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Abstract. Genetic defects in DNA repair and DNA damage 
response genes often lead to an increase in cancer incidence. 
The role of defects is also associated with the modulation 
of hormone signaling pathways. A number of studies have 
suggested a role for estrogen in the regulation of DNA repair 
activity. Furthermore, mutations or epigenetic silencing in 
DNA repair genes have been associated with the sensitivity 
of cancers to hormonal therapy. The molecular basis for the 
progression of cancers from hormone-dependent to hormone-
independent remains a critical issue in the management of these 
types of cancer. In the present review, we aimed to summarize 
the function of DNA repair molecules from the viewpoint of 
carcinogenesis and hormone-related cell modulation, providing 
a comprehensive view of the molecular mechanisms by which 
hormones may exert their effects on the regulation of tumor 
progression.
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1. Introduction

Breast and prostate cancers are known to be hormone‑respon-
sive types of cancer (1). There is evidence supporting the role 

of hormones in stimulating cancer cell growth. In addition, the 
progression from hormone-dependent to hormone-independent 
disease remains a critical issue in the management of these 
cancers. Recently, studies have reported an association between 
DNA repair deficiency and loss of hormone receptors  (2). 
The modulation of the DNA repair system may contribute 
to hormone-independent cancer development. There may be 
connections between carcinogenesis, the hormone endocrine 
system and DNA repair systems (Fig. 1). It has been suggested 
that the immune system surveys the body for cancerous cells, 
inhibiting carcinogenesis.

Cancer is a complex disease which can aquire a more inva-
sive and therapy-resistant character by a number of molecular 
changes. The malignant transformation occurs in the cells with 
increased proliferative activity since DNA replication errors 
accumulate along with the high DNA duplication rate (3-5). 
However, cells possess a machinery to maintain genomic 
integrity in response to various genotoxic events. Under geno-
toxic conditions, cells do not progress through the cell cycle by 
activating the DNA damage checkpoint (6-8). The checkpoint 
acts as a process to transmit information from damaged DNA 
lesions to the cell cycle regulators. Mutations or downregula-
tions in several genes which make the effects of DNA damage 
less severe are known to predispose to cancer development. For 
example, mutations in ataxia telangiectasia-mutated (ATM) 
have been associated with an increased risk of cancer (9,10). 
The ATM is a checkpoint kinase that phosphorylates a 
number of proteins in response to DNA damage, including 
the tumor suppressor gene products, p53 and BRCA1, which 
have been implicated in DNA repair pathways. Normal cells 
show a balance of the various mechanisms of the DNA repair 
machinery. The p53 tumor suppressor regulates several DNA 
repair pathways involved in the cellular response to genotoxic 
stresses, which can block cell proliferation and/or induce 
apoptosis (11). Since p53 also plays an important role in the 
transcriptional regulation of genes encoding proteins involved 
in DNA repair and apoptosis, the modification of p53 may 
appear to be a pivotal determinant of the fate of cells. During 
carcinogenic progression, p53 is mutated or deleted in almost 
half of all human cancers (12,13) and fails to function normally. 
BRCA1 regulates the expression of several genes identified as 
having key roles in breast and ovarian cancer risk. BRCA1 
also participates in DNA repair and recombination processes 
related to the maintenance of genomic integrity and the control 
of cell proliferation (14). As most BRCA1 mutant cancers are 
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hormone receptor-negative, hormonal factors may contribute to 
the etiology of BRCA1 mutant cancers (15,16).

Advances in the field of DNA repair biology have led to a 
better understanding of the molecular events which are related to 
the pathogenesis of hormone-related cancers. Indeed, an under-
standing of the underlying molecular mechanisms involved in 
the transition to hormone refractory disease is also essential for 
the development of effective therapeutic and preventive strate-
gies. In the present review, we summarize the function of DNA 
repair molecules from the viewpoint of carcinogenesis and 
hormone-related cell modulation.

2. Association between hormones and DNA damage

Since estrogens stimulate cell proliferation (17), increased expo-
sure to estrogens promotes the opportunity to develop random 
genetic errors. In addition, some hormone oxidative metabolites 
catalyzed by cytochrome p450 enzymes can form unstable 
adducts with DNA leading to mutations (18). Furthermore, 
the metabolic process produces reactive oxygen species that 
accounts for oxidative damage to genome DNA. The continuous 
mutagenic potential may contribute to the initiation of cancer. 
Prolonged exposure to estrogen is strongly associated with 
an increased risk of developing breast cancer. Estrogens bind 
primarily to estrogen receptors, which are believed to mediate 
the various actions of estrogens. On the other hand, androgen 
signaling may induce apoptosis by activating the DNA damage 
response (19). The BRCA1 protein may function to suppress 
mammary epithelial cell proliferation by inhibiting estrogen 
receptor-mediated pathways (Fig. 2). In addition, an estrogen 
receptor complex modulates BRCA1 transcription under condi-
tions of estrogen stimulation. Recent studies have shown an 
association between DNA repair deficiency and loss of estrogen 
as well as androgen receptors (2). In addition, estrogens are not 
only essential for mammary growth and differentiation, but also 
enhance the activity of the p53 tumor suppressor protein (20). 
This paradox, the bidirectional functions of some hormones in 
carcinogenesis or anticarcinogenesis, should be resolved in the 
near future.

p53 is a key transcription factor that regulates several 
genes and protects against genomic instability. Mutations in 
the p53 gene are frequent in breast cancers and are associ-
ated with poor prognosis. The focal adhesion kinase (FAK), a 
tyrosine kinase, is overexpressed in a variety of human tumors 
including breast cancers (21). FAK is a critical regulator of cell 
motility and its overexpression is associated with increased 
metastatic potential. FAK expression is downregulated in a 
p53-dependent manner in response to estrogen (22). The loss 
of FAK downregulation in p53 mutant cells correlates with 
increased invasive capacity upon estrogen stimulation. In this 
way, p53 is an important downregulator of FAK and the loss of 
p53 function in breast cancer may contribute to the metastatic 
potential of estrogen-responsive cancers. The p53 downstream 
transcriptional target, p21/WAF-1, is increased in estrogen-
treated cells in response to DNA damage. The p53 gene may 
form a center within a network connected by genes that are 
regulated by hormones and DNA repair. In addition, the cross-
talk between p53 and androgen receptor signaling suggests 
that p53 activation may augment the anticancer effects of 
hormonal therapy in prostate cancer (23).

The combined ingestion of soy isoflavone and curcumin 
decreases the serum level of prostate-specific antigen (PSA) (24). 
This combination affects the expression and phosphoryla-
tion of ATM and inhibits prostate cancer cell proliferation. 
Testosterone, an androgen, augments the activation of the DNA 
damage-response, which may suppress the initial malignant 
transformation of prostate cancer. Vitamin D has also been 
shown to exhibit cancer-preventive activities. There is evidence 
that vitamin D provides protection against DNA damage (25). 
Vitamin D enhances the expression of DNA repair genes, such 
as ATM and Rad50, thereby promoting effective DNA double-
strand break (DSB) repair, protecting cells from DNA damage 
and stress and consequently, carcinogenesis (26).

3. Association between DNA damage and cancer therapy

Exposure to ionizing radiation or DNA-damaging agents 
causes DSBs. Genetic defects in DNA damage response genes 
and/or downregulation of the DNA repair mechanism promote 
genomic instability, which can lead to carcinogenesis (27). Cells 

Figure 1. Involvement of the hormone endocrine, immune, DNA damage and 
DNA repair systems in cancer. The relevance of DNA damage and DNA repair 
to carcinogenesis has become evident. Hormones may be a causative factor in 
the development of specific types of cancer. There is an association between 
hormones and DNA repair activity. A challenge for the immune system is to 
recognize and eliminate cells undergoing carcinogenesis.

Figure 2. Schematic representation of the regulatory interplay between BRCA1 
and estrogen receptor (ER)-α. BRCA1 regulates the expression of ER-α in a 
transcription factor (OCT1)-dependent manner. Estrogen stimulation increases 
the expression of BRCA1 through the ER-α transcriptional mechanism 
involving the transcriptional co-activator, p300. In addition, the BRCA1 pro-
tein can negatively regulate the ER-α-mediated transactivation of downstream 
genes. Note that some critical events have been omitted for clarity.
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are equipped with multiple DNA repair mechanisms for the 
maintenance of genomic stability and the suppression of carcino-
genesis. Standard DNA repair pathways available in mammalian 
cells include homologous repair, non-homologous end-joining 
and single-strand annealing (28). There are different pathways 
that repair DSBs. The DNA repair system is essential for the 
survival of normal and cancer cells. A set of signaling pathways 
detects the DSBs and mediates either DNA repair survival 
or apoptotic cell death. The main DNA damage recognition 
molecule is ATM (29), which is a checkpoint kinase that phos-
phorylates a number of proteins in response to DNA damage, 

including p53 and BRCA1 (Fig. 3). Schematic structures of 
these important molecules are shown in Fig. 4. An additional 
consequence of defective DNA repair is cellular hypersensitivity 
to DNA-damaging agents (30). The inhibition of DNA repair 
pathways blocks the mechanisms that are required for survival 
in the presence of oncogenic mutations. DNA-damaging agents 
then function more effectively as a therapeutic strategy for cancer 
cells with DNA repair defects (30). Epigenetic mechanisms, such 
as histone modifications and DNA methylation have been evalu-
ated with a view of enhancing cancer therapy via the regulation 
of the expression of genes involved in DNA repair (31).

Through stress-induced activation, p53 triggers the expres-
sion of the target genes that protect the genetic integrity of 
cells. The p53 gene is frequently mutated in multiple cancer 
tissues, suggesting that p53 plays a critical role in preventing 
cancers. Mutant p53 can be classified as a loss-of-function or 
gain-of-function protein depending on the mutation type (32). 
Wild-type p53 is inactive under normal physiological conditions 
and is activated in response to various types of DNA-damaging 
stresses. p53 activation may lead to the regression of existing 
neoplastic lesions and may therefore be important in devel-
oping cancer prevention  (33). Failure of the DNA repair 
functions leads to p53-mediated induction of apoptotic cell 
death. The p53 protein undergoes post-translational modifica-
tions such as acetylation of lysines, nitration of tyrosines and 
the phosphorylation of serine/threonine residues in response 
to certain stresses (34). In addition, multiple mechanisms have 
been revealed to regulate p53 activity, which determines the 
selectivity of p53 for specific transcriptional targets. Among 
the transcriptional targets of p53, p21WAF-1 has been shown 
to play an important role in both p53-dependent  (35) and 
-independent pathways  (36). p21WAF-1 inhibits cell cycle 
progression through the interaction with the cyclin-dependent 
kinase (CDK) complex. In this way, p53 has been known to 

Figure 3. Schematic representation and overview of the DNA repair and check-
point regulation of cell cycle signaling pathways. Examples of the molecules 
known to act on regulatory pathways are shown. Note that some critical path-
ways have been omitted for clarity.

Figure 4. Schematic diagram indicating the domain structures of ATM, p53, BRCA1 and estrogen receptor (ER)-α proteins. The functionally important sites 
including the sites of protein phosphorylation are shown. Note that the sizes of proteins are modified for clarity. HEAT, huntington, elongation factor 3, a subunit 
of PP2A and TOR1; FAT, FRAP-ATM-TRRAP; FATC, FAT-C-terminal; PXXP, a proline repeat, Ring, really interesting new gene, finger domain; NLS, nuclear 
localization signal, BRCT, BRCA1 C terminus; AF1, activation function 1  DBD, DNA-binding domain; LBD, ligand-binding domain.
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play a central role in maintaining a stable genome through its 
role in cell cycle checkpoints, DNA repair and apoptosis.

BRCA1 also fulfills the criteria for a tumor suppressor gene 
whose function is required to block cancer development. BRCA1 
hereditary breast cancer is a type of cancer with defects in a 
DNA repair pathway (37). The mutation is then associated with 
increased genomic instability in cells, which accelerates the 
mutation rate of other critical genes. Studies have established 
functional roles for BRCA1 in DNA damage signaling, DNA 
repair processes and cell cycle checkpoints (38). Consistent with 
these functional roles, cells deficient in BRCA1 exhibit severe 
genomic instability and chromosomal aberrations. Although 
BRCA1 gene mutations are rare in sporadic breast and ovarian 
cancers, BRCA1 protein expression is frequently reduced in 
sporadic cases (39). BRCA1 cDNA encodes for the 1863‑amino 
acid protein with an amino terminal zinc ring finger motif and 
two putative nuclear localization signals (Fig. 4). The amino-
terminal domain possesses E3 ubiquitin ligase activity (40) 
and the carboxyl-terminal domain is involved in binding to 
specific phospho-proteins  (41). The role of BRCA1 in cell 
cycle control involves its ability to interact with various cyclins 
and CDKs, activate the CDK inhibitor, p21WAF-1, and p53. 
BRCA1 becomes hyperphosphorylated following exposure to 
DNA-damaging agents, and the specific function of BRCA1 
is regulated by phosphorylation (42). In addition to the roles in 
the regulation of DNA damage response, the BRCA1 protein 
interacts with the estrogen and androgen receptor, and regulates 
their activity (43), inhibiting estrogen receptor‑α activity and 
stimulating androgen receptor activity. Thus, BRCA1 mutations 
confer a modulatory risk for each type of hormone-responsive 
cancer. In other words, hormonal factors intensely contribute 
to the cancer risk in BRCA1 mutation carriers. Alternatively, 
hormonal factors also affect therapeutic tumor cell killing via 
modulating DNA repair. Hence, the DNA repair capacity may 
be a novel therapeutic modality in overcoming drug resistance 
in cancer. Either survival or apoptosis, which is determined by 
the balance between DNA damage and DNA repair capacity, 
may thus be one of the major problems of cancer therapy.

4. Involvement of hormones and their receptors in DNA 
repair systems

Hormones, such as estrogen, progesterone and androgen often 
contribute to the initiation and promotion of carcinogenesis via 
specific hormone receptors. A number of candidate genes have 
been identified as biomarkers for breast and prostate cancers 
such as those involved in hormone-synthesis, activation and 
secretion  (44). Furthermore, hormonal therapies generally 
regulate cancer cell growth and have provided improvements in 
survival in hormone-related diseases. For example, anti-estro-
gens are effective in estrogen receptor-positive breast cancer, 
and androgen deprivation therapies are common in advanced 
prostate cancer. However, transition to hormone refractory 
cancer cells remains an important clinical issue, which limits 
the benefits of these therapies.

Estrogens, not only play a key role in the proliferation and 
differentiation of the mammary epithelium, but also regulate 
diverse cellular processes in brain, cardiovascular and bone 
metabolism (45). In addition, several normal and carcinoma 
cells express estrogen receptors and their proliferation is 

stimulated by estrogen, which in turn increases the likelihood 
that DNA damage occurs. The chronic exposure estrogen then 
contributes to carcinogenesis in estrogen receptor-positive 
cells. However, estrogens also stimulate the expression of genes 
that can repair DNA damage including BRCA1 (Fig. 2). DNA 
repair defects in the progression of breast cancer may occur in 
the transition to hormone-independence. The estrogen-bound 
receptor dimerizes and associates with chromatin. The receptor 
dimers bind directly to a DNA sequence motif, the estrogen 
response element. There are two, estrogen receptor‑α and 
estrogen receptor-β. Estrogen receptor-α is thought to be prolif-
erative, whereas the activation of estrogen receptor-β is thought 
to induce apoptosis. A key DNA repair protein, MSH2, has been 
shown to be a potent co-activator of estrogen receptor-α (46). 
An increase in estrogen receptor-β levels may be associated 
with a reduction in breast cancer risk (47). There is evidence 
showing that the reduced expression of estrogen receptor-β 
correlates with increased prostate cancer risk. Estrogen 
receptor-β may inhibit cellular proliferation by antagonizing the 
actions of estrogen receptor-α (48). Exposure to genistein, which 
is an estrogen-like chemical compound present in plants such as 
soy, reduces breast cancer risk (49). The expression of BRCA1 
is upregulated in mammary glands prepubertally exposed to 
genistein, suggesting that BRCA1 plays a role in mediating the 
cancer-protective effects of genistein. However, high soy intake 
does not reduce breast cancer risk if consumed in adulthood. In 
addition, physiologically high levels of estrogen are believed to 
stimulate carcinogenesis. Childhood and adolescence may be 
particularly sensitive periods for breast cancer initiation. There 
is an urgent need to further understand DNA repair pathways 
and their distinct roles in childhood and adulthood.

Prostate cancer is a frequently diagnosed (~20%) malignancy 
in males (50,51). The risk factors may act through hormonal 
mechanisms, since the drug that blocks androgenic hormone 
activation reduces cancer risk. In addition, some sporadic pros-
tate cancer cases are linked to polymorphisms of genes involved 
in androgen activation and its signaling pathway  (50,51). 
Androgens have been recognized to play a role in controlling 
the growth of the normal prostate gland. The androgen receptor 
is a ligand-activated transcription factor of the nuclear receptor 
superfamily that plays a critical role in male physiology, whose 
signaling also contributes to carcinogenesis and cancer progres-
sion by regulating the transcription of androgen-responsive 
genes. One of the androgen-responsive genes, PSA, is a clinically 
important marker that is used for the diagnosis and evaluation 
of the prostate cancer (52). During the progression of androgen-
sensitive prostate cancer to androgen-refractory, the majority 
of cancer cells still express the androgen receptor; however, in 
many cases it is mutated. The downregulation of the androgen 
receptor induces apoptotic cell death and inhibits cancer cell 
proliferation. Therefore, androgen signaling has been recognized 
as a key target for prostate cancer prevention and therapy.

Variations in estrogen receptor activities may also modulate 
prostate cancer risk (53). The increased consumption of phytoes-
trogens such as genistein, also a well-known tyrosine kinase 
inhibitor, has been associated with a reduced risk of prostate 
cancer (54). Phytoestrogens protect cells against reactive oxygen 
species by scavenging free radicals. In addition, phytoestrogens 
upregulate the expression of glycogen synthase kinase‑3β (GSK-
3β), enhance GSK-3β binding to β-catenin, and induce apoptotic 
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cell death (55), suggesting that phytoestrogens can induce apop-
tosis and inhibit prostate cancer cell growth. Phytoestrogens have 
also been found to inhibit molecules in the mitogen-activated 
kinase (MAPK) pathway (56). Furthermore, they can block 
the activation of p38-MAPK by TGF-β in prostate cancer (57), 
inhibiting cancer cell invasion and metastasis. Reduced MSH2 
protein expression in prostate cancer cells has been shown to 
correlate with an overall recurrence-free interval, while the 
reduced protein expression may be associated with an increased 
risk of prostate cancer initiation (58). MSH2 expression has been 
shown to correlate with the expression of p53, while it negatively 
correlates with the expression of the estrogen receptor (59). The 
downregulation of the MSH2 gene has been associated with 
invasive breast cancer and the hormone independence of prostate 
cancer. Elevated post-meiotic segregation increased 2 (PMS2) 
expression also appears to negatively correlate with prognosis 
in prostate cancer patients (60,61). The overexpression of PMS2 
may confer DNA damage tolerance.

5. Perspectives

The hormone signaling pathway is a complex signaling network, 
and further in-depth research in this area is required. The DNA 
repair system is a highly conserved DNA editing process that 
maintains genomic fidelity through the recognition and repair 
of damaged nucleotides. Discrepancy between cell proliferation 
and DNA repair functions may account for the accumulation of 
DNA errors and vulnerability to carcinogenesis. The roles of 
human tumor susceptibility genes in the DNA repair machinery 
are important for the development of methods for the prediction 
of risk, diagnosis, prevention and therapy of human cancers. For 
example, as hormonal regulation contributes to the expression 
of the tumor susceptibility gene product, BRCA1, the hormonal 
prevention of BRCA1 mutant breast cancers may be effective. 
The discovery of other molecular pathways would be helpful to 
further understand the fundamental mechanisms of hormone 
independence. Certain evidence supports the cancer-protective 
roles of dietary selenium, vitamin D, vitamin E, lycopene and 
soy foods (62,63). Lycopene, which is a carotenoid found in 
tomatoes, appears to be an effective protective dietary factor 
for prostate cancer, and acts as an antioxidant by scavenging 
reactive oxygen species to protect against DNA damage. A 
significantly reduced risk of prostate cancer following higher 
lycopene consumption has been shown. Further mechanistic 
studies are also required in order to understand the precise 
molecular mechanisms of hormonal carcinogenesis, cancer 
prevention and the DNA repair system for more effective thera-
peutic interventions of these human malignancies.
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