The two mech-
anisms of mammary carcinogenesis are not necessarily mutually exclusive and may even
concomitantly act [69].

5.1.1. E2 as a Direct Carcinogen

E2 is metabolized by phase I P450 enzymes in the liver, uterus, mammary gland, and
testis to generate catechol estrogens (CE) due to the oxidation at C-16 (16a-OHE2), C-2
(2-OHE2), and C-4 (4-OHE2). Their relative yield depends on tissue metabolism. In breast
tissues, CYP1A1l and CYP1B1 are mainly involved in the E2 conversion and, interestingly,
the enzyme levels are regulated by E2 via ER« [70]. Urinary levels of 2-OHE2 and 4-OHE2
are elevated in BC patients compared to healthy controls [71] and elevated concentrations
of 4-OHE2 have been detected in BC biopsies [72]. In turn, hydroxyestradiols, particu-
larly 4-OHE2, undergo CYP1B1-mediated one electron-redox cycle to semiquinone (5Q)
intermediate and ortho-quinones derivatives (Catechol Estrogen Quinones, CEQs). The
SQs electrophilic metabolites E2-3-4-Q and at a lesser extent E2-2-3-Q are known to attack
DNA and form depurinating adducts at the N7-position of guanine and the N3-position
of adenine (4-OHE2-1-N7Gua, 4-OHE2-1-N3Ade) at picomolar concentrations, whereas
the lesser reactive E2-2,3-Q yields 2-OHE2-6-N3A adducts (Figure 4). Such DNA adducts
have been associated with increased cancer risk and appear ultimately to act as carcino-
genic metabolites. Therefore, apurinic sites are potentially mutagenic if not faithfully
repaired [73-75] (Figure 4).

In contrast, with hydroxyestradiols, the inability of E2 to damage isolated calf thymus
DNA demonstrates that its metabolic conversion is a prerequisite to act as a DNA-damaging
agent. CE oxidation to quinones is maintained in homeostasis by phase II enzymes, thus
minimizing the production of reactive species. In extrahepatic tissues, CE is inactivated by
catechol-O-methyltransferase (COMT) [76]. Of note, the COMT inhibitor Ro41-0960 impairs
metoxilathion of catechol estrogens leading to a significant increase of depurinating DNA
adducts [77]. However, such a protective mechanism is reduced by the capability of E2 to
act as a COMT down-regulator inhibiting its promoter DNA methylation [78]. The level of
circulating CEQs is also regulated by the catalytic action of glutathione S-transferase GSTP1,
which conjugates CEQs with glutathione (GSH) [79]. Also, plant-derived polyphenols
(e.g., resveratrol) may act as protective agents against E2-metabolites. Resveratrol has
antioxidant activity, positively modulates phase II enzymes, and efficiently counteracts
E2-DNA adducts formation and neoplastic transformation of cultured normal epithelial
breast MCF-10F cells [80,81].
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Figure 4. Metabolic byproducts of 173-estradiol (E2) exerting genotoxic effects. 173-estradiol (E2) is converted by cy-
tochrome P450 (CYP)-dependent hydroxylation to 2-hydroxyestradiol (2-OHE2) and 4-hydroxyestradiol (4-OHE2). CYP
enzymes or peroxidases convert these substrates into semiquinones (5Q), which may react with O, to generate superoxide
radicals (OHe) that are highly reactive and induces proteins and lipids oxidation, DNA bases oxidation, and single-
strand breaks (SSB). SQ can be also converted to quinones (Q) that can covalently bind DNA thus inducing DNA and/or
chromosomal damage. Overall, these events cause genome instability and cell transformation. For details, see the text.
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Figure 5. The interplay among E2, E2:ER« signaling and DNA damage, DNA damage response (DDR), and replication
stress response (RSR). For details, see the text. 173-estradiol (E2); estrogen receptor o (ER«); catalytic subunit of DNA
protein kinases (DNA-PKcs); Ataxia Telangiectasia Mutated (ATM); Ataxia Telangiectasia and Rad3-Related Protein (ATR);
Checkpoint Kinase 1 (Chk1); Checkpoint Kinase 2 (Chk2).

The E2-induced-DNA damage is not restricted to the above-mentioned DNA-adducts.
Indeed, reactive oxygen species (ROS) produced during E2 metabolization are potent in-
ducers of oxidized bases (e.g., 8-hydroxy-2’-deoxyguanosine (8-OHdG), 5-hydroxymethyl-
2’-deoxyuridine (HMdU)) inducing DNA single-strand breaks (55Bs) (Figure 4). E2 metabo-
lites can also oxidize proteins and lipids [8]. In particular, poly-unsaturated lipids are easily
peroxidized and may give rise to aldehyde DNA adducts [82]. The cellular antioxidant
status following E2 exposure is modulated by ERx. MCEF-7 cell treatment with 10 nM
E2 leads to a significant reduction of cell ability to metabolize peroxide. This reduction
reflects the decrease of catalase activity and glutathione levels as well as the increased
peroxide-induced DNA damage. In this experimental setting, E2 increased levels of glu-
tathione peroxide, SOD1 and SOD2 [83]. Recently, it has been reported that E2 is also able
to increase mitochondrial ROS production in MCF-7C cells [84].

Induction of SSBs, alkali labile sites, and oxidized purines has been documented
by COMET assay in both ERx-positive (MCF-7) and ERx-negative (MDA-MB-231) cells
exposed to E2 (10-1000 nM) and 4-OHE2 (4-100 nM) [85]. However, it should be considered
that the concentration of E2 used in this study exceeded physiological levels of the hormone
occurring in healthy women (1 nM) [85]. Nonetheless, in a previous publication [86], it was
demonstrated by COMET assay that 0.1 nM of E2 induced DNA damage and micronucleus
formation in MCF-7 cells.

E2 and E2 metabolites can also cause DNA DSBs in human ERx-positive and -negative
cells. Ten nanomolar E2 causes DSBs in proliferating ERx-negative epithelial MCF-10A
cells, in which BRCA1 plays a major role in DNA repair to prevent genomic instability [74].
Interestingly, BRCA1 acts also as a repressor of CYP1A1 transcription. E2-induced DSBs
do not only occur exclusively in the S-phase cells via a possible transcription-collision
mechanism but also in G0/G1-phase cells. This ERx-dependent mechanism observed in
MCE-7 cells [87] relies on the formation of abortive TOP2B catalysis generating pathological
stalled TOP2-adducts at transcriptional regulatory sequences (promoters and enhancers). If
adducts are not properly repaired by BRCA1, BRCA2, Mrell, and by the non-homologous
end joining (NHE]) pathway, unrepaired DSBs occur [88]. Therefore, the mechanism for
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DSBs formation after E2 exposure may be dependent on replication-transcription collision
during S-phase or TOP2B-adducts throughout the cell cycle (see below) [88].

Therefore, E2 can induce DNA damage (i.e., DNA adducts, SSBs, DSBs) through the
hormone cellular metabolism, which determines either the production of intermediates
potentially causing damage to the DNA or the increase in ROS, which can be, directly and
indirectly, detrimental for genome integrity (Figure 4). However, under conditions where
the catechol pathway is balanced by the set of the above-mentioned protective enzymes,
the formation of ultimate carcinogenic metabolites of E2 is minimized; furthermore, be-
cause CEQs are rapidly cleared by the liver and kidneys their half-life is relatively low.
Nonetheless, mutations in the enzymes that control E2 metabolism have been shown to be
a carcinogen [89,90]. Therefore, E2 mainly acts as an epigenetic carcinogen by stimulating
abnormal cell proliferation via the engagement of the E2:ERx-mediated pathways [75].

The DNA damaging effect of E2 can occur independently on ER«x via the metabolic-
produced carcinogens, as well as through the signaling activity of the E2:ERo complex.
Thus, both mechanisms can coexist and can contribute to E2-mediated carcinogenesis.

5.1.2. E2 as a Source of Replicative Stress

RS is characterized by DNA synthesis slow down and/or replication fork stalling / collapse
and is triggered by many endogenous or exogenous events, which interfere with DNA repli-
cation and hamper its progression.

In the early stages of tumorigenesis, genomic instability occurs because of oncogene-
induced RS. As outlined above, the E2:ERx-mediated pathways induce a dramatic increase
in transcription and DNA synthesis, all these conditions possibly contributing to the
E2-dependent induction of RS [91-94]. Accordingly, one model proposed to explain
E2-induced genome instability suggests that the unrestrained proliferation driven by
deregulation of genes such as cyclin D1 causes RS and DNA damage [7,11].

A second model that could explain RS in ERx-positive BC cells implies that the E2-
induced transcriptional burst can contribute to RS and genome instability through the
E2-dependent increase of co-transcriptional structures formed by RNA-DNA hybrids.
These structures consist of nascent transcript hybridized to template DNA and are named
R-loops [15]. They are frequently observed in mammalian genomes and are thought to play
regulatory roles influencing the chromatin architecture of gene promoters and facilitating
the transcription termination [95,96]. E2 treatment rapidly induces R-loops mostly at E2-
responsive genes, but DNA damage arises only when cells enter in the S-phase, indicating
that RNA-DNA hybrids hinder replication fork progression. This supports the association
between R-loop-dependent DNA damage and DNA replication [15]. Interestingly, it has
also been demonstrated that exposure to E2 induces YH2AX foci, a well-known marker
of DSBs, in ERa expressing BC cells and in an S-phase-dependent manner [10]. The
formation of YH2AX foci requires ERx and TOP2B and is inhibited by the DNA polymerase
inhibitor aphidicolin [10], thus indicating a direct correlation between DNA damage
and replication. Furthermore, YH2AX foci colocalize with Rad51, suggesting that the
homologous recombination (HR) repair pathway faces E2-induced DSBs. Accordingly,
E2-dependent ATR downregulation does not completely turn off the signaling involved in
the RSR [10] (Figure 5).

These processes appear to be general as even male sex hormone androgen can induce
DNA damage in prostate cells. This androgen-induced DNA damage can represent the
mechanism producing specific genomic rearrangements typical of prostate cancer. Indeed,
androgen signaling in neoplastic prostate cells induces TOP2B-mediated DSBs at many
genomic loci. Therefore, it is possible that multiple different enzymatic activities, includ-
ing that of TOP2B in the case of androgen signaling and that of other nucleases in the
case of high levels of exogenous genotoxic stress, can cooperate with androgen signaling
to generate recombinogenic DSB, the most frequent rearrangements found in prostate
cancers [97].
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Therefore, E2 can promote the formation of DNA lesions through the induction of
transcription and DNA synthesis, which represent perturbating conditions of the replica-
tive process. Moreover, the reported evidence together with the fact that also androgen
determines effects like those elicited by E2 strongly indicates that sex steroid hormones can
induce genome instability by interfering with the RSR repair systems.

5.2. The E2-Dependent Regulation of DDR and RSR Signaling

Direct links exist between the E2:ER« signaling and the cellular DDR and RSR signal-
ing (Figure 5).

5.2.1. The E2-Dependent Control of the DNA Damage Response Signaling

Because E2 can directly or indirectly cause DNA damage, one might expect that E2
would act as a hormone inducing the activation of the signaling pathways required to
repair DNA lesions.

Recent data have shown that ATM is negatively regulated by the E2:ERx com-
plex [7,10] through the upregulation of miRNA 18a and 106a expression, as demonstrated
by cellular models and clinical samples of BC [10] (Figure 5). This regulation, besides
other mechanisms, could explain the resistance of ERx-negative BC to chemotherapy and
radiotherapy. Indeed, the high levels of ATM in ERx-negative BC suggest that this DDR
kinase could represent an interesting drug target in ERx-negative BCs: the usage of specific
ATM inhibitors in combination with chemotherapeutic agents and/or radiotherapy might
achieve more effective clinical benefits as the treatment might enhance tumor sensitivity to
both chemotherapeutics and radiotherapy [10].

DNA-PK plays a central role in RNA polymerase-dependent transcription [98]. The
catalytic subunit Ku70/Ku80 of DNA-PK (DNA-PKcs) possesses a high affinity for DNA
ends and rapidly interacts with DNA after DSBs induction [99]. Of note, E2 promotes ERx
binding to Ku70, which contributes to the transcriptional functions of the receptor [100]
(Figure 5). DNA-PK phosphorylates the Ser118 residue located in ER«, thus, promoting
receptor stabilization and full transcriptional activity [100]. Noteworthy, not only ERx
is a target of DNA-PKcs but also DNA-PK is a target of ER«x. Indeed, two ERa-binding
sites in a region upstream of the DNA-PKcs transcriptional initiation site are necessary
for the E2:ERa-dependent regulation of the DNA-PKcs levels [101]. Physiologically, it has
been proposed that DNA-PK could limit excess ERx degradation to balance the cellular
response to E2 stimulation. However, during pathophysiological conditions accompanied
by excessive E2 stimulation or during irradiation, this delicate balance can be altered [100].
Therefore, although it has been shown that E2:ER« negatively regulates ATM, these find-
ings raise the possibility that E2:ER« signaling could sustain proliferation by promoting
DNA-PK-mediated NHE] to maintain genome integrity, rather than engaging the ATM-
dependent high-fidelity DNA repair mechanisms [100]. In this way, E2 could activate the
DDR pathway to protect the genome.

In addition, cyclin D1 is recruited by E2 to contribute to the regulation of the DDR
pathway via an extra-nuclear mechanism [61]. Thus, ERx-cyclin D1 binding at the cytoplas-
mic membrane augments AKT phosphorylation (Ser473) and YH2AX foci formation. In the
nucleus, cyclin D1 enhances homology-directed high-fidelity DNA repair [61]. Cyclin D1 is
also recruited to YH2AX foci by E2 and induces Rad51 expression [10]. Moreover, E2:ERx
signaling antagonizes the anti-proliferative and pro-apoptotic DDR signals in tumors. Thus,
ERa« signaling can sustain proliferation in situations where otherwise DNA damage would
induce a cell cycle arrest and apoptosis [7].

5.2.2. The E2-Dependent Control of the Replicative Stress Response Signaling

RS activates a surveillance pathway known as the replication checkpoint [102] that
ensures replication completion and prevents replication fork breakage. ATR is the central
kinase of the replication checkpoint pathway (Figure 3). ATR and its partner ATRIP are
recruited to stalled replication fork by the accumulation of RPA on single-stranded DNA.
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Activation of ATR depends on TOPBP1, a protein recruited at single and double-stranded
DNA junctions by the 9-1-1 complex (i.e., RAD1, RAD9, and HUS1) and its clamp loader
RFCRAD178. Active ATR phosphorylates the effector kinase CHK1 at Ser317 and Ser345,
a process also mediated by clapsin, Timeless (TIM), and TIPIN [103-105]. When fully
activated, the ATR-CHK1 pathway regulates fork stabilization and restart and inhibits the
cells from entering into mitosis, thus allowing the completion of DNA replication [102]
(Figure 3).

Oncogene-induced RS not only contributes to cancer development by promoting
genomic instability but it activates replication checkpoints, which slow down cell prolifera-
tion and trigger anti-cancer mechanisms leading to apoptosis or senescence [91,106-108].
Therefore, in cancer cells, RS is accurately regulated and a delicate equilibrium between RS
occurrence and tolerance is achieved to sustain cancer progression.

To establish this subtle equilibrium, cells adapt to oncogene-induced RS avoiding
severe replicative defects through a fine modulation of the ATR-CHK1 checkpoint re-
sponse [109-111], E2 and ERw act as endogenous inhibitors of the ATR signaling cascade of
the G2/M cell cycle checkpoint [112,113] (Figure 5). Indeed, the E2:ERx complex rapidly
activates PI3K/AKT pathway and the resulting TOPBP1 phosphorylation reduces the
DNA damage-dependent ATR:TOPBP1 association and the ATR kinase activity [112]. The
E2:ERx-meditated AKT signaling also prevents the association of claspin and CHK1 lead-
ing to the inhibition of ATR-mediated CHK1 phosphorylation at Ser345 and promoting
AKT-mediated CHK1 phosphorylation at Ser280. The latter event results in CHK1 seques-
tration in the cytoplasm and in the consequent overcoming of the checkpoint barrier also
in the presence of RS [112].

In addition, their role in checkpoint signaling, clapsin, and TIM play also a role in
the maintenance of replication fork integrity [50,114,115] increasing the resistance to RS
and decreasing DDR signaling [116]. TIM expression in human BC positively correlates
with ER«. Recently, TIM has been proposed as a novel key ER«x interactor that enhances
receptor transcriptional activity [117].

Therefore, it is not surprising that these factors are upregulated in many different types
of cancer and that their overexpression is associated with a bad prognosis in BC [118-120].
TIM has been proposed as a molecular marker for predicting the response of ER-positive
postmenopausal BC to tamoxifen; moreover, TIM overexpression was associated with
significantly shorter relapse-free survival [121].

5.3. Essential Functional Role of DDR and RSR Signaling in the Regulation of E2:ERa-Dependent
Cell Proliferation

The available data demonstrate that E2 modulates in different manners the key regu-
lators of the DDR and RSR pathways. E2 negatively modulates ATM and has protective
effects against DNA damage and activates both DNA-PK and cyclin D1. On the contrary,
E2 appears to inhibit the ATR-CHKI1 signaling cascade via ER«, thus, reducing the activity
of the RSR pathway (Figure 5).

The fact that E2 has a role both as a suppressor and as an inducer of the DDR and
the RSR signaling implicates that the E2:ERx complex plays a critical role in balancing
the proliferative and damaging stimuli induced by both the E2 chemical nature and the
functional ER«x activity. Consequently, the proteins regulating DDR and RSR pathways
could provide selective proliferative advantages during BC progression.

DDR and RSR Pathways in ERx-Positive BC

To understand the impact of all the genes in the DDR and RSR pathways in BC cells, it
is possible to inspect the publicly available CRISPR/CAS9 “dropout” screenings databases
at the Broad and Welcome Sanger Institutes. These research centers evaluated the impact
of all the genes encoded by the human genome on cell survival and proliferation in diverse
cancer models including BC cells. These genome-wide loss-of-function screenings allow to
define all the genes (and, therefore, pathways) essential for cancer cell proliferation and,
in turn, to discover potential targets for cancer treatment (https://depmap.org/portal,
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https://score.depmap.sanger.ac.uk/, accessed on 29 March 2021; [122,123]). Salvati and
co-workers systematically interrogated both datasets to identify molecular signatures cor-
responding to deregulated pathways enriched in ERx-positive BC [124]. Per each dataset,
the authors considered the effect of the silencing of ~18,000 genes on the survival and
proliferation of 11 ERa-positive BC cell lines and found 960 common essential genes. The
subsequent functional annotation analysis revealed that those 960 common essential genes
significantly enriched in 17 canonical pathways including those termed “estrogen receptor
signaling”, “cell cycle control” and “assembly of RNA polymerase II complex” [124]. More-
over, their analysis revealed a critical functional role for “CHK proteins” and “G2/M DNA
damage checkpoint” regulation in ERx-positive BC cell survival and proliferation [124].
Remarkably, 10 out of 17 pathways (i.e., 58,8%) contained at least one gene (e.g., ATR,
CHK1, TOPBP1) involved in the control of genome integrity. This global view, together
with the previously reported evidence, demonstrates that ERx-positive BC cells not only
become addicted to the E2:ER« signaling, but also to the presence of the genes involved in
the DDR and RSR pathways.

These observations not only underscore a critical connection in the genes regulating
the interplay among E2:ER«, DDR, and RSR pathways but also implicate DDR and RSR
pathways in the E2:ERx-dependent control of cell proliferation and survival signaling in BC.

6. Discussion

The evidence summarized in this review indicates that E2 could act as a DNA dam-
aging agent. Indeed, E2 can directly induce DNA damage causing genome instability
via different mechanisms (i.e., E2-dependent metabolic by-products and E2:ER« activity)
(Figure 5) [8-10,15]. Moreover, E2 down-regulates key effectors of DDR exacerbating its
role as a DNA damaging inducer [10,112,125]. Although the E2:ERx complex can inhibit
the activation of general repair pathways such as the ATR and/or ATM-related signaling, it
can activate the DNA-PK pathway [100,112,126] (Figure 5). These contrasting results could
be reconciled by considering the possibility that the redundant DDR pathways regulated
by ATM, ATR, and DNA-PK could be part of the E2:ERx network. The strong waves
of gene transcription and DNA synthesis occurring soon after E2 administration to BC
cells [44,45] (Figure 2) could generate an RS (e.g., R-loops [15]). This stress affecting genome
integrity could be resolved by the activation of the DDR and RSR pathways balancing,
in a synchronized manner, the E2 transcriptional and replicative effects required for cell
proliferation with the potential E2-dependent DNA damaging effects [16,100,127,128]. The
potential detrimental effects of E2 during the hormone-induced physiological effects could
be counteracted by the modulation of DDR pathways [124].

Although from the physiological point of view, it is very difficult to reconcile the E2-
induced DNA damage with its well-known regulatory and beneficial effects, we propose a
three-step model to explain the hypothesis formulated here (Figure 6).

(1) Under physiological conditions, the E2-induced DNA damaging effects caused
by the activation of the E2:ER« signaling are buffered as mentioned above by the parallel
ability of E2 to protect the cells from DNA damage (Figure 6, green). E2 plasma levels
fluctuate in women in a range of concentrations between pM to nM [36]. Interestingly,
E2 can work as a direct carcinogen both at physiological (i.e., <1 nM or lower) and sup-
raphysiological (i.e., >1 uM) concentrations [85,86]. Therefore, it is tempting to speculate
that E2 does not induce genotoxic effects only during the ovulatory phase (i.e., 48-72 h at
1 nM) in which the hormone exerts its physiological effects. From the evolutionary point of
view, this assumption implies that rather than the chronic exposure to E2, the time of E2
administration is the critical parameter to achieve the maximal ER« functionality [37,43].
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(2) In the initial phase of the E2-dependent cellular transformation (Figure 6, blue), the
hormone and its metabolites induce DNA damage [4-6,8,129,130]. In addition, increased
E2 plasma levels hyperactivate ERx-mediated transcriptional activity and DNA synthesis,
thus further contributing to the initiation of breast carcinogenesis [37,40-45]. In this phase,
besides the genes regulating cell cycle and cell proliferation, the resulting ERx-positive
transformed cells overexpress DDR proteins (e.g., ATR and CHK1, BRCA1, TOBP1, and
claspin) [124].

(3) Under pathological conditions (Figure 6, red) resulting from the transformed
background described in the previous phase, the increased level of E2 in women with
BC [4-6] is counteracted by a hyperactive E2-induced DNA repair activity [7,10,61,100].
In turn, this allows E2:ER« signaling to sustain BC tumor progression and spreading. In
support of the model shown in Figure 6, it is important to recall that the treatment of BC
consists in the inhibition of E2:ER« signaling either by reducing the circulating plasma
E2 levels (i.e., ovariectomy, chemical castration, aromatase inhibitors treatment) or by
inhibiting the ERx transcriptional activity [3,94].

7. Conclusions

DDR and RSR pathways are intrinsically connected with the activity of the E2:ER«
signaling in BC cells and could be targeted to hamper BC cell proliferation. In this respect,
it could be interesting to exploit the effect of specific inhibitors of the DDR kinases as novel
drugs to be administered either alone/in combination with classic ET drugs (e.g., 4OH-
Tam) or with novel compounds (e.g., CDK4/CDK®6 inhibitors) used for the management of
metastatic BC.

Author Contributions: Conceptualization, A.d.M., A.A., EB., and FA; figure preparations, S.P, J.A.;
writing—original draft preparation, S.P; writing—review and editing, A.d. M., A.A,, EB,,PA, M.M,,
and FA ; funding acquisition, FA. All authors have read and agreed to the published version of the
manuscript.

Funding: The research leading to these results has received funding from AIRC under IG 2018—
ID. 21325 project—P.I. Acconcia Filippo. This study was also supported by grants from Ateneo
Roma Tre to A.d.M., A.A., and FA. The Grant of Excellence Departments, MIUR (ARTICOLO 1,



Cancers 2021, 13, 1583 15 of 20

COMMI 314-337 LEGGE 232/2016) to Department of Science, University Roma TRE is also gratefully
acknowledged.

Acknowledgments: The authors wish to thank Stefano Leone, Department of Science, University
Roma TRE for technical assistance and helpful discussions.

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

References

1. Ascenzi, P; Bocedi, A.; Marino, M. Structure-function relationship of estrogen receptor alpha and beta: Impact on human health.
Mol. Asp. Med. 2006, 27,299-402. [CrossRef] [PubMed]

2. Acconcia, F.; Marino, M. The Effects of 17beta-estradiol in Cancer are Mediated by Estrogen Receptor Signaling at the Plasma
Membrane. Front. Physiol. 2011, 2, 30. [CrossRef] [PubMed]

3. Lumachi, F; Luisetto, G.; Basso, S.M.; Basso, U.; Brunello, A.; Camozzi, V. Endocrine therapy of breast cancer. Curr. Med. Chem.
2011, 18, 513-522. [CrossRef] [PubMed]

4. Key, T,; Appleby, P; Barnes, I.; Reeves, G.; Endogenous Hormones and Breast Cancer Collaborative Group. Endogenous sex hormones
and breast cancer in postmenopausal women: Reanalysis of nine prospective studies. J. Natl. Cancer Inst. 2002, 94, 606-616. [CrossRef]

5. Farhat, G.N.; Cummings, S.R.; Chlebowski, R.T.; Parimi, N.; Cauley, J.A.; Rohan, T.E.; Huang, A.].; Vitolins, M.; Hubbell, EA;
Manson, J.E.; et al. Sex hormone levels and risks of estrogen receptor-negative and estrogen receptor-positive breast cancers.
J. Natl. Cancer Inst. 2011, 103, 562-570. [CrossRef]

6.  Eliassen, A.H.; Missmer, S.A.; Tworoger, S.S.; Spiegelman, D.; Barbieri, R.L.; Dowsett, M.; Hankinson, S.E. Endogenous steroid
hormone concentrations and risk of breast cancer among premenopausal women. J. Natl. Cancer Inst. 2006, 98, 1406-1415.
[CrossRef]

7. Caldon, C.E. Estrogen signaling and the DNA damage response in hormone dependent breast cancers. Front. Oncol. 2014, 4, 106.
[CrossRef]

8.  Liehr, J.G. Is estradiol a genotoxic mutagenic carcinogen? Endocr. Rev. 2000, 21, 40-54. [CrossRef]

9.  Yager, ].D.; Davidson, N.E. Estrogen carcinogenesis in breast cancer. N. Engl. ]. Med. 2006, 354, 270-282. [CrossRef] [PubMed]

10. Williamson, L.M.; Lees-Miller, S.P. Estrogen receptor alpha-mediated transcription induces cell cycle-dependent DNA double-
strand breaks. Carcinogenesis 2011, 32, 279-285. [CrossRef]

11. Halazonetis, T.D.; Gorgoulis, V.G.; Bartek, J. An oncogene-induced DNA damage model for cancer development. Science 2008,
319, 1352-1355. [CrossRef]

12. Musgrove, E.A ; Sutherland, R.L. Biological determinants of endocrine resistance in breast cancer. Nat. Rev. Cancer 2009, 9, 631-643.
[CrossRef] [PubMed]

13. Bantele, S.C.S.; Pfander, B. Quantitative mechanisms of DNA damage sensing and signaling. Curr. Genet. 2020, 66, 59-62.
[CrossRef] [PubMed]

14. He, C.; Kawaguchi, K,; Toi, M. DNA damage repair functions and targeted treatment in breast cancer. Breast Cancer 2020, 27, 355-362.
[CrossRef]

15. Stork, C.T.; Bocek, M.; Crossley, M.P,; Sollier, J.; Sanz, L.A.; Chedin, F.; Swigut, T.; Cimprich, K.A. Co-transcriptional R-loops are
the main cause of estrogen-induced DNA damage. eLife 2016, 5. [CrossRef]

16. Zeman, M.K,; Cimprich, K.A. Causes and consequences of replication stress. Nat. Cell Biol. 2014, 16, 2-9. [CrossRef] [PubMed]

17.  Acconcia, E; Ascenzi, P.; Bocedi, A.; Spisni, E.; Tomasi, V.; Trentalance, A.; Visca, P.; Marino, M. Palmitoylation-dependent
estrogen receptor alpha membrane localization: Regulation by 17 beta-estradiol. Mol. Biol. Cell 2005, 16, 231-237. [CrossRef]
[PubMed]

18. La Rosa, P; Pesiri, V.; Leclercq, G.; Marino, M.; Acconcia, F. Palmitoylation Regulates 17beta-Estradiol-Induced Estrogen
Receptor-alpha Degradation and Transcriptional Activity. Mol. Endocrinol. 2012, 26, 762-774. [CrossRef]

19. Totta, P; Busonero, C.; Leone, S.; Marino, M.; Acconcia, F. Dynamin II is required for 17beta-estradiol signaling and autophagy-
based ERalpha degradation. Sci. Rep. 2016, 6, 23727. [CrossRef]

20. Pedram, A.; Razandi, M.; Lewis, M.; Hammes, S.; Levin, E.R. Membrane-localized estrogen receptor alpha is required for normal
organ development and function. Dev. Cell 2014. [CrossRef]

21. Adlanmerini, M.; Solinhac, R.; Abot, A.; Fabre, A.; Raymond-Letron, I.; Guihot, A.L.; Boudou, F,; Sautier, L.; Vessieres, E.;
Kim, S.H.; et al. Mutation of the palmitoylation site of estrogen receptor alpha in vivo reveals tissue-specific roles for membrane
versus nuclear actions. Proc. Natl. Acad. Sci. USA 2014, 111, E283-E290. [CrossRef]

22.  Doisneau-Sixou, S.F,; Sergio, C.M.; Carroll, ].S.; Hui, R.; Musgrove, E.A.; Sutherland, R.L. Estrogen and antiestrogen regulation of
cell cycle progression in breast cancer cells. Endocr. Relat. Cancer 2003, 10, 179-186. [CrossRef] [PubMed]

23. Caldon, C.E.; Daly, R.J.; Sutherland, R.L.; Musgrove, E.A. Cell cycle control in breast cancer cells. J. Cell Biochem. 2006, 97, 261-274.
[CrossRef] [PubMed]

24. Nilsson, S.; Gustafsson, J.A. Estrogen receptors: Therapies targeted to receptor subtypes. Clin. Pharmacol. Ther. 2011, 89, 44-55.

[CrossRef] [PubMed]


http://doi.org/10.1016/j.mam.2006.07.001
http://www.ncbi.nlm.nih.gov/pubmed/16914190
http://doi.org/10.3389/fphys.2011.00030
http://www.ncbi.nlm.nih.gov/pubmed/21747767
http://doi.org/10.2174/092986711794480177
http://www.ncbi.nlm.nih.gov/pubmed/21143113
http://doi.org/10.1093/jnci/94.8.606
http://doi.org/10.1093/jnci/djr031
http://doi.org/10.1093/jnci/djj376
http://doi.org/10.3389/fonc.2014.00106
http://doi.org/10.1210/edrv.21.1.0386
http://doi.org/10.1056/NEJMra050776
http://www.ncbi.nlm.nih.gov/pubmed/16421368
http://doi.org/10.1093/carcin/bgq255
http://doi.org/10.1126/science.1140735
http://doi.org/10.1038/nrc2713
http://www.ncbi.nlm.nih.gov/pubmed/19701242
http://doi.org/10.1007/s00294-019-01007-4
http://www.ncbi.nlm.nih.gov/pubmed/31227863
http://doi.org/10.1007/s12282-019-01038-2
http://doi.org/10.7554/eLife.17548
http://doi.org/10.1038/ncb2897
http://www.ncbi.nlm.nih.gov/pubmed/24366029
http://doi.org/10.1091/mbc.e04-07-0547
http://www.ncbi.nlm.nih.gov/pubmed/15496458
http://doi.org/10.1210/me.2011-1208
http://doi.org/10.1038/srep23727
http://doi.org/10.1016/j.devcel.2014.04.016
http://doi.org/10.1073/pnas.1322057111
http://doi.org/10.1677/erc.0.0100179
http://www.ncbi.nlm.nih.gov/pubmed/12790780
http://doi.org/10.1002/jcb.20690
http://www.ncbi.nlm.nih.gov/pubmed/16267837
http://doi.org/10.1038/clpt.2010.226
http://www.ncbi.nlm.nih.gov/pubmed/21124311

Cancers 2021, 13, 1583 16 of 20

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Gigantino, V.; Salvati, A.; Giurato, G.; Palumbo, D.; Strianese, O.; Rizzo, F.; Tarallo, R.; Nyman, T.A.; Weisz, A.; Nassa, G.
Identification of Antiestrogen-Bound Estrogen Receptor alpha Interactomes in Hormone-Responsive Human Breast Cancer Cell
Nuclei. Proteomics 2020, 20, €2000135. [CrossRef]

Nassa, G.; Tarallo, R.; Guzzi, PH.; Ferraro, L.; Cirillo, F; Ravo, M.; Nola, E.; Baumann, M.; Nyman, T.A.; Cannataro, M.; et al.
Comparative analysis of nuclear estrogen receptor alpha and beta interactomes in breast cancer cells. Mol. Biosyst. 2011, 7, 667—676.
[CrossRef]

Tarallo, R.; Bamundo, A.; Nassa, G.; Nola, E.; Paris, O.; Ambrosino, C.; Facchiano, A.; Baumann, M.; Nyman, T.A.; Weisz, A.
Identification of proteins associated with ligand-activated estrogen receptor alpha in human breast cancer cell nuclei by tandem
affinity purification and nano LC-MS/MS. Proteomics 2011, 11, 172-179. [CrossRef]

Brzozowski, A.M.; Pike, A.C.; Dauter, Z.; Hubbard, R.E.; Bonn, T.; Engstrom, O.; Ohman, L.; Greene, G.L.; Gustafsson, J.A.;
Carlquist, M. Molecular basis of agonism and antagonism in the oestrogen receptor. Nature 1997, 389, 753-758. [CrossRef]
Schwabe, J.W.; Chapman, L.; Finch, ].T.; Rhodes, D. The crystal structure of the estrogen receptor DNA-binding domain bound to
DNA: How receptors discriminate between their response elements. Cell 1993, 75, 567-578. [CrossRef]

Bosso, G.; Cipressa, F.; Moroni, M.L.; Pennisi, R.; Albanesi, J.; Brandi, V.; Cugusi, S.; Renda, F.; Ciapponi, L.; Polticelli, F; et al.
NBS1 interacts with HP1 to ensure genome integrity. Cell Death Dis. 2019, 10, 951. [CrossRef]

Dan, P,; Cheung, ].C.; Scriven, D.R.; Moore, E.D. Epitope-dependent localization of estrogen receptor-alpha, but not -beta, in en
face arterial endothelium. Am. J. Physiol. Heart Circ. Physiol. 2003, 284, H1295-H1306. [CrossRef]

Le Romancer, M.; Poulard, C.; Cohen, P.; Sentis, S.; Renoir, ].M.; Corbo, L. Cracking the Estrogen Receptor’s Posttranslational
Code in Breast Tumors. Endocr. Rev. 2011, 32, 597-622. [CrossRef]

Yi, P; Wang, Z; Feng, Q.; Pintilie, G.D.; Foulds, C.E.; Lanz, R.B.; Ludtke, S.J.; Schmid, M.E.; Chiu, W.; O’'Malley, B.W. Structure of
a biologically active estrogen receptor-coactivator complex on DNA. Mol. Cell 2015, 57, 1047-1058. [CrossRef]

van Hoorn, W.P. Identification of a second binding site in the estrogen receptor. . Med. Chem. 2002, 45, 584-589. [CrossRef]
[PubMed]

Wang, Y.; Chirgadze, N.Y,; Briggs, S.L.; Khan, S.; Jensen, E.V.; Burris, T.P. A second binding site for hydroxytamoxifen within the
coactivator-binding groove of estrogen receptor beta. Proc. Natl. Acad. Sci. USA 2006, 103, 9908-9911. [CrossRef] [PubMed]
Zittermann, A.; Schwarz, I.; Scheld, K.; Sudhop, T.; Berthold, H.K.; von Bergmann, K.; van der Ven, H.; Stehle, P. Physiologic
fluctuations of serum estradiol levels influence biochemical markers of bone resorption in young women. J. Clin. Endocrinol.
Metab. 2000, 85, 95-101. [CrossRef]

Fontaine, C.; Buscato, M.; Vinel, A.; Giton, F.; Raymond-Letron, I; Kim, S.H.; Katzenellenbogen, B.S.; Katzenellenbogen, ].A.;
Gourdy, P; Milon, A.; et al. The tissue-specific effects of different 17beta-estradiol doses reveal the key sensitizing role of AF1
domain in ERalpha activity. Mol. Cell Endocrinol. 2020, 505, 110741. [CrossRef]

Metivier, R.; Penot, G.; Hubner, M.R,; Reid, G.; Brand, H.; Kos, M.; Gannon, F. Estrogen receptor-alpha directs ordered, cyclical,
and combinatorial recruitment of cofactors on a natural target promoter. Cell 2003, 115, 751-763. [CrossRef]

Reid, G.; Hubner, M.R.; Metivier, R.; Brand, H.; Denger, S.; Manu, D.; Beaudouin, J.; Ellenberg, J.; Gannon, F. Cyclic, proteasome-
mediated turnover of unliganded and liganded ERalpha on responsive promoters is an integral feature of estrogen signaling.
Mol. Cell 2003, 11, 695-707. [CrossRef]

Welboren, W.-].; Stunnenberg, H. ChIP-Seq Profiling of Estrogen Receptor Alpha Binding Sites Using the Illumina Genome Analyzer;
Application Note: Sequencing; Illumina: San Diego, CA, USA, 2010; Available online: https://webcache.googleusercontent.
com/search?q=cache:Q2ZB441UfzY]:https:/ /www.illumina.com/documents/products/appnotes/appnote_chip_sequence_
estrogen_receptor_alpha_binding.pdf+&cd=5&hl=it&ct=cInké&gl=it (accessed on 29 March 2021).

Liu, Z.; Merkurjev, D.; Yang, E; Li, W,; Oh, S.; Friedman, M.].; Song, X.; Zhang, F.; Ma, Q.; Ohgi, K.A_; et al. Enhancer activation
requires trans-recruitment of a mega transcription factor complex. Cell 2014, 159, 358-373. [CrossRef]

Carroll, ].S.; Meyer, C.A ; Song, J.; Li, W.; Geistlinger, T.R.; Eeckhoute, J.; Brodsky, A.S.; Keeton, E.K.; Fertuck, K.C.; Hall, G.F; et al.
Genome-wide analysis of estrogen receptor binding sites. Nat. Genet. 2006, 38, 1289-1297. [CrossRef] [PubMed]

Cipolletti, M.; Leone, S.; Bartoloni, S.; Busonero, C.; Acconcia, F. Real-time measurement of E2: ERalpha transcriptional activity in
living cells. J. Cell Physiol. 2020. [CrossRef] [PubMed]

Marino, M.; Acconcia, E; Bresciani, F.; Weisz, A.; Trentalance, A. Distinct nongenomic signal transduction pathways controlled by
17beta-estradiol regulate DNA synthesis and cyclin D(1) gene transcription in HepG2 cells. Mol. Biol. Cell 2002, 13, 3720-3729.
[CrossRef]

Marino, M.; Acconcia, F.; Trentalance, A. Biphasic estradiol-induced AKT phosphorylation is modulated by PTEN via MAP
kinase in HepG2 cells. Mol. Biol. Cell 2003, 14, 2583-2591. [CrossRef]

Roos, W.P,; Kaina, B. DNA damage-induced cell death: From specific DNA lesions to the DNA damage response and apoptosis.
Cancer Lett. 2013, 332, 237-248. [CrossRef]

Munoz, S.; Mendez, ]J. DNA replication stress: From molecular mechanisms to human disease. Chromosoma 2017, 126, 1-15.
[CrossRef]

Jette, N.; Lees-Miller, S.P. The DNA-dependent protein kinase: A multifunctional protein kinase with roles in DNA double strand
break repair and mitosis. Prog. Biophys. Mol. Biol. 2015, 117, 194-205. [CrossRef] [PubMed]

Sancar, A.; Lindsey-Boltz, L.A.; Unsal-Kacmaz, K.; Linn, S. Molecular mechanisms of mammalian DNA repair and the DNA
damage checkpoints. Annu. Rev. Biochem. 2004, 73, 39-85. [CrossRef]


http://doi.org/10.1002/pmic.202000135
http://doi.org/10.1039/C0MB00145G
http://doi.org/10.1002/pmic.201000217
http://doi.org/10.1038/39645
http://doi.org/10.1016/0092-8674(93)90390-C
http://doi.org/10.1038/s41419-019-2185-x
http://doi.org/10.1152/ajpheart.00781.2002
http://doi.org/10.1210/er.2010-0016
http://doi.org/10.1016/j.molcel.2015.01.025
http://doi.org/10.1021/jm0109661
http://www.ncbi.nlm.nih.gov/pubmed/11806710
http://doi.org/10.1073/pnas.0510596103
http://www.ncbi.nlm.nih.gov/pubmed/16782818
http://doi.org/10.1210/jcem.85.1.6250
http://doi.org/10.1016/j.mce.2020.110741
http://doi.org/10.1016/S0092-8674(03)00934-6
http://doi.org/10.1016/S1097-2765(03)00090-X
https://webcache.googleusercontent.com/search?q=cache:Q2ZB441UfzYJ:https://www.illumina.com/documents/products/appnotes/appnote_chip_sequence_estrogen_receptor_alpha_binding.pdf+&cd=5&hl=it&ct=clnk&gl=it
https://webcache.googleusercontent.com/search?q=cache:Q2ZB441UfzYJ:https://www.illumina.com/documents/products/appnotes/appnote_chip_sequence_estrogen_receptor_alpha_binding.pdf+&cd=5&hl=it&ct=clnk&gl=it
https://webcache.googleusercontent.com/search?q=cache:Q2ZB441UfzYJ:https://www.illumina.com/documents/products/appnotes/appnote_chip_sequence_estrogen_receptor_alpha_binding.pdf+&cd=5&hl=it&ct=clnk&gl=it
http://doi.org/10.1016/j.cell.2014.08.027
http://doi.org/10.1038/ng1901
http://www.ncbi.nlm.nih.gov/pubmed/17013392
http://doi.org/10.1002/jcp.29565
http://www.ncbi.nlm.nih.gov/pubmed/31989654
http://doi.org/10.1091/mbc.e02-03-0153
http://doi.org/10.1091/mbc.e02-09-0621
http://doi.org/10.1016/j.canlet.2012.01.007
http://doi.org/10.1007/s00412-016-0573-x
http://doi.org/10.1016/j.pbiomolbio.2014.12.003
http://www.ncbi.nlm.nih.gov/pubmed/25550082
http://doi.org/10.1146/annurev.biochem.73.011303.073723

Cancers 2021, 13, 1583 17 of 20

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

65.

66.
67.

68.
69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Smith, J.; Tho, LM.; Xu, N.; Gillespie, D.A. The ATM-Chk2 and ATR-Chk1 pathways in DNA damage signaling and cancer. Adv.
Cancer Res. 2010, 108, 73-112. [CrossRef]

Marechal, A.; Zou, L. DNA damage sensing by the ATM and ATR kinases. Cold Spring Harb. Perspect Biol. 2013, 5. [CrossRef]
[PubMed]

Shiloh, Y.; Ziv, Y. The ATM protein kinase: Regulating the cellular response to genotoxic stress, and more. Nat. Rev. Mol. Cell Biol.
2013, 14, 197-210. [CrossRef]

Paull, T.T. Mechanisms of ATM Activation. Annu. Rev. Biochem. 2015, 84, 711-738. [CrossRef]

Suzuki, K,; Kodama, S.; Watanabe, M. Recruitment of ATM protein to double strand DNA irradiated with ionizing radiation. J.
Biol. Chem. 1999, 274, 25571-25575. [CrossRef]

Lee, ].H.; Paull, T.T. ATM activation by DNA double-strand breaks through the Mre11-Rad50-Nbs1 complex. Science 2005,
308, 551-554. [CrossRef] [PubMed]

Lavin, M.E. ATM and the Mrel1 complex combine to recognize and signal DNA double-strand breaks. Oncogene 2007, 26, 7749-7758.
[CrossRef] [PubMed]

Cortez, D.; Guntuku, S.; Qin, J.; Elledge, S.J. ATR and ATRIP: Partners in checkpoint signaling. Science 2001, 294, 1713-1716.
[CrossRef]

Zou, L.; Elledge, S.J. Sensing DNA damage through ATRIP recognition of RPA-ssDNA complexes. Science 2003, 300, 1542-1548.
[CrossRef]

Lupardus, PJ.; Byun, T.; Yee, M.C.; Hekmat-Nejad, M.; Cimprich, K.A. A requirement for replication in activation of the
ATR-dependent DNA damage checkpoint. Genes Dev. 2002, 16, 2327-2332. [CrossRef]

Dart, D.A.; Adams, K.E.; Akerman, I.; Lakin, N.D. Recruitment of the cell cycle checkpoint kinase ATR to chromatin during
S-phase. |. Biol. Chem. 2004, 279, 16433-16440. [CrossRef] [PubMed]

Li, K.; Bronk, G.; Kondev, J.; Haber, J.E. Yeast ATM and ATR kinases use different mechanisms to spread histone H2A phosphory-
lation around a DNA double-strand break. Proc. Natl. Acad. Sci. USA 2020, 117, 21354-21363. [CrossRef]

Damia, G. Targeting DNA-PK in cancer. Mutat. Res. 2020, 821, 111692. [CrossRef]

Matsuoka, S.; Huang, M.; Elledge, S.J. Linkage of ATM to cell cycle regulation by the Chk2 protein kinase. Science 1998, 282, 1893-1897.
[CrossRef]

Reinhardt, H.C.; Aslanian, A.S.; Lees, ].A.; Yaffe, M.B. p53-deficient cells rely on ATM- and ATR-mediated checkpoint signaling
through the p38MAPK/MK?2 pathway for survival after DNA damage. Cancer Cell 2007, 11, 175-189. [CrossRef] [PubMed]
Van, H.T,; Santos, M.A. Histone modifications and the DNA double-strand break response. Cell Cycle 2018, 17, 2399-2410.
[CrossRef] [PubMed]

Rona, G.; Pagano, M. Mixed ubiquitin chains regulate DNA repair. Genes Dev. 2019, 33, 1615-1616. [CrossRef] [PubMed]

Hou, WH,; Chen, S.H.; Yu, X. Poly-ADP ribosylation in DNA damage response and cancer therapy. Mutat. Res. 2019, 780, 82-91.
[CrossRef]

Xie, M.; Yu, J.; Ge, S.; Huang, J.; Fan, X. SUMOylation homeostasis in tumorigenesis. Cancer Lett. 2020, 469, 301-309. [CrossRef]
Yager, ].D. Mechanisms of estrogen carcinogenesis: The role of E2/E1-quinone metabolites suggests new approaches to preventive
intervention—A review. Steroids 2015, 99, 56-60. [CrossRef]

Tsuchiya, Y.; Nakajima, M.; Yokoi, T. Cytochrome P450-mediated metabolism of estrogens and its regulation in human. Cancer
Lett. 2005, 227, 115-124. [CrossRef]

Huang, J.; Sun, J.; Chen, Y.; Song, Y.; Dong, L.; Zhan, Q.; Zhang, R.; Abliz, Z. Analysis of multiplex endogenous estrogen
metabolites in human urine using ultra-fast liquid chromatography-tandem mass spectrometry: A case study for breast cancer.
Anal. Chim. Acta 2012, 711, 60-68. [CrossRef]

Rogan, E.G.; Badawi, A.E; Devanesan, P.D.; Meza, ].L.; Edney, J.A.; West, WW.; Higginbotham, S.M.; Cavalieri, E.L. Relative im-
balances in estrogen metabolism and conjugation in breast tissue of women with carcinoma: Potential biomarkers of susceptibility
to cancer. Carcinogenesis 2003, 24, 697-702. [CrossRef] [PubMed]

Cavalieri, E.L.; Stack, D.E.; Devanesan, P.D.; Todorovic, R.; Dwivedy, I.; Higginbotham, S.; Johansson, S.L.; Patil, K.D.; Gross,
M.L.; Gooden, ].K,; et al. Molecular origin of cancer: Catechol estrogen-3,4-quinones as endogenous tumor initiators. Proc. Natl.
Acad. Sci. USA 1997, 94, 10937-10942. [CrossRef] [PubMed]

Zahid, M.; Kohli, E.; Saeed, M.; Rogan, E.; Cavalieri, E. The greater reactivity of estradiol-3,4-quinone vs estradiol-2,3-quinone with
DNA in the formation of depurinating adducts: Implications for tumor-initiating activity. Chem. Res. Toxicol. 2006, 19, 164-172.
[CrossRef] [PubMed]

Cavalieri, E.L.; Rogan, E.G. Depurinating estrogen-DNA adducts, generators of cancer initiation: Their minimization leads to
cancer prevention. Clin. Transl. Med. 2016, 5, 12. [CrossRef]

Mannisto, P.T.; Kaakkola, S. Catechol-O-methyltransferase (COMT): Biochemistry, molecular biology, pharmacology, and clinical
efficacy of the new selective COMT inhibitors. Pharmacol. Rev. 1999, 51, 593-628.

Zahid, M.; Saeed, M,; Lu, F.; Gaikwad, N.; Rogan, E.; Cavalieri, E. Inhibition of catechol-O-methyltransferase increases estrogen-
DNA adduct formation. Free Radic. Biol. Med. 2007, 43, 1534-1540. [CrossRef]

Wu, Q.; Odwin-Dacosta, S.; Cao, S.; Yager, ].D.; Tang, W.Y. Estrogen down regulates COMT transcription via promoter DNA
methylation in human breast cancer cells. Toxicol. Appl. Pharmacol. 2019, 367, 12-22. [CrossRef]


http://doi.org/10.1016/B978-0-12-380888-2.00003-0
http://doi.org/10.1101/cshperspect.a012716
http://www.ncbi.nlm.nih.gov/pubmed/24003211
http://doi.org/10.1038/nrm3546
http://doi.org/10.1146/annurev-biochem-060614-034335
http://doi.org/10.1074/jbc.274.36.25571
http://doi.org/10.1126/science.1108297
http://www.ncbi.nlm.nih.gov/pubmed/15790808
http://doi.org/10.1038/sj.onc.1210880
http://www.ncbi.nlm.nih.gov/pubmed/18066087
http://doi.org/10.1126/science.1065521
http://doi.org/10.1126/science.1083430
http://doi.org/10.1101/gad.1013502
http://doi.org/10.1074/jbc.M314212200
http://www.ncbi.nlm.nih.gov/pubmed/14871897
http://doi.org/10.1073/pnas.2002126117
http://doi.org/10.1016/j.mrfmmm.2020.111692
http://doi.org/10.1126/science.282.5395.1893
http://doi.org/10.1016/j.ccr.2006.11.024
http://www.ncbi.nlm.nih.gov/pubmed/17292828
http://doi.org/10.1080/15384101.2018.1542899
http://www.ncbi.nlm.nih.gov/pubmed/30394812
http://doi.org/10.1101/gad.334383.119
http://www.ncbi.nlm.nih.gov/pubmed/31792015
http://doi.org/10.1016/j.mrrev.2017.09.004
http://doi.org/10.1016/j.canlet.2019.11.004
http://doi.org/10.1016/j.steroids.2014.08.006
http://doi.org/10.1016/j.canlet.2004.10.007
http://doi.org/10.1016/j.aca.2011.10.058
http://doi.org/10.1093/carcin/bgg004
http://www.ncbi.nlm.nih.gov/pubmed/12727798
http://doi.org/10.1073/pnas.94.20.10937
http://www.ncbi.nlm.nih.gov/pubmed/9380738
http://doi.org/10.1021/tx050229y
http://www.ncbi.nlm.nih.gov/pubmed/16411670
http://doi.org/10.1186/s40169-016-0088-3
http://doi.org/10.1016/j.freeradbiomed.2007.08.005
http://doi.org/10.1016/j.taap.2019.01.016

Cancers 2021, 13, 1583 18 of 20

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Hachey, D.L.; Dawling, S.; Roodi, N.; Parl, FF. Sequential action of phase I and II enzymes cytochrome p450 1B1 and glutathione
S-transferase P1 in mammary estrogen metabolism. Cancer Res. 2003, 63, 8492-8499. [PubMed]

Lu, E; Zahid, M.; Wang, C.; Saeed, M.; Cavalieri, E.L.; Rogan, E.G. Resveratrol prevents estrogen-DNA adduct formation and
neoplastic transformation in MCF-10F cells. Cancer Prev. Res. 2008, 1, 135-145. [CrossRef]

Zahid, M.; Gaikwad, N.W,; Ali, M.E; Lu, F; Saeed, M.; Yang, L.; Rogan, E.G.; Cavalieri, E.L. Prevention of estrogen-DNA adduct
formation in MCF-10F cells by resveratrol. Free Radic. Biol. Med. 2008, 45, 136-145. [CrossRef] [PubMed]

Wang, M.Y.; Liehr, J.G. Induction by estrogens of lipid peroxidation and lipid peroxide-derived malonaldehyde-DNA adducts in
male Syrian hamsters: Role of lipid peroxidation in estrogen-induced kidney carcinogenesis. Carcinogenesis 1995, 16, 1941-1945.
[CrossRef] [PubMed]

Mobley, ].A.; Brueggemeier, R.W. Estrogen receptor-mediated regulation of oxidative stress and DNA damage in breast cancer.
Carcinogenesis 2004, 25, 3-9. [CrossRef] [PubMed]

Pinteric, M.; Podgorski, LI; Hadzija, M.P; Filic, V.; Paradzik, M.; Proust, B.L]J.; Dekanic, A.; Ciganek, I.; Plese, D.;
Marcinko, D.; et al. Sirt3 Exerts Its Tumor-Suppressive Role by Increasing p53 and Attenuating Response to Estrogen in MCF-7
Cells. Antioxidants 2020, 9, 294. [CrossRef] [PubMed]

Rajapakse, N.; Butterworth, M.; Kortenkamp, A. Detection of DNA strand breaks and oxidized DNA bases at the single-cell
level resulting from exposure to estradiol and hydroxylated metabolites. Environ. Mol. Mutagen. 2005, 45, 397-404. [CrossRef]
[PubMed]

Yared, E.; McMillan, T.J.; Martin, F.L. Genotoxic effects of oestrogens in breast cells detected by the micronucleus assay and the
Comet assay. Mutagenesis 2002, 17, 345-352. [CrossRef]

Sasanuma, H.; Tsuda, M.; Morimoto, S.; Saha, L.K.; Rahman, M.M.; Kiyooka, Y.; Fujiike, H.; Cherniack, A.D.; Itou, J.;
Callen Moreu, E.; et al. BRCA1 ensures genome integrity by eliminating estrogen-induced pathological topoisomerase II-DNA
complexes. Proc. Natl. Acad. Sci. USA 2018, 115, E10642-E10651. [CrossRef] [PubMed]

Morimoto, S.; Tsuda, M.; Bunch, H.; Sasanuma, H.; Austin, C.; Takeda, S. Type II DNA Topoisomerases Cause Spontaneous
Double-Strand Breaks in Genomic DNA. Genes 2019, 10, 868. [CrossRef] [PubMed]

Doherty, J.A.; Weiss, N.S.; Freeman, R.J.; Dightman, D.A.; Thornton, PJ.; Houck, J.R.; Voigt, L.E; Rossing, M.A.; Schwartz, S.M.;
Chen, C. Genetic factors in catechol estrogen metabolism in relation to the risk of endometrial cancer. Cancer Epidemiol. Biomark.
Prev. 2005, 14, 357-366. [CrossRef]

Wang, Q.; Li, H.; Tao, P.; Wang, Y.P.; Yuan, P; Yang, C.X,; Li, ].Y,; Yang, F.; Lee, H.; Huang, Y. Soy isoflavones, CYP1A1, CYP1B1,
and COMT polymorphisms, and breast cancer: A case-control study in southwestern China. DNA Cell Biol. 2011, 30, 585-595.
[CrossRef]

Bartkova, ].; Horejsi, Z.; Koed, K.; Kramer, A.; Tort, E; Zieger, K.; Guldberg, P; Sehested, M.; Nesland, ].M.; Lukas, C.; et al. DNA
damage response as a candidate anti-cancer barrier in early human tumorigenesis. Nature 2005, 434, 864-870. [CrossRef]
Gorgoulis, V.G.; Vassiliou, L.V.; Karakaidos, P.; Zacharatos, P.; Kotsinas, A.; Liloglou, T.; Venere, M.; Ditullio, R.A., Jr.; Kastrinakis,
N.G,; Levy, B.; et al. Activation of the DNA damage checkpoint and genomic instability in human precancerous lesions. Nature
2005, 434, 907-913. [CrossRef]

Macheret, M.; Halazonetis, T.D. DNA replication stress as a hallmark of cancer. Annu. Rev. Pathol. 2015, 10, 425-448. [CrossRef]
[PubMed]

Gong, P.; Madak-Erdogan, Z.; Li, J.; Cheng, J.; Greenlief, C.M.; Helferich, W.; Katzenellenbogen, ]J.A.; Katzenellenbogen, B.S.
Transcriptomic analysis identifies gene networks regulated by estrogen receptor alpha (ERalpha) and ERbeta that control distinct
effects of different botanical estrogens. Nucl. Recept. Signal. 2014, 12, e001. [CrossRef] [PubMed]

Skourti-Stathaki, K.; Proudfoot, N.J.; Gromak, N. Human senataxin resolves RNA /DNA hybrids formed at transcriptional pause
sites to promote Xrn2-dependent termination. Mol. Cell 2011, 42, 794-805. [CrossRef]

Ginno, P.A,; Lott, P.L.; Christensen, H.C.; Korf, I.; Chedin, F. R-loop formation is a distinctive characteristic of unmethylated
human CpG island promoters. Mol. Cell 2012, 45, 814-825. [CrossRef]

Haffner, M.C.; Aryee, ML].; Toubaji, A.; Esopi, D.M.; Albadine, R.; Gurel, B.; Isaacs, W.B.; Bova, G.S.; Liu, W,; Xu, J.; et al. Androgen-
induced TOP2B-mediated double-strand breaks and prostate cancer gene rearrangements. Nat. Genet. 2010, 42, 668—675. [CrossRef]
Dvir, A.; Stein, L.Y.; Calore, B.L.; Dynan, W.S. Purification and characterization of a template-associated protein kinase that
phosphorylates RNA polymerase IL. J. Biol. Chem. 1993, 268, 10440-10447. [CrossRef]

Anderson, C.W.; Lees-Miller, S.P. The nuclear serine/threonine protein kinase DNA-PK. Crit. Rev. Eukaryot Gene Expr. 1992, 2, 283-314.
[PubMed]

Medunjanin, S.; Weinert, S.; Schmeisser, A.; Mayer, D.; Braun-Dullaeus, R.C. Interaction of the double-strand break repair kinase
DNA-PK and estrogen receptor-alpha. Mol. Biol. Cell 2010, 21, 1620-1628. [CrossRef]

Medunjanin, S.; Weinert, S.; Poitz, D.; Schmeisser, A.; Strasser, R.H.; Braun-Dullaeus, R.C. Transcriptional activation of DNA-
dependent protein kinase catalytic subunit gene expression by oestrogen receptor-alpha. EMBO Rep. 2010, 11, 208-213. [CrossRef]
Saldivar, ].C.; Cortez, D.; Cimprich, K.A. The essential kinase ATR: Ensuring faithful duplication of a challenging genome. Nat.
Rev. Mol. Cell Biol. 2017, 18, 622-636, Erratum in 2017, 18, 783, d0i:10.1038 /nrm.2017.116. [CrossRef]

Kumagai, A.; Dunphy, W.G. Claspin, a novel protein required for the activation of Chk1 during a DNA replication checkpoint
response in Xenopus egg extracts. Mol. Cell 2000, 6, 839-849. [CrossRef]


http://www.ncbi.nlm.nih.gov/pubmed/14679015
http://doi.org/10.1158/1940-6207.CAPR-08-0037
http://doi.org/10.1016/j.freeradbiomed.2008.03.017
http://www.ncbi.nlm.nih.gov/pubmed/18423413
http://doi.org/10.1093/carcin/16.8.1941
http://www.ncbi.nlm.nih.gov/pubmed/7634425
http://doi.org/10.1093/carcin/bgg175
http://www.ncbi.nlm.nih.gov/pubmed/14514655
http://doi.org/10.3390/antiox9040294
http://www.ncbi.nlm.nih.gov/pubmed/32244715
http://doi.org/10.1002/em.20104
http://www.ncbi.nlm.nih.gov/pubmed/15662657
http://doi.org/10.1093/mutage/17.4.345
http://doi.org/10.1073/pnas.1803177115
http://www.ncbi.nlm.nih.gov/pubmed/30352856
http://doi.org/10.3390/genes10110868
http://www.ncbi.nlm.nih.gov/pubmed/31671674
http://doi.org/10.1158/1055-9965.EPI-04-0479
http://doi.org/10.1089/dna.2010.1195
http://doi.org/10.1038/nature03482
http://doi.org/10.1038/nature03485
http://doi.org/10.1146/annurev-pathol-012414-040424
http://www.ncbi.nlm.nih.gov/pubmed/25621662
http://doi.org/10.1621/nrs.12001
http://www.ncbi.nlm.nih.gov/pubmed/25363786
http://doi.org/10.1016/j.molcel.2011.04.026
http://doi.org/10.1016/j.molcel.2012.01.017
http://doi.org/10.1038/ng.613
http://doi.org/10.1016/S0021-9258(18)82219-0
http://www.ncbi.nlm.nih.gov/pubmed/1486241
http://doi.org/10.1091/mbc.e09-08-0724
http://doi.org/10.1038/embor.2009.279
http://doi.org/10.1038/nrm.2017.67
http://doi.org/10.1016/S1097-2765(05)00092-4

Cancers 2021, 13, 1583 19 of 20

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Chini, C.C.; Chen, ]. Human claspin is required for replication checkpoint control. J. Biol. Chem. 2003, 278, 30057-30062. [CrossRef]
[PubMed]

Unsal-Kacmaz, K.; Chastain, P.D.; Qu, P.P; Minoo, P; Cordeiro-Stone, M.; Sancar, A.; Kaufmann, W.K. The human Tim/Tipin
complex coordinates an Intra-S checkpoint response to UV that slows replication fork displacement. Mol. Cell Biol. 2007, 27, 3131-3142.
[CrossRef] [PubMed]

Di Micco, R.; Fumagalli, M.; Cicalese, A.; Piccinin, S.; Gasparini, P.; Luise, C.; Schurra, C.; Garre, M.; Nuciforo, P.G.;
Bensimon, A.; et al. Oncogene-induced senescence is a DNA damage response triggered by DNA hyper-replication. Nature 2006,
444, 638-642. [CrossRef] [PubMed]

Toledo, L.I.; Murga, M.; Fernandez-Capetillo, O. Targeting ATR and Chk1 kinases for cancer treatment: A new model for new
(and old) drugs. Mol. Oncol. 2011, 5, 368-373. [CrossRef]

Toledo, L.I; Murga, M.; Gutierrez-Martinez, P; Soria, R.; Fernandez-Capetillo, O. ATR signaling can drive cells into senescence in
the absence of DNA breaks. Genes Dev. 2008, 22, 297-302. [CrossRef]

Murga, M.; Campaner, S.; Lopez-Contreras, A.].; Toledo, L.I.; Soria, R.; Montana, M.F,; Artista, L.; Schleker, T.; Guerra, C,;
Garcia, E.; et al. Exploiting oncogene-induced replicative stress for the selective killing of Myc-driven tumors. Nat. Struct. Mol.
Biol. 2011, 18, 1331-1335. [CrossRef]

Lopez-Contreras, A.].; Fernandez-Capetillo, O. The ATR barrier to replication-born DNA damage. DNA Repair. 2010, 9, 1249-1255.
[CrossRef]

Bartek, J.; Mistrik, M.; Bartkova, J. Thresholds of replication stress signaling in cancer development and treatment. Nat. Struct.
Mol. Biol. 2012, 19, 5-7. [CrossRef]

Pedram, A.; Razandi, M.; Evinger, A.].; Lee, E.; Levin, E.R. Estrogen inhibits ATR signaling to cell cycle checkpoints and DNA
repair. Mol. Biol. Cell 2009, 20, 3374-3389. [CrossRef] [PubMed]

Song, L.; Lin, C.; Wu, Z.; Gong, H.; Zeng, Y,; Wu, J.; Li, M,; Li, ]. miR-18a impairs DNA damage response through downregulation
of ataxia telangiectasia mutated (ATM) kinase. PLoS ONE 2011, 6, €25454. [CrossRef]

Smits, V.A.].; Cabrera, E.; Freire, R.; Gillespie, D.A. Claspin—Checkpoint adaptor and DNA replication factor. FEBS J. 2019,
286, 441-455. [CrossRef]

Cho, W.H.; Kang, Y.H.; An, Y.Y; Tappin, I.; Hurwitz, J.; Lee, ] K. Human Tim-Tipin complex affects the biochemical properties of
the replicative DNA helicase and DNA polymerases. Proc. Natl. Acad. Sci. USA 2013, 110, 2523-2527. [CrossRef]

Bianco, ].N.; Bergoglio, V.; Lin, Y.L.; Pillaire, M.].; Schmitz, A.L.; Gilhodes, J.; Lusque, A.; Mazieres, J.; Lacroix-Triki, M.;
Roumeliotis, T.I; et al. Overexpression of Claspin and Timeless protects cancer cells from replication stress in a checkpoint-
independent manner. Nat. Commun. 2019, 10, 910. [CrossRef] [PubMed]

Magne Nde, C.B.; Casas Gimeno, G.; Docanto, M.; Knower, K.C.; Young, M.].; Buehn, J.; Sayed, E.; Clyne, C.D. Timeless Is a
Novel Estrogen Receptor Co-activator Involved in Multiple Signaling Pathways in MCF-7 Cells. J. Mol. Biol. 2018, 430, 1531-1543.
[CrossRef] [PubMed]

Tsimaratou, K.; Kletsas, D.; Kastrinakis, N.G.; Tsantoulis, PX.; Evangelou, K.; Sideridou, M.; Liontos, M.; Poulias, I.; Venere, M.;
Salmas, M.; et al. Evaluation of claspin as a proliferation marker in human cancer and normal tissues. . Pathol. 2007, 211, 331-339.
[CrossRef]

Mao, Y.; Fu, A; Leaderer, D.; Zheng, T.; Chen, K.; Zhu, Y. Potential cancer-related role of circadian gene TIMELESS suggested by
expression profiling and in vitro analyses. BMC Cancer 2013, 13, 498. [CrossRef] [PubMed]

Baldeyron, C.; Brisson, A.; Tesson, B.; Nemati, F.; Koundrioukoff, S.; Saliba, E.; De Koning, L.; Martel, E.; Ye, M.; Rigaill, G.; et al.
TIPIN depletion leads to apoptosis in breast cancer cells. Mol. Oncol. 2015, 9, 1580-1598. [CrossRef]

Tozlu-Kara, S.; Roux, V.; Andrieu, C.; Vendrell, J.; Vacher, S.; Lazar, V.; Spyratos, E; Tubiana-Hulin, M.; Cohen, P,; Dessen, P, et al.
Oligonucleotide microarray analysis of estrogen receptor alpha-positive postmenopausal breast carcinomas: Identification of
HRPAP20 and TIMELESS as outstanding candidate markers to predict the response to tamoxifen. J. Mol. Endocrinol. 2007, 39, 305-318.
[CrossRef]

Behan, EM.; Iorio, E; Picco, G.; Goncalves, E.; Beaver, C.M.; Migliardi, G.; Santos, R.; Rao, Y.; Sassi, F; Pinnelli, M.; et al.
Prioritization of cancer therapeutic targets using CRISPR-Cas9 screens. Nature 2019, 568, 511-516. [CrossRef]

Billon, P; Bryant, E.E.; Joseph, S.A.; Nambiar, T.S.; Hayward, S.B.; Rothstein, R.; Ciccia, A. CRISPR-Mediated Base Editing
Enables Efficient Disruption of Eukaryotic Genes through Induction of STOP Codons. Mol. Cell 2017, 67, 1068-1079.e4. [CrossRef]
[PubMed]

Salvati, A.; Gigantino, V.; Nassa, G.; Mirici Cappa, V.; Ventola, G.M.; Cracas, D.G.C.; Mastrocinque, R.; Rizzo, E; Tarallo, R.;
Weisz, A.; et al. Global View of Candidate Therapeutic Target Genes in Hormone-Responsive Breast Cancer. Int. J. Mol. Sci. 2020,
21, 4068. [CrossRef] [PubMed]

Kitao, H.; limori, M.; Kataoka, Y.; Wakasa, T.; Tokunaga, E.; Saeki, H.; Oki, E.; Maehara, Y. DNA replication stress and cancer
chemotherapy. Cancer Sci. 2018, 109, 264-271. [CrossRef] [PubMed]

Guo, X,; Yang, C.; Qian, X,; Lei, T; Li, Y.; Shen, H.; Fu, L.; Xu, B. Estrogen receptor alpha regulates ATM Expression through
miRNAs in breast cancer. Clin. Cancer Res. 2013, 19, 4994-5002. [CrossRef]

Ayres, S.; Abplanalp, W.; Liu, J.H.; Subbiah, M.T. Mechanisms involved in the protective effect of estradiol-17beta on lipid
peroxidation and DNA damage. Am. ]. Physiol. 1998, 274, E1002-E1008. [CrossRef]


http://doi.org/10.1074/jbc.M301136200
http://www.ncbi.nlm.nih.gov/pubmed/12766152
http://doi.org/10.1128/MCB.02190-06
http://www.ncbi.nlm.nih.gov/pubmed/17296725
http://doi.org/10.1038/nature05327
http://www.ncbi.nlm.nih.gov/pubmed/17136094
http://doi.org/10.1016/j.molonc.2011.07.002
http://doi.org/10.1101/gad.452308
http://doi.org/10.1038/nsmb.2189
http://doi.org/10.1016/j.dnarep.2010.09.012
http://doi.org/10.1038/nsmb.2220
http://doi.org/10.1091/mbc.e09-01-0085
http://www.ncbi.nlm.nih.gov/pubmed/19477925
http://doi.org/10.1371/journal.pone.0025454
http://doi.org/10.1111/febs.14594
http://doi.org/10.1073/pnas.1222494110
http://doi.org/10.1038/s41467-019-08886-8
http://www.ncbi.nlm.nih.gov/pubmed/30796221
http://doi.org/10.1016/j.jmb.2018.03.008
http://www.ncbi.nlm.nih.gov/pubmed/29555554
http://doi.org/10.1002/path.2095
http://doi.org/10.1186/1471-2407-13-498
http://www.ncbi.nlm.nih.gov/pubmed/24161199
http://doi.org/10.1016/j.molonc.2015.04.010
http://doi.org/10.1677/JME-07-0001
http://doi.org/10.1038/s41586-019-1103-9
http://doi.org/10.1016/j.molcel.2017.08.008
http://www.ncbi.nlm.nih.gov/pubmed/28890334
http://doi.org/10.3390/ijms21114068
http://www.ncbi.nlm.nih.gov/pubmed/32517194
http://doi.org/10.1111/cas.13455
http://www.ncbi.nlm.nih.gov/pubmed/29168596
http://doi.org/10.1158/1078-0432.CCR-12-3700
http://doi.org/10.1152/ajpendo.1998.274.6.E1002

Cancers 2021, 13, 1583 20 of 20

128. Stepniak, J.; Karbownik-Lewinska, M. 17beta-estradiol prevents experimentally-induced oxidative damage to membrane lipids
and nuclear DNA in porcine ovary. Syst. Biol. Reprod. Med. 2016, 62, 17-21. [CrossRef]

129. Savage, K.I.; Matchett, K.B.; Barros, E.M.; Cooper, K.M.; Irwin, G.W.; Gorski, ].J.; Orr, K.S.; Vohhodina, J.; Kavanagh, J.N.;
Madden, A.E,; et al. BRCA1 deficiency exacerbates estrogen-induced DNA damage and genomic instability. Cancer Res.
2014, 74, 2773-2784. [CrossRef]

130. Deroo, B.J.; Korach, K.S. Estrogen receptors and human disease. J. Clin. Investig. 2006, 116, 561-570. [CrossRef]


http://doi.org/10.3109/19396368.2015.1101510
http://doi.org/10.1158/0008-5472.CAN-13-2611
http://doi.org/10.1172/JCI27987

	Introduction 
	The Molecular Pathways of E2:ER Signaling to Cell Proliferation 
	Relationships between E2 Concentrations and E2:ER Signaling to Cell Proliferation 
	Molecular Pathways for Genome Stability Maintenance 
	The Interplay among E2, E2:ER Signaling, and Genome Stability Maintenance 
	E2 as a Source of DNA Damage 
	E2 as a Direct Carcinogen 
	E2 as a Source of Replicative Stress 

	The E2-Dependent Regulation of DDR and RSR Signaling 
	The E2-Dependent Control of the DNA Damage Response Signaling 
	The E2-Dependent Control of the Replicative Stress Response Signaling 

	Essential Functional Role of DDR and RSR Signaling in the Regulation of E2:ER-Dependent Cell Proliferation 

	Discussion 
	Conclusions 
	References

