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In this review, we will discuss how the cell of origin may modulate breast cancer intratumoral
heterogeneity (ITH) as well as the role of ITH in the evolution of cancer. The clonal evolution
and the cancer stem cell (CSC) models, as well as a model that integrates clonal evolution
with a CSC hierarchy, have all been proposed to explain the development of ITH. The extent
of ITH correlates with clinical outcome and reflects the cellular complexity and dynamics
within a tumor. A unique subtype of breast cancer, the claudin-low subtype that is highly
resistant to chemotherapy and most closely resembles mammary epithelial stem cells, will be
discussed. Furthermore, we will review how the interactions among various tumor cells,
some with distinct mutations, may impact breast cancer treatment. Finally, novel technolo-
gies that may help advance our understanding of ITH and lead to improvements in the design

of new treatments also will be discussed.

he subclonal diversity of primary breast
Tcancers has been revealed by multiregion
sequencing (Yates et al. 2015). Whole-genome
and targeted genome sequencing were used
to analyze 303 primary tumors from 50 breast
cancer patients. Mutations in genes such as
AKT, FGFR, PIK3CA, and TP53 were identified
as subclonal in 13 out of 50 cancers. Clinical
features of disease progression, such as chemo-
resistance, invasiveness, and metastatic capa-
bility, also were detected in subclones of the
original lesions. These results highlight the im-
portance of analyzing the complex subclonal
structure of breast cancers. However, to deci-
pher the evolutionary relationships between
different clones, it will be necessary to compare

these results from primary tumors with those
of matched metastases similar to the pioneering
studies reported for clear cell renal cell carcino-
ma (Gerlinger et al. 2012).

In 1977, Hamburger and Salmon (1977)
first suggested that a subset of cancer cells
named human tumor stem cells, now referred
to as cancer stem cells (CSCs), may drive tu-
morigenesis. CSCs, a limited subpopulation
of tumor-initiating cells (TICs), are functional-
ly defined as cancer cells that retain extensive
self-renewal potential in xenotransplantation
assays through a series of generations and have
the ability to recreate the heterogeneity of the
original tumor through asymmetric division.
Following the pioneering studies of Bonnet
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and Dick (1997) defining leukemia-initiating
cells in acute myeloid leukemia (AML), a simi-
lar strategy was applied by Michael Clarke
and his colleagues to solid cancers. The first of
these studies was reported in 2003 by Al-Hajj
et al. (2003), who identified a subset of tumor-
igenic breast cancer cells, isolated either from
patient-derived mouse xenografts or directly
from patients’ samples, by fluorescence-activat-
ed cell sorting (FACS) isolation using cell-sur-
face markers CD44 and CD24. These cells were
able to form tumors after transplantation into
the mammary fat pad in immunocompromised
recipient mice. Thereafter, a small subpopula-
tion of tumor-initiating cells bearing distinct
cell-surface markers has been identified from a
variety of solid tumors using a similar strategy
as described above (see review by Clarke and
colleagues [Lobo et al. 2007]).

In normal human mammary epithelium,
CD44"eh M/ + /cD24lovM) cells within the bas-
al EpCAM_/ L /CD49f" population also have
the highest repopulating ability using in vitro
functional colony- and mammosphere-form-
ing assays, both of which are surrogate assays
measuring single-cell survival and stem cell
self-renewal (Ghebeh et al. 2013). By comparing
the gene expression profiles of human breast
cancer lineage (Lin)_CD44+CD24_/ L cells
with those of normal breast epithelial and my-
oepithelial cells, a 186 gene “signature” wasiden-
tified. This signature was able to predict the
recurrence risk in patients with cancers of the
breast, lung, and prostate and medulloblasto-
ma, and also showed a strong correlation with
overall and metastasis-free survival in breast
cancer patients (Liu et al. 2007b).

Subsets of tumor-initiating cells have been
identified from multiple mouse mammary tu-
mor models dependent on their genetic back-
grounds, indicating that the malignant transfor-
mation events may occur in different cell types
in different tumors (Liu et al. 2007a; Cho et al.
2008; Vaillant et al. 2008). Using limiting dilu-
tion transplantation and in vitro mammosphere
assays, we have identified a Lin~ CD29Y'CD24"
subpopulation of TICs, or CSCs, from a genet-
ically engineered mouse (GEM) syngeneic p53-
null mammary tumor model that closely mim-

ics human breast cancer (Jerry et al. 2000; Zhang
et al. 2008). The resulting tumors derived from
the tumorigenic subpopulation contained cells
of all lineages and displayed properties similar
to the primary tumor. Analysis of biomarkers
indicates the tumorigenic subpopulation may
have arisen from a bipotent mammary progen-
itor. In addition, gene expression microarrays
identified a number of epigenetic regulators
critical for stem cell self-renewal as well as those
involved in DNA damage response and repair
processes, which were differentially expressed
in the tumor-initiating cell population. Studies
from the Clarke laboratory showed a low level
of reactive oxygen species (ROS) in the normal
mammary epithelial stem cells and CSCs of
both mouse and human tumors relative to ma-
ture progeny cells and non-CSCs, respectively
(Diehn et al. 2009), also supporting the stem-
cell origin of cancer hypothesis.

WHAT DRIVES BREAST TUMORIGENESIS?

Deciphering the transforming events in the
normal mammary stem cells or more commit-
ted progenitors is critical for understanding
what drives breast tumorigenesis. Breast can-
cers in BRCA1l germline mutation carriers
show basal-like phenotypes (Foulkes et al.
2003; Sorlie et al. 2003), suggesting that they
might originate from normal mammary stem-
cell/basal-cell populations. However, BRCA1-
mutant pre-neoplastic tissues displayed an
increased luminal progenitor population as
compared to normal breast tissues (Lim et al.
2009). Further analysis of gene expression pro-
files showed that breast tissue from heterozy-
gous BRCA1 mutation carriers and basal breast
tumors were more similar to normal luminal
progenitor cells than other stem- and differen-
tiated cell subpopulations. Consistently, target-
ed Breal loss in stem cells did not generate tu-
mors that reproduce the features of human
BRCA1 tumors, whereas homozygous deletion
of BRCA1 in luminal progenitors produced
tumors resembling human BRCA1-associated
cancers, implying that luminal progenitors are
most likely the cell of origin of human BRCA1-
associated breast cancers (Molyneux et al
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2010). Recently, more elegant studies using lin-
eage tracing performed by Bentires-Alj (Meyer
etal. 2011) and Blanpain (Van Keymeulen et al.
2011, 2015) have provided more evidence that
oncogenic events in different cell types lead to
distinct tumor types and that these differences
correlate with clinical outcomes. PIK3CA-acti-
vating mutations occur in approximately 30%
of breast cancers. In a mouse model condition-
ally expressing PIK3CA™'%*"R | expression of the
mutant allele in luminal mammary epithelium
induces heterogeneous tumors that express
both luminal and basal markers and are positive
for the estrogen receptor (ER) (Meyer et al.
2011), suggesting that the PIK3CA™'**® onco-
gene targets a multipotent progenitor cell. In
addition, PIK3CAM'**"® expression in unipo-
tent progenitor cells has been shown to repro-
gram these cells. Expression of PIK3CA™!'**"R in
unipotent basal cells gave rise to luminal-like
cells, whereas its expression in unipotent lumi-
nal cells gave rise to basal-like cells before pro-
gressing into invasive tumors displaying intra-
tumoral heterogeneity (Van Keymeulen et al.
2011, 2015).

Although CSC may be crucial during tu-
morigenesis and the CSC hierarchical model
may account, at least in part, for the observed
intratumoral heterogeneity (ITH) that appears
to be a property of many cancers, tumor pro-
gression appears to result from the evolution of
a large population of genetically and epigenet-
ically distinct cells (Merlo et al. 2006; Polyak
2014). Neoplastic cells with different orders
and/or numbers of mutations may compete
for space and resources, and cooperate to dis-
perse and colonize new organs. The evolution of
neoplastic cells provides new insights into neo-
plastic progression, intratumoral heterogeneity,
and the clinical treatment of cancer (Beca and
Polyak 2016). The clonal evolution and CSC
models are not mutually exclusive (Kreso and
Dick 2014). Malignant transformation may oc-
cur in both normal multipotent stem cells as
well as more differentiated progenitors through
clonal evolution, which then results in the exis-
tence of multiple cell lineages (Polyak and
Weinberg 2009; Greaves and Maley 2012; Shi-
bata and Shen 2013).

Origins and Evolution of Breast Cancer

SIMILAR REGULATORY NETWORKS
DRIVING ORGANOGENESIS AND
TUMORIGENESIS

The identification and characterization of tu-
mor-initiating cells and the molecular pathways
responsible for their self-renewal and survival
are critical to design therapies that preferentially
target these cells and sensitize them to conven-
tional therapies such as radiation and chemo-
therapy. Given the apparent similarities be-
tween the normal stem cells and cancer (stem)
cells, it is not surprising that a number of key
developmental pathways play a common role in
the regulation of both normal tissue and malig-
nant stem cells (Reya et al. 2001).

The canonical Wnt/B-catenin signaling
pathway is known to regulate stem cell self-re-
newal, and its abnormal activation has been as-
sociated with the development of various can-
cers (Reya and Clevers 2005). Aberrant Wnt
signaling leads to perturbed mammary gland
development and results in mammary tumor
development in mice (Nusse et al. 1984; Li et
al. 2000). When Wnt-1 is induced in the mam-
mary glands of mice heterozygous for Pten, the
tumors formed contain both myoepithelial and
luminal epithelial cells sharing a common Pten
loss mutation. However, when Neu, H-Ras, or
polyoma middle-T antigen are induced, the
resulting tumors lose the myoepithelial cell
population, indicating that a common stem
cell and/or progenitor may be the target for
Wntl-induced oncogenesis (Li et al. 2003). In
addition, interference with the Wnt signaling
pathway in cancers of the skin, prostate, and
intestine resulted in the loss of self-renewal abil-
ity and increased differentiation of the CSCs,
suggesting that Wnt signaling plays a role in
maintaining the stem cell function of CSCs in
many cancers (Malanchi et al. 2008; Bisson and
Prowse 2009; Zheng et al. 2010).

Using limiting dilution transplantation
performed on p53-null tumor cells transduced
with Wnt reporter lentivirus, we showed that
FACS sorting of cells expressing the TOP-eGFP
canonical Wnt reporter resulted in a marked
enrichment for CSCs characterized previous-
ly using cell-surface markers. Pten/Akt/Wnt
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signaling was shown to confer the enhanced
radiation resistance observed in these cells,
and pharmacological inhibition of the signaling
pathways was able to inhibit canonical Wnt sig-
naling as well as DNA damage repair selectively
in CSCs, sensitizing them to ionizing radiation
treatment (Zhang et al. 2010).

Hedgehog (Hh) signaling is a key regulator
in organogenesis and tissue repair through reg-
ulation of adult stem cells (Lewis 2001; Liu et al.
2006). Hh signaling also has been implicated in
the development of cancers through regulation
of CSCs (Liu et al. 2006; Clement et al. 2007;
Coni et al. 2013). Activation of Hh signaling by
overexpressing Hh transcriptional effectors,
GLI1/GLI2, results in increased size and forma-
tion number of mammospheres, whereas inhi-
bition of Hh signaling with a primary inhibitor,
cyclopamine, results in a reduced mammo-
sphere-forming potential (Liu et al. 2006). In
addition, an expansion of the cytokeratin 6-
positive cells, a putative progenitor cell popul-
ation, has been reported in GLI1-induced
tumors, suggesting the importance of Hh sig-
naling in stem/progenitor function and breast
cancer development (Fiaschi et al. 2009).

The Notch signaling pathway also has been
implicated in the regulation of asymmetric
cell-fate decisions in human mammary stem
cells (Dontu et al. 2004a,b, 2005; Dontu and
Wicha 2005; Liu et al. 2005). Expression of the
activated form of the Notch1 receptor, Notchl
receptor intracellular domain (N1IC), in mam-
mary cells of mouse mammary tumor virus
(MMTV)/NI1IC transgenic mice increased the
survival potential of the CD29"'CD24" progen-
itor cells and led to the formation of basal-like
ductal tumors through a cyclin D1-dependent
pathway (Ling et al. 2010).

These shared regulatory mechanisms create
an opportunity for targeting tumorigenic can-
cer cells, but may also cause the pleotropic side
effects on normal cells. Therefore, identification
of the unique features of CSCs may provide a
more efficient and less toxic course of treatment
in cancer. For example, unique mutations with-
in the CSCs may cause an increase in the fre-
quency of symmetric versus asymmetric divi-
sions resulting in a change in their population

dynamics. Therefore, systemic therapies target-
ing symmetric cell division mechanisms may
provide a promising approach to eradicating
CSCs while sparing the normal stem cells (Bo-
man et al. 2007).

Whether tumors are developed from nor-
mal stem cells, progenitor cells, or differentiated
cells undergoing de-differentiation to regain
self-renewal potential, similar regulatory mech-
anisms seem to drive organogenesis and tumor-
igenesis. Leukemia stem cells (LSCs) are the
most well-studied CSCs. They maintain features
of normal stem cells with their ability to self-
renew and differentiate to generate the hetero-
geneity of blood cancers, providing the strong-
est support that the LSCs are derived from the
normal hematopoietic stem cells (Hope et al.
2004), and are the driving force for tumorigen-
esis. Additional studies need to be performed in
breast tissue to better understand the cellular
origin of different breast cancer subtypes.

CLAUDIN-LOW, EPITHELIAL-
MESENCHYMAL-TRANSITION (EMT),
AND CHEMOTHERAPY RESISTANCE

As mentioned previously, breast cancer is a dis-
ease that displays both inter- and intratumoral
heterogeneity. Uncovering relationships be-
tween tumor subtypes and their potential nor-
mal cellular counterparts is critical for under-
standing the cellular origin of breast cancer.
Using a meta-analysis approach, Pfefferle et al.
(2015) derived consensus gene signatures for
both mouse and human species and used these
to relate tumors to normal mammary epithelial
cell phenotypes. They found most human and
murine tumor subtypes shared some, but not
all, features with a specific FACS-purified nor-
mal cell type; thus for most tumors a potential
distinct cell type of “origin” could be assigned.
We will focus on discussing the claudin-low
subtype, which most closely resembles mam-
mary epithelial stem cells.

In collaboration with our clinical colleague,
Dr. Jenny Chang, we asked whether a similar
CSC subpopulation of breast cancer cells might
be resistant to chemotherapy and responsible
for relapse. Specifically, we wanted to determine
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whether these markers could be used in paired
breast cancer core biopsies from patients with
primary breast cancer before and after neoadju-
vant chemotherapy. We also were able to com-
pare the potential of cells taken before and after
treatment to form mammospheres. These stud-
ies were the first to provide clinical evidence
for a subpopulation of chemotherapy-resistant
breast cancer—initiating cells (Li et al. 2008).
Parallel studies performed in a series of patients
with human epidermal growth factor receptor 2
(HER2)-positive tumors treated with lapatinib
also suggested that specific pathway inhibitors
might provide a therapeutic strategy for elimi-
nating these cells to decrease recurrence and
improve long-term survival. Taking advantage
of these clinical samples, it was possible to per-
form gene expression profiling on the CD44 ™"/
CD24" subpopulation compared to the other
FACS populations, as well as mammosphere-
forming cells compared to the bulk tumors.
Somewhat disappointingly, the gene expression
signature derived from these comparisons was
not prognostic for the majority of human breast
cancers, and only overlapped with an identified
“claudin-low” molecular subtype (Creighton
et al. 2009). The claudin-low breast cancer sub-
type is characterized by the low to absent ex-
pression of luminal differentiation markers,
high enrichment for many EMT-associated
genes, and immune-response genes (Prat et al.
2010). The claudin-low subtype also most
closely resembles mammary epithelial stem
cells, leading to the hypothesis that the most
primitive mammary stem cells may be the cell
of origin for the claudin-low subtype of breast
cancer (Prat and Perou 2009). The majority of
the claudin-low tumors are triple-negative
breast cancers lacking the estrogen and proges-
terone receptors and HER2 receptors. Despite
the apparent lack of prognostic significance for
bulk tumors, the claudin-low signature was en-
riched in residual tumor tissue remaining after
either endocrine therapy using an aromatase in-
hibitor, letrozole, or chemotherapy treatment
with docetaxel (Creighton et al. 2009). Striking-
ly, using quantitative immunofluorescent anal-
ysis double-positive cells expressing the mesen-
chymal marker, vimentin, and the pan-keratin,

Origins and Evolution of Breast Cancer

epithelial marker were enriched following letro-
zole treatment. This suggests the presence of an
intermediate or “partial EMT,” which has been
proposed to be a hybrid E/M phenotype be-
tween the epithelial to mesenchymal transition
(Jolly et al. 2014, 2015).

While these studies using clinical samples
were in progress, parallel experiments with tran-
scription factors, such as SNAIL and TWIST,
conditionally activated in immortalized human
mammary epithelial cells (HMLEs) were being
conducted in the Weinberg laboratory (Mani
etal. 2008). These transcription factors induced
the expression of mesenchymal markers and
more importantly led to an increase in stem-
like behavior. More recently, a core EMT inter-
actome gene expression signature obtained by
overexpressing several different EMT-inducing
transcription factors or by treating HMLEs
with transforming growth factor B (TGF-B)
was shown to associate closely with the clau-
din-low and metaplastic breast cancer subtypes
and correlated negatively with pathological
complete response (Taube et al. 2010). The last
piece of this puzzle came about during the char-
acterization of tumors derived in the p53-null
mammary tumor model described previously.
A rare subset of these tumors was discovered
that had similar gene expression signatures as
the human claudin-low tumors (Herschkowitz
et al. 2012). These murine claudin-low tumors
showed high expression of EMT inducers, low
expression of members of the miR-200 family,
and several other microRNAs thought to be ab-
sent in normal mammary stem cells consistent
with the earlier observations of a TGF-3-miR-
200 double-negative feedback loop important
for the EMT transition (Gregory et al. 2008).
More importantly, it was possible to isolate cells
from these tumors to perform functional limit-
ing dilution transplantation assays into the
cleared fat pad of syngeneic mice. These studies
showed that CSCs were highly enriched in the
claudin-low tumors as compared to other basal-
like and luminal-like tumors developed in the
same model (Herschkowitz et al. 2012). In fact,
the high frequency of CSCs in this model was
analogous to earlier studies in melanoma, sug-
gesting that CSCs were not a rare population
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in these tumors (Quintana et al. 2008). Gene
expression profiling of the mouse melanoma
and claudin-low GEM models showed consid-
erable overlap as well as similarities in their re-
sponse to targeted therapies with MEK and
PI3K inhibitors (Roberts et al. 2012). Thus,
there is an intimate association of EMT and
CSCs and claudin-low subtype of breast cancer
as shown in Figure 1. However, this should not
be interpreted to mean that these three states are
all equivalent.

Why is this important in breast cancer evo-
lution? In a seminal opinion piece in Nature
Reviews Cancer, Brabletz et al. (2005) first pro-
posed the concept of “migrating cancer stem
cells—an integrated concept of malignant tu-
mor progression.” These investigators suggested
that “a loss of epithelial differentiation and the
acquisition of a migratory phenotype is a hall-
mark of tumor progression.” The foundation
for this concept comes from basic studies of
normal development (Thiery 2003). In the con-
text of breast cancer, the CD44 ™" /CD24~ CSCs
isolated from patient-derived cells have been
shown in mouse xenografts to not only be tu-
mor-initiating cells, but also to give rise to lung
metastasis (Liu et al. 2010). The observation
that cells can undergo a transient EMT suggests
that EMT/MET plasticity may play a critical
role in tumor progression. The “conventional”
model suggests that tumor cells first have to
undergo EMT to migrate and intravasate into

Cancer
stem
cells

Epithelial Claudin-low
mesenchymal molecular
transition subtype

Figure 1. The claudin-low molecular subtype, epithe-
lial-mesenchymal-transition (EMT), and cancer
stem cell (CSC) phenotypes display many similari-
ties but are not necessarily identical.

the vasculature, but at distant sites after extra-
vasation they may have to then revert to an MET
state to support their proliferation into macro-
metastases. Support for this model comes from
elegant studies using a doxycycline-inducible
Twist skin carcinogenesis model (Tsai et al.
2012). Furthermore, recent studies that used a
similar inducible Twist model showed that a
transient EMT must occur for CSC formation,
followed by a subsequent MET that still can
retain CSC characteristics even after Twist is
deactivated, suggesting an epigenetic repro-
gramming mechanism (Schmidt et al. 2015).
In contrast, two recent studies have suggested
that EMT is not required for metastasis, high-
lighting the controversy surrounding the role of
EMT in metastasis (Fischer et al. 2015; Zheng
etal. 2015). However, both of these latter studies
also reported that EMT still endowed cells with
chemotherapy resistance in primary and meta-
static tumors (Fischer et al. 2015; Zheng et al.
2015). This is probably the most consistent
observation in many solid cancers where the
EMT state is often the “default” phenotype ob-
served during therapeutic resistance. A discus-
sion of the strengths and weaknesses of these
studies has been published recently (Li and
Kang 2016). EMT may be accompanied by a
significant reduction in proliferation (Vega
et al. 2004; Tsai et al. 2012), suggesting that
cell quiescence may endow a cell with resistance
to therapies that target proliferating cells. How-
ever, this is most likely not the only mechanism
of resistance, as mesenchymal-like, claudin-
low breast cancers, which are proliferative, also
display characteristics associated with therapy
resistance, suggesting that alternative resistance
mechanisms likely exist (Creighton et al. 2009,
2010). Perhaps EMT/CSCs are better able to
repair their DNA in response to damage as
well as induce stress pathways and inhibit apo-
ptosis, as has recently been shown for CSCs
in the p53-null breast cancer model (Chang
et al. 2015). The ZEB1/miR-200 axis has addi-
tional, non-cell-autonomous roles in cancer
pathogenesis. For example, it has recently been
shown to affect immune recognition of cancer
cells, whereby ZEB1 suppression of the miR-200
family leads to up-regulation of PD-L1, a direct
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miR-200 family target. This leads to subsequent
evasion of immune cells by the tumor cells
(Chen et al. 2015). Therefore, the EMT transi-
tion also may play a role in immunosuppres-
sion, thus exacerbating treatment response
and potentially increasing metastasis (Chen
et al. 2015; Mak et al. 2016).

Because metastases are responsible for
>90% of cancer-associated mortality, and cells
with EMT properties display resistance to “stan-
dard of care” treatments of radiation and che-
motherapy, efforts have been made to develop
small molecule inhibitors to reverse EMT and
sensitize CSCs to treatment (Gupta et al. 2009;
Pattabiraman et al. 2016). Unfortunately, these
approaches have been unsuccessful because
none of these drugs to date have been moved
forward to the clinic for use in patients because
of their toxicity. A proof of concept, however,
has been obtained by several studies in preclin-
ical GEM models in which reexpression of miR-
200 family members has been able to reverse
EMT, decrease the CSC population, and sensi-
tize cells to both chemotherapy and targeted
therapies (Adam et al. 2009; Knezevic et al.
2015). One potential approach to reactivate
the endogenous expression of miR-200 family
members, which are silenced by both DNA
methylation and chromatin modification, may
be to use epigenetic therapies (Azad et al. 2013;
Lim et al. 2013).

ROLE OF INTRATUMORAL HETEROGENEITY
IN EVOLUTION OF CANCER

Next, we discuss changes in intratumoral het-
erogeneity and the role it may play in tumor
development. Evaluating changes in ITH dur-
ing cancer progression is complicated by the
paucity of longitudinal samples. Although
many studies have characterized the ITH of
primary cancers, such as The Cancer Genome
Atlas (TCGA) pan-cancer analysis (Andor et al.
2016), relatively few have studied metastatic
breast cancer and changes that occur between
primary and metastatic lesions. Two genome-
wide studies of a single case of paired prima-
ry-metastatic breast cancer provided an initial
view of ITH in primary breast cancer and its

Origins and Evolution of Breast Cancer

evolution in metastatic disease (Shah et al.
2009; Ellis et al. 2012). A recent genome-wide
analysis of primary and metastatic samples from
a single patient showed that each metastatic site
harbored distinct mutational events, with inde-
pendent inactivating mutations in PTEN indi-
cating convergent and parallel evolution (Juric
et al. 2015). Despite these significant advances,
fundamental questions remain in the under-
standing of the evolution of breast cancer me-
tastasis. For example, a large study of paired
primary-metastatic samples using a small hot-
spot-sequencing panel found 85.7% of pairs
had identical mutations (Goswami et al.
2015). This is in contrast to a recent study of
exome sequencing 21 paired primary and brain
metastases, which indicated extensive evolution
of metastatic disease consistent with branched
evolution (Brastianos et al. 2015).
Importantly, the majority of these studies
have focused on single nucleotide mutations/
variants. This is in part because massively par-
allel sequencing is adept at identifying single
nucleotide variants (SNVs), but detection of
structural variants such as copy number changes
and translocations has, until recently, remained
challenging. However, breast cancer has on av-
erage one of the lowest levels of SNVs in solid
tumors (Kandoth et al. 2013), and a panomic
analysis by TCGA categorized breast cancer into
a copy number variant (CNV)-driven disease
(Ciriello et al. 2013). Early studies using CNV
arrays revealed genome-wide changes in DNA
copy number between primary tumors and me-
tastases (Nishizaki et al. 1997). Studies analyz-
ing CNVs in single disseminated cancer cells
confirmed that CNVs are both gained and lost
during progression, but interestingly, the lower
number of CNVs found in disseminated tumor
cells compared with the primary tumor suggest-
ed that tumor cells disseminate very early in a
less progressed evolutionary state (Schmidt-Kit-
tleretal. 2003). Focused analysis of CNV chang-
es in breast cancer has recently given insight into
tumor evolution and the timing of different ge-
netic changes (Janiszewska et al. 2015). A focus
on the use of CNVs for tumor deconvolution
and evolution (Chowdhury et al. 2013, 2014,
2015) found extensive ITH in paired ductal
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carcinoma in situ (DCIS) and invasive ductal
carcinomas (IDCs) (Heselmeyer-Haddad et al.
2012) and was found to be far more diverse than
is apparent from analysis of SNVs. This con-
clusion is supported by the prevalence of chro-
mosome instability phenotypes in breast can-
cers (Heng et al. 2006, 2013) and suggests that
SNVs may be the dominant mechanism of evo-
lution in tumor progression, such as they are
in normal evolution of speciation (Zack et al.
2013).

Although regional (Gerlinger et al. 2012)
and single-cell sequencing (Navin et al. 2011)
have expanded the understanding of ITH (Bur-
rell et al. 2013), the use of solid tumor biopsies
to study cancer evolution is ultimately hindered
by the impractical nature of the biopsy, which
comes at both cost and potential clinical com-
plications. In contrast, accessing DNA from
bodily fluids such as blood or urine has the
potential to allow real-time monitoring of tu-
mor burden (Dawson et al. 2013) and the evo-
lution of SNVs in response to therapy (Murtaza
et al. 2013). Recent studies in breast cancer
highlight the use of SNVs in circulating cell-
free DNA (cfDNA) for monitoring tumor re-
lapse (Garcia-Murillas et al. 2015) and selecting
and monitoring response to targeted therapies
(Frenel et al. 2015). A recent single case report
measured SNVs over a 3-year tumor period
(eight biopsies and nine ¢fDNA samples) to
study tumor evolution (Murtaza et al. 2015).
cfDNA SNVs reflected the clonal hierarchy of
the solid tumor biopsies, and low allele frequen-
cy cfDNA mutations were found to change in
response to therapy (Murtaza et al. 2015). This
report highlights the potential for ¢fDNA to
refine phylogenetic studies of evolution in solid
tumor biopsies.

COOPERATION OF CANCER CELLS IN
TUMOR HETEROGENEITY AND EVOLUTION

ITH has been shown to drive neoplastic progres-
sion and therapeutic resistance because many
treatments may only target certain tumor cell
subpopulations. Using the bioinformatics tools
“expanding ploidy and allele frequency on nest-
ed subpopulations” (EXPANDS) and PyClone,

clones that are present at a > /=10% frequency
in 1165 exome sequences from tumors in TCGA,
were investigated. 86% of tumors from 12 cancer
types had at least two clones (Andor et al. 2016).
In addition, the observation that a high con-
centration of cells was required for successful
growth of tumor-derived cell lines suggested
the cooperation between various tumor cells
under in vitro growth conditions (Von Hoff et
al. 1986). To date, only a few studies have been
reported that show the importance of functional
ITH. Using an MMTV-driven Wntl transgenic
mouse model, Gunther and colleagues showed
that both the basal and luminal cells were
required for efficient tumor formation. This
appears similar to the development of normal
mammary tissues in which the cross talk be-
tween basal/myoepithelial and luminal cells
depends on Wnt expression in luminal cells
(Cleary et al. 2014). Polyak and colleagues
(Marusyk et al. 2014) also showed the competi-
tion-triggered clonal expansion within tumors
derived from transplanting various artific-
ially engineered clones of weakly tumorigenic
MDA-MB-468 cells. A small population of cells
was able to promote tumor growth and progres-
sion by overcoming environmental constraints
to allow the fast proliferation of all tumors cells
in a non-cell-autonomous manner. Heteroge-
neous clones of tumor cells are highly dynamic
and competitive during tumor development.
Cross talk between various subpopulations of
tumor cells has also been reported in metastasis
of small-cell lung tumor (Calbo et al. 2011).
Similarly, a minor subclone within glioblastoma
was also shown to drive tumor growth and main-
tain tumor heterogeneity (Inda et al. 2010).
Cross talk between various tumor cells in
the p53-null mouse model of breast cancer pro-
vides another example showing the cooperation
of tumor cells during tumor initiation (Zhang
et al. 2015). Perturbation of gene expression
by shRNA knockdown of ligands up-regulated
in mesenchymal-like cells and their correspond-
ing receptors in the CSCs led to reduced
tumorigenicity and increased tumor latency,
illustrating the non-cell-autonomous proper-
ties and importance of cooperativity between
tumor subpopulations during tumor initiation.
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CHALLENGES TO CANCER THERAPIES AND
TECHNIQUES THAT MAY HELP ADVANCE
OUR UNDERSTANDING OF ITH AND
IMPROVE CANCER TREATMENT

Both intrinsic and acquired resistance to radia-
tion/chemotherapeutics are the major reasons
for failure in cancer treatment. Increasing evi-
dence has been accumulated showing the exis-
tence of the low-frequency resistant clones with-
in a tumor that expand under selective pressure
after initial therapies (Turner and Reis-Filho
2012). Genetic changes, environmental differ-
ences, and dynamic conversion among tumor
cells within a tumor may all lead to phenotypic
and functional heterogeneity (Meacham and
Morrison 2013). In addition, using somatic
cell fusions and integrated genetic and epige-
netic analyses, Polyak and colleagues (Su et al.
2015) found that the basal features of basal-like
breast cancers, which maintain a high degree
of ITH usually correlating with poor clinical
outcome, are largely defined by epigenetic tran-
scription repression of the luminal factors.
These results revealed a remarkable degree of
epigenetic plasticity between different breast
cell types. Technically, it remains a challenge in
cancer genomics to detect minor and geneti-
cally distinct subpopulations within tumors.
It also remains a challenge to determine indi-
vidual cell fate after drug treatment or environ-
mental changes without applications of lineage
tracing and deep sequencing, which may help
to determine the extent to which ITH accounts
for therapy resistance and disease progression
(Meacham and Morrison 2013).

Using a novel in situ single-cell-based meth-
od, STAR-FISH (specific-to-allele PCR-FISH),
to detect both single-nucleotide and copy num-
ber alterations in single cells in intact archived
tissues, the Polyak laboratory has assessed the
clinical impact of changes in the frequency and
topology of PIK3CA mutations and HER2
(ERBB2) amplification in HER2-positive breast
cancer during neoadjuvant therapy. Their re-
sults suggested that the two independent genet-
ic events do not always occur simultaneously
within the same cells. In nearly all treatment-
naive samples, a minor subpopulation of cells

Origins and Evolution of Breast Cancer

with a preexisting PIK3CA mutation was able to
regulate genetic diversity within tumors under
the pressure of chemotherapy selection, imply-
ing that the resistance to HER2-targeted drugs
may arise as a result of chemotherapy (Janiszew-
ska et al. 2015). Most recently, Caldas and col-
leagues (Pereira et al. 2016) sequenced 173
genes in more than 2000 primary breast tumors,
and identified 40 mutation-driver genes, in-
cluding mutations in PIK3CA that were highly
associated with reduced survival in three sub-
groups of ER-positive cancers. Although high
levels of ITH are in general associated with a
worse outcome, highly aggressive tumors with
amplification of alleles at 11q13-14 locus
showed low levels of ITH. This indicates the
importance of genome-based stratification for
the treatment of breast cancer, which will be
an important prerequisite for personalized ge-
nomic medicine (Aparicio and Caldas 2013;
Baird and Caldas 2013). In addition, using
deep-genome and single-cell sequencing meth-
ods, Eirew and colleagues (2015) analyzed
DNAs from patient-derived xenograft (PDX)
lines as well as their matched patient samples
to identify any clonal variations between pri-
mary samples, and early as well as subsequent
engraftments at the single-cell level. Varying de-
grees of clonal selection, from rare clone (<5%
of starting population) to moderate, polyclonal
engraftment, were observed in all ten primary
and five metastatic breast tumors. PDX models
were shown to recapitulate the clonal heteroge-
neity, with some drift. Thus, these technologies
and models hold promise to study ITH and
clonal evolution both before and after therapy,
and may impact the design of future combina-
torial therapies (Tabassum and Polyak 2015).

CONCLUDING REMARKS

The key to understanding tumor initiation and
progression, and to designing more efficient
therapeutic drugs, is to detect which genes,
when mutated, initiate tumorigenesis, and
how they, under selection pressure after initial
therapies, determine individual cell fate. Thus,
one of the main fields of genome research in-
cludes identifying the existence of SNVs that
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may be the driving force during breast tumor
evolution. In addition, understanding evolu-
tionary dynamics among various cancer cells
will also help lead to the development of novel
therapeutic approaches. Furthermore, under-
standing the importance of inter- and intratu-
moral heterogeneity combined with the rapid
development of technologies, including deep
sequencing and lineage tracing, will improve
our understanding of various breast tumor sub-
types, and should help determine the extent to
which ITH accounts for therapy resistance and
disease progression.
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