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Abstract

Multiple nonmalignant cell types in the tumor microenvironment (TME) impact breast cancer risk,
metastasis, and response to therapy, yet most heritable mechanisms that influence TME cell
function and breast cancer outcomes are largely unknown. Breast cancer risk is ~30% heritable
and >170 genetic loci have been associated with breast cancer traits. However, the majority of
candidate genes have poorly defined mechanistic roles in breast cancer biology. Research indicates
that breast cancer risk modifiers directly impact cancer cells, yet it is equally plausible that some
modifier alleles impact the nonmalignant TME. The objective of this review is to examine the list
of current breast cancer candidate genes that may modify breast cancer risk and outcome through
the TME.
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Intersection of Breast Cancer Heritability and the Tumor Microenvironment

Breast cancer is the most common female malignancy and is the second most common cause
of cancer death among females in the U.S., with more than 40,000 deaths each year.
Approximately 30% of breast cancer risk is heritable [1], of which 5-10% of cases can be
attributed to rare alleles (such as BRCA1, BRCA2, PTEN and TP53) that are highly
penetrant and others that are moderately penetrant (such as ATM, BRIP1, CHEK2, and
PALB2) [2, 3]. A larger group of 182 common alleles have been identified by genome-wide
association studies (GWAS) [4-36], which confer lower relative risks (RR) of breast cancer
(<1.5 fold RR) compared with risk modifiers that are highly penetrant (>5 fold RR) and

Address correspondence to: Michael J. Flister, PhD, Genomic Sciences and Precision Medicine Center, 8701 Watertown Plank Rd.,
Milwaukee, W1 53226, Ph: (414) 955-7534, Fax: (414) 955-6516, mflister@mcw.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Conflict of Interest: None



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Flister and Bergom

Page 2

moderately penetrant (1.5-5 fold RR) [2, 3]. Only a small fraction of breast cancer
heritability can be explained by the current list of genetic candidates [37], indicating that
additional rare and common modifier alleles likely exist. As might be expected, modifier
alleles with high to moderate penetrance are typically linked directly with the malignant
transformation of breast epithelial cells through disruption of pathways regulating DNA
damage, cell cycle, and apoptosis, whereas GWAS candidates fall within a diverse range of
molecular and cellular pathways [38]. Adding to the complexity is the preponderance of loci
with multiple candidates in linkage disequilibrium (LD), which are “co-inherited” and
therefore considered equally culpable candidates in the development of breast cancer [39].

Although breast cancer risk modifiers directly impact cancer cells, some modifier alleles can
plausibly impact breast cancer risk through the nonmalignant tumor microenvironment
(TME). To date, at least two host TME modifier loci of breast cancer have been
experimentally validated, and evidence of several more TME modifier loci exist. In one
example, the Mcs5a rat mammary tumor risk locus was shown to modify mammary
carcinoma progression via the immune system, which was driven by FBX010 and was
dependent upon T lymphocytes [40]. A homologous mechanism has been replicated in
human T lymphocytes [41] and associated with human breast cancer risk [42]. In another
example, a newly developed genetic mapping strategy, Consomic/Congenic Xenograft
Model (CXM), was used to identify a host TME maodifier locus that is linked with DLL4 and
impacts breast cancer growth and metastasis in the rat by inducing dysfunctional
angiogenesis, which was independent of tumor cell changes [43-45]. Further evidence of
host TME modifiers exist in mouse genetic mapping studies, including three modifier loci
(Mmtg1-3) that were linked with mammary tumor angiogenesis [46] and PTPRJ, a mediator
of angiogenesis [47] that was originally discovered for its role in susceptibility to colon
cancer, and has since been linked with breast cancer risk [48]. In addition, the MHC-linked
modifier loci in an MMTV-induced mammary tumor model were found to be largely
dependent on systemic factors, such as infiltrating immune cells and inflammatory cytokines
[49]. As in human breast cancer, many mammary tumor modifier loci in the mouse and rat
remain uncharacterized and overlap with quantitative trait loci (QTL) for TME-related
phenotypes, such as angiogenesis and immunity. Thus, there are likely many more
uncharacterized host TME modifiers of breast tumor risk and progression.

Role of the TME in Breast Cancer Risk and Outcome

The breast TME is comprised of multiple nonmalignant cell types that interact with
malignant tumor cells at all disease stages, including tumor initiation, metastatic
progression, and response to therapy [50-54]. Expression studies of human breast tumor
samples have identified stromal networks that predict breast cancer risk and outcome,
demonstrating the importance of the breast TME [55-57]. Fibroblasts are a major
component of the TME and are essential for maintaining normal mammary gland
homeostasis [58]. In the malignant setting, cancer-associated fibroblasts (CAFs) modulate
multiple aspects of tumor pathophysiology, including malignant progression of cancer cells
(proliferation, survival, and invasion), fibrosis, angiogenesis, and tumor-associated immunity
[59]. Tumor angiogenesis is necessary for growth and progression of breast tumors and is
coordinated by cancer cells and multiple nonmalignant TME cell types, including
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endothelial cells, fibroblasts, and infiltrating leukocytes [60, 61]. A denser tumor vasculature
is correlated with increased tumor growth and hematogenous metastasis, which is due to
enhanced oxygen supply, nutrients, and routes for metastatic dissemination [62]. Likewise,
tumor lymphatic vessels provide routes for tumor cell metastasis, and invasion of tumor-
associated lymphatic vessels highly correlates with poor clinical outcomes [61, 63]. Tumor-
associated blood and lymphatic vessels are also the primary routes for trafficking innate and
adaptive immune cells, which play both pro- and anti-tumorigenic roles during tumor
initiation, progression, and response to therapy [64]. It is now widely accepted that the TME
affects most aspects of breast cancer biology, yet we do not fully understand the heritable
genetic modifiers that influence human breast cancer through the host TME.

Challenges to Identifying Host TME Modifiers of Breast Cancer

Despite the evidence that genetic modifiers of the host TME impact breast cancer risk and
outcome, the focused research on TME modifiers is very limited and there are many
unresolved questions (see Outstanding Questions). One salient point from the existing
literature is that host TME modifier candidates are likely to have complex interactions across
multiple molecular pathways, cell types, and physiological functions (see Figure 1, Key
Figure). It is also highly plausible that some genetic modifiers impact both cancer cells and
multiple TME cell types. For example, multiple breast cancer candidates (e.g., FGFR2,
TGFBR2, and MKL1) [13, 65-70] have physiological roles in mammary epithelial cell
function and at least one TME cell type, whereas other candidates (e.g. eNOS and TLRs)
[35, 71-75] are typically restricted to the TME and are aberrantly upregulated in cancer cells
[76-78]. Thus, it is possible that a single genetic modifier might elicit complex
physiological changes across multiple cell types and the combined effects of these cell type-
specific alterations is ultimately manifested at the phenotypic level. One could also envision
seemingly unrelated TME modifiers that are not connected at the molecular level, but might
interact at the cellular or tissue levels by modifying the density or physiological poise of
cellular mediators within the TME. For example, the phenotypic effects of a genetic
modifier of cytotoxic T lymphocyte function might be dampened or amplified in a patient
that has co-inherited a modifier of lymphocyte trafficking.

The challenges to disentangling the complexities of host TME modifiers are further
compounded by limitations to the current tools for assessing the heritable genetic modifiers
of breast cancer. Genetic association and mapping studies of breast cancer risk and outcome
are suitable for nominating candidate regions, but are unable to establish the cell type
specificity of a genetic modifier without functional testing. However, despite the
preponderance of studies that have experimentally validated cancer cell-autonomous
mechanisms [79-81], very few experimental models exist to identify and test the genetic
modifiers that might impact the host TME. Another common method for identifying genetic
modifiers of breast cancer is to scan for expression QTL (eQTL) [82]. However, a drawback
of eQTL analyses is their basis upon mixed RNA extracted from tumor biopsies that contain
variable amounts of cancer cells and TME cell types. Thus, similar to GWAS and other
genetic mapping strategies, eQTL analyses are limited in their ability to distinguish host
TME maodifiers. Finally, because eQTL analyses of tumor biopsies are based on RNA that is
derived from multiple cell types, it is also foreseeable that differences in cell type-specific
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expression of the same gene might mask the detection of eQTL that exist within only a
specific TME cell type.

We propose that there are several existing strategies that could be adapted for discovering
and characterizing host TME modifiers of breast cancer risk and outcome. One such strategy
is to combine eQTL analyses with cell purification techniques or laser-capture microscopy.
Both techniques have previously been used to quantify cell type-specific RNA expression in
the breast TME [55-57, 83]; however, to our knowledge, none of the previous studies
incorporated genotypic information and therefore TME-specific eQTL analyses have yet to
be reported. Another promising strategy to identify host TME modifiers is to perform a
modified eQTL analysis at the protein level, using multiplex immunofluorescent assays to
correlate cell type-specific protein expression with patient genotypes. The capacity of this
approach could be expanded using high density tissue microarrays and quantitative
immunofluorescent imaging, which offers highly sensitive and spatially resolved detection
of protein expression at the cellular and subcellular levels [84-87]. Finally, we recently
developed CXM as the first experimental strategy for genetic mapping of host TME
modifiers [43—45]. In CXM, human breast cancer cells or patient-derived xenografts (PDX)
are orthotopically implanted into genetically-engineered consomic or congenic xenograft
host strains (mice or rats), which are derived from two parental strains with different
susceptibilities to breast cancer. Because the host strain backgrounds are different, whereas
the inoculated tumor cells are the same, any phenotypic variation can be mapped to TME
modifier(s) on the substituted chromosome (i.e., consomic) or subchromosomal region (i.e.,
congenic) of the host’s germline DNA. Once a host TME modifier has been localized by
CXM, it can then be functionally tested by gene-editing and other experimental strategies.

Candidate Modifiers of the Breast TME

As the strategies for discovering host TME modifiers continue to develop, it is possible to
begin leveraging the existing breast cancer association data [4-36] to interrogate which
candidate genes are potentially modify breast cancer risk and outcome through the host
TME. Here, we provide the biological context for 24 breast cancer risk modifiers that likely
function, at least partially, through the host TME (Table 1). This list of TME modifier
candidates is by no means exhaustive, and several TME modifier candidates may also
impact malignant tumor cells directly. Whenever possible, we provide the genetic,
molecular, and biological context for the variants in strong LD (2>0.8) with the “tagged”
polymorphism using bioinformatics resources such as HaploReg [88], RegulomeDB [89],
Variant Effect Predictor (VEP) [90], TCGA/OncoLnc [91], and GTEX [92]. We also provide
the haplotype-specific information and biological context for each candidate, with the hope
of providing a roadmap for empirically testing host TME modifiers of breast cancer in the
future.

Tumor growth factor beta receptor type 2 (TGFBR2)

TGFBR2 is expressed in mammary epithelial cells and multiple TME cell types (such as
CAFs, vascular endothelium, and infiltrating leukocytes), and TGFBR2 signaling regulates
stages of mammary tumorigenesis through epithelial-TME crosstalk, as demonstrated in
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several tissue-specific knockout models [93-99] (for a comprehensive review see [100]).
TGFBR2 signaling in mammary epithelial cells suppresses early tumorigenesis [95-99,
101]. Paradoxically, TGFPR2 suppresses or promotes metastatic progression, depending on
whether epithelial mammary TGFBR2 signaling is partially inhibited [95-99] or completely
ablated [101], respectively. TGFBR2 signaling in mammary fibroblasts is also critical for
maintaining homeostasis in the mammary gland, as evidenced by fibroblast-specific deletion
of TGFBR2, which elevated normal mammary epithelium branching [102] and increased
angiogenesis, growth, and invasiveness of breast tumors [93, 94]. TGFBR2 signaling in T
lymphocytes also suppresses antitumor immunity, and upregulation of TGFB (a ligand of
TGFBR2) by malignant tumor cells is a mechanism for evading immune surveillance [103].

A recent GWAS [68] and two candidate gene studies [69, 70] correlated three independent
TGFBR2 haplotypes with breast cancer risk (rs12493607 [68], rs4522809 [69], and
rs1078985 [70]), yet the functional variants within these haplotypes remain unknown. All
three haplotypes only included intronic SNPs in LD (/2 < 0.8), with variants in each
haplotype predicted to overlap with putative transcriptional regulatory regions of TGFBR2 in
mammary epithelial cells, fibroblasts, and peripheral blood leukocytes [88]. Both
rs12493607 and rs1078985 were associated with altered TGFBR2 expression in peripheral
blood leukocytes [104], suggesting that these risk alleles might modify breast cancer risk by
altering TGFPR2-mediated antitumor immunity. The modifying effect(s) of these alleles on
TGFBR2-dependent functions in other TME cells types has yet to be established.

In addition to the TGFBR2 haplotypes [68-70], a missense SNP in TGFp (rs1800470;
L10P) was linked with breast cancer risk [105-109] caused by higher levels of TGFp
secretion [109]. Collectively, the evidence indicates that breast cancer risk is associated with
both receptor (TGFBR2) and ligand (TGFp). In addition, there are equally strong
implications of TGFBR2/TGFp-dependent mammary epithelium-TME crosstalk, which
suggests that complex genetic interactions between TGFPR2 and TGF risk alleles might
also exist. Correctly interpreting the risk alleles affecting both malignant and nonmalignant
cellular compartments within breast tumors will likely improve stratification of the risk
associated breast cancer incidence and adverse outcomes.

A breast cancer GWAS candidate region containing the FOXP1 transcription factor [35] is
yet another locus with ties to TGFBR2/TGFp signaling [110], in addition to a cancer cell
autonomous role in modulating ERa signaling and regulates breast cancer cell invasiveness
[111, 112]. FOXP1 is also a critical downstream mediator of TGFPR2/TGFp-dependent
suppression of antitumor T lymphocytes [110], a key mechanism that is used by cancer cells
to evade immune surveillance [103]. Since TGFBR2, TGFB, and FOXP1 have all been
linked with breast cancer risk, it is possible that interactions between these modifier alleles
might have amplifying or dampening effects on TME-mediated breast cancer risk and
outcome. In the CEU population, the genetically unlinked risk haplotypes for TGFBR2
(rs12493607; mean allelic frequency [MAF] = 0.33), TGFp (rs1800470, MAF = 0.40), and
FOXP1 (rs6805189; MAF = 0.48) are expected to be co-inherited in ~6% of breast cancer
cases. If all three TME modifier alleles are hypermorphic (i.e., increasing protein expression
or activity), one might predict that elevated TGFp secretion by cancer cells and CAFs would
elicit a more robust TGFBR2-mediated suppression of antitumor T lymphocytes, which in

Trends Cancer. Author manuscript; available in PMC 2019 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Flister and Bergom Page 6

turn might increase breast cancer risk, limit the effectiveness of antitumor immune therapies,
and potentially worsen outcome.

Fibroblast growth factor receptor 2 (FGFR2)

FGFR?2 is a receptor tyrosine kinase that is expressed in malignant breast epithelial cells,
CAFs, vascular endothelial cells, and possibly other TME cell types (for a comprehensive
review see [113]). Multiple GWAS [13, 65-67] and candidate gene studies [114] linked the
FGFR2 locus with breast cancer risk. Of the SNPs in LD (/2 < 0.8) with the tagged FGFR2
risk allele (rs2981582 [G > A]), a functional SNP (rs2981578 [C > T]) in the FGFR2
promoter was correlated with FGFR2 mRNA expression in normal and malignant breast
tissues [115, 116]. Notably, these studies did not differentiate mMRNA expression between
cancer cells and the TME [115, 116]. However, another study demonstrated that rs2981578
correlated with FGFR2 expression in patient-derived fibroblasts, which also coincided with
altered FRS2a and ERK1/2 phosphorylation in response to stimulation by the FGFR2
ligand, FGF10 [114]. Unexpectedly, another study found no effects of the same variant
(rs2981578) on proliferation or cell cycle progression of MCF7 breast cancer cells [117].
Collectively, these data suggest that the breast cancer risk associated with rs2981578 might
depend on altered FGFR2 signaling in CAFs [114] rather than malignant breast cancer cells
[117], though this has yet to be fully explored. Thus, although FGFR2 regulates mammary
epithelial cell physiology and pathophysiology, it is equally plausible that the FGFR2
polymorphisms modify breast cancer risk through the actions of FGFR2 signaling in CAFs
[114] and vascular endothelial cells [118] within the host TME.

Endothelial Nitric Oxide Synthesis (eNOS/NOS3)

eNOS colocalizes primarily to the tumor blood and lymphatic vasculature [76, 119], but it is
also aberrantly expressed in some breast cancer cells [76, 77]. Nitric oxide (NO) production
by eNOS substantially mediates tumor angiogenesis [120] and lymphangiogenesis [119,
120], with both positive and negative roles that are dependent upon NO production duration
and extent [120-122]. To date, at least two eNOS polymorphisms (rs1799983 [G > T] and
rs2070744 [T > C]) have been correlated with breast cancer risk [71-75]. The rs1799983
risk allele causes an E298D substitution that was originally associated with proteolytic
cleavage of eNOS and lower NO levels [123]; however, several subsequent studies failed to
demonstrate that the E298D substitution has a major effect on eNOS activity [124, 125]. The
rs2070744 risk allele is an intergenic SNP that colocalizes with a transcriptional regulatory
region of the eNOS locus, which is correlated with decreased eNOS promoter activity and
lower NO production [126, 127]. Although the majority of association studies have
correlated minor eNOS alleles (rs1799983 [G > T] and rs2070744 [T > C]) with increased
breast cancer risk [71, 73, 75], other studies showed weak or opposite effects [72, 74]. It has
been noted that a potential limitation of previous eNOS association studies has been a failure
to consider complex haplotypes with multiple variants that stratify eNOS function [128,
129]. Likewise, dual expression of eNOS in the cancers cells and TME has also potentially
confounded the failed attempts to correlate overall eNOS expression in tumors with breast
cancer outcomes [77], which should be considered in future studies.
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Leukocyte Specific Protein 1 (LSP1)

LSP1 is an F-actin binding protein that is expressed by vascular endothelial cells and all
hematopoietic cells [130]. In hematopoietic cells, LSP1 regulates chemotaxis, trans-
endothelial migration, and motility via remodeling of F-actin (for a comprehensive review
see [130]). In the vascular endothelium, LSP1 is activated by ICAM-1-mediated leukocyte
adhesion [131] and maintains the endothelial barrier integrity and permeability during
leukocyte extravasation [132]. LSP1 expression has not been reported in the malignant
epithelial cells of breast tumors. However, LSP1 is widely associated with breast cancer risk
[66, 133], outcome [134], and mammographic density [135, 136], which is a predictor of
breast cancer incidence [137]. All studies of LSP1 to date have reported the strongest
correlations with rs3817198 [T > C], an intronic SNP with three proximal intronic SNPs
(rs72843959, rs112907808, and rs11041665) that are in LD (/2 > 0.8). Functional
characterization of the rs3817198 haplotype has not been reported and variants within the
haplotype have not been associated with LSP1 expression. All four SNPs colocalized within
transcriptional regulatory regions of the LSP1 locus [88, 138], including putative binding
sites for three key transcriptional regulators of leukocyte function: GFI1, GFI1B, and
GATA1 [139-141]. Moreover, TCGA-BRCA expression data suggest that LSP1 expression
is associated with breast cancer outcome [91], warranting further analysis of the functional
impact of the rs3817198 haplotype in the relevant TME cell types (leukocytes and vascular
endothelium). LSP1 expression is likely cell-type dependent and modulated in response to
multiple stimuli under different physiological and pathophysiological conditions [130].
Thus, differentiating LSP1 expression from multiple LSP1* leukocyte cell types and
vascular endothelium in different physiological contexts, might be critical to unraveling the
LSP1-dependent mechanisms that underlie the rs3817198 risk haplotype.

Megakaryoblastic Leukemia (Translocation) 1 (MKL1)

MKL1 is a ubiquitously expressed SRF-binding transcription factor that is critical for
normal function of multiple cellular compartments including the mammary gland [142, 143],
vascular endothelium [144, 145], and several leukocyte lineages (such as neutrophils and
macrophages) [146-149]. Two SNPs in moderate LD (/2 = 0.41) [150] and in close
proximity to the MKL1 locus are associated with breast cancer risk (rs6001930 [T > C]) [68]
and mammaographic density (rs17001868 [A > C]) [150].Both haplotypes contain only
intronic SNPs (a combined 83 in LD; /2 > 0.8), which span MKL1 and neighboring genes,
SGSM3 and TNRC6B. The currently unknown mechanisms underlying the haplotypes are
most likely driven by altered expression of MKL1, rather than expression of SGSM3 and
TNRCG6B. Of the three genes, only expression of MKL1 is associated with breast cancer
survival in the TCGA-BRCA dataset [91], and MKL1 has been directly linked with both
normal [142, 143] and malignant breast epithelium biology [151]. Both haplotypes are
significantly associated with MKL1 expression [92] and overlap with transcriptional
regulatory regions in several cell types, including mammary epithelium, leukocytes, and
vascular endothelium [88, 138]. Although MKL1 potentially modifies breast cancer risk and
outcome through its direct actions on breast myoepithelial cells [142, 143, 151], it is equally
plausible that MKL1 also mediates its effects through multiple TME cell types. For example,
MKL1 regulates NF-xB-dependent inflammatory signaling in macrophages [147-149] and
the vascular endothelium [144, 145], which mediates breast cancer development and
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progression [152]. Like LSP1, the modifier effects of MKL1 are likely dependent upon the
cell type and physiological context, which should be accounted for in future studies of the
MKL1 haplotypes to establish the underlying cellular and molecular mechanisms.

Toll Like Receptors (TLR1, TRL6, TRL10)

The TLR family consists of pattern recognition receptors that respond to exogenous
pathogen-associated molecular patterns (PAMPSs)or endogenous damage/danger-associated
molecular patterns (DAMPS), which are released by injured or dying cells of tumors and
other necrotic tissues (for a comprehensive review see [153]). In normal physiology, the
TLRs are predominantly expressed by mucosal epithelium and leukocytes within the innate
and adaptive immune systems [153]. TLRs are also aberrantly expressed in multiple
malignancies, including breast cancer [78]. An intronic SNP (rs6815814 [A > C]) residing
within the tightly grouped locus that contains TLR1, TLR6, and TLR10 is associated with
breast cancer risk [35]. The rs6815814 haplotype block (72 > 0.8) includes 23 SNPs and
physically spans the TLR1 and TLR10 genes, yet it is significantly associated with
expression of all three genes (TLR1/6/10) in leukocytes [92, 104, 154]. Moreover, multiple
SNPs within the haplotype block overlap with putative promoter and enhancer regions of all
three genes [88, 138]. TLR1, TLR6, and TLR10 are structurally similar and form
heterodimers with TLR2 [155, 156], although TLR2/1, TLR2/6, and TLR2/10 heterodimers
are in large part functionally distinct. For example, TLR2/6-dependent production of IL6
and TNFa by tumor-associated macrophages was recently linked with metastasis of multiple
cancer types, whereas the TLR2/1 heterodimer had no effect and the TLR2/10 heterodimer
was not tested [157]. Compared with TLR1 and TLR2, the role of TLR10 in DAMP-
mediated signaling is less defined, as no definitive ligands of TLR10 have been identified
and TLR10 has only recently been characterized as a predominantly anti-inflammatory
mediator [158, 159]. Nonetheless, TLR10 is a particularly enticing TME modifier candidate,
as expression of TLR10 is significantly associated with breast cancer survival (unlike TLR1
and TLR6) in the TCGA-BRCA dataset [91]. The next step to defining the underlying
mechanisms of the risk locus containing TLR1, TLR6, and TLR10 (rs6815814) will be to
identify the molecular and cellular mediators, which might include mammary epithelial cells
or multiple leukocyte cell-types within the TME.

Caspases 8 and 10 (CASP8, CASP10)

CASP8 and CASP10 are cysteine-aspartic acid proteases involved in apoptotic programmed
cell death (for comprehensive reviews see [160, 161]). Although CASP8- and CASP10-
mediated apoptosis is a ubiquitous mechanism that can be induced in any cell type, it is
particularly critical in maintaining immune homeostasis through activation-induced cell
death (AICD) in lymphocytes, NK cells, and possibly other leukocytes [160]. To date, at
least three distinct CASP8 haplotypes and one CASP10 haplotype have been associated with
breast cancer risk [108, 162—-170] and survival [164]. The first haplotype is tagged by two
SNPs (rs1830298 [T > C] [166] and rs10931936 [T > C] [167]) and includes 17 additional
SNPs in LD (2 > 0.8) with multiple associations with CASP8 and CASP10 expression
across various tissues [92, 104]. The second CASP8 haplotype is a missense SNP
(rs10454485) that has no predicted functionally effects [90], yet it is associated with breast
cancer risk through unknown mechanism(s) in at least six independent studies [108, 165,
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166, 168-170]. Interestingly, the rs1045485 risk allele has a potential interaction with a
CASP10 haplotype (rs13010627) [163], an unlinked missense variant (V4101) in CASP10
that is potentially damaging [90] and have additive effects in patients with the rare
coincidence of both rs10454485 and rs13010627 risk alleles [163]. The third CASP8
haplotype that is associated with breast cancer risk includes the -652 6N InsDel variant
(rs3834129) [162, 164], a common variant that disrupts SP1-mediated CASP8 expression in
T-cells [162, 171] and modifies CASP8-dependent apoptosis of T lymphocytes [162].
CASP8 and CASP10 modulate both cancer cell apoptosis and maintain immune cell
homeostasis. Therefore, it is critical to define the modifying effects of the CASP8 and
CASP10 haplotypes within different cellular and pathophysiological contexts in order to
disentangle the multiple CASP8- and CASP10-dependent genetic mechanisms that might
alter breast cancer risk and outcome.

BCL2-like 11 (BCL2L11)

BCL2L11 (also known as Bim) is a ubiquitous pro-apoptotic mediator of programmed cell
death that blocks survival signals (such as BCL2 and BCL2L21) and activates apoptosis
signals (such as BAX and BAK). In addition to regulating cancer cell apoptosis [172],
BCL2L11 is also critical for maintaining immune system homeostasis via apoptotic
programmed cell death [173] (for comprehensive reviews see [174, 175]). To date, at least
two distinct haplotypes within the BCL2L 11 locus have been associated with breast cancer
risk [176] and overall survival [176]: an 8-base pair (bp) deletion found in the 3" UTR of
BCL2L11 in ~6% of Caucasians (rs71801447) [35] and a 2,903-bp deletion found in intron
2 of BCL2L11 in ~13% of East Asians [176]. The mechanism(s) underlying the Caucasian
risk variant are currently unknown, but are likely driven by altered expression of BCL2L11.
In comparison, the East Asian variant allele of BCL2L 11 (a 2,903-bp intron 2 deletion) was
shown to drive alternative splicing of exons 3 and 4, resulting in preferential exclusion of the
pro-apoptotic BH3 domain from the variant allele [177]. Similar to CASP8 and CASP10 risk
alleles, it appears plausible that the BCL2L11 risk alleles might directly modify breast
cancer cell apoptosis, while also potentially modifying breast cancer risk and outcome by
altering immune cell homeostasis and subsequently antitumor immune surveillance of
cancer cells.

EGF-Containing Fibulin-Like Matrix Protein 2 (EFEMP2)

EFEMP2 (also known as fibulin-4) is a secreted ECM glycoprotein that mediates assembly
of both elastin and collagen fibrils [178], which is critical for ECM homeostasis and
maintaining vascular structure and function (for a comprehensive review see [179]). Ina
nonmalignant setting, EFEMP?2 is diffusely expressed by fibroblasts [180], smooth muscle
cells [181], and endothelium [178]. EFEMP2 expression in cancer is less clear, with
EFEMP2 likely expressed by both malignant and nonmalignant cells. For example, EFEMP2
is upregulated in the ECM of metastatic breast tumors, although the source of EFEMP2 is
unknown [182]. Multiple EFEMP2 haplotypes (rs3903072 [G > T], rs200340088 [T > C],
and rs200995432 [T > G]) have been associated with breast cancer risk [68, 183]. The
common rs3903072 haplotype [68] includes 21 additional SNPs in LD (/2 > 0.8) and is
associated with EFEMP2 expression in fibroblasts [92] and leukocytes [104]. The rare
haplotypes, rs200340088 and rs200995432 [183], are missense mutations that are potentially
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damaging [90] and are possibly hypomorphic or functionally distinct from other rare
deleterious mutations linked with vascular defects in cutis laxa patients [179]. Although the
effects of EFEMP2 polymorphisms in breast cancer are unknown, EFEMP2 is correlated
with vascular density and worse outcome in cervical cancer [184]. Combined with the
vascular defects attributed to rare EFEMP2 mutations [179], these data suggest that
hypomorphic EFEMP?2 alleles might alter tumor angiogenesis. Another possible EFEMP2-
dependent mechanism is the disruption of ECM homeostasis in the mammary gland, because
EFEMP2 regulates the TGFP and LOX/LOXL pathways [179] that are widely implicated in
breast cancer risk and progression [185].

Miscellaneous TME modifier candidates

The abovementioned genetic polymorphisms represent plausible breast TME modifier
candidates that likely impact one or more breast TME cell-types: fibroblasts (FGFR2,
TGFBR2, and EFEMP2), leukocytes (LSP1, MKL1, TLR1, TLR6, TLR10, CASPS,
CASP10, BCL2L11, and EFEMP2), and vascular endothelium (eNOS/NOS3, LSP1, and
EFEMP2). Less-defined but equally plausible candidates exist and are worthy of future
detailed discussions. For example, CAF-derived SDF-1 drives the selective enrichment of
breast cancer cells with higher bone-metastatic potential [186] and a SDF-1 risk allele has
been associated with circulating SDF-1 levels [187] and breast cancer risk [187-189]. There
are many other polymorphic factors that are expressed by at least one TME cell type and
reside in a candidate region that is associated with at least one parameter of breast cancer
risk, including 1L6 [190-192], IL8 [193], TNFa [194], COL1A2 [35], AKAP9 [35],
KRIT-1 [35], TNSF10 [35], PDCD6 [35], HIVEP3 [35], CEBPB [35], and FOXP1 [35].
Future mechanistic studies will be necessary to establish whether these factors influence
breast cancer risk and outcomes through the host TME.

Concluding Remarks

In this review, we have highlighted the broad evidence in the literature that suggests multiple
genetic modifiers of the breast TME likely exist in the human genome. However, the
majority of these host TME modifier candidates have poorly defined mechanistic roles in
breast cancer biology and much of the current evidence implicating host TME modifier
candidates is only circumstantial. Bridging this gap will require new experimental strategies
to empirically identify and test host TME modifiers of breast cancer, as well as association
studies that are designed to capture cell-type-specific functions of candidate genes and their
interactions with germline genetic modifiers. Finally, we posit that identifying the host TME
modifiers of cancer will improve the accuracy of patient prognosis and aid in developing
novel precision therapies that are matched to a patient’s risk profile in both the germline and
somatic genomes.
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Trends Box

Breast tumors are interactive systems that consist of malignant cancer cells
and nonmalignant cell types within the TME (such as endothelial cells,
fibroblasts, and leukocytes). Crosstalk between cellular compartments
influences disease risk and outcome.

Although genetic modifiers of the TME have long been suspected, they
remain largely uncharacterized. It is unclear what portion of heritable breast
cancer risk is influenced by host TME maodifiers.

In this review, a candidate host TME modifier is defined as having a
significant association with breast cancer and a reported biological role in at
least one TME cell type (such as endothelial cells, fibroblasts, and
leukocytes). In a careful review of >170 genetic loci associated with human
breast cancer, 24 candidates were identified to likely impact breast cancer risk
through the TME.
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Outstanding Questions Box

How should we systematically identify and test the existing genetic modifiers
of breast cancer that act through the host TME? The current breast cancer
association studies rarely differentiate host TME modifiers from mechanisms
that are cancer cell-autonomous. There is a preponderance of studies that
experimentally validate cancer cell-autonomous mechanisms, whereas very
few experimental models exist to identify and test host TME modifiers.

Do some genetic modifiers impact both cancer cells and the host TME? The
answer is probably yes. Many breast cancer candidate genes (like FGFR2,
TGFBR2 and MKL1) are linked with both mammary epithelial cell function
and at least one TME cell-type. Other candidates (like eNOS/NOS3 and
TLRs) are typically linked with functions of TME cell types in normal
physiology, yet can be aberrantly expressed in malignant cancer cells.

What is the impact of host TME maodifiers on the genetic evolution of breast
cancer cells that adapt to distinct host TME characteristics? A recent analysis
of TCGA data (Carter et al, Cancer Discovery. 2017 Apr;7(4):410-423)
suggested that some germline polymorphisms can be correlated with somatic
mutations. Although, the statistical power to do so remains limited and the
specific role of host TME modifiers remains to be explored.

What is the impact of host TME modifiers on responses to therapy and patient
outcome? With the emergence of new antitumor immune therapies, stratifying
patients based upon host TME modifiers of infiltrating immune cells will
likely impact patient response to therapy. Likewise, multiple TME-secreted
factors amplify or dampen the effects of conventional chemotherapy and
radiation treatments. However, the impact of TME modifiers on these
therapies remains largely unexplored.

Can newly designed risk association tests discover host TME modifiers in
human breast cancer patients? Addressing this question will require systems
approaches that overcome the limitations of current association studies. We
developed one such analytical approach called HistoQTL (histological
quantitative trait loci), which is a multivariable regression model that
integrates germline genetic variants with cell type-specific quantitative traits
in both cancer cells and the TME to identify genetic modifiers that impact
disease outcome through the host TME.
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Figure 1. Key Figure. Schematic of host TME modifier candidates
Multiple nonmalignant cell types in the TME impact breast cancer risk and progression, yet

the underlying heritable mechanisms that alter TME cell function and influence breast
cancer risk and outcome are frequently overlooked and largely unknown. Depicted here are
polymorphic genes from established human breast cancer risk loci that likely function as
host TME maodifiers of breast cancer. ECM, extracellular matrix.
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