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Abstract
Cancer remains the second leading cause of death worldwide and a major public health and economic issue. To 
reduce the burden, new approaches are necessary to diagnose the disease at early stages and improve clinical 
outcomes of cancer patients, for which understanding the molecular mechanisms of carcinogenesis is crucial. 
Autophagy is a pro-survival pathway that ensures the removal and renewal of cellular macromolecular structures, 
thus playing a crucial role in the maintenance of cellular homeostasis. Dysregulation of autophagy can favor 
chemoresistance and survival of dormant cancer cells, thus favoring cancer progression and relapse. Several studies 
report dysregulated expression of long non-coding RNAs and micro-RNAs acting as tumor suppressors or tumor 
promoters by targeting genes involved in the autophagy pathway. Here, we focus on the role played by non-coding 
RNAs-mediated regulation of autophagy in development and progression of cancers in women. Understanding how 
epigenetics can impact autophagy might open novel therapeutic strategies in the fight against cancers in women. 

Keywords: Autophagy, cancer, breast cancer, ovarian cancer, micro-RNAs, long non-coding RNA, cell metabolism, 
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INTRODUCTION
One of the hallmarks of cancer cells is represented by the enhanced signaling that lead to uncontrolled 
cellular growth and proliferation. To support its neoplastic growth and its sustenance under harsh and 
stressful conditions, cancer cells reprogram their metabolism alongside with the dynamic crosstalk with 
stromal cells in the tumor microenvironment[1-3].

Cellular homeostasis largely relies on autophagy, a lysosome-mediated catabolic process that accomplishes 
the macromolecular turnover. Altered regulation of this process may lead to the accumulation of damaged 
or redundant organelles, unfolded proteins, reactive oxygen species, and oncogenic molecules that favor 
carcinogenesis[4]. Thus, not surprisingly, autophagy is dysregulated in several cancers, among which include 
cancers affecting women[5-10]. 

Tumorigenesis is linked to genome instability, as well as to epigenetic and metabolic alterations. While 
normal cells show a very low rate of mutations, in malignant cells disruption of the DNA repair system 
compromises the surveillance machinery, leading to accumulation of spontaneous or carcinogen-induced 
mutations[11]. Particularly, mutations in oncogenes and in tumor suppressor genes, which control cell 
behavior and cell fate, allow cancer cells to escape from cell proliferation and cell motility control, avoid 
apoptosis, and survive under harsh metabolic conditions[1]. Besides mutations in the gene sequence that 
could affect the activity, the subcellular localization and the function of oncogenic or tumor suppressive 
proteins, and the heritable alterations of the mechanisms controlling the expression and translation 
(epigenetics) of oncogenes and of tumor suppressor genes also play a role in tumorigenesis. Such 
epigenetic mechanisms include hypermethylation/demethylation of the promoter, histone modifications 
(i.e., acetylation/de-acetylation), and post-transcriptional regulation by non-coding RNAs (ncRNAs)[12]. 
Metabolic factors (e.g., nutrient and oxygen availability), cellular stressors (e.g., oxidative stress), cell-to-
cell communications, and soluble mediators (e.g., growth factors and cytokines), present in the tumor 
microenvironment, greatly affect the dynamic of epigenetic changes in cancer cells, resulting in their 
adaptation to a pro-tumorigenic environment[9,13].

ncRNAs, transcripts without encoding potential, play a pivotal epigenetic role and have been implicated 
in tumorigenesis by acting as tumor suppressors or tumor promoters, at transcriptional and post-
transcriptional levels[14].

In this article, we review how ncRNAs may impinge on the development and progression of women’s 
cancers through the epigenetic control of autophagy.

TUMORS AFFECTING WOMEN AT A GLANCE
We will focus on the most frequent malignancies affecting women, including breast, ovarian, endometrial, 
and cervical cancers[15].

Breast cancer 
Breast cancer is the first diagnosed, in terms of incidence, and the first leading cause of death among 
malignancies affecting women[16]. Based on the presence or absence of predictive factors, such as estrogen 
or progesterone hormone receptors (HR) and human epidermal growth factor receptor 2 (HER2), breast 
cancer is classified into four primary subtypes: luminal A (HR+/HER2-), luminal B (HR+/HER2+), HER2 
positive (HR-/HER2+), and triple-negative (HR-/HER2-). Each subtype differs in incidence, therapeutic 
responsiveness, and disease progression [Figure 1]. About 70% of breast cancer patients bear a luminal 
A or B subtype, whereas approximately 15% bear a triple-negative subtype lacking both HR and HER2 
expression. HER2 is amplified in around 20% of breast cancers, and it is associated with poor prognosis[17]. 
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HR+ tumors can be treated with tamoxifen, letrozole, anastrozole, or exemestane, while HER2+ tumors 
can be treated with monoclonal antibodies such as trastuzumab or pertuzumab, or with the tyrosine 
kinase inhibitor lapatinib. The triple negative subtype is the most aggressive among breast cancers[17], 
with the highest risk of relapse within 5 years[18]. Other genes frequently mutated that have a pivotal role 
in development and progression of breast cancer are BRCA1/2 and TP53 tumor suppressor genes[17,19,20]. 
The clinical outcome depends on the tumor stage at diagnosis, the presence of mutations in specific genes 
(e.g., BRCA1/2, TP53, PTEN) and the specific subtype, which affects the hormone-, chemo-, or molecular 
therapy response [Figure 1][17,21].

Ovarian cancer
Ovarian cancer is the fourth cancer, in terms of incidence, and the fourth cancer for mortality, among 
female malignancies[16].

The asymptomatic growth of ovarian cancer leads to a late stage diagnosis when it has already invaded the 
peritoneum and metastasized to distant organs[22]. 

Ovarian cancers are classified as epithelial ovarian cancer (EOC), accounting for up to 90% of the total, 
and non-epithelial ovarian cancers, which arise from stromal and germ cells[23]. Histologically, EOCs are 
classified into five different subtypes: high-grade serous (HGS, accounting for 70% of the total ovarian 
cancers), low-grade serous (LGS, about 5%), endometrioid (about 10%), clear cell (about 10%), and 
mucinous (about 3%) [Figure 2][24]. In addition, some ovarian cancers present a non-specific histological 
pattern.

All these histological types, except HGS, derive from precursor lesions and grow in a stepwise manner; they 
are indolent and show a stable genome characterized by point mutations or amplifications and deletions in 
oncogenes and tumor suppressors. Serous and mucinous tumors are characterized by mutated oncogenes, 
such as BRAF and KRAS, whereas endometroid tumors carry PTEN mutations. Particularly, HGS ovarian 
cancer presents TP53 mutations in 95% of patients and germline mutations in BRCA genes in 65-85% of 
cases; this histological subtype is characterized by rapid growth and high aggressiveness[23,25]. Based on 

Figure 1. Breast cancer. Schematic classification of breast cancer subtypes with relative prognosis and therapy. HER2: human epidermal 
growth factor receptor 2
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the genetic lesion pattern and, consequently, on the clinical features, ovarian cancers are categorized as 
type I or type II, the former arising from the ovary and the latter arising from the Fallopian tube or the 
ovarian surface epithelium[26]. Type I tumors, which include LGS, mucinous, endometrioid, clear cell, 
and transitional cell carcinomas, carry few mutations, are TP53 wild-type and show an indolent clinical 
behavior. In contrast, type II tumors, which include HGS ovarian cancer, undifferentiated carcinomas and 
carcinosarcomas, are genetically highly unstable with mutated TP53 and dysfunctional BRCA1/2, in the 
majority of cases, and show a very aggressive and metastatic behavior. Standard management of ovarian 
cancer comprises of a maximal cytoreductive surgery as a first line of intervention; the second therapeutic 
approach involves treatments with a combination of chemotherapeutic agents, such as platinum-containing 
drugs (cisplatin and carboplatin) and taxane drugs family (paclitaxel and docetaxel) and, as a second line, 
with gemcitabine, doxorubicin, and bevacizumab[27].

Endometrial cancer
Endometrial cancer is the third malignancy, in terms of incidence among female cancers[16], and the most 
prevalent female cancer among the American women[28].

Endometrial cancers are associated with sporadic mutations of several oncogenes and tumor suppressor 
genes, among which PTEN, PI3KCA, KRAS, TP53, and CTNNB1 are the most frequent[29]. Women affected 
by the Lynch syndrome with MLH1 and MSH2 gene mutations are more susceptible to developing 
endometrial cancer[30]. Endometrial cancers are classified into seven different histological subtypes: (1) 
endometrioid carcinoma, accounting for 80% of total endometrial cancer; (2) mucinous adenocarcinoma 
(1%-9%); (3) serous carcinoma (less than 10%); (4) clear cell carcinoma (less than 5%); (5) neuroendocrine 
carcinoma; (6) mixed carcinoma; and (7) undifferentiated and dedifferentiated carcinoma[31] [Figure 3]. 
PTEN, PIK3CA, and ER/PR are the most frequently mutated in endometrioid adenocarcinoma, while TP53 
and E-cadherin are the more common mutated genes in serous carcinoma[32]. As for the management and 
prognosis, the majority of endometrial cancers (particularly, grades I and II endometrioid carcinomas) 
usually remain confined into the uterine corpus and can be removed surgically, thus having overall a good 
prognosis. On the contrary, serous, clear cells, grade III endometrioid, and undifferentiated carcinomas are 
more aggressive, often diagnosed at advanced stages with metastasis, require a more complex treatment 
combining surgery, radiotherapy and hormone/chemo/molecular therapies[33] [Figure 3].

Cervical cancer
Cervical cancer is the second classified tumor for incidence and mortality among female malignancies[16].

Cervical intraepithelial cells determine three grades of dysplasia, defined as cervical intraepithelial 
neoplasia 1 (low-grade), 2 (moderate grade), and 3 (high-grade), before becoming invasive cancer[34]. The 

Figure 2. Ovarian cancer. Schematic representation of ovarian cancer histological types and associated gene alterations. HER2: human 
epidermal growth factor receptor 2; PTEN: phosphatase and tensin homolog
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human papilloma virus (HPV) infection is sexually transmitted and appears involved in the progression of 
this tumor [Figure 4]. However, the majority of HPV types are low-risk and spontaneously disappear within 
two years from infection. In fact, the prevalence of HPV-infection is high in women of under 25 years of 
age, whereas the peak of cervical cancer death occurs in middle-aged women[35]. HPV 16 and 18 are the 
most common oncogenic genotypes found in 75% of invasive cervical carcinoma[36]. The tumor progression 
is influenced by several carcinogenic factors, such as smoking, herpes simplex, HIV, and other genital 
virus infections[37]. In early stage, this disease is asymptomatic; nevertheless, it is strongly recommended 
to test for HPV in conjunction with Pap smear cytology at 21 years of age[38]. Cervical cancer treatment 
plan is based on clinical stage, histopathological type of tumor, grading of disease, presence of metastasis, 
size of primary lesion, age, and overall health status of patient. Therapeutic approaches include radical 
hysterectomy, radiotherapy, and/or platinum-based chemotherapy, in combination or independently[34].

AUTOPHAGY
The autophagy process at a glance 
The term “autophagy” first described by Christian De Duve in 1963, derives from the Greek word for “self-
eating”. Three types of autophagy have been described: macro-autophagy, micro-autophagy, and chaperone-
mediated autophagy. Macro-autophagy involves the sequestration of the cargo (i.e., macromolecules 
and organelles that are redundant, aged, or damaged) within double membrane vacuoles, called 
autophagosomes, which fuse with lysosomes resulting in the breakdown of encapsulated material into 
simple recyclable components[39]. In the instance of micro-autophagy, the cytosolic cellular components 
are internalized within the lysosomes by invagination of the lysosomal membrane[40]. Chaperon-mediated 
autophagy is a selective and complex pathway that includes the recognition of targeted protein, containing 
the KFERQ motif, by the chaperone protein Hsp70, which binds to lysosomal membrane receptor 

Figure 3. Endometrial cancer. Brief presentation of endometrial cancer groups and main molecular alterations. HER2: human epidermal 
growth factor receptor 2
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lysosomal-associated membrane protein 2A (LAMP-2A) and drives the translocation of the targeted 
protein into the lysosome for degradation[40].

Here, we will focus on the molecular aspects of macro-autophagy, from now on simply referred to as 
“autophagy”. Autophagy is a catabolic process devoted to the degradation of non-functional cellular 
components, such as organelles (e.g., mitochondria, peroxisomes, and endoplasmic reticulum) and 
macromolecules (including proteins, carbohydrates, lipids, and nucleotides), within the lysosomes[41]. 
Extracellular and intracellular stresses, such as ER stress, pathogen infection, nutrient deprivation, hypoxia, 
oxidative stress, mitochondrial damage, and unfolded proteins, stimulate autophagy[42].

The autophagy process begins with the recognition and sequestration of the cargo within the forming 
autophagosome, proceeds with the autophagosome-lysosome fusion and ends with the full degradation 
of the cargo and translocation in the cytosol of the elementary substrates reutilized for new synthesis[43]. 
Ohsumi and colleagues first identified many of the autophagy-related genes (ATG) that coordinate 
various steps of the autophagy process, starting from the induction and subsequent formation of the 
autophagosome up to its fusion with the lysosome to form the autolysosome[44]. Altogether, 34 ATGs have 
been identified as part of the core autophagic machinery[39]. Genetic alterations involving these genes lead 
to autophagy dysregulation and altered cellular homeostasis, which underlie various diseases, including 
cancer[45]. The main steps and actors involved in the autophagy process are illustrated in Figure 5. Readers 
may refer to comprehensive review articles for a detailed description of the process[46-48].

Briefly, the process is regulated by three kinase complexes, namely mTORC1, ULKC1, and BECLIN 
1-PI3KC3 autophagy interactome[46,49]. When active, MTORC1 detaches from the lysosome and negatively 
acts on ULKC1, which ultimately activates the BECLIN 1-PI3KC3 complex. Thus, in the presence of 
growth signals that trigger the PI3KC1-AKT or the ERK/MAPK pathway as well as in the instance of 
abundant amino acid, mTORC1 is activated and inhibits autophagy[49,50]. On the contrary, the lack of amino 

Figure 4. Cervical cancer. Cartoon showing a schematic HPV infection leading to cancer development after the incubation period
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acid maintains the mTORC1 attached to the lysosome membrane in the inactive state, while promoting 
the TFEB-mediated transcription of ATG genes[40,50]. Similarly, the lack of energetic sources and of oxygen 
leading to increased AMP/ATP ratio triggers AMPK that in turn inhibits mTORC1 and activates the 
ULKC1 and the BECLIN 1-PIK3C3 autophagy interactome[46,49]. Once active, PI3KC3 (better known as 
Vps34) produces PtdIns3-phosphate (PI3P), which is essential for the recruitment of membranes needed for 
the phagophore expansion[51]. While forming the autophagosome, the LC3-II isoform is post-translationally 
inserted into the bilayer of both the inner and outer membranes. Several ATG proteins (including ATGs 
2, 3, 4, 5, 7, and 12) participate in processing the cytosolic isoform LC3-I to enable the conjugation with 
phosphatidylethanolamine, thus forming the LC3-II isoform, and for its subsequent insertion into the 
membranes[52]. Importantly, during the initial step of phagophore expansion, the cargo is sequestered to 
ensure its packaging within the autophagosome. Among the many proteins that intervenes for the cargo 
recognition and sequestration within the autophagosome are p62/sequestosome (p62/SQSTM1), which has 
a domain for binding the ubiquitinated substrate and a domain for LC3, and BNIP3, which is involved in 
mitochondria sequestration[46].

EPIGENETICS 
Mechanisms at a glance
Epigenetics encompasses the biological processes involved in the regulation of gene expression without 
altering the nucleotide sequence; in particular, it leads to changes in phenotype without editing the 
genotype[53]. These mechanisms, transmissible and reversible, are pivotal to preserve the cellular 
homeostasis, and their alteration could favor cancer development by promoting or inhibiting oncogenic 
and tumor-suppressor signaling, respectively[14].

Epigenetics mainly includes chromatin remodeling that allows the transition from heterochromatin to 
euchromatin and vice versa, such as DNA methylation and histone modifications, and ncRNAs [Figure 6]. 
DNA methylation occurs in CpGs-rich regions in the promoter, leading to chromatin condensation and 
thus to gene transcriptional repression[54]. 

Figure 5. Autophagy process. Cartoon showing a schematic overview of the main steps and autophagy-related proteins and regulators: 
(1) autophagy initiation; (2) membrane nucleation; (3) phagophore formation and expansion; and (4) autophagosome closure, fusion 
with lysosomes, and (5) degradation of cargo. ↑: increase; →: activation or induction; ⊥: inhibition; UVRAG: UV resistance-associated 
gene; ATG: autophagy-related gene
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Histone modifications regard methylation, which positively and negatively interferes on gene activation, 
and acetylation, that favors the transcriptional activation. The latter mechanism is mediated by histone 
acetyltransferases and histone deacetylases enzymes that add and remove an acetyl group at the N-terminal 
of lysine residues, respectively. The dysregulation of these epigenetic processes could bring to the 
modulation of genes involved in tumorigenesis[55-57].

Non-coding RNAs: biogenesis and mechanism of action
Non-coding RNAs represent almost the totality of human genome. Only 2% of the transcribed DNA is 
translated into proteins, while the remnant has any protein-coding potential due to the lack of open reading 
frames, and it includes the transcripts so-called non-coding RNAs[58]. Based on their size, non-coding 
RNAs are classified into micro-RNAs (miRNAs) and long non-coding RNAs (lncRNAs)[58].

MiRNAs are endogenous transcripts of about 20-22 nucleotides, and they arise from autonomous 
transcriptional units or depend on the expression of their host genes[59]. Upon transcription (by RNA 
polymerase II or III) and a first processing (by the DROSHA complex) in the nucleus, the pre-miRNA 
is exported into the cytoplasm where it is further processed to the mature (guide strand) miRNA of 
20-22 bp with the assistance of DICER[60]. Here, the miRNA is included in the RNA-induced silencing 
complex (RISC complex), which negatively regulates the gene expression by usually binding specific RNAs 
sequence(s) in the 3’-untranslated region (UTR) of the target gene[60]. A small group of miRNAs regulates 
gene expression through base pairing to other mRNA sites[60]. If the miRNA completely matches to the 
mRNA target sequence, the hybrid is unstable and prompts the degradation of the mRNA, whereas if the 
miRNA only partially matches the target sequence this results in interruption of the translation[60].

LncRNAs are transcripts with several nucleotides, greater than 200 base pairs, generally with 1000-10000 
residues in length[61]. LncRNAs can be classified as (1) sense lncRNAs, which take origin from the exons 
of protein-coding genes; (2) antisense lncRNAs, showing complementarity to transcripts on the opposite 
strand; (3) intronic lncRNAs, arising from intronic region; (4) intergenic lncRNAs, sited between protein-
coding genes; and (5) bidirectional lncRNAs, that share the promoter region of coding genes but they are 
transcribed in the opposite way[62]. Interestingly, some lncRNA are copies of coding genes that have lost the 
coding function because of mutations and are referred as pseudogenes[63].

Figure 6. Epigenetics. Schematic DNA methyltransferase (DNMT) cartoon representing the main epigenetic mechanisms. →: 
activation; ⊥: inhibition; miRNAs: micro-RNAs; lncRNAs; long non-coding RNAs; HDAC: histone deacetylases
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Due to their length leading to base pairing, they are facilitated to assembly with DNA, RNA, and proteins, 
creating high-order macromolecular architectures that act as three-dimensional regulatory complexes[61]. 
LncRNAs may act both within the nucleus and the cytoplasm and regulate gene expression at both 
transcriptional and post-transcriptional level through different mechanisms[62]. In the nucleus, lncRNAs 
can (1) act as scaffold platforms recruiting to the DNA coding region the regulatory proteins complex to 
modulate positively or negatively gene expression; or (2) affect the conformation changes of chromosomes 
and the spliceosome activity; or (3) act as decoy, repressing gene expression by preventing the interaction 
between transcription factors and the promoter; or (4) inhibit the transcription by modifying allosterically 
RNA-binding proteins[62,64]. In the cytoplasm, lncRNAs can affect mRNA stability or its translation by acting 
as a sponge of microRNAs[65].

A novel group of ncRNAs, known as circular RNAs (circRNAs), has been described. CircRNAs are 
endogenous single-strand continuous loop structure, made of about 100 nucleotides, that show the 3’ and 5’ 
ends covalently linked together[66]. Thanks to the circular conformation that lacks exposed ends, circRNAs 
are highly stable structure very less sensitive to the nuclease degradation[67]. Although their mechanism 
of action is still to be clarified, circRNAs may regulate gene expression acting as cytoplasmic microRNA 
sponges or by sequestering RNA-binding proteins or by interfering with DNA transcription[68].

ROLE AND REGULATION OF AUTOPHAGY IN CANCERS AFFECTING WOMEN
Primitive mutations and epigenetic modulation of oncogenes and of tumor suppressor genes involved 
in the autophagy pathway may affect the regulation and the effective role of autophagy during cancer 
development and progression. On one side, the autophagic process protects from cellular damage and 
genomic instability thus preventing neoplastic transformation[69]. In this respect, autophagy exerts its 
tumor-suppressive role through the elimination of reactive oxygen species, which may cause DNA damages, 
and through the degradation of oncogenic and toxic unfolded proteins[69]. On the contrary, autophagy may 
protect cancer cells from DNA and cellular damage induced by therapeutic agents (e.g., radio- and chemo-
therapy) and provide pro-survival resistance to harsh conditions, such as hypoxia, nutrient starvation, 
and lack of growth factors[70,71]. In particular, this behavior is typical of cancer cells located in the hypoxic 
niche (i.e., the inner part of the tumor mass distant from blood vessels). Thus, in the late stage of cancer 
progression, autophagy may turn into a “tumor promoting” process by increasing chemoresistance, by 
ensuring the maintenance of cancer stemness and by driving tumor cells in a dormant state, which could 
eventually give rise to relapses and metastasis in distant organs[72]. Cancer progression reflects the dynamic 
changes in the permissive tumor microenvironment, in its cellular and molecular composition, as well as 
in the heterotypic interactions between tumor and stromal cells. Recent studies support the view that a 
“metabolic symbiosis” exists between cancer associated fibroblasts (CAFs) and cancer cells. Such metabolic 
crosstalk between stromal and cancer cells reciprocally affects autophagy regulation, which then reflects 
in the malignant progression of the cancer with onset of chemoresistance, relapse, and metastasis[9,73-76]. 
CAFs can affect autophagy in cancer cells through the release of inflammatory cytokines (e.g., IL-6 and 
IL-8) and oncometabolites (e.g., glutamine, lactic acid, and ketone bodies)[9,77]. It has been reported that 
CAFs could support the metastatic behavior of ovarian cancer, causing poor prognosis, through releasing 
the chemokine CXCL14 that induced an upregulation of the lncRNA LINC00092 in ovarian cancer cells 
where it determined a glycolytic shift[78]. Glycolytic shift has been reported to induce autophagy-dependent 
chemoresistance to cis-platinum therapy in ovarian cancer[79].

NcRNAs play a role in cancer development, acting as epigenetic modulator of the expression of oncogenes 
or tumor suppressor genes[80,81], and it is conceivable that ncRNAs released in the tumor microenvironment 
also contribute to the dysregulation of autophagy in cancer cells.
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Both miRNAs and lncRNAs can be found in the tumor microenvironment[80,82]. CAFs can transfer their 
ncRNAs to the tumor microenvironment via exosome release[83-85]. In the context of cancers affecting 
women, it is reported that three miRNAs, namely miR-21, miR-378e, and miR-143, were increased in 
exosomes from CAFs as compared to those from normal fibroblasts, and these miRNAs when transferred 
to breast cancer cells increased their aggressiveness[85].

The clinical implication of dysregulated autophagy in cancers affecting women has been reported in several 
studies, both in vitro and in vivo, as well as in tumor-bearing patients. For instance, in breast cancer it has 
been shown that autophagy inhibition enhances tumor sensitivity to therapeutic agents[5-7]. Accordingly, 
in paclitaxel-resistant triple-negative breast cancer cells, cell death ensued upon down-regulating 
autophagy[86]. Accordingly, reduced level of BECLIN1 and LC3 expression correlated with better endocrine 
therapy response in hormone-responsive breast cancer[87]. In other studies, the sensitivity to anti-hormone- 
and chemo-therapies in breast cancer ameliorated following autophagy inhibition with chloroquine and 
3-methyladenine treatments, respectively[88,89]. Similarly, chloroquine inhibition of autophagy degradation 
could avoid carboplatin resistance and ovarian tumor recurrence[90]. At variance, it has been shown 
that in ovarian cancer the low expression of BECLIN1 was a negative prognostic factor to platinum-
based chemotherapy response[91], whereas the up-regulation of BNIP3, a positive regulator of mitophagy, 
potentiated cisplatin-sensitivity[92].

Down-regulation of autophagy has been reported in HPV-positive cervical cancers following EGFR-
mediated activation of the AKT/mTOR pathway[93]. Additionally, the HPV oncoproteins E5, E6, and E7 
have been shown to interfere with the autophagic machinery at different steps, either by reducing the 
expression of key regulators and ATG genes or by impairing the autophagosome-lysosome fusion[10]. These 
studies highlight the dual role of autophagy dysregulation in cancer development and in the therapeutic 
outcome, which might be explained by different genetic and epigenetic alterations in cancer cells that 
differently impact on the response to tumor microenvironment stimuli.

Non-coding RNAs regulation of autophagy in cancers affecting women
As outlined above, the role of autophagy in cancer progression is strictly dependent on genetic and 
epigenetic events that impinge on the integrity of the autophagic machinery and of its regulatory pathways 
[Figure 7].

During cancer evolution, these events become more frequent, adding to the clonal heterogeneity that 
characterizes the progression phase. Changes in the tumor microenvironment and the therapeutic 
treatments further increase the occurrence of genetic lesions as well as of epigenetic modulation of the 
genes that shape cancer cell phenotype.

Here, we schematically summarize the current knowledge on the epigenetic modulation of autophagy in 
female malignant tumors, with a focus on non-coding RNAs acting either on ATGs and on their regulators. 
The miRNAs and lncRNAs and their molecular targets involved in the autophagy pathway are reported in 
Tables 1 and 2, respectively. An ample set of miRNAs with either oncogenic or tumor suppressive function 
have been shown to affect the regulation of autophagy in cancers affecting women (reviewed in[94,95]).

For instance, low expression of miR-29b and, consequently, high expression of its target ATG9, has been 
associated with ovarian cancer relapse[96]. In ovarian cancer, miR-34 is expressed at low levels, while its 
over-expression suppressed the NOTCH signaling pathway resulting in upregulation of autophagy and 
induction of apoptosis thus limiting cancer aggressiveness[97]. At variance, in cervical cancer, high levels 
of miR-34C-5p down-regulated autophagy, thus improving the chemotherapy response, by targeting 
ATG4B[98]. In cervical cancer, miR-7-5p promotes autophagy by targeting BCL-2 thus freeing BECLIN-1, 
and this results in chemoresistance to cisplatin[99].
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The most relevant miRNAs that modulate autophagy are shown in Table 1, and include miR-30d, miR30a, 
miR-376b, miR-21, and miR-20a among others. Low expression of BECLIN 1, a well-known haplo-
insufficient tumor suppressor, is associated with increased women’s cancer development and reduced 
chemotherapy response[100-102]. Both in ovarian and breast cancers, BECLIN 1 has been shown to be 
post-transcriptionally downregulated by several miRNAs, including miR-30a[103], and miR30d[95], miR-
376b[104], and miR-20a[105]. MiR-30d is an oncomiRNA known to regulate several cellular processes, 
including apoptosis, senescence, proliferation, and differentiation[106]. This oncomiRNA has been shown 
to suppress autophagy in human ovarian and breast cancer cells by negatively affecting the expression of 
ATG2, ATG5, ATG12, and BNIP3, besides BECLIN 1[95]. DIRAS3 (also known as ARH-I), a well-known 
tumor suppressor genetically imprinted in ovarian cancer, is a positive interactor of BECLIN 1 involved in 
autophagy-dependent induction of cancer cell dormancy[107] and inhibition of cancer cell migration[108]. In 
ovarian cancer cells, DIRAS3 expression is epigenetically repressed by several predicted miRNAs, such as 
miR-1305, miR-1260a, miR-141-3p, miR-424-5p, miR-15a-5p, and miR-7-5p[109]. Interestingly, in ovarian 
cancer cells the pro-inflammatory cytokine IL-6 induces the expression of these miRNAs resulting in 
inhibition of DIRAS3-BECLIN 1-dependent autophagy and consequent stimulation of cell migration[109]. 
Besides targeting BECLIN 1, miR20a also targets ATG16 in breast cancer[107], while miR376b also targets 
ATG4 in breast cancer[105]. Let-7a is a tumor suppressor miRNA known to down-regulate the RAS 
oncogenic pathway in a variety of cancers, and its high expression correlates with chemo-responsiveness, 
low invasiveness, and better survival in ovarian cancer patients[110,111]. In ovarian cancer, this miRNA was 
shown to prevent the formation of autophagosomes by targeting ATG4 (the LC3 processing enzyme), 
ATG9A, and ATG16L[94]. Interestingly, autophagy degradation of p62/SQSTM1 led to decreased levels of 
the miRNA-processing enzyme DICER1 resulting in increased miR-Let-7a and suppression of ovarian 
cancer motility[112].

The dual lipid-protein phosphatase PTEN is a well-known tumor suppressor, and its deletion or silencing 
concurs to maintain the PI3KC1-AKT-mTORC1 pathway active, which results in down-regulation of 
autophagy[113-115]. In breast, ovarian, and cervical cancer, PTEN was found post-transcriptionally silenced by 
the oncogenic miR-21, whose high expression correlated with tumorigenesis, metastasis, and poor clinical 
outcome[116-118]. In ovarian cancer, both Let-7a and miR-21 were shown to target TSC1[94], an inhibitor of 
mTORC1.

Figure 7. Dual role of autophagy in cancer progression. Involvement of epigenetic mechanism on autophagy affects the bidirectional 
impact of autophagy process on cancer growth and, thus, onto the onset of metastasis, leading to cancer relapse. : impact on;→: 
activation; ⊥: inhibition



Page 12 of 20                         Vidoni et al. J Cancer Metastasis Treat 2021;7:4  I  http://dx.doi.org/10.20517/2394-4722.2020.95

Table 1. The table shows the autophagy targets of miRNAs in female malignant tumors

ATG gene Role miRNA Cancer Ref.
ATG2 Phagophore formation miR-30d Ovarian,

Breast
[95]

ATG4 LC3 maturation miR-376b Breast [104]
let-7a Ovarian [94]
miR-101 Breast [135]
miR-34C Breast [98]

ATG5 Autophagosome formation miR-30d Ovarian,
Breast

[95]

miR-181a Breast [136]
ATG7 LC3 maturation miR-204 Ovarian [137]
ATG9A Phagophore formation miR-29b Ovarian [96]

miR-34a Ovarian [94]
let-7a Ovarian [94]
miR-15b Ovarian [94]

ATG12 Autophagosome formation miR-30d Ovarian,
Breast

[95]

ATG13 Autophagy initiation complex miR-15b Ovarian [94]
ATG14 Autophagy nucleation complex miR-152 Ovarian [138]

miR-15b Ovarian [94]
ATG16L Autophagosome formation miR-20a Breast [105]

let-7a Ovarian [94]
BECLIN1 Autophagy interactome - Nucleation 

Complex
miR-20a Breast [105]
miR-124-3p Breast [139]
miR-30d Ovarian,

Breast
[95]

miR-30a Breast [103]
miR-376b Breast [104]

BCL2 BECLIN 1 interactor by BH3 domains miR-7-5p Cervical [99]
BNIP3L Mitophagy miR-30d Ovarian,

Breast
[95]

DIRAS3 
(ARH-I)

BECLIN 1 interactor - Positive 
activator of autophagy interactome

miR-1305
miR-1260a
miR-141-3p
miR-424-5p
miR-15a-5p
miR-7-5p

Ovarian [109]

DRAM1 DNA Damage Regulated Autophagy 
Modulator 1; positive regulator of 
autophagy

miR-26b Breast [140]

LC3 Autophagosome maturation miR-204 Ovarian [137]
mTOR mammalian Target of Rapamycin; 

negative regulator of autophagy
miR-18a Breast [141]

PTEN Phosphatase and tensin homologue; 
Positive regulator of autophagy

miR-21 Breast,
Ovarian,
Cervical

[116]
[117]
[118]

miR-17-5p Ovarian [142]
miR-222 Breast [143,144]
miR-29a Breast [143]
miR-205 Endometrial [145]
miR-19 Breast [146]

RAPTOR Component of mTOR Complex 1 miR-155 Ovarian [94]
TSC1 Tuberous sclerosis 1; negative 

regulator of mTOR
miR-130a Ovarian [147]
let-7a Ovarian [94]
miR-15b Ovarian [94]
miR-21 Ovarian [94]

ULK1 Autophagy initiation complex miR-489 Breast [148]
miR-25 Breast [149]

UVRAG Nucleation complex miR-125b Ovarian [94]

MiRNAs: micro-RNAs; ATG: autophagy-related gene; PTEN: phosphatase and tensin homolog
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LncRNAs, another component of ncRNA epigenetic mechanism, contribute to the development and 
progression of cancers acting either as tumor promoter or tumor suppressor, and many of these have been 
shown to affect the regulation of autophagy[119]. For instance, MEG3, PVT1, BANCR, and HNF1A-AS1 are 
among the inducers, while PTENP1 (the PTEN pseudogene), PCA3, and POU3F3 are among the inhibitors, 
while ROR and GAS5 have been reported to either induce or inhibit autophagy depending on the genetic 
background of the cancer cells, a fact that outlines the extremely complex network of signaling in which 
the ncRNAs operate[119]. Here, we report the unique lncRNAs known to modulate autophagy and that have 
been found to play a role in cancers affecting women. In cervical cancer, the treatment with paclitaxel 
upregulated the lncRNA RP11-381N20.2 that suppressed the expression of the autophagy proteins LC3 and 
ATG7[120]. HOTAIR downregulation, a lncRNA targeting LC3 and BECLIN1, inhibits autophagy and EMT 
in cervical cancer[121].

In breast cancer studies, the lncRNA NBR2 acted as a tumor suppressor since its reduction contributed 
to tumorigenesis and correlated with poor survival[122]. NBR2 was found to increase the expression of 
AMPK, an energy stress kinase sensor that enhances autophagy under nutrient deprivation condition. 
The lncRNA GAS5 positively regulates ULK1 expression, crucial for initiation complex formation, thus 
promotes autophagy in breast cancer cell lines[123]. The lncRNA H19 is known to act as an oncogene in all 
the three steps of carcinogenesis[124]. In breast cancer, overexpression of H19 was found to prevent BECLIN1 
methylation and this correlated with autophagy-mediated resistance to hormone-therapy[125].

In ovarian cancer, several lncRNAs epigenetically control autophagy at the level of LC3 maturation. Low 
expression of MEG3 is associated with several cancers affecting women[126,127], suggesting that this lncRNA 
acts as a tumor suppressor[128]. In ovarian cancer, the ectopic overexpression of MEG3 induces autophagy 

Table 2. The table shows the autophagy targets of lncRNAs in female malignant tumors

ATG gene/
Target Role lnc RNA Role Mechanism Cancer Ref.

AMPK AMP-activated 
protein kinase; 
positive regulator 
of autophagy

NBR2 Tumor suppressor Under stress condition, NBR2 
interacts with AMPK, promoting 
its activation and reducing tumor 
development

Breast [122]

ATG3 LC3 maturation MEG3 Tumor suppressor MEG3 suppresses tumorigenesis and 
induces autophagy by upregulating 
ATG3

Ovarian [129]

ATG7 LC3 maturation HULC Tumor promoting HULC overexpression promotes tumor 
progression and represses autophagy 
by inhibiting ATG7 expression

Ovarian [134]

HOTAIR Tumor promoting HOTAIR increases cisplatin-induced 
autophagy via upregulating ATG7 
expression

Ovarian [132]

lncRNARP11-
381N20.2

Tumor suppressor LncRNA inhibits autophagy induced 
by chemotherapy treatment

Cervical [120]

BECLIN1 Nucleation 
complex

H19 Tumor promoting H19 enhances tamoxifen resistance 
by preventing BECLIN1 methylation, 
thus promoting autophagy

Breast [125]

HOTAIR Tumor promoting HOTAIR reduces cisplatin-sensitivity 
by inducing autophagy

Endometrial [133]

Tumor promoting HOTAIR promotes autophagy through 
Wnt pathway activation

Cervical [121]

LC3 Autophagosome 
maturation

HOTAIR Tumor promoting HOTAIR promotes autophagy through 
Wnt pathway activation

Cervical [121]

lncRNARP11-
381N20.2

Tumor suppressor LncRNA inhibits autophagy induced 
by chemotherapy treatment

Cervical [120]

ULK1 Initiation complex GAS5 Tumor suppressor GAS5 inhibits cancer cell proliferation, 
invasion, and tumor progression by 
upregulating autophagy via ULK1

Breast [123]

LncRNAs; long non-coding RNAs; ATG: autophagy-related gene
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through the interaction and stabilization of ATG3 mRNA and protein, and this was found to limit ovarian 
cancer cell proliferation[129]. On the contrary, the lncRNAs HOTAIR and HULC play a tumor promoter role. 
In fact, HOTAIR expression level is higher in serous ovarian and endometrial cancer tissues compared to 
normal tissues, making this lncRNA a biomarker associated with poor prognosis[130,131]. HOTAIR positively 
correlates with ATG7 expression levels, promoting autophagy-mediated chemoresistance[132]. Consistent 
with this finding, in endometrial cancer HOTAIR promoted BECLIN1 expression and up-regulation of 
autophagy, and this reduced sensitivity to chemotherapy[133]. The lncRNA HULC promotes tumorigenesis 
and is reportedly overexpressed in ovarian cancer, where it was found to inhibit the autophagy machinery 
by interacting with ATG7 and thus preventing LC3 maturation[134]. These findings again outline the double-
face role of autophagy in cancer, which is tumor suppressive in the developmental stage, yet it could be 
tumor promoting in conferring chemoresistance in the advanced stage.

CONCLUSION AND TRANSLATIONAL PERSPECTIVES
It is well-known the dual role of autophagy in cancer development. On one side, autophagy guarantees 
cellular homeostasis and governs cell proliferation, metabolism, invasiveness, and cell death, thus 
preventing the onset of malignancies. On the other hand, as pro-survival mechanism, in advanced stages 
autophagy supports the survival of cancer cells under harsh conditions (for instance, by promoting a 
dormant state) and resistance to cytotoxic therapeutic treatments. Epigenetics plays a pivotal role in 
controlling autophagy through the modulation of ATG genes and of their regulators, thus impacting on 
cancer development and progression (reviewed in[150]). This review provides a comprehensive overview of 
miRNAs and lncRNAs involved in the development of tumors affecting women through the induction or 
inhibition of autophagy process (summarized in Figure 8).

The question raises on how the present knowledge can be translated into the clinics. There are studies 
reporting on the diagnostic/prognostic potential of some ncRNAs targeting autophagy. As an example, the 
plasma level of miR-16, miR-27a, miR-107, miR-130a, miR-132, and miR-146a was proposed as a signature 

Figure 8. Cartoon showing ncRNAs and related autophagy targets in cancers affecting women. Schematic representation of miRNAs 
and lncRNAs and their involvement in the regulation of the autophagy pathway. →: activation; ⊥: inhibition; ncRNAs: non-coding RNAs; 
miRNAs: micro-RNAs; lncRNAs; long non-coding RNAs; ATGs: autophagy-related genes; PTEN: phosphatase and tensin homolog; 
UVRAG: UV resistance-associated gene
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of invasive breast cancer[151]. A set of miRNAs modulating autophagy at different steps has been shown the 
potential as biomarker and therapeutic target in gastrointestinal cancers[152]. Similarly, the expression of 
the autophagy-related lncRNAs LUCAT1, AC099850.3, ZFPM2-AS1, and AC009005.1 has been proposed 
as a signature for the prognosis of hepatocellular carcinoma[153]. Additionally, the lncRNAs HULC (which 
triggers autophagy in hepatocellular carcinoma) and AC023115.3 (that inhibits autophagy in glioblastoma) 
have been proposed as potential biomarkers and therapeutic targets in the respective cancers[154,155]. 
Also, circ-ncRNAs might have diagnostic, prognostic, and therapeutic potential, though at present their 
mechanism of action is still obscure[156,157].

However, the data do not consistently prove the net function of the given ncRNAs in promoting or 
inhibiting autophagy and cancer, indicating that its action is tumor-context dependent. For instance, 
hyper-expression of MEG3 associated with cisplatin chemoresistance in advanced breast cancer and 
correlated with poor prognosis[158]. Yet, this same lncRNA acted as a tumor suppressor in ovarian cancer by 
upregulating ATG3 and so inducing autophagy[129]. 

Taken together, these data point to the need of a thorough assessment of the genetic and epigenetic 
signature of the cancer for designing a personalized therapy in the treatment of malignancies affecting 
women.

In conclusion, research on the potential exploitation of ncRNAs as therapeutic targets is still at an 
embryonal stage, essentially because of the complexity of the network of signaling in which they operate 
that makes difficult to define clearly their tumor promoting or tumor suppressive role. When referring 
to the impact of ncRNAs on autophagy regulation for therapeutic purposes, another layer of complexity 
is given by the double and opposite role of autophagy in cancer development, which again outlines the 
importance of the genetic and epigenetic background of the cell as well as of the signals provided by tumor 
microenvironment.

Thus, more studies are needed to dissect how the complex network of ncRNAs impacts on the autophagy 
process to identify the relevant ncRNA (and the signaling pathway) that could be used as diagnostic/
prognostic biomarker or as therapeutic target. In this regard, it is worth noting that a variety of natural 
products (including resveratrol, curcumin, genistein, and epigallocatechin-3-gallate) have been shown 
to affect the expression of autophagy genes through the modulation of ncRNAs, and some of these 
compounds are under clinical trial evaluation as adjuvant therapeutics in a variety of cancers (reviewed 
in[150,159]).
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