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Epigenetic dysregulation has been recognized as a critical factor contributing to the development of resistance
against standard chemotherapy and to breast cancer progression via epithelial-to-mesenchymal transition.
Although the efficacy of the first-generation epigenetic drugs (epi-drugs) in solid tumor management has been
disappointing, there is an increasing body of evidence showing that epigenome modulation, in synergy with other

therapeutic approaches, could play an important role in cancer treatment, reversing acquired therapy resistance.

epigenetics breast cancer nanomedicine epi-drugs targeted delivery

| 1. Introduction

The most common cancer diagnosed among women is breast cancer (BC), the second leading cause of cancer
deaths . Besides well-studied genetic changes, epigenetic alterations, resulting in aberrant gene expression, are
among the key contributors to breast carcinogenesis. Different mechanisms introduce and maintain epigenetic
modifications, including DNA methylation, post-translational histone modifications, and non-coding RNA-mediated
regulation [&. Epithelial-mesenchymal transition (EMT) is a complex developmental program, which plays a crucial
role in the hematogenous and lymphatic dissemination of tumors. EMT facilitates phenotypic metamorphosis of
epithelial tumor cells into highly motile and more aggressive mesenchymal cells that can colonize distant organs.
Moreover, this multistep process enables the generation of tumors with stem cell properties, which play a
significant role in developing therapeutic resistance 2. The reversibility of EMT, allowing circulating tumor cells
(CTCs) to remain epithelial in their origin, endowing them with a potential to seed metastasis, supports the
hypothesis about its epigenetic regulation [4. EMT is triggered by extracellular signals, including extracellular matrix
proteins and soluble growth factors, or by intracellular cues. It is mediated by a group of pleiotropic transcription
factors (TFs), which control a heterogeneous network of epigenetic effectors, thus allowing potent gene expression
changes . This epigenetic plasticity not only permits dynamic regulation of expression but also offers numerous

therapeutic opportunities.

Currently, BC treatment involves a multidisciplinary approach. Although the effectiveness of various therapeutic
regimens has increased, resulting in reduced mortality &, there are still many obstacles to overcome. These
include serious side effects, hard-to-treat tumor subtypes, intratumoral heterogeneity, and at present incurable
metastatic disease. The success achieved so far in treating hematological malignancies using epigenetic inhibitors
has stimulated interest in their use to treat solid tumors. Promising preclinical results suggest that epigenetic drugs
(epi-drugs) can sensitize resistant cancer cells to traditional approaches. Unfortunately, these results have not yet

been confirmed by clinical studies, as the early-generation epi-drugs were basically broad-spectrum
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reprogrammers, causing large-scale gene expression changes. This "one size fits all" approach has mostly failed
due to off-target effects, significant toxicities, the risk of large-scale epigenomic repatterning, and the lack of
appropriate biomarkers for patient selection. However, this failure has led to the development of selective new-
generation epi-drugs, which, together with precision medicine design, provide a new chance for epigenetic therapy
of solid tumors B,

Among the options that could contribute to successful clinical applications of epi-drugs are new technologies for
safer and more efficient cancer cell epigenome modulation. Advances in nanotechnology and material science
have provided a broad variety of more precise and safer nanoscale organic and inorganic nanomaterials for drug
delivery (e.g., dendrimers, micelles, liposomes, gels, metal- and carbon-based nanomaterials). To date, several
nanomaterials have been successfully studied and introduced in cancer treatment, and many others are
undergoing clinical trials. Encapsulation by intelligent nanocarriers of antitumor drugs, conventional
chemotherapeutics, epi-drugs, or both, can improve their solubility and stability by protecting the drugs from fast
clearance and degradation, thus prolonging their half-life in the systemic circulation &. Nanocarriers can also be
tuned to ensure targeted, controlled, and sustained release, thereby reducing toxicity BIRI1Y Nanoscale size and
unique physicochemical properties (e.g., shape, surface area, and charge) allow the accumulation of nanocarriers
in the tumor mass due to the enhanced permeability and retention (EPR) effect, which is the basis of passive
targeting 1. The spatial and temporal heterogeneity of tumors is one of the limitations of therapeutic efficacy in
passive targeting 2. Functional surface modifications of nanocarriers by specific ligands (antibodies, aptamers,
proteins, etc.) with a high affinity for particular receptors overexpressed on the tumor cells allows active targeting of
drug delivery to the tumor mass, thereby increasing treatment efficacy and reducing side effects 23], The biggest
challenge to combat BC is to eliminate cancer stem cells (CSCs) that play a crucial role in metastasis and the
development of multidrug resistance to therapy. Nanoscale delivery systems represent a promising tool for their

eradication 141,

| 2. Molecular Pathology of Breast Cancer

The BC incidence rate varies from 27.9 per 100,000 people in Middle Africa to 92.6 per 100,000 in Western Europe
[, The differences in incidence are attributed to different risk factors and the availability of improved imaging
techniques for screening and diagnosis 3. The five-year relative survival rate for women diagnosed with the
regional disease was recently estimated at 86%, whereas it was 27% for those with metastatic disease 18I,
Therapeutic resistance and metastatic potential are influenced by the heterogeneity of phenotypic and molecular
characteristics 2711811191201 \\hile the luminal A subtype is considered a low-grade disease with a good prognosis
and likely to benefit from endocrine therapy alone, luminal B tumors have a higher proliferation rate, worse
prognosis, and patients require additional chemotherapy treatment. The human epidermal receptor 2 (HER2)-
overexpressing tumors tend to grow faster and can have higher histological grade than luminal-like tumors, but
generally, they are successfully treated by targeted anti-HER2 therapies. Triple-negative/basal-like BC is a
histologically high-grade disease associated with a poor prognosis. Patients with this subtype do not benefit from

targeted therapies, and the standard chemotherapy regimen is the only suitable therapeutic approach at present.
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| 3. Breast Cancer Therapeutic Opportunities
3.1. The Biomarker-Directed Approach in BC Treatment

To overcome the limitations incurred by resistance mechanisms in the clinical management of advanced cancers,
an increasing effort is being made towards biomarker-driven cancer treatments. This aims to identify important
biomarkers capable of addressing tumor heterogeneity and effectively predicting a favorable clinical outcome as a
response to a particular treatment. BC, in particular, is considered a family of distinct diseases with a varying
molecular basis. Initial gene expression studies using cDNA microarrays have resulted in a classification of BC into
five subtypes, establishing as major BC biomarkers estrogen receptor (ER), progesterone receptor (PR), and
HER2 [2[22] Therefore, currently, there is a mandatory need to define their expression status, lymph node
involvement, and tumor size for all patients with invasive BC for therapy decision making. These markers are
established in international guidelines as essential factors for the clinical management of primary BC patients 22!,
However, the stratification of patients based solely on ER, PR, and HER2 expression has proven inefficient, unable
to capture the substantial phenotypic complexity and heterogeneity of BC, thus stressing the need to integrate
additional biomarkers for a more refined characterization. Ki-67, a non-histone nuclear protein, is used as a marker
of cell proliferation. Ki-67 expression is significantly higher in malignant tissues with poorly differentiated tumor cells

than in normal tissue and is thus used to assess tumor aggressiveness [23],

Traditional therapy of non-metastatic BC involves multidisciplinary strategies combining surgery, radiotherapy,
neo-/adjuvant, endocrine, and targeted therapy [24. For non-metastatic BC, the primary therapy approach consists
of eradicating tumor and regional lymph nodes and preventing metastatic relapse. The first two goals are usually
achieved by locoregional therapy that involves surgery and radiotherapy and/or neoadjuvant therapy in case of
locally advanced disease. Prevention of metastatic relapse is achieved with systemic therapies that comprise
anthracycline and taxane-based chemotherapy, anti-estrogen hormonal therapy, and anti-HER treatment,
depending on receptor status 23],

In contrast to early BC, metastatic disease (stage V), with common sites of spread in bones, brain, lung, and liver,
is considered incurable, and the therapy aims to prolong life while minimizing symptoms or side effects. The
combinations of endocrine, targeted therapy, chemotherapy, and immunotherapy can be administered to the
metastatic patients, taking into account the tumor subtype, extent, and localization of the disease and the presence
of specific molecular alterations. Beyond HER2 and ER/PR, new predictive biomarkers for targeted therapy in
metastatic BC include BRCA1/2 and PI3KCA mutations for PARP and PISKCA inhibitors, respectively, and PD-L1
expression and/or MSI status for immunotherapy. The effective new biological therapies like CDK4/6 or mTOR

inhibitors are now emerging. However, we still lack predictive biomarkers for these treatments [28],

3.2. Precision Medicine Concept

The maturation of omic technologies as powerful molecular epidemiological screening tools has empowered the

emergence of manifold predictive biomarker signatures. The integration of genomic and transcriptomic profiles of
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2000 breast tumors from the METABRIC (Molecular Taxonomy of Breast Cancer International Consortium) cohort
revealed ten BC subtypes, termed integrative clusters (IntClust/s) and characterized by distinct genomic drivers
(271, Currently, there are five main standardized genetic prognostic platforms for BC, aiming to assist decision on

therapeutic options, mainly including hormone therapy, chemotherapy, and anti-HER2 treatment:

» Oncotype DX provides prognostic information in terms of 10-year distant recurrence. It predicts the likelihood of
adjuvant chemotherapy benefit in ER+ BC patients, based on the expression of a panel of 21 genes (16 cancer-

related and five reference genes) [28],

» Breast Cancer Index assesses the expression of 7 genes to predict the benefit from extended, adjuvant,
endocrine therapy (Tamoxifen) in HR+ patients. It is a gene expression signature comprising two functional
biomarker panels, the molecular grade index (MGI) and the two-gene ratio HOXB13/IL17BR (H/1), that evaluate
tumor proliferation and estrogen signaling, respectively 22, MGI is a gene expression assay, measuring the
expression of five genes (BUB1B, CENPA, NEK2, RACGAP1, RRM?2) related to histological grade and tumor

progression, which recapitulates tumor grade and can predict the clinical outcome with high performance B9,

» EndoPredict (Myriad Genetics, Inc., Salt Lake City, UT, USA) is a genomic test for people newly diagnosed with
early-stage, ER+, HER2-negative BC (node-negative). It assesses the expression of 12 genes (8 target genes,

3 normalization genes, and 1 control gene) to predict response to chemotherapy 311,

« MammaPrint (Agendia, Irvine, CA, USA) is a 70-gene signature test that predicts the clinical outcome/response

to chemotherapy in ER+ early-stage BC 2],

» Prosigna Breast Cancer Prognostic Gene Signature Assay (Nanostring, Seattle, WA, USA), formerly PAM50,
assesses Tamoxifen response for HR+ BC patients based on the expression of 58 genes after 5 years of

hormonal therapy treatment in postmenopausal women 31,

Besides Prosigna, Nanostring has developed a more extensive assay, the human nCounter Breast Cancer 360
panel, which comprises 776 genes across 23 key BC pathways and processes. Results are grouped in 48
signatures across 13 categories, measuring biological variables crucial to BC tumor biology. This panel has been
developed for the evaluation of diverse BC aspects, including BC subtyping (luminal A/B, HER2-enriched, basal-
like, triple-negative), expression of BC receptors and signaling (ESR1, PGR, ERBB2, AR, PTEN, CDK4, CDK®6),
mutational content (HRD, BRCA, P53), markers for tumor proliferation, apoptosis and differentiation (FOXAL,
SOX2), cell adhesion (claudin), and immunity (chemokines, TGF-§3, PD-1). Although a detailed description of the
nCounterBC 360 panel exceeds this review's scope, it contains a vast number of gene expression markers and
indicates the intense molecular heterogeneity characterizing the diversity of BC phenotypes. Therefore,
investigating the epigenetic landscape of BC may provide an additional layer of information that could improve our
fundamental understanding of BC's molecular complexity and the putative rational development of more effective

and precise treatments.
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Finally, various studies have identified and suggested epigenetic modifications and regulators as prognostic
biomarkers for BC [34I33136] |n this context, miRNAs have been considered a pool of highly potent biomarkers, as
they have been linked to the identification of distinct molecular subtypes and tumor-related processes. miRNA
expression profiling was successfully employed to classify the breast tumors as luminal A, luminal B, basal-like,
HER2+, and normal-like BC B4, Aberrant expression of mMiIRNAs has also been correlated with clinical features,
such as angiogenesis, metastasis, and EMT [28l. Besides, several IncRNAs have been reported as promising
biomarkers for prognosis, diagnosis, and therapy 2. Overall, there is cumulative evidence focusing on the
systematic screening of epigenetic signals as a promising area for the discovery of novel molecular BC biomarkers,
combining sensitivity, specificity, and robustness, with a potentially decisive impact on improving the quality of BC

treatments in the context of precision medicine.

3.3. Potential of Epigenetic Therapy

The role of epigenetics in cancer initiation and progression, including its contribution to the development of innate
and acquired resistance to several therapeutic regimens, has led to the scientific effort to reverse the aberrant
cancer epigenome 9. The lack of knowledge about subtype-specific epigenome signaling pathways, and missing
patient-specific epigenetic biomarker profiles, are currently the main challenges hampering the wider clinical
application of epigenetic agents in the treatment of solid cancers 41, Over the last decade, several epi-drugs have
received US Food and Drug Administration (FDA) approval for the treatment of blood-borne cancers: 5-azacytidine
(AZA, Vidaza®), 5-aza-2'-deoxycytidine (decitabine, DAC, Dacogen®), vorinostat (VOR, SAHA, Zolinza®),
romidepsin (FK228, Istodax®), belinostat (Beleodaq®), panobinostat (Farydak®), and chidamide (Epidaza®) (Figure
1) 4243144 However, except for tazemetostat (Tazverik®), approved by FDA in January 2020 for metastatic or
locally advanced epithelioid sarcoma, there is no epigenetic therapy approved for solid tumors, which are
considered more epigenetically complex. Moreover, they exhibit abnormal vascularization, a specific tumor

microenvironment, and more differentiated cells with decreased epigenetic reprogramming [Z45],
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Nucleoside analogs:
S-azacytidine (AZA, Vidara®) *
Seaza-2 deoxycytidine (decitabine,
Dacogen®) *

DNMTs

Hydroxamic acids
suberovlanilide hydrocamid scid
a (SAHA, vorinesiat, Zolinea®) *
= trichostatin A (TSA)

Cyelic peptides:
trapoxin A
FE228 (romedepsin, lstodac®) *

Figure 1. Different categories of epi-drugs, assessed in preclinical studies and clinical trials. Eight of them
(indicated by asterisks) were approved to treat several human malignancies (modified from 48147y Apbreviations:
DNMTIs-DNA  methyltransferase  inhibitors; HDACIs-histone  deacetylase inhibitors;  HMTIs-histone
methyltransferase inhibitors; HDMIs-histone demethylase inhibitors; BETIs-bromodomain and extra-terminal
domain inhibitors; HATIs-histone acetyltransferase inhibitors; ncRNAs-non-coding RNAs; DOT1LIs-DOT1-like
histone lysine methyltransferase inhibitors; EZH2Is-enhancer of zeste homolog 2 inhibitors; PRMTIs-protein

arginine methyltransferase inhibitor; LSD1Is-lysine-specific histone demethylase 1A inhibitors.

Rational epi-drug discovery using validated targets is a recent phenomenon. During early efforts, epi-drug
development has been based on the demonstration of efficacy and phenotypic observations rather than on
knowledge of their molecular targets. The timeline and key events influencing epi-drug development, including
challenges and opportunities associated with their implementation in clinics, have recently been reviewed in-depth
by Ganesan and colleagues 481, As a detailed characterization of epi-drugs is beyond this paper’s scope, we

provide only their basic characteristics and classification (Figure 1).

Given that overexpression of DNMTs and HDACs are considered the critical factors in carcinogenesis,
demethylating agents and HDAC inhibitors (HDACIs) seem to be promising anticancer drugs 47481491 Cytidine
analogs, AZA and DAC, were the first DNMT inhibitors (DNMTIs) approved by the FDA in 2004 for the treatment of
myelodysplastic syndrome and acute myeloid leukemia B9, Although they were initially defined as cytotoxic agents,
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their therapeutic properties were achieved at lower doses and with prolonged exposure B3, In general, HDACIs
block histone deacetylation, causing reactivation of tumor suppressor genes that can inhibit cancer cell
proliferation. Moreover, they have been shown to induce cancer cell death at concentrations to which normal cells
are relatively resistant (22531 Chemically, HDACIs are classified into different subgroups: carboxylic acids,
benzamides, cyclic peptides, and hydroxamic acids 4. Similar to DNMTs, the first-generation HDACIs were

characterized by poor bioavailability, low stability, and short half-life.

The development of second-generation epi-drugs has, therefore, been aimed to circumvent these shortcomings.
Guadecitabine, a second-generation DNMTI, has a novel molecular structure, which prolongs its in vivo half-life,
and increases efficacy B2l As nucleoside analogs require active DNA synthesis to incorporate them into the DNA,
their use is limited in hypoproliferative cancers and could be a major obstacle in the therapy of solid tumors 28],
Their common side effects could be avoided using non-nucleoside analogs, such as hydralazine, procainamide,
RG108, and MG98 B4, Recently, more efficient bi-substrate analogs have become potent DNMTIs 48l Although
the second-generation HDACIs, such as hydroxamic acid, belinostat, panobinostat, chidamide, or valproic acid,
possess improved pharmacological properties, they achieved limited efficacy as single agents. However, their

combination with other therapeutic approaches has allowed new avenues of their clinical investigation .

The principle of precision medicine is now being applied to the development and the use of third-generation epi-
drugs, defined by a high degree of selectivity. This family includes HMT inhibitors (e.g., EZH2, DOT1-like histone-
lysine methyltransferase (DOT1L), G9a and PRMT inhibitors), HDM inhibitors (e.g., LSD1 or Jumonji C domain
inhibitors), BET inhibitors (BETIs) and HAT inhibitors (HATIs) 58 HMTIs are emerging therapies targeting
specific modifications. For example, it has been found that mutations in lymphomas activate the H3K27 histone
methyltransferase EZH2, leading to disease progression. Therefore, the EZH2I can selectively target and induce
cell death in cell lines with these mutations 4. DOTIL is the only histone methyltransferase that targets the
histone H3 lysine 79 (H3K79) residue 8. Aberrant H3K79 methylation is associated with aggressive mixed-lineage
leukemia and poor patient prognosis in lung, colorectal, and BCs 61, This suggests that pharmacological inhibition
of DOTL1L can have therapeutic potential in several cancer types. The H3K4 and H3K9 demethylase enzyme LSD1
has an essential regulatory role in cell proliferation €2, |ts overexpression in several tumors has been correlated
with a worse prognosis 3], LSD1 inhibition may slow down cell growth in LSD1-overexpressing tumor cells. BETIs,
JQ1, and I-BET762, are cell-permeable agents that reversibly and specifically bind the bromodomain proteins, thus
impeding their interaction with acetylated histone lysine residues. It has been shown that they inhibit proliferation
and induce apoptosis in various cancer cells 4, HATIs include peptides, small molecules derived from natural
products (e.g., curcumin), and synthetic molecules 83, Peptide-CoA bisubstrate inhibitors mimic the formation of
the substrate and cofactor complex binding to the HAT enzyme (8!, Well-conceived computational strategies and

new screening platforms will be needed to predict loci specific epi-drugs sensitivities.

The ncRNAs, like miRNAs or siRNAs, with their power to selectively "switch-off* specific cancer genes, are
attractive targets for the development of personalized cancer therapy. The main hindrance to the implementation of
ncRNA-based therapy in clinical practice is the absence of effective delivery systems that can protect the RNA

molecules from fast nuclease degradation before delivering them into the target cells' cytoplasm €€l There are two

https://encyclopedia.pub/entry/6589 7/14



Epigenetics in Breast Cancer Therapy | Encyclopedia.pub

different possibilities to use miRNAs as therapeutic agents; substitution of depleted miRNAs (MRX34, miR34a
replacement) and inhibition of overexpressed miRNAs by antagonistic oligonucleotides 4. The inhibitor of miR-
155, MRG-106, has been successfully investigated in phase | clinical trials for the treatment of hematological
malignancies 8. The miRNA-based therapeutic strategy also has great potential to regulate INcRNAs. The siRNA-
mediated silencing by oligonucleotide inhibitors results in the inhibition of IncRNA-protein interactions and
secondary structure changes, thus competing for their binding partners 62, Down-regulation of cancer-related
genes by siRNAs, e.g., CALAA-01 (targeting RRM?2), Atu-027 (targeting PKN3), has been assessed in phase /1l
clinical trials (68,

Although several ongoing clinical trials, including epi-drugs, exist on a wide range of diseases, many obstacles
remain to be resolved. Among them are enzyme isoform selectivity, dual substrates, multimeric enzyme complexes
involved in epigenetic regulations, high-order chromatin structure, functional effects of inhibition, and off-target
effects. Other challenges are the pharmacology of the compounds, doses to be used, therapeutic regimens or

duration of the treatment, and patient selection.
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