
cancers

Review

The Role of BRCA1/2-Mutated Tumor Microenvironment in
Breast Cancer

Svetlana Miklikova 1 , Lenka Trnkova 1 , Jana Plava 1 , Martin Bohac 2,3,4, Marcela Kuniakova 5 and
Marina Cihova 1,*

����������
�������

Citation: Miklikova, S.; Trnkova, L.;

Plava, J.; Bohac, M.; Kuniakova, M.;

Cihova, M. The Role of

BRCA1/2-Mutated Tumor

Microenvironment in Breast Cancer.

Cancers 2021, 13, 575.

https://doi.org/

10.3390/cancers13030575

Academic Editor: Antonio Russo

Received: 31 December 2020

Accepted: 29 January 2021

Published: 2 February 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Cancer Research Institute, Biomedical Research Center, University Science Park for Biomedicine,
Slovak Academy of Sciences, 84505 Bratislava, Slovakia; svetlana.miklikova@savba.sk (S.M.);
lenka.trnkova@savba.sk (L.T.); jana.plava@savba.sk (J.P.)

2 2nd Department of Oncology, Faculty of Medicine, Comenius University, National Cancer Institute,
Klenova 1, 83310 Bratislava, Slovakia; bohac.md@gmail.com

3 Department of Oncosurgery, National Cancer Institute, Klenova 1, 83310 Bratislava, Slovakia
4 Regenmed Ltd., Medena 29, 81108 Bratislava, Slovakia
5 Institute of Medical Biology, Genetics and Clinical Genetics, Faculty of Medicine, Comenius University,

Sasinkova 4, 81108 Bratislava, Slovakia; marcela.kuniakova@fmed.uniba.sk
* Correspondence: marina.cihova@savba.sk

Simple Summary: The link between BRCA1/2 mutations and high susceptibility to breast cancer de-
velopment has been well-established for years. However, the potential impact of BRCA1/2 mutations
on the individual cell populations within the unique tumor microenvironment and their relation to
breast cancer has been understudied. This review aims to provide significant insights into up-to-date
knowledge about the role of BRCA1/2-mutated tumor microenvironment and possible mechanisms
by which it interacts with and promotes breast cancer development and progression. Uncovering
and exposing these mechanisms of the aberrant microenvironment might provide more effective
strategies for treatment of germline mutation-carrying breast cancer patients.

Abstract: Taking into account the factors of high incidence rate, prevalence and mortality, breast
cancer represents a crucial social and economic burden. Most cases of breast cancer develop as a
consequence of somatic mutations accumulating in mammary epithelial cells throughout lifetime and
approximately 5–10% can be ascribed to monogenic predispositions. Even though the role of genetic
predispositions in breast cancer is well described in the context of genetics, very little is known about
the role of the microenvironment carrying the same aberrant cells impaired by the germline mutation
in the breast cancer development and progression. Based on the clinical observations, carcinomas
carrying mutations in hereditary tumor-suppressor genes involved in maintaining genome integrity
such as BRCA1/2 have worse prognosis and aggressive behavior. One of the mechanisms clarifying
the aggressive nature of BRCA-associated tumors implies alterations within the surrounding adipose
tissue itself. The objective of this review is to look at the role of BRCA1/2 mutations in the context of
breast tumor microenvironment and plausible mechanisms by which it contributes to the aggressive
behavior of the tumor cells.

Keywords: breast cancer; tumor microenvironment; BRCA1/2 mutations; stromal cells;
epithelial-to-mesenchymal transition; angiogenesis

1. Introduction

Breast cancer represents a global burden and is considered a leading cancer type and
the most common reason of cancer related deaths among the women worldwide. In 2020,
it was estimated that breast cancer accounts for 30% of newly diagnosed cancer cases and
15% of cancer-related deaths in women [1]. Breast carcinoma includes several types that
differ in the site at which they appear and their invasive potential. While breast carci-
noma in situ refers to epithelial neoplasia that is limited to the breast duct or lobule and is
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considered as non-invasive or pre-invasive stage, invasive breast carcinoma describes the
state when cancer cells have penetrated through the basement membrane and spread from
ductolobular system to adjacent stroma. The main histological variants among the invasive
breast cancers include invasive ductal and invasive lobular carcinoma with invasive ductal
carcinoma being the most common type accounting for approximately 80% of invasive
breast cancers [2,3]. Regarding in situ breast cancer, ductal carcinoma in situ represents the
majority of diagnosed in situ breast cancers and it is considered as a precursor for develop-
ment of invasive breast cancer [4]. Lobular breast carcinoma in situ is being discussed for
its potential as a precursor, however, it rather indicates an increased risk for development of
invasive breast cancer [5]. According to the current molecular classification, breast cancer is
divided into several molecular subclasses based on gene expression profiles. The luminal A
and luminal B subtypes are characterized by a gene expression pattern of luminal epithelial
cells, with the luminal A subtype referring to tumors positive for estrogen receptor (ER)
and/or progesterone receptor (PR) expression, negative for human epidermal growth
factor receptor 2 (HER2) expression and with low levels of a proliferation marker Ki67. The
luminal B subtype may show more increased expression of HER2 than the luminal A type
and high Ki67 levels. HER2-enriched tumors show high HER2 expression. Basal-like breast
cancer is considered as more aggressive type and is characterized by gene expression of
basal epithelial genes, with tumors negative for ER and PR expression and with low HER2
expression [6]. ER-, PR- and HER2-negative tumors are referred to as triple negative breast
cancer (TNBC), although these tumors include both basal-like and non-basal tumors [7].
Depending on the genetic background, the majority of breast cancer cases are sporadic with
no related family cancer incidence. Sporadic breast cancer usually develops in later stages
of life as a result of multiple acquired somatic mutations. However, approximately 15% of
breast cancers are classified as familial with a patient´s first or second degree relative being
affected [8]. Except for the genetic predisposition, familial cancers may be influenced also
by non-genetic and environmental factors shared among the relatives [9]. Five to 10% of the
breast cancer cases are linked with heritable germline mutations in the breast cancer related
genes [10,11]. Currently, more than 25 genes have been associated with hereditary breast
cancer and nearly all of them are tumor-suppressors that participate in genome stability
pathways, particularly in homologous recombination DNA repair pathway and to some
extent also mismatch repair, as well as inter-strand DNA crosslink repair [12]. These genes
include, among others, well-described and highly penetrant tumor suppressors BRCA1
and BRCA2. Mutations in these genes were described in approximately 25% of hereditary
breast cancers [13]. Estimated cumulative risk for development of breast cancer in carriers
of BRCA1 and BRCA2 mutation is 72% and 69%, respectively, up to the age of 80 years [14].
BRCA1 mutation mostly accounts for the development of TNBC with basal-like phenotype
and high proliferation rate [15–18]. On the contrary, carriers of BRCA2 mutation are more
prone to develop ER- or PR-positive breast cancer [16]. The function of BRCA1/2 is mostly
ascribed to the maintenance of genome stability through participation in DNA repair
processes including homologous recombination (a key error-free DNA repair mechanism
involved in double strand break repair), stabilization of DNA replication fork [19], regula-
tion of transcription [20] and participation in DNA damage checkpoints [21] (reviewed in
Nielsen et al., 2016 [12]).

BRCA1 and BRCA2 form various complexes with different proteins helping to safe-
guard the genome via damage signal mediation and initiation of repair by the effectors
(reviewed in Savage et. al., 2015 [22], Roy et. al., 2011 [23], and summarized in Table 1).
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Table 1. List of proteins with which BRCA1 and BRCA2 interact and their role in DNA repair
machinery.

Protein Binding Partners Function Ref.

BRCA1

MRN complex
CtIP DSB end resection [24]

RAP80
MERIT40

BRCC36/45
Abraxas

stabilize/maintain DNA
damage signaling and

promote G2/M checkpoint
arrest

[25,26]

TOBP1
BACH1 (BRIP1/FANCJ) S-phase cell cycle arrest [24,27]

Rad51
FANCD2

repair replication forks
stalled at DNA interstrand

cross-links
[28]

MLH1
ATM
BLM

MRN complex

nucleotide excision repair
(NER) pathway [29]

PALB2
BRCA2 HR-mediated DNA repair [30]

BRCA2
BRCA1
RAD51
PALB2

HR-mediated DNA repair [31,32]

Abbreviations: MRN complex (comprised of MRE11, RAD50 and Nijmegen breakage syndrome protein 1), CtIP
(CtBP-interacting protein), DSB (double-strand breaks), TOPBP1 (DNA topoisomerase 2-binding protein 1), ATM
(Ataxia-telangiectasia mutated), PALB2 (Partner and Localizer of BRCA2).

Besides the BRCA1 and BRCA2, mutations in other rare and highly penetrant genes
are linked with increased risk of breast cancer development. These include STK11 (ser-
ine/threonine kinase 11; mutation is also referred to as Peutz–Jeghers syndrome) [33],
PTEN (phosphatase and tensin homolog; mutation is referred to as Hamartoma-tumor
syndrome) [34], TP53 (Li–Fraumeni syndrome) [35], or E-cadherin 1 (CHD1; mutation pre-
disposes its carrier to hereditary diffuse gastric cancer with increased risk of lobular breast
carcinoma) [36] and genes with moderate penetrance such as CHEK2, BRIP-1, PALB2 or
ATM (reviewed in Shiovitz and Korde, 2015 [37]). Low-risk variants account for 18% of
familial relative risk as identified through genome wide association study [38].

The link between BRCA1/2 mutations and high susceptibility to breast cancer devel-
opment has been well-established for years. However, the potential impact of BRCA1/2
mutations on the individual cell populations within the unique tumor microenvironment
(TME) and their relation to breast cancer has been understudied. The specific role of
TME in all aspects of breast cancer “life cycle”, from initiation, through progression to
gaining highly aggressive and metastatic phenotype is now undoubtedly one of its key
hallmarks. If there is a difference between TME of sporadic and hereditary breast cancer, it
has not been comprehensively addressed. Nevertheless, understanding the role of these
mutations in the context of unique TME can help to better stratify the patients in terms
of tumor development risk and can lead to establishment of new potential therapeutic
targets by which we would be able to affect the tumor aggressiveness. The objective of
this review is to look at the role of BRCA1/2 mutations in the context of TME and plausible
mechanisms by which the mutation-carrying TME might contribute to aggressive behavior
of the tumor cells.
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2. Breast Tumor Microenvironment: Modulator of Tumor Initiation, Progression,
Metastasis and Therapy Response

The exact mechanisms responsible for cancer initiation, progression and metastasis
are still not clear. The TME, composed of non-cancer cells, has been recognized as a major
factor influencing the regulation of cancer cell growth, determining metastatic potential
and impacting the outcome of therapy. While the stromal cells are not malignant per se,
their role in influencing the tumor biology is so crucial to the survival of the tumor that
these non-cancer tumor-surrounding cells have become an attractive target for therapeutic
agents. Moreover, TME is now considered to be a hallmark of cancer biology [39–41].

The heterogeneity of TME depends on the location within the tumor. Cells forming
tumor stroma, a critical component of the TME, may significantly differ at the tumor
periphery and within the tumor core [42]. This is partially due to the randomly gen-
erated mutations within the tumor cells, immune cells infiltration, tumor cell necrosis
and interstitial pressure [43]. Naturally, each tumor has its own unique TME, which is
comprised also of non-cellular components such as extracellular matrix (ECM), soluble
factors (e.g., cytokines, hormones, growth factors and enzymes) and physical properties
(e.g., pH and oxygen content), which also affect properties of the TME [41]. Various cell
types are involved in the bidirectional tumor-stroma interactions, mostly cancer-associated
fibroblasts (CAFs), endothelial cells and pericytes, immune cells, surrounding adipocytes
and mesenchymal stromal cells (MSCs), which may be resident or attracted by the tumor
from distant sites [44].

CAFs are one of the most important key players in the TME. They can affect various
cancer cells characteristics, such as proliferation, invasion, angiogenesis, inflammation,
immunosuppression or chemoresistance. There is a remarkable heterogeneity between
CAFs populations due to the expression of different surface markers indicating the different
origin of the cells. They can originate from tissue resident fibroblasts, myofibroblasts,
MSCs, adipocytes, pericytes, vascular smooth muscle cells, epithelial and endothelial cells
(reviewed in Ting Lee et al., 2020 [45]). MSCs, which can differentiate into the CAFs in the
TME, are another key part of the breast tumor stroma, as adipose tissue is one of their main
sources (reviewed in Ullah et al., 2015 [46]).

Many experimental studies confirmed that MSCs have the capacity to interact with
breast cancer cells (reviewed in Kucerova et al., 2011 [47]) and regulate the TME. They
were shown to promote breast cancer progression and metastatic spread [48,49] as well as
epithelial-to-mesenchymal transition (EMT) [50,51]. On the other hand, the reports focusing
on the influence of MSCs on chemotherapy response are still somehow controversial, but
they show that MSCs are also able to affect the chemoresistance of breast cancer cells
[52–57]. Rapid cellular proliferation and high oxygen consumption rate results in elevated
nutrient demand by the carcinoma. Tumor-associated angiogenesis, a process in which
endothelial cells and pericytes build new blood vessels, occurs rapidly after the tumor
formation [58]. Conversion from normal endothelial cells to the tumor-associated cells
is driven by many signaling pathways modified by aberrant expression profiles. Cancer-
associated endothelial cells were found to express plenty of different molecules associated
with increased cancer cell survival and chemoresistance [59]. Thus, these cells that line the
tumor blood vessels are important targets in cancer therapies [60].

The tumor-induced systemic changes in immune cells were also associated with
cancer progression and metastasis [61]. As the metastatic process is highly inefficient,
circulating tumor cells (CTC) interact for example with neutrophils by forming CTC–
neutrophil clusters via vascular cell adhesion molecule 1 (VCAM-1) to expand metastatic
potential [62]. It was shown that association of CTC with the complete blood count
(CBC)-derived inflammation-based score (monocyte-to-lymphocyte ratio or neutrophil-to-
lymphocyte ratio) may help to predict overall survival and improve the prognostication of
breast cancer patients [63,64].

For further insights in tumor development and therapeutic approaches, it is impor-
tant to gather more information and better understand the interplay between specific
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components of the TME, the associated cellular communication processes and the result-
ing functions of this network between cancer cells and the various tumor-associated cell
populations. This might be important and shed new light in understanding germline
mutation-carrying tumors, where the germline mutation affects all cells in the TME. Up to
now, not much attention has been paid to how the cellular components of the TME carrying
the germline mutation, such as the BRCA1/2 gene, might affect the development of breast
cancer and its progression.

3. BRCA1/2-Deficient Tumor Microenvironment

The necessity to look “outside the box” of epithelial cells and search in the surrounding
TME in order to elucidate BRCA1 functions and to answer questions regarding its link to
more aggressive breast tumors (high expression of nuclear grade, large tumor burden, more
aggressive progression and worse prognosis) has been tackled more than 13 years ago [65].
In breast cancer, it seems that heterozygous BRCA1-mutated microenvironment in germline
BRCA1 mutation carriers may significantly contribute to breast cancer development by
creating a pro-tumorigenic niche [66]. Several studies indicate that loss of BRCA1 in breast
epithelial cells may substantially affect stromal cells residing in the TME which in turn
can enhance the metastatic potential of BRCA1-deficient tumor cells [65,67,68]. This was
confirmed by Plava et al. who compared in immunodeficient mouse model the co-injection
of breast tumor cell line with MSCs obtained from different mammary gland sites of
BRCA1 germline mutation-carrying patient [48]. MSCs from breast adipose tissue where
relapsed invasive ductal carcinoma was confirmed compared to MSCs from breast adipose
tissue of contralateral breast where prophylactic mastectomy was performed, increased the
aggressive phenotype of the co-injected tumor cells and augmented tumor volume.

Other study showed that BRCA1-deficient breast cancer cells can transform CAFs
to their altered activated phenotype, which the authors named metastasis associated
fibroblasts (MAFs). MAFs can subsequently induce metastatic changes in the breast cancer
cells and accompany them during metastasis [69]. It was previously shown that BRCA1
colocalizes with Ezrin, Moesin, Radixin and F-actin and controls cell motility [70]. In
connection with this information, MAFs induce changes in proliferation, invasion and
migration of cancer cells, which are linked to the elevated expression of EMT markers,
Ezrin and CCL5 in these cells [69].

Besides the BRCA mutations per se, proteins encoded by alternative BRCA1 mRNA
transcript can alter tumor microenvironment. BRCA1-IRIS, also known as IRIS (In-frame
Reading of BRCA1 Intron 11 Splice variant), is an oncogene produced by the alterna-
tive splicing of the BRCA1 mRNA. Its overexpression stimulates DNA replication [71].
Therefore, IRIS expression is high in all breast cancer subtypes and even higher in TNBC.
IRIS-overexpressing TNBC cells secrete interleukin 6 (IL-6) which activates STAT3, AKT,
and ERK/MAPK signaling in MSCs. Thus, IRIS-overexpressing TNBC cells are able to
recruit MSCs and activate them through enhancing their proliferation and migration [72].

McCullough et al. have pointed out to an intricate paracrine loop that exists between
tumor and surrounding adipose stromal cells, which facilitates breast cancer progression
in the mammary tissue microenvironment. Tumor cells produce factors such as IL-6 and
prostaglandin E2 (PGE2) that stimulate aromatase expression in adipose stromal cells.
Aromatase catalyzes estrogen production in the stromal cells, which in turn promotes
estrogen-dependent growth of tumor cells. BRCA1 comes into the picture of this paracrine
loop with its role in repressing aromatase gene expression in the stromal cells [65]. BRCA1
expressed in stromal cells may lead to reduced estrogen-mediated gene expression along
with BRCA1-mediated repression of estrogen receptor alpha (ERα) in mammary cells
and thus suppress the estrogen-dependent tumorigenesis (Figure 1a). If there is impaired
BRCA1 expression in the stromal cells due to the inherited mutation, the local estrogen
levels are elevated and may contribute to potential tumorigenesis by increasing genetic
instability. This might seem a bit striking since BRCA1-associated tumors are largely
ERα-negative. Wang et al. suggested that estrogen promotes initiation and progression of
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estrogen receptor negative BRCA1-deficient tumors through stimulation of cell proliferation
and activation of EMT. This is dependent on protein kinase B (AKT) activation and indepen-
dent of ER. Authors showed that estrogen activates the AKT pathway in BRCA1-deficient
mammary tumors by enhancing the expression of p-Akt, p-mTOR, p-Gsk3 β, and p-4Ebp1,
downstream targets of Akt. Along with activation of the Akt pathway, estrogen promoted
EMT and proliferation in BRCA1-deficient mammary tumor cells. BRCA1-deficient tumor
cells treated with Akt inhibitor AZD5363 notably inhibited estrogen-enhanced expression
of p-4Ebp1, p-mTor, and p-Gsk3 β, as well as Vim (EMT marker) and p-Fra1 (EMT-inducing
transcription factor) expression, suggesting that AZD5363 efficiently suppresses estrogen-
enhanced Akt pathway and EMT program in BRCA1-deficient tumor cells. Interestingly,
estrogen activated EMT in BRCA1-deficient, but not in BRCA1-proficient tumor cells, in-
dependent of ER [73]. To sum up, the phosphatidylinositol 3-kinase/protein kinase B
(PI3K/AKT) pathway is stimulated by estrogen in the ER-negative BRCA1-deficient breast
cancer cells and leads to enhanced tumor growth [74].
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Figure 1. Proposed effect of BRCA1 on different cells in the tumor microenvironment (TME).
(a) Paracrine loop between BRCA1-proficient breast tumor cell and adipose stromal cell. (b) BRCA1
mutation leads to enhanced EMT phenotype. (c) Effect of BRCA1 on endothelial cells within the
TME. BRCA1 in interaction with estrogen receptor α (ERα) has been shown to inhibit VEGF and
angiopoetin-1 (ANG1) transcription. Created with BioRender.com.

In ER positive breast cancer cells, the impact of estrogen on EMT and the ability of
ERα signaling to crosstalk with EMT regulators such as Snail and Slug has been suggested
and described few years ago [75]. In a study by Bouris et al., the role of estrogen/ERα
signaling in EMT in breast cancer cells was documented in an experiment, in which the
ERα in MCF-7 cells was knocked-down through specific shRNA lentiviral particles. The
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cells changed phenotypically along with significant change in gene and protein expression
of several markers typical for EMT, such as complete loss of E-cadherin, significantly
induced expression of vimentin and fibronectin (mesenchymal protein markers) as well as
of EMT-related transcriptional regulators, such as ZEB1/δEF1 and SNAIL2/SLUG. ERα
suppression also lead to altered expression of EGFR and HER2 receptor tyrosine kinases,
and various extracellular matrix metalloproteinases and components of the plasminogen
activation system. Compared to wild type MCF-7, the ERα-silenced MCF-7 cells exhibited
enhanced proliferation, migration and invasion [76].

3.1. EMT Process in BRCA-Deficient Tumors

The EMT is a complex cellular process involved in embryogenesis, tissue reparation
and wound healing, and also in tumorigenesis. During EMT, epithelial cells acquire
mesenchymal phenotype and migratory and invasive properties [77–79]. There are plethora
of biological events and signaling pathways involved. Regarding the carcinogenesis,
changes in EMT regulatory pathways lead to more aggressive cellular phenotype—changes
in the polarity of the cell, loss of cellular adhesions, detachment, migration, intravasation
and ability to survive in the vascular system, extravasation, and metastasis. Therefore,
EMT events are linked with progression from pre-invasive to the invasive state of cancer
and metastatic disease [79]. To initiate all of that, many biological processes and molecules
are involved, including the TGF-β, Notch and Wnt pathways, effects of the TME such
as hypoxia and expression of different microRNAs [80]. Several transcription factors,
including Snail 1/2 (also referred to as Snail and Slug), ZEB 1/2, Ets-1, FOXC1/2 and Twist
affect expression of many genes that were identified as initiators of EMT [81,82].

In breast cancer, EMT has the greatest impact on basal-like tumors. Many studies
showed that basal-like breast tumors represent the most aggressive and deadly breast
cancer subtype with high metastatic ability [77,83]. As mentioned earlier, germline mu-
tations in the tumor suppressor gene BRCA1 increase the risk of developing basal-like
breast tumors with high metastasis and poor prognosis [15–18,84,85]. It was shown that
aberrant luminal stem cells can more likely give origin to basal-like tumors than basal pro-
genitors [86–88]. Bai et al. showed that a germline mutation or mammary epithelia-specific
deletion of BRCA1 is responsible for the activation of EMT transcription factors and thus
induction of EMT, dedifferentiation of luminal stem cells and expansion of basal and cancer
stem cells. These events are important in development of basal-like tumors [82].

Many other studies reported the relationship between BRCA1 mutation and EMT
transcription factors. In BRCA1-mutated tumors, predominantly basal-like tumors, Slug
was reported to be up-regulated although BRCA1 is not a transcriptional repressor [89,90].
Also Twist and FOXC1/2 are over-expressed in those types of tumors with BRCA1 mutation,
because BRCA1 acts like a direct repressor of these transcriptional factors under normal
conditions [82,91]. In addition to the interaction with transcription factors, presence of
BRCA1 mutation was correlated with regulation of EMT through cell surface proteins E- and
P-cadherin, cytoskeletal protein such as β -catenin, vimentin and cytokeratins (Figure 1b)
(reviewed in Sengodan et al., 2018 [81]). As mentioned above, BRCA1 was also described
to reduce breast cancer cell migration through ubiquitination of ezrin–radixin–moexin
protein complex that is important in regulation of cellular motility and spreading [70].

The role of EMT in BRCA2-deficient tumors was correlated with primary resistance or
relapse after PARP inhibitor treatment associated with rapid expression of EMT-associated
markers in a treatment-dependent manner [92]. EMT-like phenotype correlated with a
high expression of the ABCB1B gene and was associated with multidrug resistance also in
BRCA2-deficient sarcomatoid mammary tumors. ABCB1B gene encodes for drug efflux
transporter P-glycoprotein and its inhibition partially re-sensitized sarcomatoid tumors to
the PARP inhibitors [93].



Cancers 2021, 13, 575 8 of 17

3.2. Impact of BRCA Deficiency on Tumor Neovascularization

Studies have shown that intricate interaction between BRCA1-deficient tumor cells
and the surrounding stroma may also be manifested in promoting endothelial cell survival
and vascularization. Tumor growth and progression is accompanied by development of
vascular network within the tumor. Formation of new vasculature from existing vascular
network, a process called angiogenesis, is one of the hallmarks of growing tumors and its
onset is also known as angiogenic switch. Angiogenesis is under the control of number
of pro- and anti-angiogenic factors like angiogenic vascular endothelial growth factor
(VEGF), angiopoietins (Ang) or basic fibroblast growth factor (bFGF). Anti-angiogenic
factors include for example thrombospondins or circulating endostatin and angiostatin
(reviewed in Huang and Bao, 2004 [94]).

Extensive cancer cell proliferation demands higher oxygen utilization and together
with inadequate blood supply within the tumor results in formation of hypoxia which is
often observed in many tumors. Hypoxic conditions drive increase in activity of hypoxia
inducible factors (HIF) [95]. HIF1α (a subunit of HIF1 heterodimer) is under normoxic
conditions ubiquitinated and degraded by proteasome, although its expression is in cancer
cells elevated during hypoxia [96]. Accumulated HIF1α dimerizes with HIF1β subunit
and, together with its co-activator proteins, HIF1 participates in activation of its target
genes [95]. Among them, VEGF has been widely described as a key component of angio-
genic regulation and blood vessel formation [97]. VEGF, together with HIF1α, are also
considered as important factors involved in cancer progression and dissemination [98,99].

Increase in VEGF and HIF1α expression has been observed in BRCA1/2-related and
hereditary breast cancer when compared to sporadic breast cancer as well as in BRCA1/2-
related hereditary breast cancer compared to other types of hereditary breast cancer [100].
Moreover, BRCA1 in interaction with ERα has been shown to inhibit VEGF transcrip-
tion and protein expression through estrogen signaling pathway (Figure 1c). BRCA1
in interaction with ERα prevented VEGF expression by its binding to VEGF promoter
and thus suppressed its activity [101]. Elevated expression of Ang-1, Ang-2 and VEGF
was also described in BRCA1/2-mutated tumors of hereditary breast cancer patients [102].
Similarly, mammary tumors from BRCA1-deficient mice exhibited increased expression
of Ang-1 together with notable vascular growth [103]. In this study, BRCA1 was also
described to inhibit Ang-1 transcription by forming a repressive complex with CtIP (CtBP-
interacting protein) and ZBRK1 (Zinc finger and BRCA1-interacting protein with KRAB
domain 1). This complex then represses Ang-1 through ZBRK1 recognition site on Ang-1
promoter [103]. Moreover, Danza et al. highlighted involvement of miRNA-mediated
angiogenesis in BRCA1/2-deficient tumors. The authors showed miR-578 and miR-573
involvement in BRCA1/2-related angiogenesis by affecting VEGF, FAK and HIF-1 signal-
ing pathways [104]. The above-mentioned studies therefore suggest an involvement of
BRCA1/2 in tumor angiogenesis and cancer progression.

4. Other Observations from an Altered Tumor Microenvironment

One of the mechanisms clarifying the aggressive nature of BRCA-deficient tumors
implies alterations within the surrounding adipose tissue itself. As it has been described
earlier, adipose-derived stem cells from the tumor-surrounding adipose tissue contribute
to tumor cell proliferation and invasion. One of the studies proposed that BRCA1 mutation-
carrying adipose-derived stromal cells have defective DNA repair ability, therefore accumu-
late DNA damage, which leads to active ATM complex. As a con-sequence, p21 is activated
and BRCA1-deficient adipose-derived cells acquire senescent phenotype and secrete in-
creased number of inflammatory cytokines, which promote breast tumor proliferation and
invasion [105].

Another study showed that BRCA1-deficient fibroblasts displayed increased cell
proliferation, markers of both autophagy and mitophagy, and in chemical pseudo-hypoxic
conditions they expressed elevated levels of HIF-1α. Due to the elevated production
of ketone bodies they can increase mitochondrial activity in cancer cells. Importantly,
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BRCA1-deficient fibroblasts induced more than 2-fold increase in tumor growth compared
to the tumors where control fibroblasts were injected with cancer cells. Therefore, the
authors conclude that BRCA1 deficiency in tumor stroma metabolically promotes cancer
progression via ketone production [106].

It has also been outlined by functional in vitro experiments that BRCA1-heterozygous
cells create a proliferation-favoring environment compared to wild type adipose stromal
cells, thus leading to tumor development enhancement [66]. But further insights need to
be gathered to elucidate exact mechanisms. Noteworthy observations were obtained by
performing whole-genome analysis of BRCA1/2-related invasive breast carcinomas. This
analysis revealed that loss of heterozygosity (LOH) or allelic imbalance (AI) was in the
cancer stroma very similar to that in epithelium in the hereditary breast cancer patients.
This was remarkably different from sporadic breast tumors, where the LOH/AI in the
epithelium far exceeded these events in the tumor stroma. In a subset of samples, enriched
for BRCA1 cases, overall LOH/AI was even higher in the stroma than in the epithelium.
These observations strongly indicate that accumulation of genomic instability through
LOH or AI in the tumor stroma coincides with that in the cancer epithelium and might
facilitate a microenvironment which subsequently might lead to neoplastic transforma-
tion [68]. Thus, mutations in adjacent stromal cells might create an aberrant and permissive
microenvironment allowing outgrowth of premalignant cells. The importance of tumor
stroma in hereditary breast carcinogenesis may be indirectly indicated in an observation
that germline mutation-carrying women who undergo prophylactic mastectomy without
previous carcinoma history have an altered breast lobular architecture. Compared with
the controls, who have a denser and fibrotic intralobular stroma, these patients have less
differentiated lobules [107].

It is difficult to forecast to what extent germline variants affect tumor progression
and clinical outcome. However, Milanese et al. developed a model to predict clinical
outcome of breast cancer patients using germline variants with specific gene signatures
predominately enriched in T cell function, antigen presentation, and cytokine interactions
that can favor pro-tumorigenic environment via alteration of immune system functions
and the immune tumor microenvironment. These gene signatures derived from the genes
containing functionally germline variants were shown to distinguish recurred and non-
recurred patients in two ER+ breast cancer independent cohorts [108].

5. Future Prospects and Therapeutic Strategies for BRCA-Associated Breast Cancer

Carriers of mutations in tumor-suppressor genes carry a lifelong risk of develop-
ing cancer. The most effective prevention strategy and cancer risk management option
for BRCA carriers is preventive surgery. A risk reduction surgery such as prophylactic
mastectomy can offer areolar-sparing or nipple sparing mastectomy with immediate recon-
struction by utilizing implants or autologous abdominal tissue. Other prevention strategies
involve chemoprevention with selective estrogen receptor modulators such as tamoxifen or
raloxifene or an aromatase inhibitor such as exemestane, and breast cancer screening with
mammography and/or MRI [109,110]. Development of more effective therapeutic man-
agement, however, requires complex understanding of the key mechanisms in hereditary
breast cancer. Recent studies suggest that cancer predisposition, especially in hereditary
breast cancer syndrome, cannot be solely explained by the defects in DNA repair, but other
factors are most likely at play. The significant role of TME in the initiation and progression
of sporadic breast cancer has been well established. But it is suggested that the process of
carcinogenesis can be impacted by manipulation of stromal-mediated mechanisms [111].
Histopathological characteristics of BRCA1 and BRCA2-associated tumors are distinct.
While BRCA1-associated tumors are most commonly a high-grade invasive ductal carci-
noma of no special type and the majority fall into the “basal-like” subtype of breast cancer,
the BRCA2-associated tumors are very similar to sporadically occurring “luminal-type”
tumors [112]. BRCA signature was previously correlated with a high mutation burden [113],
which was specified by distinct mutational landscape in BRCA1- and BRCA2-deficient
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tumors revealed by Samstein et al. (discussed below) (Figure 2). Min et al. also showed
that BRCA1 mutation results in higher homologous recombination deficiency scores than
BRCA2 mutation and that germline BRCA1- and BRCA2-mutated tumors exhibit various
differentially expressed genes. They also suggested that differential therapeutic strategies
could be effective for BRCA1-deficient tumors, which are characterized by upregulation
of genes related to EMT, and for BRCA2-defficient tumors, where upregulation of genes
involved in HER2 signal transduction and in estrogen signaling was observed.
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As the BRCA1 and BRCA2 gene products are involved in homologous recombina-
tion [114], the identification of BRCA1/2-deficient tumors in breast cancer patient implied
important treatment connotations. The therapeutic strategies, apart from the standard
treatment, focused on the increased sensitivity of BRCA-deficient cells to DNA damage.
For example, platinum salts which act as DNA cross-linking agents were proposed to be
more likely associated with chemotherapeutic sensitivity in BRCA-deficient tumors. Torissi
et al. reviewed the results of the major clinical trials where platinum salts have been used
in BRCA-associated breast cancer patients in all the settings of disease and confirmed an
increased benefit of carboplatin in BRCA-associated advanced breast cancer, but not in
the neoadjuvant setting in early breast cancer [115]. Another option is use of platinum
salts in combination or in sequence with poly(ADP-ribose) polymerase (PARP) inhibitors,
which act to limit repair of single strand breaks [116]. A small study of Litton et al. [117]
showed that neoadjuvant PARP inhibitor talazoparib, administered as a single-agent in
patients with germline BRCA1/2 mutation, achieved an impressive pathological complete
response rate of 50% and supported the larger neoadjuvant clinical trial (NCT03499353).
The possible mechanism of action of PARP inhibitors in the TME of BRCA1-mutated TNBC
was elucidated by Pantelidou et al. The authors demonstrated that the PARP inhibitor
olaparib induced CD8+ T cell infiltration and activation through cGAS/STING pathway in
tumor cells [118]. Broad analysis of using PARP inhibitors in the treatment of early breast
cancer patients with BRCA1/2 mutation was recently published by Gonçalves et al. [116].

The association between BRCA1 and BRCA2 mutation status and survival rates has
yielded conflicting results. Haque et al. has shown no difference in the mortality rates
comparing BRCA1 with BRCA2-mutation carriers among patients with TNBC [119]. But
other studies showed [120,121] that BRCA1 mutation carrier status was associated with
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worse prognosis, as well as Samstein et al. who revealed that truncation mutation in
BRCA2-deficient tumors was associated with clinical benefit.

The impact of BRCA mutation status on immune microenvironment in BRCA1/2-
associated cancers may represent another potential therapeutic target. Mainly because of
the fact that the alterations in DNA damage response pathways and mutational load may
influence the response to immune checkpoint inhibitors [122]. Moreover, immune cells may
represent also a biomarker of therapy response in patients with BRCA pathogenic mutations.
Grandal et al. [123] already showed a better response to neoadjuvant chemotherapy in
BRCA-associated luminal subtype with higher lymphocytic infiltration after chemotherapy
completion. Comparison of pre-treatment immune infiltration by Sønderstrup et al. [124]
showed a greater prevalence of high stromal TILs in BRCA1-deficient compared to BRCA2-
deficient tumors. Features of genomic instability of BRCA1/2-deficient cancers including
increased mutation burden were showed also by Wen et al. However, they showed that
only BRCA1-deficient tumors were associated with increased expression of PD-L1 and
PD-1 together with higher abundance of tumor-infiltrating immune cells, and enrichment
of T cell-inflamed signature [125]. Homologous recombination deficiency (HRD) scores
and hormone receptor subtype are predictive of immunogenicity in BRCA1/2 breast can-
cers and may aid in designing optimal immune therapeutic strategies, as suggested by
Kraya et al. [126].

BRCA1 and BRCA2 modulate the tumor-immune microenvironment also because
of distinct mutational landscape, as revealed by Samstein et al. The authors showed on
murine model that BRCA1 and BRCA2 loss differentially affect the lymphoid compartment
of the tumor-immune microenvironment and led to different proportion of various im-
mune system components. The distinct tumor-immune microenvironments in BRCA1 and
BRCA2-deficient tumors are modulated by distinct mutational and copy-number profiles,
which can predispose to distinct immune checkpoint blockade response. Whole genome
sequencing of 4T1 Brca2null cells revealed an accumulation of single-nucleotide variants
(SNVs) and insertions or deletions (indels) compared to 4T1 BRCA1null cells [127]. Ad-
ditionally, others observed that distinct patterns of genomic alterations were associated
with BRCA1- and BRCA2-deficient breast tumors and revealed elevated levels of large
rearrangements and tandem duplications in BRCA1-deficient tumors, and increased SNVs
and indels with microhomology in BRCA2-deficient tumors (Figure 2) [128,129]. Sam-
stein et al. also observed specific enrichment of gene expression programs and immune
cell populations related to innate immunity in Brca2null tumors relative to BRCA1null tu-
mors. Patient data analysis revealed that truncating germline mutations in BRCA2, but not
BRCA1, were associated with improved overall survival after immune checkpoint blockade.
They retrospectively analyzed a cohort of patients profiled with targeted next-generation
sequencing (the MSK-IMPACT) and noted a 44.4% rate of clinical benefit among patients
receiving immune checkpoint blockade (ICB) with truncating BRCA2 germline or somatic
mutations relative to truncating mutations in BRCA1 (hazard ratio 0.48, 95% CI 0.29–0.80,
p = 0.004 for BRCA2 vs. 0.76, 95% CI 0.48–1.54, p = 0.45 in BRCA1). [127,130]. These data
suggest that the tumor cell-intrinsic differences between BRCA1 and BRCA2 deficiency
result in differences in immune landscapes, immune cell infiltration of tumors and distinct
resistance mechanisms, and require further investigation for the future clinical trials design.

6. Conclusions

The tumor microenvironment, as another dimension of tumor complexity, has been
acknowledged as an important hallmark of cancer more than decade ago. In many aspects
it dictates and impacts the tumor behavior and treatment response. However, how the
various cells residing in the TME of germline BRCA1/BRCA2-deficient breast tumors
that are equally impaired by the same germline mutation contribute to the pathogenesis
of the hereditary breast cancer has not been consistently addressed. Results of several
experimental and preclinical studies unequivocally point to the need to study not only the
tumor epithelial cells, but also the wider concept of TME in which the BRCA genes exert
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their functions. This review aimed to provide significant insights into up-to-date knowledge
about the role of BRCA1/2-mutated tumor microenvironment and possible mechanisms
by which it interacts with and promotes breast cancer development and progression.
Uncovering and exposing these mechanisms of the aberrant microenvironment might
provide more effective strategies for treatment of germline mutation-carrying breast cancer
patients.

Author Contributions: All authors contributed equally to the conceptualization and writing of the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This review paper was created thanks to support of the Slovak and Research Development
Agency (APVV), grant number APVV-16-0178 and APVV-16-0010, EraCoSysMed project RESCUER
and Scientific Grant Agency (VEGA) under contracts No. 1/0271/17 and 2/0138/20, and also
thanks to support of the Operational Programme Integrated Infrastructure for the project: Integrative
strategy in development of personalized medicine of selected malignant tumours and its impact on
quality of life, IMTS: 313011V446, co-financed by the European Regional Development Fund.

Informed Consent Statement: Not applicable.

Acknowledgments: We would like to thank Bozena Smolkova for proof-reading of the manuscript
and her valuable comments.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2020. CA Cancer J. Clin. 2020, 70, 7–30. [CrossRef]
2. Zengel, B.; Yararbas, U.; Duran, A.; Uslu, A.; Eliyatkin, N.; Demirkiran, M.A.; Cengiz, F.; Simsek, C.; Postaci, H.; Vardar, E.; et al.

Comparison of the clinicopathological features of invasive ductal, invasive lobular, and mixed (invasive ductal + invasive lobular)
carcinoma of the breast. Breast Cancer 2015, 22, 374–381. [CrossRef] [PubMed]

3. Bharat, A.; Gao, F.; Margenthaler, J.A. Tumor characteristics and patient outcomes are similar between invasive lobular and
mixed invasive ductal/lobular breast cancers but differ from pure invasive ductal breast cancers. Am. J. Surg. 2009, 198, 516–519.
[CrossRef] [PubMed]

4. Ward, E.M.; DeSantis, C.E.; Lin, C.C.; Kramer, J.L.; Jemal, A.; Kohler, B.; Brawley, O.W.; Gansler, T. Cancer statistics: Breast cancer
in situ. CA Cancer J. Clin. 2015, 65, 481–495. [CrossRef] [PubMed]

5. Chuba, P.J.; Hamre, M.R.; Yap, J.; Severson, R.K.; Lucas, D.; Shamsa, F.; Aref, A. Bilateral risk for subsequent breast cancer after
lobular carcinoma-in-situ: Analysis of surveillance, epidemiology, and end results data. J. Clin. Oncol. 2005, 23, 5534–5541.
[CrossRef]

6. Perou, C.M.; Sorlie, T.; Eisen, M.B.; van de Rijn, M.; Jeffrey, S.S.; Rees, C.A.; Pollack, J.R.; Ross, D.T.; Johnsen, H.; Akslen, L.A.;
et al. Molecular portraits of human breast tumours. Nature 2000, 406, 747–752. [CrossRef]

7. Bertucci, F.; Finetti, P.; Cervera, N.; Esterni, B.; Hermitte, F.; Viens, P.; Birnbaum, D. How basal are triple-negative breast cancers?
Int. J. Cancer 2008, 123, 236–240. [CrossRef]

8. Zheng, G.; Yu, H.; Hemminki, A.; Forsti, A.; Sundquist, K.; Hemminki, K. Familial associations of female breast cancer with other
cancers. Int. J. Cancer 2017, 141, 2253–2259. [CrossRef]

9. Couto, E.; Hemminki, K. Estimates of heritable and environmental components of familial breast cancer using family history
information. Br. J. Cancer 2007, 96, 1740–1742. [CrossRef]

10. Claus, E.B.; Schildkraut, J.M.; Thompson, W.D.; Risch, N.J. The genetic attributable risk of breast and ovarian cancer. Cancer 1996,
77, 2318–2324. [CrossRef]

11. Apostolou, P.; Fostira, F. Hereditary breast cancer: The era of new susceptibility genes. Biomed. Res. Int 2013, 2013, 747318.
[CrossRef] [PubMed]

12. Nielsen, F.C.; van Overeem Hansen, T.; Sorensen, C.S. Hereditary breast and ovarian cancer: New genes in confined pathways.
Nat. Rev. Cancer 2016, 16, 599–612. [CrossRef] [PubMed]

13. Kast, K.; Rhiem, K.; Wappenschmidt, B.; Hahnen, E.; Hauke, J.; Bluemcke, B.; Zarghooni, V.; Herold, N.; Ditsch, N.; Kiechle,
M.; et al. Prevalence of BRCA1/2 germline mutations in 21 401 families with breast and ovarian cancer. J. Med. Genet. 2016, 53,
465–471. [CrossRef] [PubMed]

14. Kuchenbaecker, K.B.; Hopper, J.L.; Barnes, D.R.; Phillips, K.A.; Mooij, T.M.; Roos-Blom, M.J.; Jervis, S.; van Leeuwen, F.E.; Milne,
R.L.; Andrieu, N.; et al. Risks of Breast, Ovarian, and Contralateral Breast Cancer for BRCA1 and BRCA2 Mutation Carriers.
JAMA 2017, 317, 2402–2416. [CrossRef] [PubMed]

15. Lakhani, S.R.; Reis-Filho, J.S.; Fulford, L.; Penault-Llorca, F.; van der Vijver, M.; Parry, S.; Bishop, T.; Benitez, J.; Rivas, C.; Bignon,
Y.J.; et al. Prediction of BRCA1 status in patients with breast cancer using estrogen receptor and basal phenotype. Clin. Cancer Res.
2005, 11, 5175–5180. [CrossRef] [PubMed]

http://doi.org/10.3322/caac.21590
http://doi.org/10.1007/s12282-013-0489-8
http://www.ncbi.nlm.nih.gov/pubmed/23925582
http://doi.org/10.1016/j.amjsurg.2009.06.005
http://www.ncbi.nlm.nih.gov/pubmed/19800459
http://doi.org/10.3322/caac.21321
http://www.ncbi.nlm.nih.gov/pubmed/26431342
http://doi.org/10.1200/JCO.2005.04.038
http://doi.org/10.1038/35021093
http://doi.org/10.1002/ijc.23518
http://doi.org/10.1002/ijc.30927
http://doi.org/10.1038/sj.bjc.6603753
http://doi.org/10.1002/(SICI)1097-0142(19960601)77:11&lt;2318::AID-CNCR21&gt;3.0.CO;2-Z
http://doi.org/10.1155/2013/747318
http://www.ncbi.nlm.nih.gov/pubmed/23586058
http://doi.org/10.1038/nrc.2016.72
http://www.ncbi.nlm.nih.gov/pubmed/27515922
http://doi.org/10.1136/jmedgenet-2015-103672
http://www.ncbi.nlm.nih.gov/pubmed/26928436
http://doi.org/10.1001/jama.2017.7112
http://www.ncbi.nlm.nih.gov/pubmed/28632866
http://doi.org/10.1158/1078-0432.CCR-04-2424
http://www.ncbi.nlm.nih.gov/pubmed/16033833


Cancers 2021, 13, 575 13 of 17

16. Mavaddat, N.; Barrowdale, D.; Andrulis, I.L.; Domchek, S.M.; Eccles, D.; Nevanlinna, H.; Ramus, S.J.; Spurdle, A.; Robson, M.;
Sherman, M.; et al. Pathology of breast and ovarian cancers among BRCA1 and BRCA2 mutation carriers: Results from the
Consortium of Investigators of Modifiers of BRCA1/2 (CIMBA). Cancer Epidemiol. Biomark. Prev. 2012, 21, 134–147. [CrossRef]
[PubMed]

17. Foulkes, W.D.; Stefansson, I.M.; Chappuis, P.O.; Begin, L.R.; Goffin, J.R.; Wong, N.; Trudel, M.; Akslen, L.A. Germline BRCA1
mutations and a basal epithelial phenotype in breast cancer. J. Natl. Cancer Inst. 2003, 95, 1482–1485. [CrossRef]

18. Armes, J.E.; Trute, L.; White, D.; Southey, M.C.; Hammet, F.; Tesoriero, A.; Hutchins, A.M.; Dite, G.S.; McCredie, M.R.; Giles, G.G.;
et al. Distinct molecular pathogeneses of early-onset breast cancers in BRCA1 and BRCA2 mutation carriers: A population-based
study. Cancer Res. 1999, 59, 2011–2017.

19. Schlacher, K.; Christ, N.; Siaud, N.; Egashira, A.; Wu, H.; Jasin, M. Double-strand break repair-independent role for BRCA2 in
blocking stalled replication fork degradation by MRE11. Cell 2011, 145, 529–542. [CrossRef]

20. Gardini, A.; Baillat, D.; Cesaroni, M.; Shiekhattar, R. Genome-wide analysis reveals a role for BRCA1 and PALB2 in transcriptional
co-activation. EMBO J. 2014, 33, 890–905. [CrossRef]

21. Fabbro, M.; Savage, K.; Hobson, K.; Deans, A.J.; Powell, S.N.; McArthur, G.A.; Khanna, K.K. BRCA1-BARD1 complexes are
required for p53Ser-15 phosphorylation and a G1/S arrest following ionizing radiation-induced DNA damage. J. Biol. Chem.
2004, 279, 31251–31258. [CrossRef] [PubMed]

22. Savage, K.I.; Harkin, D.P. BRCA1, a ‘complex’ protein involved in the maintenance of genomic stability. FEBS J. 2015, 282, 630–646.
[CrossRef]

23. Roy, R.; Chun, J.; Powell, S.N. BRCA1 and BRCA2: Different roles in a common pathway of genome protection. Nat. Rev. Cancer
2011, 12, 68–78. [CrossRef]

24. Greenberg, R.A.; Sobhian, B.; Pathania, S.; Cantor, S.B.; Nakatani, Y.; Livingston, D.M. Multifactorial contributions to an acute
DNA damage response by BRCA1/BARD1-containing complexes. Genes Dev. 2006, 20, 34–46. [CrossRef] [PubMed]

25. Coleman, K.A.; Greenberg, R.A. The BRCA1-RAP80 complex regulates DNA repair mechanism utilization by restricting end
resection. J. Biol. Chem. 2011, 286, 13669–13680. [CrossRef]

26. Wang, B.; Matsuoka, S.; Ballif, B.A.; Zhang, D.; Smogorzewska, A.; Gygi, S.P.; Elledge, S.J. Abraxas and RAP80 form a BRCA1
protein complex required for the DNA damage response. Science 2007, 316, 1194–1198. [CrossRef]

27. Xie, J.; Peng, M.; Guillemette, S.; Quan, S.; Maniatis, S.; Wu, Y.; Venkatesh, A.; Shaffer, S.A.; Brosh, R.M., Jr.; Cantor, S.B.
FANCJ/BACH1 acetylation at lysine 1249 regulates the DNA damage response. PLoS Genet. 2012, 8, e1002786. [CrossRef]

28. Kim, H.; D’Andrea, A.D. Regulation of DNA cross-link repair by the Fanconi anemia/BRCA pathway. Genes Dev. 2012, 26,
1393–1408. [CrossRef] [PubMed]

29. Wang, Y.; Cortez, D.; Yazdi, P.; Neff, N.; Elledge, S.J.; Qin, J. BASC, a super complex of BRCA1-associated proteins involved in the
recognition and repair of aberrant DNA structures. Genes Dev. 2000, 14, 927–939.

30. Zhang, F.; Ma, J.; Wu, J.; Ye, L.; Cai, H.; Xia, B.; Yu, X. PALB2 links BRCA1 and BRCA2 in the DNA-damage response. Curr. Biol.
2009, 19, 524–529. [CrossRef]

31. Liu, C.; Srihari, S.; Cao, K.A.; Chenevix-Trench, G.; Simpson, P.T.; Ragan, M.A.; Khanna, K.K. A fine-scale dissection of the DNA
double-strand break repair machinery and its implications for breast cancer therapy. Nucleic Acids Res. 2014, 42, 6106–6127.
[CrossRef] [PubMed]

32. Christou, C.M.; Kyriacou, K. BRCA1 and Its Network of Interacting Partners. Biology 2013, 2, 40–63. [CrossRef] [PubMed]
33. Lim, W.; Olschwang, S.; Keller, J.J.; Westerman, A.M.; Menko, F.H.; Boardman, L.A.; Scott, R.J.; Trimbath, J.; Giardiello, F.M.;

Gruber, S.B.; et al. Relative frequency and morphology of cancers in STK11 mutation carriers. Gastroenterology 2004, 126,
1788–1794. [CrossRef] [PubMed]

34. Tan, M.H.; Mester, J.L.; Ngeow, J.; Rybicki, L.A.; Orloff, M.S.; Eng, C. Lifetime cancer risks in individuals with germline PTEN
mutations. Clin. Cancer Res. 2012, 18, 400–407. [CrossRef]

35. Mai, P.L.; Best, A.F.; Peters, J.A.; DeCastro, R.M.; Khincha, P.P.; Loud, J.T.; Bremer, R.C.; Rosenberg, P.S.; Savage, S.A. Risks of first
and subsequent cancers among TP53 mutation carriers in the National Cancer Institute Li-Fraumeni syndrome cohort. Cancer
2016, 122, 3673–3681. [CrossRef]

36. Pharoah, P.D.; Guilford, P.; Caldas, C. Incidence of gastric cancer and breast cancer in CDH1 (E-cadherin) mutation carriers from
hereditary diffuse gastric cancer families. Gastroenterology 2001, 121, 1348–1353. [CrossRef]

37. Shiovitz, S.; Korde, L.A. Genetics of breast cancer: A topic in evolution. Ann. Oncol. 2015, 26, 1291–1299. [CrossRef]
38. Michailidou, K.; Lindstrom, S.; Dennis, J.; Beesley, J.; Hui, S.; Kar, S.; Lemacon, A.; Soucy, P.; Glubb, D.; Rostamianfar, A.; et al.

Association analysis identifies 65 new breast cancer risk loci. Nature 2017, 551, 92–94. [CrossRef]
39. Place, A.E.; Jin Huh, S.; Polyak, K. The microenvironment in breast cancer progression: Biology and implications for treatment.

Breast Cancer Res. 2011, 13, 227. [CrossRef]
40. Plava, J.; Cihova, M.; Burikova, M.; Matuskova, M.; Kucerova, L.; Miklikova, S. Recent advances in understanding tumor

stroma-mediated chemoresistance in breast cancer. Mol. Cancer 2019, 18, 67. [CrossRef]
41. Soysal, S.D.; Tzankov, A.; Muenst, S.E. Role of the Tumor Microenvironment in Breast Cancer. Pathobiology 2015, 82, 142–152.

[CrossRef] [PubMed]

http://doi.org/10.1158/1055-9965.EPI-11-0775
http://www.ncbi.nlm.nih.gov/pubmed/22144499
http://doi.org/10.1093/jnci/djg050
http://doi.org/10.1016/j.cell.2011.03.041
http://doi.org/10.1002/embj.201385567
http://doi.org/10.1074/jbc.M405372200
http://www.ncbi.nlm.nih.gov/pubmed/15159397
http://doi.org/10.1111/febs.13150
http://doi.org/10.1038/nrc3181
http://doi.org/10.1101/gad.1381306
http://www.ncbi.nlm.nih.gov/pubmed/16391231
http://doi.org/10.1074/jbc.M110.213728
http://doi.org/10.1126/science.1139476
http://doi.org/10.1371/journal.pgen.1002786
http://doi.org/10.1101/gad.195248.112
http://www.ncbi.nlm.nih.gov/pubmed/22751496
http://doi.org/10.1016/j.cub.2009.02.018
http://doi.org/10.1093/nar/gku284
http://www.ncbi.nlm.nih.gov/pubmed/24792170
http://doi.org/10.3390/biology2010040
http://www.ncbi.nlm.nih.gov/pubmed/24832651
http://doi.org/10.1053/j.gastro.2004.03.014
http://www.ncbi.nlm.nih.gov/pubmed/15188174
http://doi.org/10.1158/1078-0432.CCR-11-2283
http://doi.org/10.1002/cncr.30248
http://doi.org/10.1053/gast.2001.29611
http://doi.org/10.1093/annonc/mdv022
http://doi.org/10.1038/nature24284
http://doi.org/10.1186/bcr2912
http://doi.org/10.1186/s12943-019-0960-z
http://doi.org/10.1159/000430499
http://www.ncbi.nlm.nih.gov/pubmed/26330355


Cancers 2021, 13, 575 14 of 17

42. Halama, N.; Zoernig, I.; Berthel, A.; Kahlert, C.; Klupp, F.; Suarez-Carmona, M.; Suetterlin, T.; Brand, K.; Krauss, J.; Lasitschka, F.;
et al. Tumoral Immune Cell Exploitation in Colorectal Cancer Metastases Can Be Targeted Effectively by Anti-CCR5 Therapy in
Cancer Patients. Cancer Cell 2016, 29, 587–601. [CrossRef] [PubMed]

43. Orlando, P.A.; Gatenby, R.A.; Brown, J.S. Tumor evolution in space: The effects of competition colonization tradeoffs on tumor
invasion dynamics. Front. Oncol. 2013, 3, 45. [CrossRef] [PubMed]

44. Eiro, N.; Gonzalez, L.O.; Fraile, M.; Cid, S.; Schneider, J.; Vizoso, F.J. Breast Cancer Tumor Stroma: Cellular Components,
Phenotypic Heterogeneity, Intercellular Communication, Prognostic Implications and Therapeutic Opportunities. Cancers 2019,
11, 664. [CrossRef] [PubMed]

45. Lee, Y.T.; Tan, Y.J.; Falasca, M.; Oon, C.E. Cancer-Associated Fibroblasts: Epigenetic Regulation and Therapeutic Intervention in
Breast Cancer. Cancers 2020, 12, 2949. [CrossRef]

46. Ullah, I.; Subbarao, R.B.; Rho, G.J. Human mesenchymal stem cells—Current trends and future prospective. Biosci. Rep. 2015, 35.
[CrossRef]

47. Kucerova, L.; Kovacovicova, M.; Polak, S.; Bohac, M.; Fedeles, J.; Palencar, D.; Matuskova, M. Interaction of human adipose
tissue-derived mesenchymal stromal cells with breast cancer cells. Neoplasma 2011, 58, 361–370. [CrossRef]

48. Plava, J.; Cihova, M.; Burikova, M.; Bohac, M.; Adamkov, M.; Drahosova, S.; Rusnakova, D.; Pindak, D.; Karaba, M.; Simo, J.; et al.
Permanent Pro-Tumorigenic Shift in Adipose Tissue-Derived Mesenchymal Stromal Cells Induced by Breast Malignancy. Cells
2020, 9, 480. [CrossRef]

49. Yu, P.F.; Huang, Y.; Xu, C.L.; Lin, L.Y.; Han, Y.Y.; Sun, W.H.; Hu, G.H.; Rabson, A.B.; Wang, Y.; Shi, Y.F. Downregulation of CXCL12
in mesenchymal stromal cells by TGFbeta promotes breast cancer metastasis. Oncogene 2017, 36, 840–849. [CrossRef]

50. Karnoub, A.E.; Dash, A.B.; Vo, A.P.; Sullivan, A.; Brooks, M.W.; Bell, G.W.; Richardson, A.L.; Polyak, K.; Tubo, R.; Weinberg, R.A.
Mesenchymal stem cells within tumour stroma promote breast cancer metastasis. Nature 2007, 449, 557–563. [CrossRef]

51. Martin, F.T.; Dwyer, R.M.; Kelly, J.; Khan, S.; Murphy, J.M.; Curran, C.; Miller, N.; Hennessy, E.; Dockery, P.; Barry, F.P.;
et al. Potential role of mesenchymal stem cells (MSCs) in the breast tumour microenvironment: Stimulation of epithelial to
mesenchymal transition (EMT). Breast Cancer Res. Treat. 2010, 124, 317–326. [CrossRef] [PubMed]

52. Shi, Z.; Yang, W.M.; Chen, L.P.; Yang, D.H.; Zhou, Q.; Zhu, J.; Chen, J.J.; Huang, R.C.; Chen, Z.S.; Huang, R.P. Enhanced
chemosensitization in multidrug-resistant human breast cancer cells by inhibition of IL-6 and IL-8 production. Breast Cancer Res.
Treat. 2012, 135, 737–747. [CrossRef] [PubMed]

53. Chen, D.R.; Lu, D.Y.; Lin, H.Y.; Yeh, W.L. Mesenchymal stem cell-induced doxorubicin resistance in triple negative breast cancer.
Biomed. Res. Int 2014, 2014, 532161. [CrossRef] [PubMed]

54. Yeh, W.L.; Tsai, C.F.; Chen, D.R. Peri-foci adipose-derived stem cells promote chemoresistance in breast cancer. Stem. Cell Res.
Ther. 2017, 8, 177. [CrossRef] [PubMed]

55. Roodhart, J.M.; Daenen, L.G.; Stigter, E.C.; Prins, H.J.; Gerrits, J.; Houthuijzen, J.M.; Gerritsen, M.G.; Schipper, H.S.; Backer, M.J.;
van Amersfoort, M.; et al. Mesenchymal stem cells induce resistance to chemotherapy through the release of platinum-induced
fatty acids. Cancer Cell 2011, 20, 370–383. [CrossRef] [PubMed]

56. Kucerova, L.; Skolekova, S.; Matuskova, M.; Bohac, M.; Kozovska, Z. Altered features and increased chemosensitivity of human
breast cancer cells mediated by adipose tissue-derived mesenchymal stromal cells. BMC Cancer 2013, 13, 535. [CrossRef]
[PubMed]

57. Skolekova, S.; Matuskova, M.; Bohac, M.; Toro, L.; Durinikova, E.; Tyciakova, S.; Demkova, L.; Gursky, J.; Kucerova, L. Erratum to:
Cisplatin-induced mesenchymal stromal cells-mediated mechanism contributing to decreased antitumor effect in breast cancer
cells. Cell Commun. Signal. 2016, 14, 7. [CrossRef]

58. Hanahan, D.; Coussens, L.M. Accessories to the crime: Functions of cells recruited to the tumor microenvironment. Cancer Cell
2012, 21, 309–322. [CrossRef]

59. Bussard, K.M.; Mutkus, L.; Stumpf, K.; Gomez-Manzano, C.; Marini, F.C. Tumor-associated stromal cells as key contributors to
the tumor microenvironment. Breast Cancer Res. 2016, 18, 84. [CrossRef]

60. Hida, K.; Maishi, N.; Annan, D.A.; Hida, Y. Contribution of Tumor Endothelial Cells in Cancer Progression. Int. J. Mol. Sci. 2018,
19, 1272. [CrossRef]

61. Wang, L.; Simons, D.L.; Lu, X.; Tu, T.Y.; Avalos, C.; Chang, A.Y.; Dirbas, F.M.; Yim, J.H.; Waisman, J.; Lee, P.P. Breast cancer
induces systemic immune changes on cytokine signaling in peripheral blood monocytes and lymphocytes. EBioMedicine 2020,
52, 102631. [CrossRef] [PubMed]

62. Saini, M.; Szczerba, B.M.; Aceto, N. Circulating Tumor Cell-Neutrophil Tango along the Metastatic Process. Cancer Res. 2019, 79,
6067–6073. [CrossRef] [PubMed]

63. Miklikova, S.; Minarik, G.; Sedlackova, T.; Plava, J.; Cihova, M.; Jurisova, S.; Kalavska, K.; Karaba, M.; Benca, J.; Smolkova, B.;
et al. Inflammation-Based Scores Increase the Prognostic Value of Circulating Tumor Cells in Primary Breast Cancer. Cancers 2020,
12, 1134. [CrossRef] [PubMed]

64. De Giorgi, U.; Mego, M.; Scarpi, E.; Giordano, A.; Giuliano, M.; Valero, V.; Alvarez, R.H.; Ueno, N.T.; Cristofanilli, M.; Reuben,
J.M. Association between circulating tumor cells and peripheral blood monocytes in metastatic breast cancer. Ther. Adv. Med.
Oncol. 2019, 11, 1758835919866065. [CrossRef] [PubMed]

http://doi.org/10.1016/j.ccell.2016.03.005
http://www.ncbi.nlm.nih.gov/pubmed/27070705
http://doi.org/10.3389/fonc.2013.00045
http://www.ncbi.nlm.nih.gov/pubmed/23508890
http://doi.org/10.3390/cancers11050664
http://www.ncbi.nlm.nih.gov/pubmed/31086100
http://doi.org/10.3390/cancers12102949
http://doi.org/10.1042/BSR20150025
http://doi.org/10.4149/neo_2011_05_361
http://doi.org/10.3390/cells9020480
http://doi.org/10.1038/onc.2016.252
http://doi.org/10.1038/nature06188
http://doi.org/10.1007/s10549-010-0734-1
http://www.ncbi.nlm.nih.gov/pubmed/20087650
http://doi.org/10.1007/s10549-012-2196-0
http://www.ncbi.nlm.nih.gov/pubmed/22923236
http://doi.org/10.1155/2014/532161
http://www.ncbi.nlm.nih.gov/pubmed/25140317
http://doi.org/10.1186/s13287-017-0630-2
http://www.ncbi.nlm.nih.gov/pubmed/28750689
http://doi.org/10.1016/j.ccr.2011.08.010
http://www.ncbi.nlm.nih.gov/pubmed/21907927
http://doi.org/10.1186/1471-2407-13-535
http://www.ncbi.nlm.nih.gov/pubmed/24209831
http://doi.org/10.1186/s12964-016-0130-5
http://doi.org/10.1016/j.ccr.2012.02.022
http://doi.org/10.1186/s13058-016-0740-2
http://doi.org/10.3390/ijms19051272
http://doi.org/10.1016/j.ebiom.2020.102631
http://www.ncbi.nlm.nih.gov/pubmed/31981982
http://doi.org/10.1158/0008-5472.CAN-19-1972
http://www.ncbi.nlm.nih.gov/pubmed/31527091
http://doi.org/10.3390/cancers12051134
http://www.ncbi.nlm.nih.gov/pubmed/32369910
http://doi.org/10.1177/1758835919866065
http://www.ncbi.nlm.nih.gov/pubmed/31452692


Cancers 2021, 13, 575 15 of 17

65. McCullough, S.D.; Hu, Y.; Li, R. BRCA1 in initiation, invasion, and metastasis of breast cancer: A perspective from the
tumor microenvironment. In Metastasis of Breast Cancer; Mansel, R.E., Fodstad, O., Jiang, W.G., Eds.; Springer: Dordrecht,
The Netherlands, 2007; pp. 31–46. [CrossRef]

66. Li, C.M.; Oren, Y.; Regev, A.; Brugge, J.S. Abstract PR06: Contribution of mutant microenvironment to hereditary cancer:
Single-cell gene expression profiling of a genetically engineered mouse model of human hereditary BRCA1-related breast cancer.
Cancer Res. 2018, 78, PR06. [CrossRef]

67. Ghosh, S.; Lu, Y.; Katz, A.; Hu, Y.; Li, R. Tumor suppressor BRCA1 inhibits a breast cancer-associated promoter of the aromatase
gene (CYP19) in human adipose stromal cells. Am. J. Physiol. Endocrinol. Metab. 2007, 292, E246–E252. [CrossRef] [PubMed]

68. Weber, F.; Shen, L.; Fukino, K.; Patocs, A.; Mutter, G.L.; Caldes, T.; Eng, C. Total-genome analysis of BRCA1/2-related invasive
carcinomas of the breast identifies tumor stroma as potential landscaper for neoplastic initiation. Am. J. Hum. Genet. 2006, 78,
961–972. [CrossRef]

69. Hemalatha, S.K.; Sengodan, S.K.; Nadhan, R.; Dev, J.; Sushama, R.R.; Somasundaram, V.; Thankappan, R.; Rajan, A.; Latha, N.R.;
Varghese, G.R.; et al. Brcal Defective Breast Cancer Cells Induce in vitro Transformation of Cancer Associated Fibroblasts (CAFs)
to Metastasis Associated Fibroblasts (MAF). Sci. Rep. 2018, 8, 13903. [CrossRef]

70. Coene, E.D.; Gadelha, C.; White, N.; Malhas, A.; Thomas, B.; Shaw, M.; Vaux, D.J. A novel role for BRCA1 in regulating breast
cancer cell spreading and motility. J. Cell Biol. 2011, 192, 497–512. [CrossRef]

71. ElShamy, W.M.; Livingston, D.M. Identification of BRCA1-IRIS, a BRCA1 locus product. Nat. Cell Biol. 2004, 6, 954–967. [CrossRef]
72. Ryan, D.; Paul, B.T.; Koziol, J.; ElShamy, W.M. The pro- and anti-tumor roles of mesenchymal stem cells toward BRCA1-IRIS-

overexpressing TNBC cells. Breast Cancer Res. 2019, 21, 53. [CrossRef] [PubMed]
73. Wang, C.; Bai, F.; Zhang, L.H.; Scott, A.; Li, E.; Pei, X.H. Estrogen promotes estrogen receptor negative BRCA1-deficient tumor

initiation and progression. Breast Cancer Res. 2018, 20, 74. [CrossRef] [PubMed]
74. Gorrini, C.; Gang, B.P.; Bassi, C.; Wakeham, A.; Baniasadi, S.P.; Hao, Z.; Li, W.Y.; Cescon, D.W.; Li, Y.T.; Molyneux, S.; et al.

Estrogen controls the survival of BRCA1-deficient cells via a PI3K-NRF2-regulated pathway. Proc. Natl. Acad. Sci. USA 2014, 111,
4472–4477. [CrossRef] [PubMed]

75. Saha Roy, S.; Vadlamudi, R.K. Role of estrogen receptor signaling in breast cancer metastasis. Int. J. Breast Cancer 2012, 2012, 654698.
[CrossRef]

76. Sacks, D.; Baxter, B.; Campbell, B.C.V.; Carpenter, J.S.; Cognard, C.; Dippel, D.; Eesa, M.; Fischer, U.; Hausegger, K.; Hirsch, J.A.;
et al. Multisociety Consensus Quality Improvement Revised Consensus Statement for Endovascular Therapy of Acute Ischemic
Stroke. Int. J. Stroke 2018, 13, 612–632. [CrossRef]

77. Micalizzi, D.S.; Ford, H.L. Epithelial-mesenchymal transition in development and cancer. Future Oncol. 2009, 5, 1129–1143.
[CrossRef]

78. Fedele, M.; Cerchia, L.; Chiappetta, G. The Epithelial-to-Mesenchymal Transition in Breast Cancer: Focus on Basal-Like Carcino-
mas. Cancers 2017, 9, 134. [CrossRef]

79. Felipe Lima, J.; Nofech-Mozes, S.; Bayani, J.; Bartlett, J.M. EMT in Breast Carcinoma-A Review. J. Clin. Med. 2016, 5. [CrossRef]
80. Polyak, K.; Weinberg, R.A. Transitions between epithelial and mesenchymal states: Acquisition of malignant and stem cell traits.

Nat. Rev. Cancer 2009, 9, 265–273. [CrossRef]
81. Sengodan, S.K.; Sreelatha, K.H.; Nadhan, R.; Srinivas, P. Regulation of epithelial to mesenchymal transition by BRCA1 in breast

cancer. Crit. Rev. Oncol. Hematol. 2018, 123, 74–82. [CrossRef]
82. Bai, F.; Chan, H.L.; Scott, A.; Smith, M.D.; Fan, C.; Herschkowitz, J.I.; Perou, C.M.; Livingstone, A.S.; Robbins, D.J.; Capobianco,

A.J.; et al. BRCA1 suppresses epithelial-to-mesenchymal transition and stem cell dedifferentiation during mammary and tumor
development. Cancer Res. 2014, 74, 6161–6172. [CrossRef] [PubMed]

83. Scimeca, M.; Antonacci, C.; Colombo, D.; Bonfiglio, R.; Buonomo, O.C.; Bonanno, E. Emerging prognostic markers related to
mesenchymal characteristics of poorly differentiated breast cancers. Tumour Biol. 2016, 37, 5427–5435. [CrossRef] [PubMed]

84. Zhu, Y.; Wu, J.; Zhang, C.; Sun, S.; Zhang, J.; Liu, W.; Huang, J.; Zhang, Z. BRCA mutations and survival in breast cancer: An
updated systematic review and meta-analysis. Oncotarget 2016, 7, 70113–70127. [CrossRef] [PubMed]

85. Song, Y.; Barry, W.T.; Seah, D.S.; Tung, N.M.; Garber, J.E.; Lin, N.U. Patterns of recurrence and metastasis in BRCA1/BRCA2-
associated breast cancers. Cancer 2020, 126, 271–280. [CrossRef] [PubMed]

86. Lim, E.; Vaillant, F.; Wu, D.; Forrest, N.C.; Pal, B.; Hart, A.H.; Asselin-Labat, M.L.; Gyorki, D.E.; Ward, T.; Partanen, A.; et al.
Aberrant luminal progenitors as the candidate target population for basal tumor development in BRCA1 mutation carriers. Nat.
Med. 2009, 15, 907–913. [CrossRef]

87. Molyneux, G.; Geyer, F.C.; Magnay, F.A.; McCarthy, A.; Kendrick, H.; Natrajan, R.; Mackay, A.; Grigoriadis, A.; Tutt, A.; Ashworth,
A.; et al. BRCA1 basal-like breast cancers originate from luminal epithelial progenitors and not from basal stem cells. Cell Stem.
Cell 2010, 7, 403–417. [CrossRef]

88. Bai, F.; Smith, M.D.; Chan, H.L.; Pei, X.H. Germline mutation of Brca1 alters the fate of mammary luminal cells and causes
luminal-to-basal mammary tumor transformation. Oncogene 2013, 32, 2715–2725. [CrossRef]

89. Lindeman, G.J.; Visvader, J.E. Cell fate takes a slug in BRCA1-associated breast cancer. Breast Cancer Res. 2011, 13, 306. [CrossRef]
90. Proia, T.A.; Keller, P.J.; Gupta, P.B.; Klebba, I.; Jones, A.D.; Sedic, M.; Gilmore, H.; Tung, N.; Naber, S.P.; Schnitt, S.; et al. Genetic

predisposition directs breast cancer phenotype by dictating progenitor cell fate. Cell Stem. Cell 2011, 8, 149–163. [CrossRef]

http://doi.org/10.1007/978-1-4020-5867-7_3
http://doi.org/10.1158/1538-7445.mousemodels17-pr06
http://doi.org/10.1152/ajpendo.00242.2006
http://www.ncbi.nlm.nih.gov/pubmed/16940470
http://doi.org/10.1086/504090
http://doi.org/10.1038/s41598-018-32370-w
http://doi.org/10.1083/jcb.201004136
http://doi.org/10.1038/ncb1171
http://doi.org/10.1186/s13058-019-1131-2
http://www.ncbi.nlm.nih.gov/pubmed/31014367
http://doi.org/10.1186/s13058-018-0996-9
http://www.ncbi.nlm.nih.gov/pubmed/29996906
http://doi.org/10.1073/pnas.1324136111
http://www.ncbi.nlm.nih.gov/pubmed/24567396
http://doi.org/10.1155/2012/654698
http://doi.org/10.1016/j.jvir.2017.11.026
http://doi.org/10.2217/fon.09.94
http://doi.org/10.3390/cancers9100134
http://doi.org/10.3390/jcm5070065
http://doi.org/10.1038/nrc2620
http://doi.org/10.1016/j.critrevonc.2018.01.008
http://doi.org/10.1158/0008-5472.CAN-14-1119
http://www.ncbi.nlm.nih.gov/pubmed/25239453
http://doi.org/10.1007/s13277-015-4361-7
http://www.ncbi.nlm.nih.gov/pubmed/26563370
http://doi.org/10.18632/oncotarget.12158
http://www.ncbi.nlm.nih.gov/pubmed/27659521
http://doi.org/10.1002/cncr.32540
http://www.ncbi.nlm.nih.gov/pubmed/31581314
http://doi.org/10.1038/nm.2000
http://doi.org/10.1016/j.stem.2010.07.010
http://doi.org/10.1038/onc.2012.293
http://doi.org/10.1186/bcr2840
http://doi.org/10.1016/j.stem.2010.12.007


Cancers 2021, 13, 575 16 of 17

91. Mani, S.A.; Yang, J.; Brooks, M.; Schwaninger, G.; Zhou, A.; Miura, N.; Kutok, J.L.; Hartwell, K.; Richardson, A.L.; Weinberg, R.A.
Mesenchyme Forkhead 1 (FOXC2) plays a key role in metastasis and is associated with aggressive basal-like breast cancers. Proc.
Natl. Acad. Sci. USA 2007, 104, 10069–10074. [CrossRef]

92. Ordonez, L.D.; Hay, T.; McEwen, R.; Polanska, U.M.; Hughes, A.; Delpuech, O.; Cadogan, E.; Powell, S.; Dry, J.; Tornillo, G.; et al.
Rapid activation of epithelial-mesenchymal transition drives PARP inhibitor resistance in Brca2-mutant mammary tumours.
Oncotarget 2019, 10, 2586–2606. [CrossRef] [PubMed]

93. Jaspers, J.E.; Sol, W.; Kersbergen, A.; Schlicker, A.; Guyader, C.; Xu, G.; Wessels, L.; Borst, P.; Jonkers, J.; Rottenberg, S.
BRCA2-deficient sarcomatoid mammary tumors exhibit multidrug resistance. Cancer Res. 2015, 75, 732–741. [CrossRef] [PubMed]

94. Huang, Z.; Bao, S.D. Roles of main pro- and anti-angiogenic factors in tumor angiogenesis. World J. Gastroenterol. 2004, 10,
463–470. [CrossRef] [PubMed]

95. Gilkes, D.M.; Semenza, G.L. Role of hypoxia-inducible factors in breast cancer metastasis. Future Oncol. 2013, 9, 1623–1636.
[CrossRef]

96. Salceda, S.; Caro, J. Hypoxia-inducible factor 1alpha (HIF-1alpha) protein is rapidly degraded by the ubiquitin-proteasome
system under normoxic conditions. Its stabilization by hypoxia depends on redox-induced changes. J. Biol. Chem. 1997, 272,
22642–22647. [CrossRef]

97. Carmeliet, P. VEGF as a key mediator of angiogenesis in cancer. Oncology 2005, 69 (Suppl. 3), 4–10. [CrossRef]
98. Liao, D.; Corle, C.; Seagroves, T.N.; Johnson, R.S. Hypoxia-inducible factor-1alpha is a key regulator of metastasis in a transgenic

model of cancer initiation and progression. Cancer Res. 2007, 67, 563–572. [CrossRef]
99. Masoumi Moghaddam, S.; Amini, A.; Morris, D.L.; Pourgholami, M.H. Significance of vascular endothelial growth factor in

growth and peritoneal dissemination of ovarian cancer. Cancer Metastasis Rev. 2012, 31, 143–162. [CrossRef]
100. Saponaro, C.; Malfettone, A.; Ranieri, G.; Danza, K.; Simone, G.; Paradiso, A.; Mangia, A. VEGF, HIF-1alpha expression and MVD

as an angiogenic network in familial breast cancer. PLoS ONE 2013, 8, e53070. [CrossRef]
101. Kawai, H.; Li, H.; Chun, P.; Avraham, S.; Avraham, H.K. Direct interaction between BRCA1 and the estrogen receptor regulates

vascular endothelial growth factor (VEGF) transcription and secretion in breast cancer cells. Oncogene 2002, 21, 7730–7739.
[CrossRef]

102. Danza, K.; Pilato, B.; Lacalamita, R.; Addati, T.; Giotta, F.; Bruno, A.; Paradiso, A.; Tommasi, S. Angiogenetic axis angiopoi-
etins/Tie2 and VEGF in familial breast cancer. Eur. J. Hum. Genet. 2013, 21, 824–830. [CrossRef] [PubMed]

103. Furuta, S.; Wang, J.M.; Wei, S.; Jeng, Y.M.; Jiang, X.; Gu, B.; Chen, P.L.; Lee, E.Y.; Lee, W.H. Removal of BRCA1/CtIP/ZBRK1
repressor complex on ANG1 promoter leads to accelerated mammary tumor growth contributed by prominent vasculature.
Cancer Cell 2006, 10, 13–24. [CrossRef] [PubMed]

104. Danza, K.; De Summa, S.; Pinto, R.; Pilato, B.; Palumbo, O.; Merla, G.; Simone, G.; Tommasi, S. MiR-578 and miR-573 as potential
players in BRCA-related breast cancer angiogenesis. Oncotarget 2015, 6, 471–483. [CrossRef] [PubMed]

105. Zhao, R.; Kaakati, R.; Liu, X.; Xu, L.; Lee, A.K.; Bachelder, R.; Li, C.Y.; Hollenbeck, S.T. CRISPR/Cas9-Mediated BRCA1
Knockdown Adipose Stem Cells Promote Breast Cancer Progression. Plast. Reconstr. Surg. 2019, 143, 747–756. [CrossRef]

106. Salem, A.F.; Howell, A.; Sartini, M.; Sotgia, F.; Lisanti, M.P. Downregulation of stromal BRCA1 drives breast cancer tumor growth
via upregulation of HIF-1alpha, autophagy and ketone body production. Cell Cycle 2012, 11, 4167–4173. [CrossRef]

107. Russo, J.; Lynch, H.; Russo, I.H. Mammary Gland Architecture as a Determining Factor in the Susceptibility of the Human Breast
to Cancer. Breast J. 2001, 7, 278–291. [CrossRef]

108. Milanese, J.S.; Tibiche, C.; Zou, J.; Meng, Z.; Nantel, A.; Drouin, S.; Marcotte, R.; Wang, E. Germline variants associated with
leukocyte genes predict tumor recurrence in breast cancer patients. NPJ Precis. Oncol. 2019, 3, 28. [CrossRef]

109. Kotsopoulos, J. BRCA Mutations and Breast Cancer Prevention. Cancers 2018, 10, 524. [CrossRef]
110. Metcalfe, K.; Eisen, A.; Senter, L.; Armel, S.; Bordeleau, L.; Meschino, W.S.; Pal, T.; Lynch, H.T.; Tung, N.M.; Kwong, A.; et al.

International trends in the uptake of cancer risk reduction strategies in women with a BRCA1 or BRCA2 mutation. Br. J. Cancer
2019, 121, 15–21. [CrossRef]

111. Maffini, M.V.; Calabro, J.M.; Soto, A.M.; Sonnenschein, C. Stromal regulation of neoplastic development: Age-dependent
normalization of neoplastic mammary cells by mammary stroma. Am. J. Pathol. 2005, 167, 1405–1410. [CrossRef]

112. Hodgson, A.; Turashvili, G. Pathology of Hereditary Breast and Ovarian Cancer. Front. Oncol. 2020, 10, 531790. [CrossRef]
[PubMed]

113. Min, A.; Kim, K.; Jeong, K.; Choi, S.; Kim, S.; Suh, K.J.; Lee, K.H.; Im, S.A. Homologous repair deficiency score for identifying
breast cancers with defective DNA damage response. Sci. Rep. 2020, 10, 12506. [CrossRef] [PubMed]

114. Zhang, J.; Powell, S.N. The role of the BRCA1 tumor suppressor in DNA double-strand break repair. Mol. Cancer Res. 2005, 3,
531–539. [CrossRef] [PubMed]

115. Torrisi, R.; Zuradelli, M.; Agostinetto, E.; Masci, G.; Losurdo, A.; De Sanctis, R.; Santoro, A. Platinum salts in the treatment of
BRCA-associated breast cancer: A true targeted chemotherapy? Crit. Rev. Oncol. Hematol. 2019, 135, 66–75. [CrossRef] [PubMed]

116. Goncalves, A.; Bertucci, A.; Bertucci, F. PARP Inhibitors in the Treatment of Early Breast Cancer: The Step Beyond? Cancers 2020,
12, 1378. [CrossRef] [PubMed]

117. Litton, J.K.; Scoggins, M.E.; Hess, K.R.; Adrada, B.E.; Murthy, R.K.; Damodaran, S.; DeSnyder, S.M.; Brewster, A.M.; Barcenas,
C.H.; Valero, V.; et al. Neoadjuvant Talazoparib for Patients With Operable Breast Cancer With a Germline BRCA Pathogenic
Variant. J. Clin. Oncol. 2020, 38, 388–394. [CrossRef]

http://doi.org/10.1073/pnas.0703900104
http://doi.org/10.18632/oncotarget.26830
http://www.ncbi.nlm.nih.gov/pubmed/31080552
http://doi.org/10.1158/0008-5472.CAN-14-0839
http://www.ncbi.nlm.nih.gov/pubmed/25511378
http://doi.org/10.3748/wjg.v10.i4.463
http://www.ncbi.nlm.nih.gov/pubmed/14966899
http://doi.org/10.2217/fon.13.92
http://doi.org/10.1074/jbc.272.36.22642
http://doi.org/10.1159/000088478
http://doi.org/10.1158/0008-5472.CAN-06-2701
http://doi.org/10.1007/s10555-011-9337-5
http://doi.org/10.1371/journal.pone.0053070
http://doi.org/10.1038/sj.onc.1205971
http://doi.org/10.1038/ejhg.2012.273
http://www.ncbi.nlm.nih.gov/pubmed/23232696
http://doi.org/10.1016/j.ccr.2006.05.022
http://www.ncbi.nlm.nih.gov/pubmed/16843262
http://doi.org/10.18632/oncotarget.2509
http://www.ncbi.nlm.nih.gov/pubmed/25333258
http://doi.org/10.1097/PRS.0000000000005316
http://doi.org/10.4161/cc.22316
http://doi.org/10.1046/j.1524-4741.2001.21033.x
http://doi.org/10.1038/s41698-019-0100-7
http://doi.org/10.3390/cancers10120524
http://doi.org/10.1038/s41416-019-0446-1
http://doi.org/10.1016/S0002-9440(10)61227-8
http://doi.org/10.3389/fonc.2020.531790
http://www.ncbi.nlm.nih.gov/pubmed/33117676
http://doi.org/10.1038/s41598-020-68176-y
http://www.ncbi.nlm.nih.gov/pubmed/32719318
http://doi.org/10.1158/1541-7786.MCR-05-0192
http://www.ncbi.nlm.nih.gov/pubmed/16254187
http://doi.org/10.1016/j.critrevonc.2019.01.016
http://www.ncbi.nlm.nih.gov/pubmed/30819448
http://doi.org/10.3390/cancers12061378
http://www.ncbi.nlm.nih.gov/pubmed/32471249
http://doi.org/10.1200/JCO.19.01304


Cancers 2021, 13, 575 17 of 17

118. Pantelidou, C.; Sonzogni, O.; De Oliveria Taveira, M.; Mehta, A.K.; Kothari, A.; Wang, D.; Visal, T.; Li, M.K.; Pinto, J.; Castrillon,
J.A.; et al. PARP Inhibitor Efficacy Depends on CD8(+) T-cell Recruitment via Intratumoral STING Pathway Activation in
BRCA-Deficient Models of Triple-Negative Breast Cancer. Cancer Discov. 2019, 9, 722–737. [CrossRef]

119. Haque, R.; Shi, J.M.; Telford, C.; Avila, C.; Alvarado, M.; Tiller, G.E.; Dalvi, T.; Gutierrez, L.; Tyczynski, J.; Kaye, J.A. Survival
Outcomes in BRCA1 or BRCA2 Mutation Carriers and the Influence of Triple-Negative Breast Cancer Subtype. Perm. J. 2018,
22, 28. [CrossRef]

120. Lee, E.H.; Park, S.K.; Park, B.; Kim, S.W.; Lee, M.H.; Ahn, S.H.; Son, B.H.; Yoo, K.Y.; Kang, D. Effect of BRCA1/2 mutation on
short-term and long-term breast cancer survival: A systematic review and meta-analysis. Breast Cancer Res. Treat. 2010, 122, 11–25.
[CrossRef]

121. Rennert, G.; Bisland-Naggan, S.; Barnett-Griness, O.; Bar-Joseph, N.; Zhang, S.; Rennert, H.S.; Narod, S.A. Clinical outcomes of
breast cancer in carriers of BRCA1 and BRCA2 mutations. N. Engl. J. Med. 2007, 357, 115–123. [CrossRef]

122. Nolan, E.; Savas, P.; Policheni, A.N.; Darcy, P.K.; Vaillant, F.; Mintoff, C.P.; Dushyanthen, S.; Mansour, M.; Pang, J.B.; Fox, S.B.; et al.
Combined immune checkpoint blockade as a therapeutic strategy for BRCA1-mutated breast cancer. Sci. Transl. Med. 2017, 9.
[CrossRef] [PubMed]

123. Grandal, B.; Evrevin, C.; Laas, E.; Jardin, I.; Rozette, S.; Laot, L.; Dumas, E.; Coussy, F.; Pierga, J.Y.; Brain, E.; et al. Impact of BRCA
Mutation Status on Tumor Infiltrating Lymphocytes (TILs), Response to Treatment, and Prognosis in Breast Cancer Patients
Treated with Neoadjuvant Chemotherapy. Cancers 2020, 12, 3681. [CrossRef] [PubMed]

124. Sonderstrup, I.M.H.; Jensen, M.B.; Ejlertsen, B.; Eriksen, J.O.; Gerdes, A.M.; Kruse, T.A.; Larsen, M.J.; Thomassen, M.; Laenkholm,
A.V. Evaluation of tumor-infiltrating lymphocytes and association with prognosis in BRCA-mutated breast cancer. Acta Oncol.
2019, 58, 363–370. [CrossRef] [PubMed]

125. Wen, W.X.; Leong, C.O. Association of BRCA1- and BRCA2-deficiency with mutation burden, expression of PD-L1/PD-1, immune
infiltrates, and T cell-inflamed signature in breast cancer. PLoS ONE 2019, 14, e0215381. [CrossRef] [PubMed]

126. Kraya, A.A.; Maxwell, K.N.; Wubbenhorst, B.; Wenz, B.M.; Pluta, J.; Rech, A.J.; Dorfman, L.M.; Lunceford, N.; Barrett, A.; Mitra,
N.; et al. Genomic Signatures Predict the Immunogenicity of BRCA-Deficient Breast Cancer. Clin. Cancer Res. 2019, 25, 4363–4374.
[CrossRef] [PubMed]

127. Samstein, R.M.; Krishna, C.; Ma, X.; Pei, X.; Lee, K.-W.; Makarov, V.; Kuo, F.; Chung, J.; Srivastava, R.M.; Purohit, T.A.;
et al. Mutations in BRCA1 and BRCA2 differentially affect the tumor microenvironment and response to checkpoint blockade
immunotherapy. Nat. Cancer 2020, 1, 1188–1203. [CrossRef]

128. Nik-Zainal, S.; Davies, H.; Staaf, J.; Ramakrishna, M.; Glodzik, D.; Zou, X.; Martincorena, I.; Alexandrov, L.B.; Martin, S.; Wedge,
D.C.; et al. Landscape of somatic mutations in 560 breast cancer whole-genome sequences. Nature 2016, 534, 47–54. [CrossRef]

129. Davies, H.; Glodzik, D.; Morganella, S.; Yates, L.R.; Staaf, J.; Zou, X.; Ramakrishna, M.; Martin, S.; Boyault, S.; Sieuwerts, A.M.;
et al. HRDetect is a predictor of BRCA1 and BRCA2 deficiency based on mutational signatures. Nat. Med. 2017, 23, 517–525.
[CrossRef]

130. Samstein, R.M.; Lee, C.H.; Shoushtari, A.N.; Hellmann, M.D.; Shen, R.; Janjigian, Y.Y.; Barron, D.A.; Zehir, A.; Jordan, E.J.; Omuro,
A.; et al. Tumor mutational load predicts survival after immunotherapy across multiple cancer types. Nat. Genet. 2019, 51,
202–206. [CrossRef]

http://doi.org/10.1158/2159-8290.CD-18-1218
http://doi.org/10.7812/tpp/17-197
http://doi.org/10.1007/s10549-010-0859-2
http://doi.org/10.1056/NEJMoa070608
http://doi.org/10.1126/scitranslmed.aal4922
http://www.ncbi.nlm.nih.gov/pubmed/28592566
http://doi.org/10.3390/cancers12123681
http://www.ncbi.nlm.nih.gov/pubmed/33302444
http://doi.org/10.1080/0284186X.2018.1539239
http://www.ncbi.nlm.nih.gov/pubmed/30614364
http://doi.org/10.1371/journal.pone.0215381
http://www.ncbi.nlm.nih.gov/pubmed/31022191
http://doi.org/10.1158/1078-0432.CCR-18-0468
http://www.ncbi.nlm.nih.gov/pubmed/30914433
http://doi.org/10.1038/s43018-020-00139-8
http://doi.org/10.1038/nature17676
http://doi.org/10.1038/nm.4292
http://doi.org/10.1038/s41588-018-0312-8

	Introduction 
	Breast Tumor Microenvironment: Modulator of Tumor Initiation, Progression, Metastasis and Therapy Response 
	BRCA1/2-Deficient Tumor Microenvironment 
	EMT Process in BRCA-Deficient Tumors 
	Impact of BRCA Deficiency on Tumor Neovascularization 

	Other Observations from an Altered Tumor Microenvironment 
	Future Prospects and Therapeutic Strategies for BRCA-Associated Breast Cancer 
	Conclusions 
	References

