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Abstract: MicroRNAs are small, noncoding molecules of about twenty-two nucleotides with crucial
roles in both healthy and pathological cells. Their expression depends not only on genetic factors, but
also on epigenetic mechanisms like genomic imprinting and inactivation of X chromosome in females
that influence in a sex-dependent manner onset, progression, and response to therapy of different
diseases like cancer. There is evidence of a correlation between miRNAs, sex, and cancer both in
solid tumors and in hematological malignancies; as an example, in lymphomas, with a prevalence
rate higher in men than women, miR-142 is “silenced” because of its hypermethylation by DNA
methyltransferase-1 and it is blocked in its normal activity of regulating the migration of the cell.
This condition corresponds in clinical practice with a more aggressive tumor. In addition, cancer
treatment can have advantages from the evaluation of miRNAs expression; in fact, therapy with
estrogens in hepatocellular carcinoma determines an upregulation of the oncosuppressors miR-26a,
miR-92, and miR-122 and, consequently, apoptosis. The aim of this review is to present an exhaustive
collection of scientific data about the possible role of sex differences on the expression of miRNAs
and the mechanisms through which miRNAs influence cancerogenesis, autophagy, and apoptosis of
cells from diverse types of tumors.

Keywords: sex differences; male; female; X chromosome inactivation; genomic imprinting; epigenetics;
miRNA; cancer; apoptosis; oncoMir

1. Introduction
1.1. General Considerations on miRNAs

MicroRNAs are small, noncoding molecules of about twenty-two nucleotides and have
crucial roles in both healthy and pathological cells; in fact, they are involved in various
intra- and intercellular mechanisms like proliferation and apoptosis, so their incorrect
function is involved in the onset of different diseases, such as cancer [1,2]. In detail,
a miRNA could have a lot of genes as targets and, at the same time, a gene could be
regulated by different miRNAs [3]; according to the scientific literature, they control
about 60% of human genes [4]. miRNAs derive from a long molecule of ribonucleic
acid called pri-miRNA that is caped and polyadenylated in the nucleus from polymerase
II and then processed from DiGeorge syndrome critical region 8 (DGCR8) and Drosha
proteins to form the pre-miRNA, consisting of about seventy nucleotides. Next, this
molecule moves to the cytoplasm through the exportin 5–RAs-related nuclear protein
(RAN) complex and is cut from an endonuclease into the mature miRNA. They can be
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secreted into vesicles called exosomes in the extracellular microenvironment or circulate
tied to lipoproteins and argonaut proteins [3] and act by tying to the 3′ untranslated regions
of mRNA and, consequently, blocking its translation or promoting protein degradation [5,6].
Some miRNAs are expressed in certain tissues and in a specific sex; for example, molecules
from the miR-35 family are involved in sex determination, while miR-532 and miR-660 are
highly expressed but lowly methylated in females rather than males [3,6,7]. Furthermore,
in the X chromosome, there are a lot of miRNAs, while in the Y chromosome, there are
only a few [8]. In addition to genetic mechanisms, epigenetics regulate their expression
also [3]. In fact, external factors like infections, food, traumatic experiences, chemical
pollutants, cold, and heat lead to changes in miRNA expression that can be transmitted
to the next generations. Epigenetic mechanisms include the X chromosome inactivation
in females and genomic imprinting. It is well known that, during embryo development,
the inactivation of one of the two X chromosomes occurs in order to maintain a balanced
expression of X chromosomes with men having just one; an incomplete inactivation of
the X chromosome leads to a biallelic expression of miRNA [8]. The genomic imprinting
consists of the expression of just one allele in all the genes of a subset of maternal and
paternal origin, localized in the so-called “Differentially Methylated Regions” of the human
genome. A particular type of imprinting is “hormonal imprinting”, a mechanism during
which the hormonal receptor ties for the first time with a hormone, and the latter becomes
its life-long target; however, during endocrine system genesis, receptors do not have an
absolute specificity, so synthetic molecules like drugs or other hormones similar to the target
one could tie to the receptor, leading to wrong hormonal imprinting and, consequently,
to life-long events transmitted to future generations [7]. Cancer cells present alterations
in the expression of genes related to molecules that regulate proliferation, death, and
survival, including miRNAs. In this context, tumor-suppressor micro-RNAs (oncoMirs)
have the capacity to promote cancerogenesis by suppressing tumor-suppressor genes and,
consequently, inhibiting cell-death pathways like apoptosis; they are upregulated in tumor
cells and in the tumor microenvironment. For example, in B-cell lymphoma, miR-17-92
inhibits the “pro-apoptotic protein Bcl-2-like protein 1” (Bcl-2L1), inducing resistance to
apoptosis and promoting the proliferation of immature lymphoid cells. On the other hand,
antagoMirs are synthetic miRNAs, antagonists first developed as silencing molecules of
miRNAs in the first years of this millennium; in detail, they are antisense oligonucleotides
(ASOs) that tie to specific ribonucleic acid (RNA) sequences and, by inducing RNase
H-mediated cleavage, influence the expression of specific miRNAs, leading to a reduction
of cancer-related ones [9].

1.2. Sex Differences, miRNAs, and Cancer

MiRNAs have several roles in cancer also related to sex chromosomes. In fact, the
X chromosome contains a high density of these small noncoding molecules involved in
the regulation of immune response in humans, specifically, of immunosurveillance against
the onset and progression of cancer [8]. The immune system has demonstrated roles
also in cancer therapy as shown by a new class of drugs called “immune checkpoint
inhibitors” [10]. We know tumor cells have the ability to escape from immune recognition
as nonself-factors through the action of molecules like programmed cell death protein 1,
a receptor that is tied by its proteic targets programmed death-ligand 1 (PD-L1) and
programmed death-ligand 2 (PD-L2) with the result of an inhibition of T cells and the
consequent block of apoptosis of cancer cells. However, PD-L1 expression is regulated
by X-linked miRNAs such as miR-106b and miR-20b. The scientific literature showed
their oncogenic function and their ability, especially for miR106a, in downregulating the
anti-inflammatory activity of cytokine IL-10. Other miRNAs involved in potentiating
inflammation with an obvious stimulus to cancerogenesis are miR-18 and -19, since they act
on the nuclear factor-κB (NF-κB) [8,11,12]. Furthermore, miRNAs can also be secreted by
the pituitary gland and, since the last is dependent on sex hormones, menopause in women
and other hormonal changes in men conduct sex-related changes in miRNA production
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from the pituitary gland. In particular, an increase in proapoptotic miRNAs and a decrease
in antiapoptotic ones verifies in this sex-related manner leading to an inhibition of all
stimulating mechanisms, such as proliferation and neoangiogenesis, and to the induction
of apoptosis, with a possible antitumoral effect [6]. In some cases, scientists succeeded
in identifying the role of specific miRNAs; for example, the capacity of miR-22 to act
on methylenetetrahydrofolate dehydrogenase 2 and methylenetetrahydrofolate reductase
blocking and, consequently, the S-adenosylmethionine synthesis with the result of cancer
cell death. Moreover, in females but not in males, an important expression of miR-27a-3p
has been observed in cases of high tumor stage, while the expression of miR-17-5p and
miR-20a-5p has been observed to be reduced in metastatic cancer cells [13]. The onset of
cancer was recently associated with the so-called “XCI genes”, genes that escape from
X chromosome inactivation with the consequent failed balance between male and female
genomic balance; among them, researchers found that the connector enhancer of kinase
suppressor of ras 2 (CNKSR2), lysine demethylase 6A (KDM6A), alpha-thalassemia/mental
retardation, X-linked (ATRX) and Lysine-specific demethylase 5C (KDM5C) are mutated
in males with cancer but not in females. On the other hand, toll-like receptor 7 (TLR7),
chromosome X open reading frame 21 (CXORF21), and CD40L are double expressed
in women, determining an augmented risk of autoimmune diseases [9]. The scientific
literature demonstrates that miRNA expression can be influenced by natural substances
such as genistein, a molecule belonging to the chemical class of isoflavones, with described
activities of phytoestrogen and of an angiogenesis inhibitor; it can be found in different
vegetables like fava beans, soybeans, lupin, and coffee. Experiments conducted using
genistein put in evidence its capability to cause in vitro the stop of the cell cycle at the
G2/M phase by interacting with proteins involved in cell proliferation and cancer growth
such as kinesin family member 20 (KIF20) of the kinesins family. Western blot analysis
showed which genistein is capable of inhibiting the translation of the (Cdc25C) protein,
cyclin-dependent kinase 1 (CDk1), cyclin A, and cyclin B, and stimulating the expression
of cyclin-dependent kinase (CDK) inhibitor and cyclin-dependent kinase inhibitor 1 (p21
CIP1/WAF1); furthermore, it modulates the RAS/RAF pathway, stabilizing activation and
phosphorylation of MAPK and inhibits the Akt and JAK/STAT pathways, both crucial for
cell survival. miRNA expression can be influenced by genistein; in fact, it has been shown
that this natural substance is capable of downregulating miR-151, responsible for invasion
and cell migration in prostate cancer, and the minichromosome maintenance (MCM) gene
family, involved in DNA replication and cancerogenesis. However, there are obstacles to
the daily use of genisteins because of their poor water solubility and low serum availability;
thus, solid–lipid–particulate systems (SLPs) have been proposed. In fact, these carriers
consent to the drug being dissolved, encapsulated, and attached to a nanoparticle matrix.
For example, a combination of genistein and doxorubicin has been associated with lower
adverse effects compared with doxorubicin hydrochloride alone and induces a decrease in
ROS production by prostate cancer cells [14,15].

In this review, we presented a collection of scientific data about the possible role of
sex differences on the expression of miRNAs and the mechanisms through which miRNAs
influence the cancerogenesis, autophagy, and apoptosis of cells from diverse types of
tumors. We researched data on PubMed using the keywords “Sex differences”, “Male”,
“Female”, “X chromosome inactivation”, “Genomic imprinting”, “Epigenetics”, “miRNA”,
“Cancer”, “Apoptosis”, “oncoMir” in a period of time from 2006 to 2023.

2. Hematological Malignancies

Hematopoietic stem cells derive from the mesoderm during embryogenesis and are
crucial for the correct development of blood cells and the functioning of the immune
system [15–17]; both genetic and environmental factors such as chemical substances, radia-
tion, and infections can cause their dysfunction and lead to hematological malignancies.
Hematological malignancies, like leukemia, lymphoma, and myeloma, represent 7% of new
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cancer cases globally every year and, despite new treatments including drugs and bone
marrow transplantation, they have survival rates far from 100% [18].

Studies demonstrated that miRNAs are relevant in the determination of hematological
diseases and their complications [19,20].

Hematological malignancies show larger rates of incidence and mortality in men than
in women. For example, there is a 6.1% risk of acute myeloid leukemia and a 4.3% mortality
rate in males vs. the 4.2% risk and mortality rate of 2.8% in females; the same sex correlation
can be observed for myelodysplastic syndromes and for lymphomas (especially for mantle-
cell type and less for marginal zone lymphoma). Therefore, it can be stated that sex could be
considered a negative prognostic factor both in the onset and progression of hematological
malignancies [21]. Studies of molecular biology demonstrated that miR-342, localized in
the Enah/Vasp-Like (EVL) gene of chromosome 14, regulates cytoskeleton remodeling
and, consequently, the capacity of migration of cells. In B-cell lymphomas, miR-342 is
silenced because of the hypermethylation of the EVL gene in its promoter region and the
treatment with decitabine leads to the re-expression of miR-342 and the translation of the
EVL protein. It is well known which DNA methyltransferase-1 normally determines the
hypermethylation of genes; in this case, miR-342 leads to a downregulation of this enzyme
and, consequently, to the hypomethylation of cells and a reduction in B-cell lymphoma
aggressiveness [22]. Furthermore, men have a worse outcome in terms of systemic effects
like sarcopenia than women and this condition can be related to the fact that hormones such
as estradiol in females reduce the viscosity of the mitochondrial membrane, improving the
activity of the skeletal muscle; in this mechanism, miR-486 is involved and supports the
synthesis of myotubes from myoblasts, so it can be considered a sex-related biomarker of
cancer systemic effects [23] (Figure 1).
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Figure 1. In B-cell lymphomas, the activity of miR-142, localized in the EVL gene of chromosome 14,
is blocked by the hypermethylation of DNA, leading to cancerogenesis.

2.1. Thyroid Cancer

Papillary thyroid carcinoma (PTC) is the most frequent endocrine tumor with an
incidence rate from two to four times higher in women than men and a good prognosis
except for the 10% of patients who develop metastases; conventionally, the diagnosis is
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made with ultrasound, which consents to the detection of thyroid nodules; another method
is the fine needle aspiration biopsy with the guide of ultrasound [24–29]. It has been
related to genetic mutations of the rearranged during transfection (RET) gene and papillary
thyroid cancer/rat sarcoma viral oncogene homolog/B-Raf murine sarcoma viral oncogene
homolog B1 (PTC-RAS-BRAF) pathway, with the last altered in most patients. In cells from
papillary thyroid cancer, an overexpression of miR-221, miR-222, miR-181a and miR-181b,
and miR-21 has been shown compared to the expression in normal thyroid cells and the
mechanism proposed is that of regulation of the cell cycle throughout a modulation in
the expression of the protein p27Kip1; at the same time, it is possible to put in evidence a
downregulation of miR-345, miR-219, and miR-26a; in order to evaluate the role of miR-219-
5p in papillary thyroid cancer, researchers studied the expression of different miRNAs in
thirty PTC samples and thirty tissues from normal thyroids using quantitative polymerase
chain reaction and demonstrated that there were no differences between the two groups in
age and sex; furthermore, tumor size was shown to be larger and lymph node metastases
were more frequent in cases with low expression of miR219-5p [28]. Papillary thyroid
cancer is also influenced by the hormonal situation of the patient. In fact, it has been
demonstrated that 53% of cases of papillary thyroid carcinoma are estrogen-receptor (ER)
positive; the estrogen-receptor pathway, which also includes extracellular signal-regulated
kinases (ERK) and p38 mitogen-activated protein kinases, is a class of mitogen-activated
protein kinases (p38 MAPK) that induce proliferation and migration of cancer cells via the
action of miR-219-5p and promote metastasis spread [30] (Figure 2).
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Figure 2. Estrogen (E2) ties to the estrogen receptor (ER), causing a signal cascade to the nucleus,
leading to mature miRNA, which has different effects on cancer cells.

2.2. Hepatocellular Carcinoma

Hepatocellular carcinoma (HCC) is among the most malignant tumors and comprises
primary and secondary forms. In addition to advantages in diagnostic strategies and new
treatments, the prognosis of HCC is not satisfying. The first trigger in Asia is chronic hepatitis
B virus infection, while in Western countries the main causes are chronic hepatitis C virus,
alcohol consumption and cirrhosis, steatohepatitis, and diabetes; it has a 3–5 higher incidence
in males than in females. In addition to environmental factors, the expressions of specific
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miRNAs and sex hormones influence the onset and progression of this tumor [31–40]. The
family of miR-371-373 includes miR-371a-5p and is located in chromosome 19; these miRNAs
are overexpressed in stem cells during embryogenesis and then quickly reduce after cell
differentiation. In HCC, the “silencing” of miR-371a-5p does not verify and it is present
at high levels in these adult patients, especially in men. It acts to promote the transition
from the G to S phase of the cell cycle, the tumor growth in volume and weight, neovascu-
larization in vivo, and inducing the proliferation of cells, migration, colony formation, and
invasion in vitro. MiR-371a-5p is a component of the pathway, including lymphoid enhancer-
binding factor 1/SRC kinase signaling inhibitor 1/pleiotrophin/snail family transcriptional
repressor 2 (LEF-1/SRCIN1/PTN/Slug), cause of which testosterone induces an upregulation
of miR-371a-5p leading to proliferation, neoangiogenesis and metastasis of HCC, especially
in men. A poor prognosis and lower overall survival rates in patients with significant levels
of miR-371a-5p have been observed; so, it could be considered a good biomarker in HCC [41].
In women with HCC, instead, it has been identified as an overexpression of miR-18a, with a
crucial role for p53 in the process leading from pri- to pre-miR-18a. The pathway p53/miR-
18a/ER acts just in cells of hepatocellular carcinoma and not in precancerous conditions;
moreover, it occurs in young women. Thus, this pathway contributes to carcinogenesis before
menopause [42]. In addition, miRNAs participate in the response to treatment in HCC; in
fact, therapy with estrogens determines an upregulation of the oncosuppressors miR-26a,
miR-92, and miR-122 and a downregulation of the oncomiRs miR-143 and miR-17 [43].

2.3. Colorectal Cancer

Colorectal cancer (CRC) is among the most common cancer throughout the world; it
has a higher prevalence in men than women, with some exceptions. In fact, cancer affecting
the ascendent tract of the colon is more frequent in women; moreover, sex differences are
part of the prognosis of this tumor since young women up to forty-four years old have a
better prognosis than young men and women in their postmenopausal period. Long-term
colorectal inflammation, for example, due to Crohn’s disease and ulcerative colitis, together
with a dysregulation of the immune response, leads to an augmented risk of this type
of cancer. Since it is well-known that autophagy has a crucial role in cell mechanisms of
life and death, in colorectal tumors, it has been possible to identify some miRNAs with
an inhibiting effect on autophagy via a wrong regulation of “autophagy-related proteins”
(ATG) and, consequently, a negative influence on the immune response to nonself-cells like
neoplastic ones. For example, miR-142-3p targets the mRNA of IL-8 and inhibits the ATG
“inflammatory bowel protein 1” [4]. MiRNAs expression is influenced by sex hormones; in
fact, ERβ ligation causes the arrest of the cell cycle at the G1-S phase and induces autophagy
via BNIP3, a molecule of the Bcl-2 family that modulates the permeability of mitochondrial
membranes. MiRNAs are also involved in the response to cancer treatment, in particular,
miR-22 acts on estrogen receptor-β (Erβ) mRNA causing the inhibition of estrogens activity
and, consequently, inducing an augment of cancer cells’ sensitivity to 5-fluorouracil, a drug
commonly used in CRC; moreover, miR-22 regulates the so-called “B-cell translocation
gene 1” that, in turn, modulates cell differentiation and growth [22]. The expression of
miRNAs is different in males and females; in fact, higher levels of miR-16, related to a
worse survival rate but, on the other hand, downregulated in CRC tissues, are present in
men than women and are associated with advanced stages of the disease [4].

2.4. Gastric Cancer

Gastric cancer (GC) is a multifactorial tumor formed from epithelial cells of gastric
mucosal and represents the fourth tumor for incidence and the fifth cause of cancer-
related death all over the world, with a five-year survival rate that is not more than
40%. A small quantity of reactive oxygen species (ROS) is normally produced in healthy
organisms and they have important roles in cell signaling and immune responses to
pathogens but cause excessive production of ROS; so, prolonged oxidative stress causes
damage to cell membranes, macromolecules, and DNA, activating inflammation pathways
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and leading to different diseases [44]. In addition to the improvement of endoscopic
techniques, the diagnosis is often made at late stages; however, early gastric cancer is
potentially curable with similar survival rates of endoscopic resection compared to the
surgical one. Actually, the treatment consists of chemotherapy, radiotherapy, surgery, or
combined targeted therapy. The onset of gastric cancer is influenced by both genetic and
environmental factors such as food and alcohol consumption with a double incidence in
men than women [45–47]. MiRNAs could have a role in cancerogenesis because miR-125b
directly targets proapoptosis genes blocking their function and leading to uncontrolled
cell proliferation; as far as gastric cancer treatment is concerned, in vivo and in vitro
experiments have been conducted using bicalutamide, an antagonist of androgen receptor
involved in the pathogenesis of the disease. Researchers demonstrated that, while the
treatment of cells with androgen for twenty-four hours importantly led to an augment of
miR-125 expression, after an administration of 40 µM of bicalutamide singly or combined
with 50 nM of dihydrotestosterone, there was an important decrease in the expression
of miR-125 in cases than in controls, put in evidence by a green fluorescent signal in the
nucleus and diffused cytoplasmic staining at the microscopic observation. Therefore, it can
be stated that bicalutamide is able to downregulate the androgen receptor (AR)/miR-125
pathway and induce apoptosis of cells from gastric cancer [48].

2.5. Lung Cancer

Lung cancer is commonly divided into nonsmall-cell lung cancer (NSCLC) and small-
cell lung cancer (SCLC). NSCLC represents 80% of lung tumors; it is often diagnosed at
advanced stages with the consequences of poor prognosis and high mortality rates all over
the world. From the discovery of immunotherapy, with a single drug or in combination, a
new era against cancer started. As explained for hematological malignancies, also in solid
tumors immune checkpoint inhibitors, directed, for example, against programmed death
protein-1 or the cytotoxic T lymphocyte antigen 4, are suitable permitting the reaching, in
some cases, of superior results in terms of overall survival [49–59]. Oxidative stress, as is
well known, has a pivotal role in cancerogenesis, in particular, the nuclear factor erythroid
2-related factor 2/heme oxygenase-1 (Nrf2/HO-1) pathway is involved in chemoresistance in
lung cancer through a stimulus to proliferation; in fact, an overexpression of HO-1 is related
to higher tumor aggressivity [60]. In the last thirty years, the incidence of lung carcinoma
importantly decreased in men while augmented in women, especially in those in their pre-
menopausal period. In fact, they are frequently affected from an advanced stage, with less
differentiated types of cancer and having a more elevated number of metastases compared
with men or postmenopausal women. This condition can be explained considering the
hormonal effects of estrogen, but also with an incorrect expression of specific miRNAs. It is
well-known that estradiol stimulates the expression of cyclin D and c-myc that, in turn, lead
to the progression of the cell cycle; moreover, the oncogene FAT is, importantly, reduced in
nonsmall-cell lung cancer than adjacent normal tissues and it is demonstrated to be capable
of causing autophagy of tumor cells. Among miRNAs involved in the pathogenesis and
response to therapy of lung cancer, there is miR-153-3p, a molecule lowly expressed in
these cases of nonsmall-cell lung cancer resistant to the epidermal growth factor receptor
(EGFR) tyrosine kinase inhibitor. Interestingly, miR-153-3p levels are correlated with an
important presence of ATG5 protein which leads to apoptosis due to its inhibitory effect
on protective autophagy of cells from lung carcinoma [22]. In vitro and in vivo studies
demonstrated the suppressive effect on cell growth of miR-143 and miR-145; in particular,
when expressed in stromal cells, they play a protective role, while a low stromal expression
is related to poor survival rates [61].

2.6. Melanoma

Melanoma is the most aggressive skin cancer, with an incidence a little higher for males
than females (1:66 vs. 1:85). Lifestyle has a crucial role in cancerogenesis since ultraviolet
exposure is among the most important risk factors. Also, there is a typical distribution of
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melanomas between the two sexes with a prevalence of extremities involvement in women
and of the back in men, the condition of the latter which makes difficult a self-detection of
the lesions. Ultraviolet radiation exposure causes an augment in ROS production; at the
same time, the activation of Nrf2 leads to an antioxidant cellular response that protects
against ultraviolet radiation toxicity. If Nrf2 develops a gain-of-function mutation, the
risk of melanoma increases, suggesting a possible role in cancerogenesis. Keratinocytes
and melanocytes, after ROS stimulation, produce proinflammatory cytokines which, to-
gether with nonimmune molecules such as growth factors, influence innate and adaptive
immune response and promote tumorigenesis. In this context, mast cells are recruited,
followed by monocytes/macrophages that migrate to the site of proliferation, producing
cytotoxic molecules against cancer cells. As it is of note, the woman’s immune system is
more efficient compared with the male one and is capable to organize a stronger innate
and adaptive response. These differences are controlled by a complex network of signals,
including that coming from miRNAs. It has been demonstrated that miR-221 and miR-222
have a suppressive effect on the proliferation and dissemination of cells from melanoma
since they target specific molecules like the protoncogenes c-kit and ETS proto-oncogene 1,
transcription factor (ETS-1) [7]. Since autophagy is important to prevent the negative effects
of ultraviolet irradiation for the epidermis, an altered expression of miR-23a causes prema-
ture senescence of fibroblasts in the skin and, consequently, the block of normal, positive
autophagy; however, the antagomiR-inactivation of miR-23a causes a cascade of stimulus,
leading, in turn, to ultraviolet-dependent autophagy with all positive consequences in
preventing fibroblasts from precocious senescence [8,22].

2.7. Breast Cancer

Breast cancer is the second cause of cancer death in women all over the world and
it has recognized risk factors of diet, lifestyle, and genetic mutations. On the one hand,
the reduction in alcohol consumption and smoking led to a lower breast cancer risk but it
has to be considered that food could have a crucial role; In fact, studies put evidence that
the Mediterranean diet, including milk products, soy products, and fibers, could have a
protective role against breast cancer onset. Obviously, all of this data needs to be clarified
because it has to be specified that food from the Mediterranean Sea has been linked to an
augmented risk of cancer due to some chemical components. For example, it could contain
different pollutants and compounds, including estrogens which can cause an increased risk
of DNA abnormalities and mitotic activity, leading, in turn, to an uncontrolled proliferation
typical of cancer [62–78]. Specific molecules such as breast cancer susceptibility gene 1
(BRCA1) and miRNAs permit the characterization of the genetic profile of the disease and
a correct screening of patients [79]. Breast cancer constitutes the most common neoplasm
in women in Western countries, even if it presents with a low incidence in men; in the last
case, but also females, the pathogenesis is frequently associated with a mutation in the
oncosuppressor gene BRCA1 and miR-17 and miR-21 have a crucial role in determining
this genetic alteration. In detail, they are able to bind to the 3′ untranslated region (UTR)
sequence of mRNA of BRCA1, causing the inactivation of this gene and, consequently, an
uncontrolled cell proliferation [80]. Let-7a miRNA is capable of downregulating estrogen
receptors in both men and women and stimulating neoangiogenesis. These miRNAs are
overexpressed in all cases of familial breast cancer compared with sporadic ones, while
miR-124 results in downexpressed miRNAs, even if its function is not clear yet [81].

2.8. Glioblastoma

Glioblastoma is the most aggressive type of glioma with the major prevalence between
brain tumors, a poor prognosis, and few therapy perspectives [82–93]; for its diagnosis,
multiple brain biopsies would be necessary but, since they are invasive procedures, it is
impossible. For this reason, it would be very interesting to identify a biomarker that lets
clinicians recognize this cancer at a precocious stage of development. Although there are
strong standards of cure like chemotherapy and surgical resection, the survival rate is low;
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for this reason, immunotherapeutic strategies, including immune checkpoint inhibitors,
are becoming increasingly attractive for this tumor [10,84]. miRNAs have been related
to glioblastoma onset; specifically, hsa-miR-1909-5p, hsa-let-7c-5p, and hsa-miR-206-5p
have been shown to have crucial roles in different tumoral mechanisms. Studies demon-
strated that hsa-let-7c-5p is involved in the etiology of glioblastoma because it regulates
cyclin D1 expression through the Wnt/β-catenin pathway in osteoblasts. Thus, it is a
suppressor miRNA with functions in the cancer cell cycle. This is true especially for pri-
mary glioblastoma, since in the recurrent forms it is downregulated and, consequently,
stimulates Kirsten rat sarcoma virus (K-RAS), PBX homeobox 3 (PBX3), and matrix met-
allopeptidase 11 (MMP11) with the result of a promotion in cell migration and invasion.
Hsa-miR-206 has a suppressive function also. It is able to inhibit cancer-cell migration
and induce apoptosis. Unfortunately, in glioblastoma, its expression is often “silenced”
with low levels of these small noncoding molecules compared with healthy tissues and,
as a consequence, a stimulus for onset and progression. Even if more in vitro and in vivo
studies are necessary, a possible biomarker could be hsa-miR-1909-5p since, in most cases
of glioblastoma, it is overexpressed [85] (Table 1).

Table 1. MiRNAs involved in apoptosis and autophagy regulation of several types of cancer.

Cancer miRNAs UP/DOWN
Regulated

Mechanism of
Action

Onset/Prognosis/Response to
Therapy Involvement References

B-cell lymphoma miR-142 DOWN Altered migration of
cells Poor prognosis [22]

Papillary thyroid
cancer

miR-21
miR-26a
miR-181a
miR-181b
miR-219
miR-221
miR-222
miR-245

UP
Modulation in

protein p27Kip1
expression

Onset [30]

Hepatocellular
carcinoma miR-371a-5p UP Transition from G to

S phase of cell cycle Onset [41]

Colorectal cancer
miR-16
miR-22

miR-142-3p

miR-22 UP; miR-16
and miR-142-3p

DOWN

Inhibition of
autophagy (miR-16,

miR-142-3p) and
inhibition of estrogen

activity

Onset (miR-16, miR-142-3p) and
better response to therapy

(miR-22)
[8]

Gastric cancer miR-125 UP Block of apoptosis Onset [48]

Lung cancer
miR-143
miR-145

miR-153-3p
UP Apoptosis induction Good prognosis [22]

Melanoma
miR-23a
miR-221
miR-222

UP Block of cell
proliferation Onset [8]

Breast cancer
miR-17
miR-21

miR-124
UP BRCA1 inactivation Onset [80,81]

Glioblastoma
hsa-miR-1909-5p

hsa-let-7c-5p
miR-206-5p

hsa-miR-1909-5p
and

hsa-let-7c-5p UP;
miR-206-5p

DOWN

Promotion of cell
migration and

invasion
(hsa-miR-1909-5p,
hsa-let-7c-5p) and

modulation of
apoptosis

(miR-206-5p)

Onset [85]

2.9. Conclusions

MicroRNAs are small, noncoding molecules of about twenty-two nucleotides and
have crucial roles in both healthy and pathological cells. In fact, they engage in various
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intra- and intercellular mechanisms like proliferation, apoptosis, and autophagy. There-
fore, an incorrect function of miRNAs participates in the onset of different diseases like
neoplasms [1,2]. The scientific literature shows the correlation between sex differences
and miRNA expression. The latter is a complex relationship that deeply influences the
modality of presentation of distinct types of tumors and organism response to treatment
(Table 2). In addition, it is not possible to state that a single miRNA has the power to
determine epigenetic changes in the human genome. There is evidence of the fact that
clusters of miRNAs are coexpressed in a specific type of cancer and act in a proprolifer-
ative or antiproliferative sense, radically modifying the tumoral microenvironment and
activating particular cells of the immune system against cancer [86–95]. This is the case
of papillary thyroid cancer [30], in which miR-221, miR-222, miR-181a and miR-181b, and
miR-21 are present at high levels of hepatocellular carcinoma [42,43] in which the family of
miR-371-373, expressed in stem cells during embryogenesis and then normally reduced
after cell differentiation, is upregulated in adult patients, especially in men and promotes
cell proliferation and neoangiogenesis [96–111]. MiRNAs expression can be modified by
the action of drugs. For example, in gastric cancer, bicalutamide single or combined with
50 nM of dihydrotestosterone causes an important decrease in the expression of miR-125
and, consequently, apoptosis of neoplastic cells occurs [48].

Table 2. Completed clinical trials about miRNAs in different types of cancer (clinicaltrials.gov accessd
on July 2023) [112].

Study Title Conditions Study Type Inclusion
Criteria Sex Age NCT Number

Studying Genes
in Samples From
Younger Patients
With Ovarian or

Testicular Sex
Cord Stromal

Tumors

Childhood Germ
Cell Tumor;
Leydig Cell

Tumor;
Ovarian Cancer

Observational

Fixed and frozen
tissue samples from the ATBR01

B1 tissue bank and from the
International

Pleuropulmonary Blastoma
Registry, Children’s Hospital of

Boston, and
Massachusetts

General Hospital

All up to 120 Years NCT01572467

Exosomal microRNA
in Predicting the

Aggressiveness of
Prostate Cancer in
Chinese Patients

Prostate Cancer Observational

Patients clinically
diagnosed to have localized

Prostate
Cancer and planned for radical

prostatectomy; no prior systemic
therapy for Prostate Cancer used,

including hormonal or
chemotherapy

Male 45 Years and
older NCT03911999

The Long
Noncoding MALAT1

as a Potential
Salivary Diagnostic
Biomarker in Oral

Squamous Cell
Carcinoma

Through Targeting
mi RNA 124

Oral Cancer
Biomarkers Observational

Patients with Oral Squamous Cell
Carcinoma and healthy controls

of both sexes
All

Child,
Adult,

Older Adult
NCT05708209

Elucidating the
Genetic Basis of the
Pleuropulmonary

Blastoma (PPB)
Familial Cancer

Syndrome

Pleuropulmonary
Blastoma;

Cystic Nephroma;
Sertoli-Leydig

Cell Tumor
of Ovary

Observational

Patients diagnosed with
pleuropulmonary blastoma, cystic

nephroma, embryonal
rhabdomyosarcoma of uterine
cervix, ovarian Sertoli–Leydig
tumor or gynandroblastoma,

pineoblastoma, pituitary
blastoma, nasal

chondromesenchymal
hamartoma, medulloepithelioma,
Wilms tumor, germline or mosaic

DICER1 mutation

All 1 Day to 95 Years NCT00565903

STI.VI. Study:
How to Improve

Lifestyles in
Screening Contexts

Lifestyle Risk
Reduction;

Weight Changes,
Body;

Breast Cancer

Interventional

49- to 55-year-old women invited
to mammography screening; 58-

to 61-year-old people (both sexes)
invited to

colorectal screening

All 49 Years to 61
Years NCT03118882
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Further fields of study could be the differential analysis between circulating miRNAs
and organ-specific miRNAs. Circulating miRNAs, also called cell-free miRNAs, are in
the body fluids and serve as laboratory biomarkers for both pathological and physiolog-
ical conditions like cancer, organ damage, and pregnancy. After apoptosis or necrosis,
intracellular miRNAs are rejected in the extracellular environment and become circulating
miRNAs, which can be encapsulated in microvesicles like exosomes and shedding vesicles
enveloped by a phospholipid bilayer or tied to high-density lipoproteins (HDL) molecules.
Ninety-ninety percent of them are constituted by argonaute-binding (AGO-binding) miR-
NAs, whose function is still uncertain. It is well known that AGO proteins are fundamental
catalytic molecules of the “RNA-induced silencing complex” (RISC) and have crucial roles
in the regulation of gene expression. In fact, during this mechanism, miRNA ties to an
AGO protein that gives it stability. Evidence showed that circulating miRNA profiles and
concentrations differ from one body fluid to another. In fact, in urine, there is the lowest
concentration compared with the highest in serum. This condition could be a consequence
of cell disruption due to the coagulation phenomenon [113–116]. As far as organ-specific
miRNAs are concerned, in the liver the most common miRNA is miR-122, which regulates
the response to stress, metabolism, and maintenance of hepatic phenotype; if the hepatic
microenvironment changes, for example in alcohol-induced diseases or infections, levels of
miR-122 are deregulated. Thus, it can be considered a liver-specific miRNA. In the case
of heart damage, miR-208 is released into serum so it could be used as a novel biomarker
for heart injury [117–119]. Indeed, it is possible that a different profile is present in the
two sets of miRNAs and the circulating miRNAs do not necessarily represent a reliable
reproduction of the situation in the organ affected by the neoplasia.

Obviously, further studies are necessary in order to clarify mechanisms of action and
targets of the various miRNAs with the aim of identifying some of these small noncoding
molecules as possible cancer-specific biomarkers and to correlate their levels of expression
with tumoral aggressivity, prognosis, and response to therapy parameters.
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52. Felip, E.; Altorki, N.; Zhou, C.; Csőszi, T.; Vynnychenko, I.; Goloborodko, O.; Luft, A.; Akopov, A.; Martinez-Marti, A.;

Kenmotsu, H.; et al. IMpower010 Investigators. Adjuvant atezolizumab after adjuvant chemotherapy in resected stage IB–IIIA
non-small-cell lung cancer (IMpower010): A randomised, multicentre, open-label, phase 3 trial. Lancet 2021, 398, 1344–1357.
[CrossRef] [PubMed]

53. Forde, P.M.; Spicer, J.; Lu, S.; Provencio, M.; Mitsudomi, T.; Awad, M.M.; Felip, E.; Broderick, S.R.; Brahmer, J.R.; Swanson, S.J.;
et al. Neoadjuvant Nivolumab plus Chemotherapy in Resectable Lung Cancer. N. Engl. J. Med. 2022, 386, 1973–1985. [CrossRef]
[PubMed]

54. Antonia, S.J.; Villegas, A.; Daniel, D.; Vicente, D.; Murakami, S.; Hui, R.; Kurata, T.; Chiappori, A.; Lee, K.H.; De Wit, M.; et al.
Overall Survival with Durvalumab after Chemoradiotherapy in Stage III NSCLC. N. Engl. J. Med. 2018, 379, 2342–2350. [CrossRef]

55. Herbst, R.S.; Baas, P.; Kim, D.-W.; Felip, E.; Pérez-Gracia, J.L.; Han, J.-Y.; Molina, J.; Kim, J.-H.; Arvis, C.D.; Ahn, M.-J.; et al.
Pembrolizumab versus docetaxel for previously treated, PD-L1-positive, advanced non-small-cell lung cancer (KEYNOTE-010):
A randomised controlled trial. Lancet 2015, 387, 1540–1550. [CrossRef]

56. Socinski, M.A.; Jotte, R.M.; Cappuzzo, F.; Orlandi, F.; Stroyakovskiy, D.; Nogami, N.; Rodríguez-Abreu, D.; Moro-Sibilot, D.;
Thomas, C.A.; Barlesi, F.; et al. Atezolizumab for First-Line Treatment of Metastatic Nonsquamous NSCLC. N. Engl. J. Med. 2018,
378, 2288–2301. [CrossRef]

57. Rao, D.-Y.; Huang, D.-F.; Si, M.-Y.; Lu, H.; Tang, Z.-X.; Zhang, Z.-X. Role of exosomes in non-small cell lung cancer and
EGFR-mutated lung cancer. Front. Immunol. 2023, 14, 1142539. [CrossRef]

58. Khadela, A.; Postwala, H.; Rana, D.; Dave, H.; Ranch, K.; Boddu, S.H.S. A review of recent advances in the novel therapeutic
targets and immunotherapy for lung cancer. Med. Oncol. 2023, 40, 152. [CrossRef]

https://doi.org/10.3322/caac.21262
https://doi.org/10.1016/S0140-6736(12)61285-9
https://www.ncbi.nlm.nih.gov/pubmed/22863046
https://doi.org/10.1016/S0140-6736(18)30789-X
https://www.ncbi.nlm.nih.gov/pubmed/29754777
https://doi.org/10.1186/s40164-018-0109-6
https://www.ncbi.nlm.nih.gov/pubmed/30087805
https://doi.org/10.3322/canjclin.57.1.43
https://doi.org/10.3748/wjg.v23.i29.5282
https://doi.org/10.1634/theoncologist.2010-S4-05
https://doi.org/10.1016/j.bpg.2014.08.007
https://doi.org/10.1016/j.yexcr.2018.06.020
https://www.ncbi.nlm.nih.gov/pubmed/29928866
https://doi.org/10.1002/ijc.29052
https://doi.org/10.18632/oncotarget.5472
https://www.ncbi.nlm.nih.gov/pubmed/26439986
https://doi.org/10.3390/antiox12061255
https://www.ncbi.nlm.nih.gov/pubmed/37371985
https://doi.org/10.3389/fsurg.2023.1122454
https://doi.org/10.1186/s12957-023-03070-1
https://doi.org/10.1016/j.gie.2021.06.033
https://doi.org/10.1038/s41419-021-03727-3
https://doi.org/10.3389/fimmu.2023.1129465
https://doi.org/10.3322/caac.21708
https://doi.org/10.1016/S0140-6736(10)62101-0
https://www.ncbi.nlm.nih.gov/pubmed/21565398
https://doi.org/10.1016/S0140-6736(21)02098-5
https://www.ncbi.nlm.nih.gov/pubmed/34555333
https://doi.org/10.1056/NEJMoa2202170
https://www.ncbi.nlm.nih.gov/pubmed/35403841
https://doi.org/10.1056/NEJMoa1809697
https://doi.org/10.1016/S0140-6736(15)01281-7
https://doi.org/10.1056/NEJMoa1716948
https://doi.org/10.3389/fimmu.2023.1142539
https://doi.org/10.1007/s12032-023-02005-w


Int. J. Mol. Sci. 2023, 24, 11544 14 of 16

59. Wang, X.; Qiao, Z.; Aramini, B.; Lin, D.; Li, X.; Fan, J. Potential biomarkers for immunotherapy in non-small-cell lung cancer.
Cancer Metastasis Rev. 2023, 1–15. [CrossRef]

60. Ghareghomi, S.; Moosavi-Movahedi, F.; Saso, L.; Habibi-Rezaei, M.; Khatibi, A.; Hong, J.; Moosavi-Movahedi, A.A. Modulation
of Nrf2/HO-1 by Natural Compounds in Lung Cancer. Antioxidants 2023, 12, 735. [CrossRef]

61. Skjefstad, K.; Johannessen, C.; Grindstad, T.; Kilvaer, T.; Paulsen, E.-E.; Pedersen, M.; Donnem, T.; Andersen, S.; Bremnes, R.;
Richardsen, E.; et al. A gender specific improved survival related to stromal miR-143 and miR-145 expression in non-small cell
lung cancer. Sci. Rep. 2018, 8, 8549. [CrossRef] [PubMed]

62. Arafat, H.M.; Omar, J.; Shafii, N.; Naser, I.A.; Al Laham, N.A.; Muhamad, R.; Al-Astani, T.A.D.; Shaqaliah, A.J.; Shamallakh, O.M.;
Shamallakh, K.M.; et al. The association between breast cancer and consumption of dairy products: A systematic review. Ann.
Med. 2023, 55, 2198256. [CrossRef]

63. Ryoo, J.-A.; Kim, S.Y. Incidental Extramammary Findings on Preoperative Breast MRI in Breast Cancer Patients: A Pictorial Essay.
J. Korean Soc. Radiol. 2023, 84, 372–385. [CrossRef] [PubMed]

64. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of
incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2018, 68, 394–424. [CrossRef] [PubMed]

65. Ghoncheh, M.; Pournamdar, Z.; Salehiniya, H. Incidence and Mortality and Epidemiology of Breast Cancer in the World. Asian
Pac. J. Cancer Prev. 2016, 17, 43–46. [CrossRef] [PubMed]

66. Leithner, D.; Wengert, G.; Helbich, T.; Thakur, S.; Ochoa-Albiztegui, R.; Morris, E.; Pinker, K. Clinical role of breast MRI now and
going forward. Clin. Radiol. 2017, 73, 700–714. [CrossRef]

67. Gao, Y.; Ibidapo, O.; Toth, H.K.; Moy, L. Delineating Extramammary Findings at Breast MR Imaging. Radiographics 2017, 37, 10–31.
[CrossRef]

68. Yang, S.M.; Kim, S.H.; Kang, B.J.; Song, B.J. Extramammary findings on breast MRI: Prevalence and imaging characteristics
favoring malignancy detection: A retrospective analysis. World J. Surg. Oncol. 2016, 14, 119. [CrossRef]

69. Bassett, L.W.; Dhaliwal, S.G.; Eradat, J.; Khan, O.; Farria, D.F.; Brenner, R.J.; Sayre, J.W. National Trends and Practices in Breast
MRI. Am. J. Roentgenol. 2008, 191, 332–339. [CrossRef]

70. Jung, S.; Kim, Y.A.; Lee, D.; Joo, J.; Back, J.H.; Kong, S.; Lee, E.S. Clinical impact of follow-up imaging on mortality in Korean
breast cancer patients: A national cohort study. Cancer Med. 2021, 10, 6480–6491. [CrossRef]

71. Suh, H.J.; Choi, J.S.; Ko, K. Extra-Mammary Findings Detected on Breast Magnetic Resonance Imaging: A Pictorial Essay. Korean
J. Radiol. 2014, 15, 423–429. [CrossRef]

72. Laurent, F.; Latrabe, V.; Lecesne, R.; Zennaro, H.; Airaud, J.Y.; Rauturier, J.F.; Drouillard, J. Mediastinal masses: Diagnostic
approach. Eur. Radiol. 1998, 8, 1148–1159. [CrossRef]

73. Alduk, A.; Prutki, M.; Stern-Padovan, R. Incidental extra-mammary findings in breast MRI. Clin. Radiol. 2015, 70, 523–527.
[CrossRef] [PubMed]

74. Brakohiapa, E.; Botwe, B.O.; Sarkodie, B.D.; Ofori, E.K.; Coleman, J. Radiographic determination of cardiomegaly using
cardiothoracic ratio and transverse cardiac diameter: Can one size fit all? Part one. Pan Afr. Med. J. 2017, 27, 201. [CrossRef]
[PubMed]

75. Chang, E.Y.; Johnson, W.; Karamlou, K.; Khaki, A.; Komanapalli, C.; Walts, D.; Mahin, D.; Johnson, N. The evaluation and
treatment implications of isolated pulmonary nodules in patients with a recent history of breast cancer. Am. J. Surg. 2006, 191,
641–645. [CrossRef] [PubMed]

76. Choi, Y.; Chung, S.B.; Kim, M.S. Prevalence and Anatomy of Aberrant Right Subclavian Artery Evaluated by Computed
Tomographic Angiography at a Single Institution in Korea. J. Korean Neurosurg. Soc. 2019, 62, 175–182. [CrossRef]

77. Gou, D.; Liu, R.; Shan, X.; Deng, H.; Chen, C.; Xiang, J.; Liu, Y.; Gao, Q.; Li, Z.; Huang, A.; et al. Gluconeogenic enzyme
PCK1 supports S-adenosylmethionine biosynthesis and promotes H3K9me3 modification to suppress hepatocellular carcinoma
progression. J. Clin. Investig. 2023, 133, e161713. [CrossRef]

78. Chiorcea-Paquim, A.-M. Advances in Electrochemical Biosensor Technologies for the Detection of Nucleic Acid Breast Cancer
Biomarkers. Sensors 2023, 23, 4128. [CrossRef]

79. Pinto, R.; Pilato, B.; Ottini, L.; Lambo, R.; Simone, G.; Paradiso, A.; Tommasi, S. Different methylation and MicroRNA expression
pattern in male and female familial breast cancer. J. Cell. Physiol. 2013, 228, 1264–1269. [CrossRef]

80. Li, E.W.; Bai, Y. Computational Identification of Sex-Biased Biomarker MicroRNAs and Genes Associated with Immune Infiltration
in Breast Cancer. Genes 2021, 12, 570. [CrossRef]

81. Singh, H. Role of Molecular Targeted Therapeutic Drugs in Treatment of Glioblastoma: A Review Article. Glob. Med. Genet. 2023,
10, 42–47. [CrossRef]

82. Ostrom, Q.T.; Price, M.; Neff, C.; Cioffi, G.; Waite, A.K.; Kruchko, C.; Barnholtz-Sloan, J.S. CBTRUS Statistical Report: Primary
Brain and Other Central Nervous System Tumors Diagnosed in the United States in 2015–2019. Neuro-Oncology 2022, 24, v1–v95.
[CrossRef]

83. Kamran, N.; Candolfi, M.; Baker, G.J.; Ayala, M.M.; Dzaman, M.; Lowenstein, P.R.; Castro, M.G. Gene Therapy for the Treatment
of Neurological Disorders: Central Nervous System Neoplasms. Methods Mol. Bol. 2016, 1382, 467–482. [CrossRef]

84. Rønning, P.A.; Helseth, E.; Meling, T.R.; Johannesen, T.B. A population-based study on the effect of temozolomide in the treatment
of glioblastoma multiforme. Neuro-Oncology 2012, 14, 1178–1184. [CrossRef]

https://doi.org/10.1007/s10555-022-10074-y
https://doi.org/10.3390/antiox12030735
https://doi.org/10.1038/s41598-018-26864-w
https://www.ncbi.nlm.nih.gov/pubmed/29867125
https://doi.org/10.1080/07853890.2023.2198256
https://doi.org/10.3348/jksr.2022.0076
https://www.ncbi.nlm.nih.gov/pubmed/37051390
https://doi.org/10.3322/caac.21492
https://www.ncbi.nlm.nih.gov/pubmed/30207593
https://doi.org/10.7314/APJCP.2016.17.S3.43
https://www.ncbi.nlm.nih.gov/pubmed/27165206
https://doi.org/10.1016/j.crad.2017.10.021
https://doi.org/10.1148/rg.2017160051
https://doi.org/10.1186/s12957-016-0865-x
https://doi.org/10.2214/AJR.07.3207
https://doi.org/10.1002/cam4.3873
https://doi.org/10.3348/kjr.2014.15.4.423
https://doi.org/10.1007/s003300050525
https://doi.org/10.1016/j.crad.2015.01.003
https://www.ncbi.nlm.nih.gov/pubmed/25656660
https://doi.org/10.11604/pamj.2017.27.201.12017
https://www.ncbi.nlm.nih.gov/pubmed/28904726
https://doi.org/10.1016/j.amjsurg.2006.01.036
https://www.ncbi.nlm.nih.gov/pubmed/16647352
https://doi.org/10.3340/jkns.2018.0048
https://doi.org/10.1172/JCI161713
https://doi.org/10.3390/s23084128
https://doi.org/10.1002/jcp.24281
https://doi.org/10.3390/genes12040570
https://doi.org/10.1055/s-0043-57028
https://doi.org/10.1093/neuonc/noac202
https://doi.org/10.1007/978-1-4939-3271-9_31
https://doi.org/10.1093/neuonc/nos153


Int. J. Mol. Sci. 2023, 24, 11544 15 of 16

85. Stupp, R.; Taillibert, S.; Kanner, A.A.; Kesari, S.; Steinberg, D.M.; Toms, S.A.; Taylor, L.P.; Lieberman, F.; Silvani, A.;
Fink, K.L.; et al. Maintenance Therapy With Tumor-Treating Fields Plus Temozolomide vs Temozolomide Alone for Glioblastoma.
JAMA 2015, 314, 2535–2543. [CrossRef]

86. Louis, D.N.; Perry, A.; Reifenberger, G.; Von Deimling, A.; Figarella-Branger, D.; Cavenee, W.K.; Ohgaki, H.; Wiestler, O.D.;
Kleihues, P.; Ellison, D.W. The 2016 World Health Organization Classification of Tumors of the Central Nervous System: A
summary. Acta Neuropathol. 2016, 131, 803–820. [CrossRef]

87. Snuderl, M.; Fazlollahi, L.; Le, L.P.; Nitta, M.; Zhelyazkova, B.H.; Davidson, C.J.; Akhavanfard, S.; Cahill, D.P.; Aldape, K.D.;
Betensky, R.A.; et al. Mosaic Amplification of Multiple Receptor Tyrosine Kinase Genes in Glioblastoma. Cancer Cell 2011, 20,
810–817. [CrossRef]

88. Sottoriva, A.; Spiteri, I.; Piccirillo, S.G.M.; Touloumis, A.; Collins, V.P.; Marioni, J.C.; Curtis, C.; Watts, C.; Tavaré, S. Intratumor
heterogeneity in human glioblastoma reflects cancer evolutionary dynamics. Proc. Natl. Acad. Sci. USA 2013, 110, 4009–4014.
[CrossRef] [PubMed]

89. Zhang, R.R.; Pointer, K.B.; Kuo, J.S.; Dempsey, R.J. Mutational Analysis Reveals the Origin and Therapy-Driven Evolution of
Recurrent Glioma. Neurosurgery 2014, 75, N9–N10. [CrossRef] [PubMed]

90. Kim, H.; Zheng, S.; Amini, S.S.; Virk, S.M.; Mikkelsen, T.; Brat, D.J.; Grimsby, J.; Sougnez, C.; Muller, F.; Hu, J.; et al. Whole-genome
and multisector exome sequencing of primary and post-treatment glioblastoma reveals patterns of tumor evolution. Genome Res.
2015, 25, 316–327. [CrossRef] [PubMed]

91. Kim, J.; Lee, I.-H.; Cho, H.J.; Park, C.-K.; Jung, Y.-S.; Kim, Y.; Nam, S.H.; Kim, B.S.; Johnson, M.D.; Kong, D.-S.; et al. Spatiotemporal
Evolution of the Primary Glioblastoma Genome. Cancer Cell 2015, 28, 318–328. [CrossRef]

92. Verhaak, R.G.W.; Hoadley, K.A.; Purdom, E.; Wang, V.; Wilkerson, M.D.; Miller, C.R.; Ding, L.; Golub, T.; Jill, P.;
Alexe, G.; et al. Integrated Genomic Analysis Identifies Clinically Relevant Subtypes of Glioblastoma Characterized by
Abnormalities in PDGFRA, IDH1, EGFR, and NF1. Cancer Cell 2010, 17, 98–110. [CrossRef] [PubMed]

93. Pinheiro, S.L.R.; Lemos, F.F.B.; Marques, H.S.; Luz, M.S.; Silva, L.G.d.O.; dos Santos, C.F.S.M.; Evangelista, K.d.C.; Calmon, M.S.;
Loureiro, M.S.; de Melo, F.F. Immunotherapy in glioblastoma treatment: Current state and future prospects. World J. Clin. Oncol.
2023, 14, 138–159. [CrossRef]

94. Yazdi, A.H.; Zarrinpour, V.; Moslemi, E.; Forghanifard, M.M. A Signature of Three microRNAs Is a Potential Diagnostic Biomarker
for Glioblastoma. Iran. Biomed. J. 2022, 26, 301–312. [CrossRef]

95. Zheng, L.; Guo, C.-Y.; Chen, C.-S.; Xiao, J.-C.; Hu, H.-T.; Cheng, H.-T.; Zong, D.-W.; Jiang, L.; Li, H.-L. Sorafenib improves lipiodol
deposition in transarterial chemoembolization of Chinese patients with hepatocellular carcinoma: A long-term, retrospective
study. Oncotarget 2017, 8, 97613–97622. [CrossRef] [PubMed]

96. Kanda, T.; Jiang, X.; Yokosuka, O. Androgen receptor signaling in hepatocellular carcinoma and pancreatic cancers. World J.
Gastroenterol. 2014, 20, 9229–9236. [CrossRef]

97. Ahmed, H.H.; Shousha, W.G.; Shalby, A.B.; El-Mezayen, A.H.; Ismaiel, N.N.; Mahmoud, N.S. Implications of Sex Hormone
Receptor Gene Expression in the Predominance of Hepatocellular Carcinoma in Males: Role of Natural Products. Asian Pac. J.
Cancer Prev. 2015, 16, 4949–4954. [CrossRef]

98. Tian, Y.; Xie, X.; Lin, Y.; Tan, G.; Zhong, W. Androgen receptor in hepatocarcinogenesis: Recent developments and perspectives.
Oncol. Lett. 2015, 9, 1983–1988. [CrossRef]

99. Kanda, T.; Yokosuka, O. The androgen receptor as an emerging target in hepatocellular carcinoma. J. Hepatocell. Carcinoma 2015, 2,
91–99. [CrossRef]

100. Zhao, Y.; Li, Z. Interplay of estrogen receptors and FOXA factors in the liver cancer. Mol. Cell. Endocrinol. 2015, 418, 334–339.
[CrossRef]

101. Ringelhan, M.; O’Connor, T.; Protzer, U.; Heikenwalder, M. The direct and indirect roles of HBV in liver cancer: Prospective
markers for HCC screening and potential therapeutic targets. J. Pathol. 2014, 235, 355–367. [CrossRef] [PubMed]

102. Coppola, N.; Onorato, L.; Iodice, V.; Starace, M.; Minichini, C.; Farella, N.; Liorre, G.; Filippini, P.; Sagnelli, E.; de Stefano, G.
Occult HBV infection in HCC and cirrhotic tissue of HBsAg-negative patients: A virological and clinical study. Oncotarget 2016, 7,
62706–62714. [CrossRef] [PubMed]

103. Liu, Y.-P.; Yang, X.-N.; Jazag, A.; Pan, J.-S.; Hu, T.-H.; Liu, J.-J.; Guleng, B.; Ren, J.-L. HBsAg Inhibits the Translocation of JTB into
Mitochondria in HepG2 Cells and Potentially Plays a Role in HCC Progression. PLoS ONE 2012, 7, e36914. [CrossRef] [PubMed]

104. Xie, K.-L.; Zhang, Y.-G.; Liu, J.; Zeng, Y.; Wu, H. MicroRNAs Associated with HBV Infection And HBV-related HCC. Theranostics
2014, 4, 1176–1192. [CrossRef]

105. Gabriele, L.; Buoncervello, M.; Ascione, B.; Bellenghi, M.; Matarrese, P.; Carè, A. The gender perspective in cancer research and
therapy: Novel insights and on-going hypotheses. Ann. Dell’istituto Super. Sanita 2016, 52, 213–222.

106. Giampietri, C.; Petrungaro, S.; Filippini, A.; Ziparo, E. Sex-related differences in death control of somatic cells. J. Cell. Mol. Med.
2013, 17, 550–551. [CrossRef] [PubMed]

107. Penaloza, C.; Estevez, B.; Orlanski, S.; Sikorska, M.; Walker, R.; Smith, C.; Smith, B.; Lockshin, R.A.; Zakeri, Z. Sex of the cell
dictates its response: Differential gene expression and sensitivity to cell death inducing stress in male and female cells. FASEB J.
2009, 23, 1869–1879. [CrossRef]

108. Malorni, W.; Straface, E.; Matarrese, P.; Ascione, B.; Coinu, R.; Canu, S.; Galluzzo, P.; Marino, M.; Franconi, F. Redox state and
gender differences in vascular smooth muscle cells. FEBS Lett. 2008, 582, 635–642. [CrossRef]

https://doi.org/10.1001/jama.2015.16669
https://doi.org/10.1007/s00401-016-1545-1
https://doi.org/10.1016/j.ccr.2011.11.005
https://doi.org/10.1073/pnas.1219747110
https://www.ncbi.nlm.nih.gov/pubmed/23412337
https://doi.org/10.1227/NEU.0000000000000580
https://www.ncbi.nlm.nih.gov/pubmed/25406627
https://doi.org/10.1101/gr.180612.114
https://www.ncbi.nlm.nih.gov/pubmed/25650244
https://doi.org/10.1016/j.ccell.2015.07.013
https://doi.org/10.1016/j.ccr.2009.12.020
https://www.ncbi.nlm.nih.gov/pubmed/20129251
https://doi.org/10.5306/wjco.v14.i4.138
https://doi.org/10.52547/ibj.3671
https://doi.org/10.18632/oncotarget.18811
https://www.ncbi.nlm.nih.gov/pubmed/29228637
https://doi.org/10.3748/wjg.v20.i28.9229
https://doi.org/10.7314/APJCP.2015.16.12.4949
https://doi.org/10.3892/ol.2015.3025
https://doi.org/10.2147/JHC.S48956
https://doi.org/10.1016/j.mce.2015.01.043
https://doi.org/10.1002/path.4434
https://www.ncbi.nlm.nih.gov/pubmed/25196558
https://doi.org/10.18632/oncotarget.10909
https://www.ncbi.nlm.nih.gov/pubmed/27486882
https://doi.org/10.1371/journal.pone.0036914
https://www.ncbi.nlm.nih.gov/pubmed/22615844
https://doi.org/10.7150/thno.8715
https://doi.org/10.1111/jcmm.12047
https://www.ncbi.nlm.nih.gov/pubmed/23517054
https://doi.org/10.1096/fj.08-119388
https://doi.org/10.1016/j.febslet.2008.01.034


Int. J. Mol. Sci. 2023, 24, 11544 16 of 16

109. Maselli, A.; Matarrese, P.; Straface, E.; Canu, S.; Franconi, F.; Malorni, W. Cell sex: A new look at cell fate studies. FASEB J. 2008,
23, 978–984. [CrossRef]

110. Lista, P.; Straface, E.; Brunelleschi, S.; Franconi, F.; Malorni, W. On the role of autophagy in human diseases: A gender perspective.
J. Cell. Mol. Med. 2011, 15, 1443–1457. [CrossRef]

111. Completed Clinical Trials about miRNAs in Different Types of Cancer. Available online: Clinicaltrials.gov (accessed on 7
July 2023).

112. Zhong, X.; Zimmers, T.A. Sex Differences in Cancer Cachexia. Curr. Osteoporos. Rep. 2020, 18, 646–654. [CrossRef] [PubMed]
113. Takahashi, T.; Iwasaki, A. Sex differences in immune responses. Science 2021, 371, 347–348. [CrossRef]
114. Small, E.M.; O’Rourke, J.R.; Moresi, V.; Sutherland, L.B.; McAnally, J.; Gerard, R.D.; Richardson, J.A.; Olson, E.N. Regulation of

PI3-kinase/Akt signaling by muscle-enriched microRNA-486. Proc. Natl. Acad. Sci. USA 2010, 107, 4218–4223. [CrossRef]
115. Holstein, I.; Singh, A.K.; Pohl, F.; Misiak, D.; Braun, J.; Leitner, L.; Hüttelmaier, S.; Posern, G. Post-transcriptional regulation of

MRTF-A by miRNAs during myogenic differentiation of myoblasts. Nucleic Acids Res. 2020, 48, 8927–8942. [CrossRef]
116. Cui, C.; Yang, W.; Shi, J.; Zhou, Y.; Yang, J.; Cui, Q.; Zhou, Y. Identification and Analysis of Human Sex-biased MicroRNAs. Genom.

Proteom. Bioinform. 2018, 16, 200–211. [CrossRef] [PubMed]
117. Heffler, E.; Allegra, A.; Pioggia, G.; Picardi, G.; Musolino, C.; Gangemi, S. MicroRNA Profiling in Asthma: Potential Biomarkers

and Therapeutic Targets. Am. J. Respir. Cell Mol. Biol. 2017, 57, 642–650. [CrossRef] [PubMed]
118. Lampignano, R.; Kloten, V.; Krahn, T.; Schlange, T. Integrating circulating miRNA analysis in the clinical management of lung

cancer: Present or future? Mol. Asp. Med. 2020, 72, 100844. [CrossRef]
119. Zhou, M.; Hara, H.; Dai, Y.; Mou, L.; Cooper, D.K.C.; Wu, C.; Cai, Z. Circulating Organ-Specific MicroRNAs Serve as Biomarkers

in Organ-Specific Diseases: Implications for Organ Allo- and Xeno-Transplantation. Int. J. Mol. Sci. 2016, 17, 1232. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1096/fj.08-114348
https://doi.org/10.1111/j.1582-4934.2011.01293.x
Clinicaltrials.gov
https://doi.org/10.1007/s11914-020-00628-w
https://www.ncbi.nlm.nih.gov/pubmed/33044689
https://doi.org/10.1126/science.abe7199
https://doi.org/10.1073/pnas.1000300107
https://doi.org/10.1093/nar/gkaa596
https://doi.org/10.1016/j.gpb.2018.03.004
https://www.ncbi.nlm.nih.gov/pubmed/30005964
https://doi.org/10.1165/rcmb.2016-0231TR
https://www.ncbi.nlm.nih.gov/pubmed/28489455
https://doi.org/10.1016/j.mam.2020.100844
https://doi.org/10.3390/ijms17081232

	Introduction 
	General Considerations on miRNAs 
	Sex Differences, miRNAs, and Cancer 

	Hematological Malignancies 
	Thyroid Cancer 
	Hepatocellular Carcinoma 
	Colorectal Cancer 
	Gastric Cancer 
	Lung Cancer 
	Melanoma 
	Breast Cancer 
	Glioblastoma 
	Conclusions 

	References

