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Abstract. A growing body of evidence has demonstrated 
how the development of breast cancer (BC) is associated with 
several environmental risk factors able to induce both genetic 
and epigenetic modifications, leading to neoplastic transforma‑
tion. In this context, it has been shown how dietary factors 
influence BC cell development and progression by modulating 
epigenetic biomarkers, of which microRNAs (miRNAs/miRs) 
are one of the most extensively studied. Of note, dietary factors 
have been implicated in both BC risk and protection; a number 
of studies have focused on the protective role of vitamin D 
(VitD) in BC, as well as its potential therapeutic application in 
patients undergoing cancer treatments. Despite the numerous 
studies available in the literature, conflicting data are reported 
about the epigenetic modifications induced by VitD on the 
expression levels of miRNAs involved in BC. Therefore, the 
present review reports the latest findings describing the existing 
interplay between VitD and miRNAs and discusses the role of 
epigenetics in the pathogenesis and prognosis of this tumor. 
Specifically, the dual association existing between VitD and 
miRNAs in BC is described, presenting studies demonstrating 
the role of VitD and VitD receptor (VDR) in the modulation of 
the expression levels of several miRNAs, as well as the role of 
some miRNAs able to directly bind the mRNA coding for the 
VDR, thus regulating the activation of the VitD pathway.
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1. Introduction

Breast cancer (BC) is the most widely diagnosed tumor world‑
wide and the leading cause of cancer‑related mortality among 
female patients (1). At present, BC is recognized as one of 
the most challenging diseases in oncology due to its complex 
molecular landscape and the heterogeneity of the disease char‑
acterized by the uncontrolled growth of abnormal cells in the 
breast tissue (2). Over the years, a growing body of evidence 
has identified key aspects related to BC epidemiology, diag‑
nosis and therapeutic, which have improved the management 
of this disease (3).

As regards BC epidemiology, the Globocan Observatory of 
the World Health Organization (WHO) has recognized BC as 
the most common type of cancer among women, accounting 
for 11.7% of all cancer diagnoses and ~2.3 million new cases 
and 690,000 related deaths (6.9% of the total) annually (4). 
It affects women living in both developed and developing 
countries. As widely described below in the present review, 
the incidence of BC is steadily increasing due to several aggra‑
vating factors, including aging, lifestyle changes, hormonal 
influences, genetic susceptibility and environmental exposures.

The diagnosis of BC is typically based on a multidisci‑
plinary approach. Screening programs promoted by national 
health systems based on mammography investigations are the 
primary and most used diagnostic tool for the early detection 
of BC lesions in asymptomatic women (5). Other imaging 
techniques are ultrasonography and magnetic resonance 
imaging, which are employed for the further characterization 
of suspicious findings and used for the early identification of 
breast abnormalities such as masses, microcalcifications, or 
architectural distortions (6).
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In addition to imaging techniques, tissue biopsy plays 
a crucial role in confirming the diagnosis and providing 
molecular information for personalized treatment decisions. 
In particular, biopsy samples are fundamental for determining 
the histological subtype, grade and molecular features of BC, 
including estrogen receptor (ER) and progesterone receptor 
(PR) status, the amplification of the human epidermal growth 
factor receptor 2 (HER2/neu) and other molecular alterations 
that can help decide the treatment strategy and predict the 
prognosis of patients (7).

Based on the main molecular features observed in BC, 
this tumor can be classified into different subtypes, including 
hormone receptor‑positive (ER+/PR+), hormone receptor‑nega‑
tive (ER‑/PR‑) and HER2‑positive (HER2+) subtypes. In 
the case of negativity for all these molecular markers two 
other entities are recognized, namely basal‑like tumor and 
triple‑negative BC (TNBC). This classification is particularly 
useful for guiding therapeutic strategies (8).

At present, the treatment of BC is multimodal and almost 
personalized owing to the information obtained on the tumor 
characteristics, stage of disease and the patient's status (9). 
Surgery still represents the curative intervention, particularly 
in early‑stage tumors with several improvements achieved 
during the years in terms of breast‑conserving surgery (10). 
Apart from surgery, neoadjuvant and adjuvant therapies using 
radiation, chemotherapy, targeted therapy, hormone therapy 
and immunotherapy are administered to reduce the size of 
tumors or the risk of developing recurrence, thus improving 
patient outcomes (11‑13).

Despite all the advancements in the treatment and manage‑
ment of BC, critical issues remain, such as the poor prognosis 
due to late‑stage diagnosis, the development of drug resistance, 
the occurrence of tumor relapse, and the poor workability and 
quality of life of patients following the diagnosis of BC (14,15). 
Therefore, currently, researchers worldwide are trying to iden‑
tify novel biomarkers and therapeutic targets for the diagnosis 
of BC and develop novel effective treatments.

Several studies have demonstrated the multifactorial 
etiology of BC, highlighting how both individual and envi‑
ronmental factors are responsible for an increased risk of 
developing BC. Depending on their nature, the risk factors for 
the development of BC are currently distinguished into two 
different categories: Unmodifiable risk factors and modifiable 
risk factors (16).

Among the unmodifiable risk factors, three main condi‑
tions may influence the risk of development of BC, i.e. sex, 
hereditary mutations and a family history of BC. In particular, 
females have a greater risk of developing BC. It has been specu‑
lated that in the USA, approximately 1 out of 8 women (~13%) 
will develop invasive BC throughout their lifetime (17). The 
main reason that females have a higher risk of developing BC 
compared to males is the fact that breast cells are constantly 
exposed to the growth‑promoting effects of female hormones, 
such as estrogen and progesterone (17). On the contrary, breast 
cells in males are less responsive to hormonal imbalance and 
males usually have lower levels of estrogen than females (18).

As aforementioned, the second unmodifiable risk factor is 
represented by genetics and hereditary mutations. In partic‑
ular, up to 25% of hereditary cases of BC are associated with 
inactivating mutations affecting two genes: Breast cancer gene 

(BRCA)1 and 2 (19). The normal function of these two genes 
is to maintain the normal growth of ovarian, breast and other 
cells by repairing de novo mutations occurring during DNA 
replication. Notably, females harboring BRCA1 or BRCA2 
mutations have an increased risk of developing BC; however, 
several mutations are benign or with variants of uncertain 
significance (19). Apart from BRCA2 and BRCA2 mutations, 
other alterations are being analyzed in hereditary forms of BC, 
including CHEK2, BRIP1, ATM and PALB2, which are rare 
and have a moderate penetrance (20). In addition, other single 
nucleotide polymorphisms (SNPs) have been associated with 
an increased risk of developing BC; however, further studies 
are warranted in order to clarify their effective involvement in 
the pathogenesis of BC (20).

Strictly related to hereditary mutations, an additional 
unmodifiable risk factor is represented by a family history of 
BC. Indeed, 5‑10% of cases of BC are associated with a family 
history of the disease (21). A family history of BC is a term 
used in the case of patients with BC who have blood relatives 
on both the mother's or father's side who were diagnosed or 
who succumbed due to BC prior to the age of 50 years (21). 
In a significant proportion of patients with a family history of 
the disease, the tumor is a TNBC. In familial clusters with a 
history of BC, other tumors are also observed, such as those 
affecting the prostate, pancreas, stomach or skin (cutaneous 
melanoma) (21).

Despite the impact of unmodifiable risk factors, a growing 
body of evidence has demonstrated the pivotal role of environ‑
mental and lifestyle risk factors that can be modified through 
specific interventions (22). Among these modifiable environ‑
mental risk factors, one of the most noteworthy, is a sedentary 
lifestyle. It has been shown that women performing regular 
physical activity have a lower risk of developing BC than inac‑
tive women. In a 2016 meta‑analysis that included 38 cohort 
studies, women performing physical exercise had a 12‑21% 
lower risk of developing BC than those who were inactive (23). 
Physical activity has been associated with similar reductions 
in the risk of BC among both premenopausal and postmeno‑
pausal women (23). Findings from a recent study performed in 
Italy also demonstrated that the adoption of physical activity 
after BC surgery improved the overall quality of life of women 
by improving their cardiometabolic indices and decreasing the 
risk of BC recurrence (24‑26).

Another modifiable risk factor is represented by alcohol 
consumption. In detail, women who have three alcoholic 
drinks per week have a 15% higher risk of developing BC. 
Experts estimate that the risk of developing BC increases by 
a further 10% for each additional drink women regularly have 
each day (27). The detrimental effects mediated by alcohol 
consumption are related to the increased levels of estrogens 
and other hormones associated with hormone‑receptor‑positive 
BC, and by increasing the blood concentration of toxic metabo‑
lites, such as acetaldehyde, which induce damage to DNA (27).

Moreover, it has been widely demonstrated that hormone 
replacement therapy (HRT), also known as estrogen replace‑
ment therapy, menopausal hormone therapy, or post‑menopausal 
hormone therapy, can increase the risk of developing BC by 
favoring hormone‑mediated neoplastic transformation. At 
present, the mechanisms behind the increased risk of devel‑
oping BC in these patients have not been fully elucidated; 
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however, the high levels of estrogens followed by HRT may 
represent a hormonal trigger for BC (28).

Finally, another fundamental risk factor associated with an 
increased risk of BC is represented by unhealthy dietary habits, 
which result in obesity, a factor known to be strictly associated 
with an increased risk of developing BC, as described in more 
detail in the following paragraphs (29). As is widely known, 
dietary factors are responsible for ~30‑40% of all cancers. 
In this context, researchers have demonstrated the beneficial 
effects of a healthy diet, moderate physical activity and weight 
reduction, which decreases the risk of BC development or 
recurrence (29).

As regards the protective effects played by diet, a 
2021 narrative review demonstrated the link between the 
Mediterranean diet and the reduction in the risk of developing 
BC. The protective effect of the Mediterranean diet is primarily 
due to the consumption of healthy foods included in this 
nutritional pattern, such as fruits and vegetables, olive oil, fish 
and red wine. These and other foods have notable antioxidant 
properties due to their high content of polyphenols, flavonoids, 
carotenoids and fibers, along with a favorable fatty acid profile, 
that in turn can reduce the risk of developing BC (30).

As a risk factor, the results of a 2021 systematic review 
demonstrated that a higher intake of total meat, red or 
processed meats, foods with a high glycemic index, or eggs, 
were associated with a higher risk of developing BC due to 
an increase in systemic and chronic inflammation. On the 
contrary, some foods, such as vegetables, had an inverse asso‑
ciation with BC risk. In particular, some specific nutrients, 
including calcium, folate, vitamin D, lignans and carotenoids, 
appear to be inversely associated with the risk of developing 
BC (31).

A cohort study conducted in North California, USA, which 
involved 1,893 women diagnosed with BC between 1997 and 
2000 surveyed women regarding their dietary habits, revealing 
a consistent consumption of high‑fat foods. Over a 12‑year 
follow‑up period, 349 patients experienced a recurrence of 
BC. The authors of that study also confirmed that women who 
regularly consumed one or more servings per day of high‑fat 
milk or dairy products had a 64% higher risk of mortality from 
all causes and a 49% increased risk of BC‑related mortality 
during the follow‑up period (32). More specifically, high‑fat 
milk, butter, creams, dairy products, ice cream and puddings 
had detrimental effects due to the presence of estrogen, which 
stimulates ER+ BC cells (32).

Scientific evidence supports the notion that women suffering 
from BC should avoid milk or dairy products due to the high 
concentration of female sex hormones; however, conflicting 
results have been obtained regarding the potential risk derived 
from the consumption of these food products (33,34). Some 
studies have also hypothesized that the consumption of food 
rich in hormones increases the penetrance of BRCA muta‑
tions, predisposing women to the development of BC (35).

Overall, these and several other findings demonstrate 
that dietary factors influence human health and the risk of 
developing BC. Of note, among the dietary factors, high levels 
of vitamin D (VitD) have been shown to be associated with 
a decreased risk of developing BC due to the molecular and 
epigenetic modulation induced by VitD, as is further discussed 
in detail below.

2. Vitamin D and breast cancer

VitD is a fat‑soluble vitamin that is predominantly and endog‑
enously produced when ultraviolet (UV) rays hit the skin, 
activating VitD synthesis. The activation of VitD consists of 
two consecutive hydroxylation reactions: The first one occurs 
in the liver to form 25‑hydroxyvitamin D or 25(OH)D, and the 
second one in the kidneys to form the physiologically active 
1‑25‑dihydroxy vitamin D or 1,25(OH)2D (36). The active 
form of VitD binds to the VitD receptor (VDR), also known 
as the ‘calcitriol receptor’ to express or trans‑repress gene 
products (36).

VitD can also be introduced with foods, such as fish (e.g., 
salmon, tuna or trout), beef, eggs and cheese in the form of 
VitD3 (cholecalciferol), and mushrooms in the form of VitD2 
(ergocalciferol) (37,38).

Physiologically, VitD promotes the absorption of calcium 
in the gut and its deposition in the bones to maintain correct 
mineralization. During childhood, a correct intake of VitD is 
fundamental for the development of the skeleton, and for the 
prevention of rickets in children or osteomalacia in adults (36).

VitD has numerous other critical functions in extra‑skeletal 
cells that express the intracellular VDR, such as the pancreas, 
skin, brain and muscle cells. In these tissues, the enzyme, 
1‑alpha‑hydroxylase, produces low levels of 1,25(OH)2D, 
implicated in the mechanisms of regulation of cell growth, 
including that of cancer cells (39).

As regards the role of VitD in BC and health, adequate 
levels of VitD are essential for the maintenance of cellular 
homeostasis. Notably, the best clinical indicator for VitD status 
is 25(OH)D, the metabolite with the longest average life and an 
essential substrate for the synthesis of 1,25(OH)2D (40). One 
of the main issues related to the evaluation of 25(OH)D blood 
levels is the lack of a consensus on the optimal levels of this 
hormone (40). Recently, some international scientific societies 
have defined specific thresholds to establish the optimal and 
suboptimal blood levels, as well as when a state of VitD 
deficiency occurs (41,42). In the case of VitD deficiency, the 
absorption of calcium is reduced by 15% (and by up to 60% 
for phosphorus), thus reducing the levels of ionized calcium in 
the blood. The decrease is detected by the calcium sensors in 
the parathyroid glands, which respond with an increase in the 
secretion of parathyroid hormone (PTH), whose function is to 
maintain adequate blood levels of calcium (43). As per defini‑
tion, the minimum blood level of 25(OH)D required for the 
intestinal absorption of calcium and for the prevention of the 
pathological increase in PTH is ≥30 ng/ml or 75 nmol/l, which 
also protects bones in the case of osteoporosis (44). Blood 
levels of VitD ranging from 20 to 29 ng/ml are considered 
insufficient, and levels <20 ng/ml indicate a deficiency (41). 
This deficiency can lead to mild or marked consequences, 
such as fatigue, bone pain, muscle weakness, muscle aches 
or muscle cramps, mood changes and the depression of the 
immune system (45). Instead, levels of 25(OH)D >100 ng/ml or 
250 nmol/l are considered toxic (46). In numerous cases, symp‑
toms of excess can be non‑specific, such as weakness, fatigue, 
anorexia and bone pain; in other cases, severe neurological 
and gastrointestinal symptoms can appear, such as confusion, 
apathy, nausea, peptic ulcers and pancreatitis. Moreover, an 
excess of VitD induces the bone and intestinal resorption of 
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calcium, leading to hypercalcemia. Severe hypercalcemia can 
lead to cardiac arrhythmias (46). During the 2nd international 
conference on ‘Controversies in Vitamin D’, experts in the field 
of endocrinology, human nutrition and metabolic disorders 
proposed a consensus statement establishing the optimal range 
of VitD levels (between 50 and 70 ng/ml) for general health, 
based on the evaluation of healthy populations that received 
ample natural sun exposure (41) (Table I).

All these data suggest how optimal blood concentrations 
of VitD are essential for the prevention of BC. According to 
a recent study performed on >4,000 patients with BC, VitD 
levels ≥60 ng/ml significantly lowered the risk of developing 
BC in post‑menopausal women (47). Although research results 
are concordant in establishing a protective role of VitD in 
BC, the precise mechanisms driven by this hormone remain 
under investigation. Notably, the VDR is present both in the 
mammary gland and breast tumor cells. The binding of VitD 
with its receptor (VDR) regulates the normal development of 
the mammary gland and its sensitivity to carcinogenesis (48). 
VitD, among other factors, is implicated in the negative regula‑
tion of cell proliferation and in the positive regulation of cell 
apoptosis. In particular, in BC cells, the VDR/VitD complex 
inhibits the cell cycle and activates several cellular pathways, 
including apoptosis, autophagy and differentiation (48). In 
addition, the activation of the VDR induces the overexpression 
of genes involved in DNA repair mechanisms, as well as in 
the activation of immune surveillance and the inhibition of 
inflammation, angiogenesis and the formation of metastases 
by actively counteracting the detrimental effects of reactive 
oxygen species (ROS) (49) (Fig. 1).

Based on the encouraging results obtained during in vitro 
and in vivo investigations, several clinical studies based on the 
administration of VitD in patients with BC have commenced 
in order to establish the beneficial effects of VitD in patients 
with a diagnosis of BC. Herein, by analyzing the clinical 
trials approved and deposited on ClinicalTrials.gov and using 
the search terms ‘Breast Cancer’ and ‘Vitamin D’, a total of 
90 items were obtained. Among all these clinical studies, 60 
were completed or terminated.

The description of all these studies is beyond the scope of 
the present literature review; however, some of these studies 
have allowed researchers to achieve groundbreaking results. 
Recent studies have demonstrated a clear anti‑cancerogenic 
action of VitD against BC cell proliferation (50,51). More 
specifically, calcitriol and other VDRs appear to have 
chemo‑preventive actions that induce cell cycle arrest, differ‑
entiation and apoptosis through the modulation of autophagy, 
tumor microenvironment and other signaling pathways. In 
addition, these studies have also revealed that calcitriol medi‑
ates the inhibition of cell growth and differentiation through 
the interaction with its receptor in healthy breast cells, and 
also mediates the inhibition of cell growth and differentiation 
through intervention with VDR (50,51).

In another study, the blood levels of 25(OH)D were evaluated 
in 3,995 women with BC who were enrolled in the Pathways 
Study (52). The authors of that study examined potential deter‑
minants of 25(OH)D levels, including polygenic scores. VitD 
supplement intake, body mass index (BMI), and race/ethnicity 
were the most influential factors modulating the levels of serum 
25(OH)D, while genetic variants had only a limited effect. 

According to the literature, the study categorized VitD levels 
based on clinical cut‑off values: Deficient (<20 ng/ml), insuffi‑
cient (20 to <30 ng/ml), or sufficient (≥30 ng/ml). Yao et al (52) 
then evaluated these levels in relation to overall survival, breast 
cancer‑specific survival, recurrence‑free survival and invasive 
disease‑free survival following a median follow‑up of 9.6 years, 
normalizing the data according to the stage, estrogen receptor 
status and BMI. The results revealed that sufficient VitD levels 
at the time of BC diagnosis were associated with improved 
outcomes. By considering the molecular subtypes of BC, the 
beneficial effects of VitD were more evident in patients with 
ER+ tumors and patients with a lower BMI and advanced‑stage 
tumors (52). They also observed that the association between 
VitD levels and BC outcomes appeared to be stronger among 
study participants diagnosed at more advanced stages or with a 
lower BMI, while no differences were observed by considering 
the ER status (52).

Notably, by searching for clinical studies on the effects 
of VitD in the modulation of microRNAs (miRNAs/miRs) in 
BC, only two results were obtained. Specifically, one study 
(NCT01965522) was completed (no references available), 
while the other one is still ongoing (NCT02786875) (53). The 
limited number of studies available on this topic suggests that 
there is currently limited information available on the epigen‑
etic effects of VitD administration in BC. In an aim to shed 
light on the further effects exerted by VitD, in the following 
chapters, the involvement of miRNAs in BC and the mecha‑
nisms through which VitD modulates the expression levels of 
miRNAs associated with BC development and progression 
when dysregulated are discussed.

3. Involvement of microRNAs in the pathogenesis of breast 
cancer

miRNAs are a class of single‑stranded non‑coding RNAs. 
They are ~18‑25 nucleotides in length and play a pivotal 
regulatory role in animals and plants by binding regions in 
the 3'UTR sequence of mRNAs, thus blocking or temporarily 
inhibiting their translation (54). Some miRNAs regulate cell 
proliferation and apoptosis, which are critical processes in 
cancer formation (55). Using molecular techniques and the 
more recent high‑throughput sequencing methods, studies 
have established an association between miRNA dysregula‑
tion and the development of tumors, including BC (56‑58). 
Of note, >50% of the genetic regions from which miRNAs 
are transcribed reside in cancer‑associated genomic areas or 
fragile sites, suggesting that miRNAs may play a critical role 
in the pathogenesis of human cancers (59).

Previous studies have clearly identified that miRNAs 
function as oncogenes or tumor suppressors in BC. As 
regards oncogenic miRNAs, these may be involved in tumors 
by directly regulating cell growth or indirectly controlling 
apoptosis via the targeting of transcription factors or signaling 
pathways (60,61). The miRNAs whose expression is increased 
in tumors and that bind key tumor suppressor genes can be 
considered oncogenic. On the contrary, tumor suppressor 
miRNAs are those that are overexpressed in cancer and their 
overexpression is associated with the silencing of oncogenes 
or molecular pathways associated with cell proliferation and 
cell survival (62).
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Several studies have attempted to identify miRNAs associ‑
ated with BC. However, due to the large number of human 
miRNAs and the various miRNA‑mRNA interactions that 
could occur, it is not easy to determine the exact role of 
miRNAs in cancer pathogenesis.

For example, an in vitro study using MDA‑MB‑231 and 
SkBr3 breast cancer cells, found an increased expression 
of miR‑221 (63). Other research has indicated that this 
miRNA is actively modulated by certain transcription 
factors, including Slug, suggesting that gene alterations can 
cause a reduction in miR‑221 and vimentin expression, and 
in the reactivation of ERα, E‑cadherin and transcriptional 
repressor GATA binding 1 expression. These data suggest 
that the inhibition of miR‑221 by the silencing of Slug 
may inhibit cell migration and may thus represent a novel 
therapeutic strategy (64).

The same miRNA was also investigated by other authors, 
who demonstrated that high levels of miR‑221/222 were 
associated with the expression of ERα and the concomitant 
suppression of several tumor suppressor genes, such as BIM, 

PTEN, TIMP3, FOX03, CDKN1B, CDKN1C and DNA 
damage‑inducible transcript 4 (65). Of note, the miR‑221/222 
cluster is one of the most commonly upregulated in human 
cancers (66).

miR‑10b has been found to be upregulated in metastatic BC 
cells and to be responsible for tumor invasion and metastasis. 
The inhibition of miR‑10b with antagomir‑10b in a mouse 
metastatic breast cancer model has been shown to significantly 
reduce metastasis. Mechanistically, miR‑10b promotes tumor 
progression and metastasis by targeting multiple genes in a BC 
and BC metastasis (67).

Other key miRNAs widely associated with the development 
of tumors, including BC, are those belonging to the miR‑200 
family, which play an essential role in tumor suppression by 
inhibiting epithelial‑mesenchymal transition (EMT) (68).

Specifically, EMT in cancer is very similar to the cellular 
processes occurring during embryonic development; indeed, 
during EMT, cells lose adhesion and acquire increased motility. 
EMT is characterized by the repression of E‑cadherin expres‑
sion, which also occurs during the initial stages of metastasis. 

Figure 1. Effects of vitamin D on breast cancer cells. When internalized within breast cancer cells, the precursor, 25(OH)D3, metabolized in the active form by 
the enzyme, CYP27B1, or the active form, 1,25(OH)2D3, bind cytoplasmic VDR monomers. The 1,25(OH)2D3/VDR complex is further recognized by RXR 
protein (forming the nuclear receptor superfamily), which allows the nuclear translocation of the complex. In the nucleus, the nuclear receptor superfamily 
binds the VDRE region inducing the transcription of several genes involved in the production of antioxidants enzymes, anti‑proliferation and the induction of 
apoptosis, thus exerting antitumor effects. In the cytoplasm, the 1,25(OH)2D3/VDR/RXR complex is able to inhibit the ROS‑activated NF‑κB pathway, thus 
limiting the production of pro‑inflammatory factors including IL6, IL8 and TNF‑α. 25(OH)D3, 25‑hydroxyvitamin D3; 1,25(OH)2D3, 1‑25‑dihydroxy vitamin 
D3; RXR, retinoid X receptor; CAT, catalase; CDK, cyclin‑dependent kinase; CDKIs, cyclin‑dependent kinase inhibitors; GSH, glutathione; ROS, reactive 
oxygen species; SOD, superoxide dismutase; VDR, vitamin D receptor; VDRE, vitamin D responsive element.
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By contrast, miR‑200 has been shown to block the last step 
of metastasis, in which migrating cancer cells undergo EMT 
during their attachment to distant organs (69,70).

The miR‑17 precursor family consists of a group of small 
non‑coding RNAs able to regulate the expression levels 
of several genes. High expression levels of miR‑17 family 
members have been found to be associated with increased cell 
proliferation, while the deletion of the miR‑17~92 cluster has 
been shown to exert adverse effects on health as demonstrated 
by in vivo experiments performed on mice, where the lack of 
these miRNAs was observed to be lethal and responsible for the 
onset of lung and lymphoid cell developmental defects (71,72).

The human miR‑34a precursor also plays a pathogenetic 
role in BC. It is transcribed from chromosome 1, while 
other similar forms, miR‑34b and miR‑34c precursors, are 
co‑transcribed from a region on chromosome 11. Overall, the 
inhibition of SIRT1 mediated by miR‑34 leads to an increase 
in the acetylation of p53 and the expression of p21 and PUMA 
and, both transcriptional targets of p53 and involved in the 
regulation of the cell cycle and apoptosis. Finally, miR‑34a 
itself is a transcriptional target of p53, suggesting a positive 
feedback loop between p53 and miR‑34a. Thus, miR‑34a func‑
tions as a tumor suppressor, in part, through the SIRT1‑p53 
pathway (73).

The miR‑375 is a short ncRNA located on chromosome 
2. There is an elevated expression of miR‑375 in ER‑positive 
cells compared with ER‑negative cells, mainly caused by cell 
differentiation. Based on the results of experiments using 
zebrafish and MDA‑MB‑231 and Hs578T cells, miR‑375 has 
been shown to inhibit EMT by inhibiting the expression of 
stature homeobox 2, which is known to activate the TGF‑β 
signaling pathway. Supporting these observations, miR‑375 
is considered a key tumor suppressor miRNA for almost all 
solid tumors and therapeutic strategies aimed at increasing its 
expression levels in cancer are under investigation (74).

Apart from their role in BC pathogenesis, miRNAs are 
currently considered very promising diagnostic and prognostic 
biomarkers. Indeed, miRNAs can be easily detected in tissue 
samples or liquid biopsy samples including blood, saliva, urine, 
etc.; these latter are defined as circulating microRNAs (75,76). 
Circulating miRNAs are considered potential biomarkers for 
various diseases and can reflect changes in the tissues of origin. 
They can provide critical information about the status of 
tissues and cells and can serve as indicators of disease, injury, 
or inflammation. Circulating miRNAs have been reported to 
be good biomarkers for the diagnosis of BC. The expression of 
circulating miR‑195 is specifically increased in patients with 
BC and has been shown to be associated with a poor prognosis, 

while the presence of high levels of miR‑373 in the serum of 
patients with BC are considered a good biomarker (77,78).

Similarly, other researchers demonstrated that the expres‑
sion level of circulating miR‑16, miR‑21, miR‑23α, miR‑146α, 
miR‑155 and miR‑181α may reflect different outcomes in BC, 
while miR‑195‑5p and miR‑495 represent potential circulating 
molecular markers for the early diagnosis of BC in minimally 
invasive tumors (79).

Overall, all the aforementioned data indicate that circu‑
lating levels of miRNAs can predict the risk of developing BC 
or can be predictive of the outcomes of patients (80). Some 
authors have also proposed miRNAs as novel therapeutic 
targets for the development of antagomir treatments in BC or 
have postulated the use of synthetic miRNA mimic molecules 
as novel RNA‑based drugs to effectively counteract BC devel‑
opment (81). The main functions of the miRNAs described 
above are summarized in Table II.

4. Modulation of microRNA expression levels mediated by 
environmental factors

As miRNAs are considered good effectors of epigenetic 
phenomena, a plethora of computational studies have tried to 
identify the miRNAs significantly associated with BC and are 
actively modulated by diet, physical exercise and lifestyle, in 
general (82,83).

It has been widely demonstrated that environmental factors 
can alter the expression of miRNAs involved in BC via various 
mechanisms. Specifically, environmental factors, including 
toxins, smoke, radiation chemicals, etc., can modify the 
expression of miRNAs involved in BC, mainly by modulating 
the function of transcription factors responsible for the expres‑
sion of miRNAs (84). Among the environmental factors, it has 
been demonstrated that smoke induces the downregulation 
of miRNAs which physiologically inhibit the translation of 
oncogenes. The mechanisms behind the modulating potential 
of smoke are driven by the modulation of transcription factors 
associated with the expression of miRNAs (85). Other studies 
have demonstrated the modulating effects of environmental or 
occupational pollutants, particularly the modulating action of 
pesticides (86,87). Among these studies, Krauskopf et al (88) 
demonstrated that the alteration of transcriptomic profiles of 
individuals exposed to carcinogens, such as persistent organic 
pollutants, resulted in a strong modulation of miRNA expres‑
sion levels. Other researchers have suggested that exposure to 
arsenic, mainly via drinking water, causes various modifica‑
tions, including DNA methylation, histone modifications and 
altered miRNA expression levels (89). Other factors involved 

Table I. Summary of the vitamin D blood concentrations and their clinical significance.

25 (OH) vitamin D (ng/ml) 25 (OH) vitamin D (nmol/l) Clinical significance

<20 <50 Deficiency
20‑29 50‑72.5 Insufficiency
≥30 ≥75 Sufficient levels
50‑70 125‑175 Optimal levels
>100 >250 Toxicity
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Table II. Tumor suppressor or oncogenic miRNAs involved in breast cancer pathogenesis.

miRNA Function Role in breast cancer Tumor model (Refs.)

miR‑221 Tumor suppressor It is a direct target of the transcription MDA‑MB‑231 breast  (64)
  factor Slug; its inhibition results in a  cancer cells
  reduction in cell migration and the 
  reactivation of ERα, E‑cadherin and 
  TRPS1 expression

miR‑221/ Oncogenic miR‑221 and miR‑222 increase the T47D, MCF7, MDA‑MB‑231,  (65)
miR‑222  proliferation of ERα‑positive breast  and MDA‑MB‑436 breast
  cancer cells by targeting FOXO3 cancer cells

miR‑17‑92 Tumor suppressor/ The members of this family play a MCF7, T47D, SKBR3 and (71)
cluster oncogenic dual role in breast cancer depending  MDA‑MB‑231 breast cancer
  on the molecular subtypes; they  cells
  function as tumor suppressors in 
  ER‑positive and HER2‑negative 
  breast cancer cells, whereas they 
  function as oncogenic miRNAs in 
  TNBC

miR‑10b Oncogenic Promotes more aggressive phenotype Animal models and breast (67)
  and metastasis; its overexpression  cancer cell lines
  is associated with high‑grade tumors 
  and tumor invasion

miR‑200 family Tumor suppressor Inhibition of EMT by enhancing NMuMG and 4TO7 murine (69)
  E‑cadherin expression through the  breast cancer cells
  direct inhibition of ZEB1 and ZEB2; 
  the ectopic expression of miR‑200 
  induces changes in the morphology 
  of cells towards an epithelial 
  phenotype and reduces the migration 
  of breast cancer cells

miR‑34 Tumor suppressor The members of this family interact Animal models and breast (73)
  with SIRT1 and the p53 signaling  cancer cell lines
  pathway, influencing the action of 
  various oncogenes

miR‑375 Oncogenic/tumor miR‑375 may play a dual role in Tissue samples and breast (74)
 suppressor breast cancer, acting as both an cancer cell lines
  oncogenic and tumor suppressor miRNA; as an 
  oncogenic miRNA, it is upregulated in 
  cancer samples vs. normal tissue and its 
  function is due the repression of specific 
  tumor suppressor genes; as a tumor 
  suppressor miRNA, it inhibits EMT by 
  inhibiting the expression SHOX2, which 
  is in turn responsible for the activation of 
  the TGF‑β signaling pathway

miR‑195 Oncogenic The increment in its circulating Serum samples (77)
  expression levels in patients with breast 
  cancer is associated with a poor prognosis

miR‑373 Tumor suppressor High serum levels of miR‑373 are Serum samples (78)
  associated with a good prognosis

miRNA, microRNA; TRPS1, transcriptional repressor GATA binding 1; ER, estrogen receptor; HER2, human epidermal growth factor 
receptor 2; TNBC, triple‑negative breast cancer; EMT, epithelial‑mesenchymal transition; ZEB, zinc finger E‑box binding homeobox; 
SIRT1, sirtuin 1; SHOX2, SHOX homeobox 2.
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in the modulation of miRNAs are diet and nutrition, which 
play a critical role in cancer prevention and treatment, as well 
as in epigenetics, as growing evidence suggests that specific 
dietary components can modulate miRNA expression levels in 
BC (90,91). Additionally, VitD, a fundamental nutrient known 
for its anticancer properties, has been shown to be associated 
with the modulation of miRNA expression in BC (92).

Of note, dietary habits play a pivotal role in the develop‑
ment and progression of cancers, including BC. Specific 
micro‑ and macronutrients have been identified to be poten‑
tially involved in the risk of developing BC, and for some 
nutrients, the precise mechanisms of action, including miRNA 
modulation, have been identified (93). For instance, flavonoids 
and polyphenols, found abundantly in fruits and vegetables, 
have been shown to positively modulate the expression levels 
of miRNAs with a tumor suppressive function (94,95). Other 
studies have observed that resveratrol introduced with grapes 
and red wine can upregulate tumor suppressor miRNAs 
and induce the downregulation of oncogenic miRNAs (96). 
Similarly, omega‑3 fatty acids, predominantly found in fatty 
fish, have been found to be associated with altered miRNA 
expression patterns, promoting anti‑tumorigenic effects (97). 
These findings highlight the potential of dietary components 
to modulate miRNA expression and influence BC progression, 
either directly through antioxidant and anti‑inflammatory 
actions, or indirectly through the epigenetic modulation of 
miRNAs (93). In order to further elucidate the epigenetic 
miRNA modulation triggered by diet in BC, authors worldwide 
agree that the interplay between diet and miRNA expression 
is complex and multifaceted. Some of these mechanisms have 
been proposed and remain under investigation, including the 
known direct interactions between dietary components and 
miRNA molecules, epigenetic modifications of genes respon‑
sible for miRNA synthesis and maturation, and alterations in 
intracellular signal transduction pathways (98,99). In particular, 
some polyphenols may interact directly with the miRNA 
sequence or miRNA‑RISC complex, affecting their stability 
and activity (100). Additionally, dietary factors can influence 
epigenetic modifications, such as DNA methylation and histone 
modifications, which in turn regulate the expression levels of 
tumor‑suppressor or tumor‑promoting miRNAs. Moreover, the 
modulating effects of diet on tumor‑related signal transduction 
pathways, such as the PI3K/AKT and MAPK pathways, have 
been widely proven and are recognized as additional mecha‑
nisms through which diet affects miRNA expression (99,101).

The interplay between diet and miRNA expression levels 
in BC has significant clinical and prognostic implications. 
Indeed, understanding specific dietary patterns or nutri‑
tional components responsible for the positive modulation of 
miRNAs in BC can potentially lead to the development of 
personalized dietary interventions for the prevention of BC 
or for the better management of patients suffering from this 
disease (102). In addition, as discussed in the previous chapter, 
miRNAs are also promising therapeutic targets or biomarkers 
for the diagnosis and prognosis of BC (80,81). However, 
further studies are warranted in order to elucidate the precise 
mechanisms underlying diet‑microRNA interactions and their 
impact on BC progression. Therefore, clinical trials exploring 
the effects of specific dietary interventions on miRNA expres‑
sion in patients with BC are warranted.

5. Interplay between microRNAs, vitamin D and vitamin D 
receptor in breast cancer

In this chapter, the VitD‑mediated modulation of miRNAs in 
BC is reviewed, in an aim to shed light on their interrelated 
functions and to provide insight into potential therapeutic 
interventions.

As widely described in the first part of the present review, 
VitD, primarily obtained through exposure to sunlight and 
diet, has garnered considerable attention for its role in cancer 
prevention (103). Epidemiological studies have obtained 
varying results regarding the protective role of VitD in BC; 
this is probably due to the fact that VitD exerts differential 
effects at different stages of the disease (104,105). VitD exerts 
its effects through its binding with the VDR, which regulates 
the expression of several target genes involved in cell prolif‑
eration, apoptosis and differentiation (106). Recent evidence 
suggests that VitD can also modulate the expression levels of 
miRNAs as demonstrated in different studies on BC (92).

It should be noted that nutrition, VitD and miRNA expres‑
sion levels are closely connected, as all these elements are 
capable of affecting the levels or functions of the other compo‑
nents (107). Some researchers have demonstrated the interplay 
between dietary components, such as polyphenols and omega‑3 
fatty acids, with VitD signaling pathways, resulting in altered 
miRNA expression profiles (108). For example, resveratrol 
has been shown to enhance the antitumor effects of VitD by 
modulating miRNA expression (109‑111). Additionally, the 
VitD signaling pathway can directly or indirectly influence the 
expression patterns of specific miRNAs resulting in a more 
complex interactive network (112).

Among the studies exploring the miRNA‑modulating 
effects of VitD, the majority have been performed using 
in vitro models of BC. These studies have demonstrated a dual 
association between miRNAs and VitD/VDR, with changes 
in the expression levels of these factors that vary depending 
on the cell line used, the molecular features of tumor models, 
the stimulation concentration and the time of treatment (113). 
Therefore, a clear association between the administration 
or levels of VitD and the modulation of specific miRNAs is 
still lacking and further studies, including those performed 
on patients with BC, are required in order to link VitD with 
miRNA modulation and the risk of developing BC.

In this context, a previous study performed on a ductal 
carcinoma in situ (DCIS) model tried to clarify the involve‑
ment of miRNAs in the progression of DCIS into invasive 
ductal carcinoma (IDC) (114). For this purpose, the authors of 
that study used the MCF10DCIS.com xenograft model, which 
recapitulates the progression of BC from DCIS to IDC. By 
administering these cells to 5‑6‑week‑old female nude mice, the 
authors examined the anti‑proliferative effects of a VitD analog 
defined as 1α,25‑dihydroxy‑20R‑21(3‑hydroxy‑3‑deuterome‑
thyl‑4,4,4‑trideuterobutyl)‑23‑yne‑26,27‑hexafluoro‑cholecalcif‑
erol (BXL0124). By treating xenograft BC models for 5 weeks 
with BXL0124, they observed that the analog of VitD induced a 
43% reduction in tumor volume after 4 weeks of administration 
compared to mice not treated with BXL0124 (114). To further 
establish the positive effects mediated by BXL0124 administra‑
tion, the same authors investigated the cell proliferation rate of 
BC cells, as well as the levels of VDR that were maintained high 
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during the treatment (114). In addition, they also explored the 
effects of BXL0124 on the expression levels of some miRNAs 
previously shown to be involved in BC progression, such as 
like miR‑21, miR‑24 and miR‑140 (82). More importantly, they 
observed an increment in miR‑21 expression in cells progressing 
from DCIS to IDC; however, treatment with BXL0124 was 
able to revert such an increment, reducing the levels of miR‑21 
during BC progression to invasive tumors (115).

It should be noted that there is a dual modulatory effect 
between miRNA and VitD; indeed, VitD can modulate the 
expression levels of several miRNAs by binding its VDR 
receptor and inducing miRNA transcription; however, on 
the other hand, some miRNAs can directly bind the mRNA 
encoding for the VDR, thereby regulating the function of 
VitD (113,116,117). In this latter case, Liu et al (118), demon‑
strated that the increased expression of miR‑1204 in BC cells 
promoted the EMT and the metastatic spreading of cancer cells. 
This detrimental role exerted by miR‑1204 is due to its capacity 
to bind the VDR mRNA, thus repressing its expression (118). 

Conversely, by silencing miR‑1204, the authors of that study 
observed increased VDR expression levels and a consequent 
reduction in the proliferation rate and invasion of BC cells (118).

Despite these findings, studies in the literature are 
conflicting regarding the actual effects of VitD on BC. Some 
studies have indicated that low serum levels of 1,25(OH)2D 
are associated with a decreased risk of developing BC (104), 
whereas other authors have demonstrated that low VitD levels 
are associated with a worse prognosis in terms of recurrence 
incidence and mortality (105,119). These data highlight that 
assessing the effects of VitD on BC risk alone is not sufficient 
to obtain reliable results; thus, further in‑depth studies on the 
molecular and epigenetic effects of VitD in BC are required 
in order to accurately characterize its role in human health. 
Certainly, VitD plays a role in the response to cell stress and 
thus in limiting carcinogenesis. In a previous study, this was 
demonstrated in the MCF12F breast epithelial cell line where 
treatment with 1,25 (OH)2D protected the cells from death 
in models in which cell stress was induced by starvation, 

Table III. miRNAs associated with vitamin D and vitamin D receptor in breast cancer.

miRNA Model VitD‑miRNA interplay (Refs.)

↑ miR‑21 DCIS MCF10DCIS.com breast cancer VitD analog BXL0124 inhibits the (115)
 cell line expression of the tumor‑promoting miR‑21

↑ miR‑1204 MDA‑MB‑231 and BT549 breast cancer miR‑1204 binds the 3'UTR region of VDR (118)
 cell lines repressing its expression levels

↑ miR‑182 MCF12F breast cancer cell lines VitD can reduce the expression levels of (120)
↑ miR‑200 family   the tumor‑promoting miRNAs miR‑182, 
↑ miR‑let‑7  miR‑200 family and miR‑let‑71 in cell 
  stress conditions

↓ miR‑451a ↓ miR‑675  Multiple breast cancer models lncRNAs (SNHG12, H19, HOTTIP, Nespas (92)
↓ miR‑148a ↓ miR‑296   and Kcnq1ot1) can inhibit miRNAs function
↓ miR‑145  by sponging mechanisms resulting in the 
  negative regulation of VDR and, in turn, 
  vitamin D

↑ miR‑23 In silico analyses Upregulation of miR‑23 is associated with (121)
  tumor aggressiveness and is dependent on the
  p53 and VDR status, suggesting a potential 
  interplay between this miRNA and the 
  VitD/VDR pathway

↓ miR‑124 Breast cancer patients, LCC1 and LCC9 miR‑124 downregulation increases the (122,123)
 human breast cancer cells expression of the pro‑tumor 
  autophagy‑related protein Beclin‑1. 
  Beclin‑1 reduction through miR‑124 
  overexpression and VitD administration 
  reduce tamoxifen resistance in BC

↓ miR‑125 MCF7 breast cancer cell line miR‑125 selectively binds the 3'UTR region (113)
  of VDR and its downregulation results in the 
  upregulation of VDR in cancer and 
  augmentation of the antitumor effects of 
  1,25(OH)2D

↑, upregulated in breast cancer; ↓, downregulated in breast cancer; 3'UTR, 3' untranslated region; DCIS: ductal carcinoma in situ; VitD, 
vitamin D; VDR, vitamin D receptor; 1,25(OH)2D, 1‑25‑dihydroxy vitamin D.
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oxidative stress, hypoxia and the induction of apoptosis (120). 
From an epigenetic perspective, the induction of cell stress was 
associated with the overexpression of miRNAs recognized as 
tumor‑promoting miRNAs, such as miR‑182, miR‑200 family 
and miR‑let‑7 family. Notably, the increase in the levels of 
these harmful miRNAs was completely reversed following the 
administration of VitD, which protected the cells from various 
stressors (120).

In a recent study, Blasiak et al (92) reviewed the protective 
role of VitD in BC mediated by the action of long non‑coding 
RNAs (lncRNAs) towards the VDR signaling pathways. In their 
review article, Blasiak et al (92) focused mainly on lncRNAs; 
however, these play a fundamental role in the sponging and 
regulation of miRNAs that in turn may modulate the interac‑
tion between VitD and its receptor VDR. Specifically, they 
mentioned the role of some lncRNAs, including SNHG12, 
H19, HOTTIP, Nespas and Kcnq1ot1, which can target several 
miRNAs such as miR‑451a, miR‑675, miR‑148a, miR‑296 and 
miR‑145 involved in the regulation of several cancer‑related 
genes (Myc, Wnt/β‑catenin, TERT, etc.) (92).

In 2017, Singh and Adams (116) better investigated the regu‑
latory effects of miRNAs on the VDR in BC, as they postulated 
that the epigenetic modulation induced by VitD was mainly 
due to the downstream regulation of VDR. In their study, they 
selected three miRNAs selectively involved in the regulation 
of VDR and were associated with BC following an analysis 
using TargetScan, i.e., miR‑23, miR‑124, and miR‑125 (116). 
In particular, these miRNAs had the highest VDR‑interaction 
scores. Despite no specific studies being available on miR‑23 
and BC, this miRNA has been found to be dysregulated in liver 
cancer cells, depending on the VDR and p53 status. Through 
these mechanisms, an association between 17β‑estradiol, p53 
and miR‑23 has been found, suggesting that the same pathways 
may be involved in the pathogenesis of ER+ BC (116,121).

As regards miR‑124, it has been found to be downregulated 
in BC cell lines compared to normal controls. In particular, 
it was previously demonstrated that the overexpression of 
miR‑124 led to a decrease in Beclin1 expression, a gene known 
to be involved in cell survival and BC progression (116,122). 
A recent study also confirmed the active role of both Beclin1 
and VDR in counteracting resistance to tamoxifen in BC (123), 
suggesting that the regulation of both Beclin1 and VDR may 
be mediated by miR‑124 and VitD administration.

Among the three miRNAs identified by Singh and 
Adams (116) in 2017, miR‑125 is the most widely associated 
with the pathogenesis of BC. It was widely demonstrated that 
miR‑125b acts as a tumor suppressor gene in BC (82,124). One 
of the protective actions of this miRNA in BC is due to its 
regulatory action towards ERBB2 and ERBB3, both associated 
with BC aggressiveness and metastasis (125). Other studies 
have shown that miR‑125 can bind to the 3' UTR region of 
VDR, suggesting a link between VDR and miR‑125 in BC 
cells. Notably, the results obtained in this context suggest 
that ERα‑positive BC cells have active VDR signaling that is 
responsive to treatment with 1,25(OH)2D3, which causes the 
inhibition of cell growth (92,113).

The main results describing the interplay existing between 
miRNAs and VitD/VDR are summarized in Table III. 
Although these studies have described some aspects of the 
interplay between miRNAs, VitD and VDR in BC, further 

studies are required in order to fully elucidate the precise 
players involved in the epigenetics effects of VitD, as well as 
the precise targets of modulated miRNAs. Overall, miRNAs 
may provide a link between the VitD status and the risk of 
developing BC. In addition, both miRNAs and VitD may 
provide a novel therapeutic avenue for BC.

6. Conclusions and future perspectives

In conclusion, the data summarized in the present review high‑
light how both miRNAs and VitD have emerged as crucial 
players in the pathogenesis and prognosis of BC. Notably, 
several miRNAs exhibit dysregulated expression patterns that 
contribute to various aspects of BC progression, including cell 
proliferation, apoptosis, migration and invasion. Similarly, 
VitD has been shown to influence key cellular processes and 
signaling pathways involved in BC pathogenesis. However, 
despite the increasing understanding of their roles, there 
remains a critical need for novel in vitro and clinical studies to 
establish the precise interconnections between BC, miRNAs 
and VitD. Of note, one of the main limitations observed in 
the studies presented above is the lack of data regarding 
patients' dietary and lifestyle habits, which can profoundly 
modulate the levels and functions of VitD. Secondly, the 
precise factors and molecular determinants responsible for the 
interplay existing between VitD, VDR and miRNAs need to 
be elucidated; therefore, further functional studies using both 
in vitro and in vivo models are warranted in order to identify 
other factors involved in this complex interaction, as well as 
to identify potential therapeutic targets for the development 
of personalized treatment strategies. Such studies would not 
only enhance the understanding of BC biology, but would also 
pave the way for the development of innovative diagnostic 
tools and effective interventions targeting miRNA and VitD 
pathways. Therefore, even though some authors have tried to 
describe the association between VitD and non‑coding RNAs 
in BC (126), further research efforts are warranted to unravel 
the intricate molecular mechanisms underlying the complex 
interplay between BC, miRNAs and VitD, ultimately leading 
to improved patient outcomes and the more effective manage‑
ment of this challenging pathology.
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