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ABSTRACT

In recent years, it has become evident that intra-tumor heterogeneity of breast cancer is a big challenge for the diagnosis, treatment, 
and clinical course of tumor-bearing patients. The advances in molecular biology and other technologies have led to the knowledge 
that a breast cancer tumor is comprised of multiple cellular entities. Here we review the two theories that have been described, 
trying to explain the origin of intra-tumor heterogeneity: clonal evolution and cancer stem cells. The first one considers that a single 
cell gives rise to many subpopulations through the accumulation of multiple aberrations, while the cancer stem cells theory foresees 
a hierarchical tumor evolution where only a few cells with self-renewal capacity give rise to different subpopulations. We also analyze 
the genetic, epigenetic, and microenvironment contributions to breast cancer intra-tumor heterogeneity. Finally, the clinical and 
therapeutic impact of intra-tumor heterogeneity on the outcome of breast cancer patients is discussed. (REV INVES CLIN. 2017;69:66-76)
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INTRODUCTION

Breast cancer is one of the most widespread invasive 
cancers and represents approximately 25-30% of can-
cer-related deaths in women1,2; it is also the leading 
cause of death of Mexican women3. Currently, breast 
cancer is recognized as a heterogeneous disease. Since 
the beginning of the 20th century, the first evidence of 
breast cancer heterogeneity was described through 

clinical observations. Following this period and at the 
beginning of the 21st century, gene profiling of a large 
set of breast cancer tumors revealed five different mo-
lecular subtypes: luminal A (estrogen receptor [ER] and 
progesterone receptor [PR] positive), luminal B (ER, PR, 
and epidermal growth factor receptor 2 [HER2] posi-
tive), HER2-positive, basal-like, and normal-like4-6, con-
firming a large inter-tumor heterogeneity. The hetero-
geneity and diversity of the disease have led to a more 
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proliferation potential, and assume that the microen-
vironment has an effect over tumor evolution. Despite 
the features in common, these theories have import-
ant differences that are discussed below. 

Clonal evolution theory

In 1976, Nowell proposed the clonal evolution theo-
ry14, describing that a single cell gives rise to tumor 
growth through a continued accumulation of muta-
tions. The continuous change in the genome (genetic 
instability) results in a sequential selection of diverse 
subpopulations with more aggressive phenotypes. 
Each subpopulation is able to mutate independently, 
contributing to intra-tumor heterogeneity12,15. Two 
types of clonal evolution have been established: linear 
evolution and branched evolution (Fig. 1). In the linear 
evolution, there is a sequential acquisition of muta-
tions, resulting in clones that are fitter than their pre-
decessors. The grade of heterogeneity through linear 
evolution is low; heterogeneity is only observed when 
a new clone has not completely outgrown its prede-
cessor (Fig. 1 A). Linear evolution has been observed 
in acute myeloid leukemia and multiple myeloma16,17. 
In the branched evolution, different sub-clones coex-
ist and evolve simultaneously. This evolution can be 
analogous to a branching tree where the trunk is the 
original clone with the founder aberrations and the 
branches represent the different sub-clones carrying 
diverse accumulated mutations that are separated 
geographically. The arising subpopulations conserve 
the founder aberrations and acquire new phenotypic 
and genetic features that fit them under selective 
pressures (Fig. 1 B). It is important to mention that 
mutational, epigenetic, environmental, and selective 
pressures can affect the clonal evolution by selecting 
the fittest clones, thus triggering clonal expansions. 
Clonal evolution most likely proceeds through branch-
ing instead of a linear manner, since branching evolu-
tion generates greater clonal diversity, hence contrib-
uting to heterogeneity. Breast cancer intra-tumor 
heterogeneity through clonal evolution has been ob-
served in HER2-positive tumors, where different pat-
terns of HER2 amplification have been observed in 
distinct regions of a tumor18.

Furthermore, proliferation and resistance to a given 
drug follow Darwinian rules where the most fit clones 
will progress. Therefore, tumor progression or drug 
resistance depends on population size, mutation rate, 

detailed molecular and cellular classification7. Recently, 
breast cancer has been classified in at least 18-21 sub-
types, showing further diversity of a largely heteroge-
neous disease. Each subtype displays a distinct set of 
histological, pathological, and molecular characteris-
tics8. Nevertheless, current patient management is 
still limited to its clinical characteristics and classic 
histological analyses of ER, PR, and HER29.

The prognosis and clinical outcome differs in each 
molecular subtype, being luminal A the tumors with 
better prognosis, and basal-like tumors the worst. 
Taking into consideration that breast cancers are dif-
ferent entities, biomarkers were used to establish spe-
cific treatments for each molecular subtype, leading 
to a change in the way patients are treated. For ex-
ample, hormonal receptor-positive tumors are treated 
with endocrine therapy and anti-HER2 treatment is 
used in HER2-positive tumors. With the advances in 
the knowledge of the molecular biology and address-
ing the inter-tumor heterogeneity of breast cancer, it 
was thought that one of the main challenges of this 
disease had been overcome. However, despite all the 
advances in diagnosis and the vast arsenal of thera-
peutic drugs, recurrence and therapeutic resistance 
are common challenges in breast cancer; this could be 
attributed to intra-tumor heterogeneity due to pre-ex-
istence of therapy resisting clones or therapy-induced 
mutations10,11. In this article, we review concepts de-
scribing breast cancer intra-tumor heterogeneity gen-
erated by different mechanisms like genetic mutations 
and epigenetic changes, and how these mechanisms 
affect tumor progression and therapy response.

THEORIES OF INTRA-TUMOR 
HETEROGENEITY

The concept of intra-tumor heterogeneity has been 
evolving in the last decades. Currently, tumors are 
recognized as complex entities with phenotypic and 
genetic heterogeneity, not only within the primary 
tumor, but also with marked differences within their 
metastases. Two theories have been proposed to ex-
plain the intra-tumor heterogeneity: clonal evolution 
and cancer stem cells (CSC)12,13. Initially, these con-
cepts were thought to be mutually exclusive, but now 
they are considered complementary. Both theories 
consider that tumor is initiated from single cells with 
multiple molecular alterations that confer an unlimited 
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Cancer stem cell theory

In contrast to the clonal evolution model that claims 
that all cells within the tumor have the same potential 
to promote tumor progression, the CSC theory pro-
poses that a tumor arises from a rare small popula-
tion capable of self-renewal. The CSCs lose their 
“stemness” by differentiating into non-CSC pheno-
type, thus giving rise to several subpopulations with 
a new set of markers (Fig. 2). This aberrant differen-
tiation capacity of CSCs is considered to be responsi-
ble for intra-tumoral heterogeneity25. The CSC theory 
was first demonstrated in hematopoietic tumors; lat-
er, CSCs were also identified in solid tumors like breast 
and brain cancers. A combination of cell-surface 
markers (CD44+/CD24-/low) is used in the identifica-
tion of CSCs. In breast cancer, a study demonstrated 
the existence of CSCs by the injection of about 100 
CD44+/CD24-/low cells in a xenograft, and this small 
amount of stem cells was able to form a tumor. Fur-
thermore, in breast cancer tissues, CD44+/CD24-/low 
cells have been detected in a low rate26. Furthermore, 
CD44+/CD24-/low cells have been isolated from cul-
tured breast cancer cell lines; these cells retain their 
pluripotency and express the cytoprotective factor 
survivin and the vascular endothelial factor A-C27. 

and selective pressures from microenvironment or ex-
ternal factors19. Cancer treatment is a common selec-
tion pressure that contributes to clonal evolution by 
selecting clones resistant to a given drug20. During tu-
mor growth, subpopulations evolve and acquire muta-
tions that may confer resistance to specific therapies. 
Once this occurs, resistant subpopulations become the 
larger proportion of the tumor since susceptible sub-
clones are disappearing21,22. In breast cancer, changes 
in gene expression exerted by neoadjuvant treatment 
with the aromatase inhibitor (letrozole) have been ex-
plored. This study clearly illustrates that neoadjuvant 
use of letrozole affects proliferation and expression 
patterns of estrogen-dependent genes23. A more re-
cent investigation shows the interplay of clonal evolu-
tion and therapy response. Miller, et al.24 sampled two 
time points, before and after four months treatment 
with letrozole. Using whole-genome sequencing, they 
characterized the genomic scenery and clonal features 
of luminal breast cancer, demonstrating that aro-
matase inhibitor treatment induces remodeling of the 
clonal populations with the acquisition of new aberra-
tions or enrichment of the pre-existing ones24.

Figure 1. Clonal Evolution. This theory considers that a tumor 
evolves through a continued accumulation of genetic and epi-
genetic aberrations. A: Linear Evolution. There are sequential 
acquisitions of mutations giving rise to clones tighter than their 
predecessors. B: Branched evolution. Different sub-clones exist 
at the same time and evolve independently, accumulating dif-
ferent genetic and epigenetic aberrations. Triangles and stars 
represent genetic and epigenetic aberrations, respectively.

Figure 2. Cancer stem cell theory. In this theory, a tumor 
arises from a rare cell population with self-renewal capacity. 
Cancer stem cells are characterized by their plasticity to 
differentiate into non-cancer stem cells and dedifferentiate 
under specific stimuli. Triangles and stars represent genetic 
and epigenetic aberrations, respectively. CSC: cancer stem cell.
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vimentin. These changes are coordinated by a set of 
transcription factors that include ZEB1, ZEB2, Twist, 
and Snail33. Several studies have demonstrated the par-
ticipation of these transcription factors in the process 
of metastasis by either their overexpression or down-
regulation, observing changes in cell migration and stem 
cell formation. For example, Twist overexpression in 
human mammary epithelial induced stem cell markers34 
and by knocking down Slug in a murine model, the mam-
mary epithelium maintained a stem-like phenotype35. 
ZEB1 overexpression induces the conversion of non-CSC 
to CSC36. Some parallels have been found between EMT 
and CSC phenotype. The CSCs have features indicating 
that they have undergone EMT. There is enough evi-
dence showing that the EMT is connected with the CSC 
phenotype, and this knowledge has an important im-
pact in the understanding of breast cancer biology34,37. 

The EMT is a reversible process and cells can undergo 
a mesenchymal-epithelial transition (MET); this pro-
cess is also known as epithelial-mesenchymal plastici-
ty (EMP)38. Cancer cells, including breast cancer, can 
change from epithelial to mesenchymal phenotypes 
and vice versa. It is believed that once tumor cells reach 
their metastasis site, they need to undergo MET to 
recolonize it. EMP has been observed in circulating tu-
mor cells and disseminated tumor cells, since they pres-
ent mixed epithelial and mesenchymal characteristics39. 
A xenograft model of the breast cancer cell line MDA-
MD-468 showed increased expression of vimentin in 
circulating tumor cells, and solid tumors presented fea-
tures of EMT at the periphery, implicating that the edge 
of the tumor is ready to disrupt the basal membrane40. 
Mutations in the BRCA1 and BRCA2 genes induce a 
high risk to develop breast and ovarian cancers. Pa-
tients with mutations in these genes have poor prog-
nosis. The BRCA1-mutated breast cancer tumors dis-
play a basal phenotype. Recently, the relationship 
between EMT and BRCA1 has been elucidated. Lim, et 
al.41 showed in a humanized mammary mouse model 
that mutations in BRCA1 increase the EMT transcrip-
tion factor Snail-2; as mentioned above, this transcrip-
tion factor is one of the key regulators of EMT. Inter-
estingly, BRCA1 is a chaperone of Snail-2 for proteasome 
degradation. Thus, mutations in BRCA1 predispose to 
EMT, resulting in breast tumors with an aggressive bas-
al phenotype41. Regardless of all the information pub-
lished, it is still controversial whether EMT induces the 
generation of CSCs, or CSCs use EMT to differentiate 
into the progeny that will form the tumor mass. While 

In the CSC concept, the tumor is hierarchically orga-
nized; the cells with high capacity of proliferation and 
self-renewal are placed in the highest order28. Other 
characteristics of the CSCs are their capacity to differ-
entiate into a non-CSC cell, also called plasticity, to 
promote unrestrained tumor growth (Fig. 2). The CSCs 
divide asymmetrically, resulting in a self-renewal CSC 
and non-CSC (a less tumorigenic cell). The latter rep-
resents the majority of the tumor mass, but contrib-
utes less to tumor growth29. High recurrence rate has 
also been attributed to CSCs that posses an innate 
ability to resist cancer therapy. Cancer treatment has 
also been reported to promote plasticity that induces 
the conversion of a cancer cell to a CSC phenotype. 
There is an equilibrium between the CSCs phenotype 
and their non-stem lineage; any imbalance within this 
equilibrium induces a shift to an enriched CSC that will 
result in an aggressive phenotype and poor prognosis30.

Cellular plasticity is defined as the process where a cell 
can differentiate or dedifferentiate under specific stim-
uli. Recent studies have demonstrated that a CSC can 
not only differentiate into a non-CSC, but that this pro-
cess is reversible and a non-CSC can switch to a CSC 
under certain conditions. Therefore, there is equilibrium 
between the CSCs and non-CSCs, and any disruption in 
the balance, either by genetic, epigenetic, transcription-
al, or environmental changes, can influence the balance 
towards dedifferentiation of non-CSCs to CSC that ul-
timately will result in a more aggressive phenotype31.

Furthermore, several investigations have proposed that 
epithelial-mesenchymal transition (EMT) plays a role 
in the development of CSCs. The EMT has been exten-
sively studied since it is one of the main steps during 
the process of tumor metastasis. However, EMT is not 
only restricted to tumor evolution; there are three 
types of EMT. The first type is observed during embryo-
genesis and organogenesis; the EMT is needed to gen-
erate the mesoderm that develops into several tissue 
types. A second type of EMT is associated to wound 
healing, tissue regeneration, and fibrosis. The third type 
of EMT has been implicated in tumorigenesis and me-
tastasis32. During the EMT, the epithelial cells present 
reorganization of their cytoskeleton, lose their tight 
junction proteins and apicobasal polarity. The loss of 
epithelial markers is one of the main hallmarks of EMT: 
decreased expression of E-cadherin, claudins and occlu-
dins, and concomitantly increased expression of mesen-
chymal markers like N-cadherin, small muscle actin, and 
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selective pressures fluctuate over time, the tumor is 
subjected to different environments, rendering genetic 
diversification and resulting in genetically, phenotypi-
cally, and epigenetically diverse subpopulations50. 

Several techniques, such as cytogenetic analysis, chro-
mosomal-based genomic hybridization, and massive par-
allel sequencing, have been used to unmask evidence of 
intra-tumor heterogeneity in breast cancer18,46,47,51,52. 
Shah, et al.53 demonstrated that triple-negative breast 
cancer presents a wide and continuous range of genom-
ic evolution. Mutations in TP53 and PI3KCA/PTEN seem 
dominant early in tumor evolution, while mutations in 
genes of the cytoskeleton and cell motility/shape occur 
later in tumor progression53. Importantly, subpopula-
tions may be present in different geographical regions 
within the tumor (spatial heterogeneity) or appear at 
different times during the evolution of the tumor (tem-
poral heterogeneity)46,47,53. Spatial heterogeneity means 
diverse genetic variations across different regions within 
a tumor. For example, analysis of TP53 by fluorescent in 
situ hybridization (FISH) and sequencing shows that 
TP53 presents genetic heterogeneity in metaplastic 
breast cancer tumors. In some cases, diverse gene copy 
aberrations were found18. Intra-tumor heterogeneity 
also has been observed in breast cancer biomarkers (ER, 
PR, HER2), where tumors with spatial areas will exhibit 
high or low expression of these biomarkers54-58.

Temporal heterogeneity appears during the course of 
breast cancer evolution. There is evidence that some 
of the somatic mutations in the primary tumor are main-
tained in the metastasis59,60. However, approximately 
31% of the primary tumors and their metastases differ 
considerably in gene copy number61. Whole genome 
sequencing of a lobular cancer and its subsequent re-
lapse showed that the primary mutations were enriched 
in the relapsed tumor51. In another example, Nik-Zain-
al, et al.62 analyzed the evolution of 21 breast tumors; 
they found that there is a dominant sub-clonal lineage 
that represents approximately 50% of the tumor cells.

EPIGENETIC HETEROGENEITY

Many studies have linked intra-tumor heterogeneity 
of cancer and metastatic potential to aberrant epi-
genetic control and signaling. The study of the major 
epigenetic enzymes that control chromatin structure 
and function in breast cancer, including DNA 

there is still debate on their association, EMT and 
CSCs both contribute to an aggressive phenotype.

TYPES OF INTRA-TUMOR HETEROGENEITY

In the intra-tumor heterogeneity, different subpopu-
lations coexist within a primary tumor with different 
behavior, morphology, and genetic and surface markers; 
this heterogeneity has been attributed to genetic and 
epigenetic factors42-44. Using massive parallel se-
quencing, a spatial and temporal heterogeneity was 
found45-47. This heterogeneity represents a big chal-
lenge for diagnosis and treatment selection since a 
single biopsy might not be representative of the het-
erogeneity present in the tumor as a whole. In recent 
years, intra-tumor heterogeneity has been widely in-
vestigated in an effort to understand its origin and 
impact on prognosis, recurrence, and response to 
therapy. Genetic and epigenetic factors regarding in-
tra-tumor heterogeneity are discussed below. 

Genetic heterogeneity 

An increase in the number of inherited or acquired ab-
errations in the genome, such as point mutations, trans-
locations, deletions, amplifications, or aneuploidy, leads 
to what is called genomic instability, which is one of the 
hallmarks of cancer48. Extrinsic factors such as cigarette 
smoke, ultraviolet light, and chemotherapy are muta-
gens that also contribute to genetic instability12. The 
acquisition of driver mutations that induce activation of 
oncogenic pathways and inactivation of tumor suppres-
sors is responsible for cancer initiation and progression. 
Tumor evolution follows Darwinian principles, where the 
most fit subpopulations will survive with different abili-
ties in cell proliferation, migration, and invasion10,14,49. In 
every round of cell division, cancer cells accumulate so-
matic mutations that apparently are not necessary for 
selection, so they are called “passenger mutations”. 
These mutations apparently are not relevant, but at a 
given time point during tumor progression or after 
selective pressure, either from the tumor microenvi-
ronment or the systemic therapy administered, the 
passenger mutation can become a driver mutation, 
providing new survival advantages. Thus, intra-tumor 
heterogeneity is produced through the interaction be-
tween genome instability and selective pressures, like 
changes in the microenvironment, hormonal levels, 
and external factors (therapeutic interventions). Since 
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normal and cancer cells. The functionality of the above 
processes lie in the linear positioning and three-dimen-
sional arrangement of nucleosome that constitutes 
the “packing” component of epigenetics72. The result 
of these positions in association with DNA modifica-
tions is the definition of proper boundaries in normal 
cells. These boundaries separate tightly packaged and 
repressive nucleosome domains from the more spaced 
and transcriptionally active nucleosome arrange-
ments73. Then, what happen in early tumors? Experi-
mental evidence suggests that these boundaries are 
lost71,74,75. The result is a change in the structural con-
trol of DNA replication and unusual transcription of 
coding and non-coding regions. Abnormalities of DNA 
methylation, either losses or focal gains, occur at the 
same time in well-defined megabase regions76. Gains 
are cancer-specific and normally include non-DNA-meth-
ylated CpG islands located in large regions of proximal 
promoters. These changes can be related to loss of 
gene expression, very similar to inactivating mutations 
on the abolition of tumor suppressor gene function 
through linked gene silencing; however, the activation 
of oncogenes also may occur77. In addition to DNA 
methylation, chromatin abnormalities are also ob-
served in various types of tumors78. 

Breast cancer epigenetics

Inherited or acquired mutations in the genome are rec-
ognized to be key contributors to the development of 
breast cancer. Even when family history is the stron-
gest risk factor for developing breast cancer (e.g., ger-
mline mutations in the BRCA1, BRCA2, and TP53 
genes), other inherited mutations and genetic varia-
tions have been identified79. The classical view of can-
cer, including breast cancer, where defects in the DNA 
repair machinery due to mutations in BRCA1, BRCA2 
and other repair genes accelerate the rate of random-
ly occurring mutations, highlights cancer as a genetic 
disease. However, epigenetic changes along with ge-
netic mutations are also recognized as important con-
tributors to the development of cancer80. Evidence 
supporting the participation of epigenetic changes in 
the promotion of cancer has appeared in the literature 
since the early 1990s81. Genes involved in chromatin 
remodeling, like ARID1A, or genes that are involved in 
establishing and maintaining epigenetic patterns 
(IDH1, MLL3 and KMT2) were described with acquired 
mutations82,83. The BRCA1 gene is frequently inacti-
vated by epigenetic modifications in breast cancer84. 

methyltransferases, lysine methyltransferases and de-
methylases, protein arginine methyltransferases, his-
tone acetyltransferases, and deacetylases, have become 
a major target of research to explain tumor heteroge-
neity based on epigenetic rearrangements. From all 
these studies, drugs that target these epigenetic en-
zymes are being developed rapidly and/or undergoing 
clinical trials63,64. In the following paragraphs, we will 
discuss the heritable states of gene expression that are 
not attributed to DNA sequence, but to the process of 
DNA methylation, a well-known epigenetic mark.

Current therapies have had adverse effects and poor 
efficacy, prompting the need to find new causes, 
mechanisms, and biomarkers for breast cancer65,66. 
Prominently, genetic alterations are involved as we 
discussed above; however, they do not provide a com-
plete explanation for the spectrum of breast cancer 
heterogeneity. Only 15% of breast cancer cases have 
a family history or defined genetic mutations67. In this 
context, epigenetic modifications of chromatin might 
play a significant role in patients with non-hereditary 
or non-familiar history of breast cancer. This epigen-
etic machinery not only has discriminant or prognos-
tic utility, but also could represent therapeutic targets 
in selected patients68. These epigenetic enzymes con-
trol breast cancer carcinogenesis, influencing prolifer-
ation, invasion, angiogenesis, and immortalization. 

Epigenetic regulation refers to changes in genome func-
tion that occur without a detectable modification in 
DNA sequence69. During this type of regulation, chro-
matin is chemically modified, resulting in a specific epig-
enomic phenotype in a tissue or organ. This modifica-
tion is heritable through every round of cell replication, 
thus acting to maintain an unchanging gene expression 
pattern and promoting a given cell state. This pattern 
is preserved even when the original stimuli are no longer 
present. DNA methylation strictly fits this definition; 
that is, a chemical modification where a methyl group 
is added on the DNA. In human DNA, this occurs pre-
dominantly at cytosine residues in a CpG context70. 
During cell division, DNA methylation is maintained on 
the parent DNA strand and copied on the new strand. 
These modifications are important even to maintain 
transcriptional activities of the genome or transcrip-
tional repression71. Unlike DNA methylation, it is less 
clear whether histone modifications remain after DNA 
replication; however, they certainly could be re-estab-
lished to maintain a stable pattern of transcription of 
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poorly differentiated. This undifferentiated phenotype 
also lacks expression of estrogen and progesterone 
receptors, but expresses basal-like markers such 
CK5/6 and epidermal growth factor receptor (EGFR)96.

TUMOR MICROENVIRONMENT AND 
INTRA-TUMOR HETEROGENEITY

Many of the studies discussed above refer to genetic 
and epigenetic changes in the tumor cells. However, a 
tumor mass is not only comprised by neoplastic cells, 
but is rather a complex network of cells, soluble factors, 
immune cells, vasculature cells, stromal cells, and extra-
cellular matrix that together constitute the tumor niche 
or microenvironment. Paracrine signals impact as much 
as tumor cells and other components on the tumor 
microenvironment, coevolving as a whole. The microen-
vironment surrounding the tumor cells influences both 
genetic and compositional heterogeneity97. There is 
increasing evidence that each component of the tumor 
niche drives tumor heterogeneity. For example, stromal 
cells harbor an aberrant extracellular matrix that pro-
motes malignancy and intra-tumor heterogeneity98. 
Stromal cells also secrete factors that induce EMT on 
epithelial cancer cells99. Likewise, tumors with hypoxic 
regions due to poor vascularization have undifferenti-
ated stem-like tumor cells that survive under the action 
of hypoxia-inducible factors (HIF) transcription factors 
family, apparently by inhibiting cell differentiation and 
maintaining stem-like phenotype100. 

The immune system plays an important role in cancer 
progression; it plays a dual role by eliminating cancer 
cells, but also can stimulate tumor growth. Cancer cells 
upregulate survival pathways to promote immune sup-
pression and angiogenesis101. Moreover, tumor cells 
possess a high capacity to evade the immune system 
by different mechanisms. Some cells downregulate the 
expression of HLA class I, then becoming invisible for 
cytotoxic T lymphocytes. Through another mechanism, 
tumor cells secrete factors such as interleukin-10 (IL-
10) and transforming growth factor-beta that inhibit 
CD8+ T-cells and induce regulatory T-cells102. In breast 
cancer, it has been suggested that tumor infiltration by 
lymphocytes indicates an antitumor response103,104. 
Also, the amount of tumor-infiltrating lymphocytes is 
associated with a better outcome in triple-negative and 
HER2-positive breast cancers104. The question that 
now remains to be answered is whether breast cancer 

Given that BRCA1 is recognized as an important sus-
ceptibility gene, it can be assumed that both epigenetic 
modifications and mutations participate in the initiation 
of an oncogenic phenotype85. Other tumor-suppressor 
genes, such as CDKN2A and PTEN, undergo CpG island 
promoter methylation, but in normal cells, the promot-
er region is unmethylated86,87. Epigenetic studies have 
revealed that breast cancer subtypes display different 
methylation profiles and are epigenetically distinct88. 
Evidence has been found on CpG methylation pheno-
type within luminal subtypes, whereas basal-like sub-
type seems to have low-grade CpG methylation. An-
other factor contributing to increased cancer 
heterogeneity is the involvement of epigenetic chang-
es as well as genetic mutations in breast cancer. Breast 
cancer genomes usually contain thousands of genetic 
aberrations, of which only a few actually drive the 
progress of the disease89. In breast cancer, this occurs 
in tumors carrying mutations in BRCA1 and BRCA2 
genes. In general, the loss of the second wild-type allele 
is an important event leading to breast cancer devel-
opment. Hypermethylation of the CpG promoter island 
is rarely found as a second hit in familial BRCA1 or 
BRCA2 mutated cancers, while in other tumor suppres-
sor genes (CDKN2A, FZR1, RARB2, GSTP1), hyper-
methylation is found at a similar rate than in cancer 
with familial genetic alterations. Thus, epigenetic 
changes are needed in most cancers, including breast 
cancer, with DNA repair dysfunction to promote tumor 
progression. Nevertheless, other genes like TP53, with 
a high prevalence of mutations in breast cancer and 
other types of tumors, have no reported CpG island 
promoter hypermethylation or other types of suppres-
sive epigenetic modifications90. Silencing of the ER 
along with inactivation of BRCA1 and BRCA2 occur 
through methylation91 and other epigenetic mecha-
nisms. The frequencies of this epigenetic involvement 
can vary from 17 to 60%92. Similarly, RASSF1A and 
HIN1 were found to be hypermethylated in 65-85% of 
breast tumors93,94. A meta-analysis of nine studies 
that included a total of 3,205 patients reported that 
hypermethylation of the BRCA1 gene is associated 
with a poor survival of breast cancer patients92. Nev-
ertheless, most reports agreed with the fact that 
methylation does not occur in BRCA2, although this is 
still debatable95. In contrast, in sporadic breast cancer 
there is strong evidence that BRCA1 methylation con-
tributes to tumor progression and aggressive pheno-
type. It has been demonstrated that primary breast 
cancer cells with BRCA1 gene defects tend to be 
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is immunogenic. According to many observations105-107, 
breast cancer is immunogenic due to intra-tumor het-
erogeneity. It has been demonstrated that 30-50% of 
breast cancer overexpressed programmed cell death 
ligand-1 (PD-L1); the binding with its receptor PD-1 
on cytotoxic T-cells blocks the antitumor immune 
response108. The wide variety of clones increases the 
chances to stimulate the immune system. This idea is 
supported by lymphocyte breast cancer tumor infil-
tration and better survival, as mentioned above. 

In the same order of ideas, the tumor microenviron-
ment has been compared to a non-healing wound due 
to the relationship between tumor growth and inflam-
mation. Since a couple of decades, the contribution of 
chronic inflammation in cancer progression has been 
clearly recognized. Clinical evidence has associated 
hepatitis C infection with liver cancer and ulcerative 
colitis with colon cancer109. Expression of inflammation 
markers, such as C-reactive protein, has been associat-
ed with risk of breast cancer recurrence110. Several cy-
tokines are secreted in the tumor microenvironment by 
different types of cells; however, macrophages, mesen-
chymal cells, and immune cells secrete IL-6 and IL-8; 
these two cytokines are associated with chronic inflam-
mation. High serum levels of IL-6 have been associated 
with a poor prognosis of breast cancer patients111. In-
terleukin-6 is also an inductor of EMT, promoting me-
tastasis and a stem-like phenotype112. As IL-8 receptor 
has been found expressed in breast CSCs, it seems that 
this cytokine stimulates their self-renewal. The secre-
tion of these two cytokines is regulated by the nucle-
ar transcription factor-kB (NF-kB). Many studies have 
demonstrated that NF-kB is activated in breast cancer 
tumors113; this activation promotes EMT, resulting in 
a stem-like phenotype114. Since NF-kB participates in 
every aspect of tumor biology, recent data suggest 
that NF-kB integrates inflammatory signals from the 
tumor microenvironment to maintain stemness, lead-
ing to has a disadvantageous therapeutic effect. 

CLINICAL AND THERAPEUTIC 
IMPLICATIONS OF INTRA-TUMOR 
HETEROGENEITY

It is indisputable that intra-tumor heterogeneity has 
an important impact on breast cancer diagnosis, dis-
ease management, and response to therapy. Monitor-
ing temporal and spatial heterogeneity may be crucial 

for an accurate diagnosis and treatment selection, as 
discussed above. Multiple sampling at diagnosis and 
throughout the disease may be vital for a successful 
patient outcome; however, sometimes due to the tu-
mor localization, it might not be possible to sample 
all sites of metastases. Nevertheless, noninvasive 
sampling offers an alternative choice for genetic and 
epigenetic testing for an accurate diagnosis and a 
better choice of treatment115.

Recently, intra-tumor heterogeneity has been recog-
nized as one of the mechanism of tumor resistance19. 
Chemotherapy resistance represents the main draw-
back in response to an effective therapy outcome. 
There are two types of resistance: intrinsic and ac-
quired. The first is the natural ability of cancer cells 
to evade the therapy. Acquired resistance refers to 
tumor cells that initially are sensitive to a given drug, 
but after some time become desensitized. The EMT 
has been proposed as one of the mechanisms associ-
ated to chemotherapy resistance. In breast cancer 
patients treated with hormonal therapy, it has been 
observed that the populations surviving letrozole 
treatment are enriched with CSCs in the presence of 
a mesenchymal marker like vimentin116. Other studies 
have reported desensitization to paclitaxel and doxo-
rubicin when Snail-1 and 2 and Twist are overex-
pressed in breast cancer cell lines117,118. Furthermore, 
re-expression of E-cadherin in mesenchymal breast 
cancer cell lines sensitizes to doxorubicin119. The CSC 
plasticity and its relation to the tumor microenviron-
ment and immune-related signals also affect the re-
sponse to treatment. It is well accepted that cancer 
cells secret inhibitory factors of the immune system. 
High levels of colony stimulating factor-1 induce the 
recruitment of tumor-associated macrophages that 
suppress the tumor-inhibitory effect of T-lympho-
cytes and inhibit the cytotoxic effect of taxanes120. 

Aberrant methylation found in gene promoters is a 
hallmark of cancer that could be used as a noninva-
sive biomarker in body fluids, such as blood and plas-
ma, for early detection of breast cancer, rendering the 
diagnostic test easier and cost-efficient. Many bio-
marker genes have been proposed and evaluated; 
nevertheless, in the absence of a unique biomarker 
having sufficient specificity and sensitivity, a panel of 
multiple genes should be used121-123. Modifications of 
cancer-related genes could occur at genetic and epi-
genetic levels, affecting DNA repair. In the absence of 
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towards a personalized medicine where the intra-tumor 
heterogeneity and the crosstalk between tumor cells 
and their microenvironment are being addressed.
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