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Abstract

Pathologists have recognized breast cancer heterogeneity for decades, but its causes were
unknown. In recent years, basic science and translational studies have demonstrated that cancer
stem cells contribute to the heterogeneous histological and functional characteristics of breast
cancer. Even more recently, the ability of breast epithelial cells to undergo an epithelial to
mesenchymal (EMT) transition has been linked to the acquisition of stem cells properties, and
enhanced tumor invasion, metastasis, and resistance to available treatments. The stem cells and
cells undergoing EMT are attractive targets for therapy and breast cancer prevention. Despite
current challenges, their identification in breast tissue samples would enable pathologists to
discover and validate prognostic and predictive markers, as well as identify markers of increased
risk for breast cancer.
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Introduction

Pathologists have observed for decades that breast carcinomas are histologically
heterogeneous. Not only may the histological features of tumors vary between different
patients, but a single tumor may exhibit varying morphologies and growth patterns.
However, it was not until recently that the biological basis of histological heterogeneity
within breast cancer began to unravel. It is recognized that breast carcinomas harbor
oncogenic mutations which through clonal evolution give rise to phenotypic diversity. In
more recent years, the discovery of breast cancer stem cells has further enhanced our
understanding of tumor heterogeneity. The existence of undifferentiated cells with self-
renewal and multilineage differentiating capacity within tumors led to the idea that
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functional differences of individual tumor cells are the result of differences in their state of
differentiation, thus resulting in the varied histological appearance of human breast cancer.

Studies have implicated the transition between epithelial to mesenchymal differentiation
states in the generation and maintenance of breast cancer stem cells. The process of
epithelial to mesenchymal transition (EMT) involves the dynamic and potentially reversible
change from an epithelial morphology to a mesenchymal-like, spindled histological
appearance of individual cells. This morphological change is accompanied by an
immunophenotypic and molecular transition towards a mesenchymal program. Cancer cells
undergoing EMT have enhanced invasive and motile properties, and are thought to trigger
metastatic spread.

From a clinical perspective, the importance of identifying and targeting stem cells is based
on their reported chemo- and radio-resistance, which may be responsible for the failure of
current treatment modalities to cure breast cancer. Breast cancer stem cells, especially those
in EMT states, have been highlighted as the drivers of distant metastasis. Furthermore, a
number of studies have demonstrated that the presence and abundance of breast cancer stem
cells in tissue samples have prognostic significance. Despite all the evidence supporting the
importance of EMT and stem cells in breast cancer development and progression, detection
of these cells in biopsies and resections has been challenging for pathologists. In this article,
we focus on current means of detecting breast cancer stem cells and cells undergoing EMT
by immunohistochemistry in breast cancer tissue samples, and discuss their possible utility
as tissue-based clinical useful biomarkers.

The discovery of breast cancer stem cells and their isolation in the

laboratory

The normal breast consists of a complicated network of ducts culminating in the terminal
duct lobular unit (TDLU) which contains different cell types with regenerative properties
during puberty and lactation. These cells have self-renewal capacity and are able to
differentiate into ductal epithelial, alveolar, and myoepithelial cells. Mammary
transplantation models have allowed the identification of stem cells in mouse mammary
glands. Further seminal studies have demonstrated the existence of stem cell-like
populations in human mammary glands.

The concept that cancers arise from stem cells was first proposed over 150 years ago. Recent
advances in stem cell biology have extended and directly tested this hypothesis, providing
evidence that breast cancers arise in stem cells through dysregulation of the normally
tightly-regulated process of self-renewal. The first demonstration of the existence of breast
cancer stem cells was reported in 2003. These investigators showed that human breast
cancers contain a cellular population characterized by the expression of cell-surface markers
CDA44*/CD24'°W/~/lin~ detected using fluorescent-activated cell-sorting (FACS). As few as
200 CD44*/CD24'°W/~/lin~ cells were able to form tumors when implanted in NOD/SCID
mice. Furthermore, these tumors recapitulated the cellular heterogenic composition of the
primary tumor.

In addition to the detection of the CD44*/CD24!°"/~/lin~ population, breast cancer stem cells
can be isolated on the basis of their increased expression of aldehyde dehydrogenase
(ALDH) (Aldefluor assay) by flow cytometry, and by their capacity to form mammospheres
in vitro. ALDHL is a detoxifying enzyme responsible for the oxidation of intracellular
aldehydes which has been shown to identify and to promote breast cancer stem cell
properties /n vivo and in vitro. In vitro, breast cancer stem cells are isolated by their ability
to grow as spherical colonies or mammospheres under non-adherent substrata in serum free
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conditions in the presence of growth factors. This assay tests fundamentally the self-renewal
capacity characteristic of stem cells.

The process of EMT and the links between EMT and breast stem cells

The epithelial to mesenchymal transition (EMT) is a complex and dynamic biological
process characterized by the acquisition of a molecular phenotype marked by dysfunctional
cell-cell adhesion, loss of apical-basal polarity, increased resistance to apoptosis, and gain of
motility. Both EMT and the reverse process, the mesenchymal to epithelial transition, are
fundamental in normal development and formation of the body plan. Indeed, these events
are thought to occur as early in development as trophoblast invasion into the endometrial
matrix and are involved in gastrulation and subsequent events leading to organ formation
(reviewed in).

The study of EMT in development has grown considerably since first officially
characterized by Hay more than a decade ago, and a role for EMT has been described in
both organ fibrosis and cancer. In contrast to the developmental EMT program, however,
pathologic EMT appears to be poorly coordinated, leading to a recent classification system
of EMT and stratification into type I (developmental), type 1l (tissue regeneration and
fibrosis), and type I11 (cancer progression and metastasis). EMT can generally be
characterized by the loss of cell-cell adhesion molecules via transcriptional repression and
relocalization of cadherins, occludins, claudins, and desmoplakin, with concomitant
increases in mesenchymal markers including N-cadherin, vimentin, smooth muscle actin,
fibronectin. One of the most important hallmarks of EMT is the switch of the cell-cell
adhesion molecule and negative regulator of the canonical Wnt pathway E-cadherin to N-
cadherin.

The idea of whether EMT actually occurs /n vivo was initially met with some skepticism, in
part due to the lack of pathologic evidence at secondary sites and the idea that epithelial
cells undergoing EMT may be indistinguishable from fibroblasts; however, generation of
several murine systems have strengthened the case for EMT. Indeed, the development of a
system to mark and follow the fate of mammary epithelial and stromal cells in a whey acidic
protein (WAP-myc) model has provided direct evidence of EMT /n vivo. Other animal
models of breast cancer including the MMTV-neu and MMTV-polyoma middle T antigen
models have recapitulated these findings.

The epithelial to mesenchymal transition is regulated by a group of transcription factors,
mostly repressors including Snail, Snai2 (formerly named Slug), ZEB1 and 2, and Twist1l
and 2. These transcriptional repressors directly silence mediators of epithelial adhesion, the
most important of which is E-cadherin. These factors bind to E-boxes in the E-cadherin
promoter and inhibit E-cadherin transcription. The role of Snail and Twist in EMT is
corroborated by findings that their ectopic expression induces EMT in immortalized human
mammary epithelial cells. The link between Snail overexpression and metastatic potential is
suggested clinically by the fact that in women with breast cancer, high levels of Snail
expression are predictive of decreased relapse-free survival.

The transcriptional regulator ZEB1 is also recruited to E-boxes of the E-cadherin promoter,
and this recruitment results in transcriptional repression, and loss of cellular polarity,
implicating ZEB1 as an EMT-inducer in breast and other solid tumor cells. The
overexpression of ZEB1 and subsequent EMT induction has been linked to a number of
mechanisms; signaling through TGF- B, TNF- a, IGF1, EGFR, estrogen, progesterone, and
COX-2 pathways have been associated with activation of ZEB1 expression. Additionally,
mammary epithelial cells made to constitutively express the active subunit of NF-kB have
increased expression of ZEB-1 and ZEB-2 and concomitant increases in mesenchymal
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markers. There is mounting evidence suggesting that ZEB1 represses miRNAS responsible
for preventing EMT, migration, and invasion of cancer cells.

In addition to the above described proteins, the cysteine-rich protein CCN6 (or Wnt-1-
induced signaling protein 3, WISP3) is an important regulator of EMT and E-cadherin
expression in breast epithelial cells. Stable knockdown of CCNG6 in breast epithelial cells
results in the suppression of epithelial proteins, including E-cadherin, and the upregulation
of mesenchymal proteins, consistent with EMT. Suppression of E-cadherin by CCNG6 loss
occurs via an increase in Snail and ZEB1 mRNA and protein and is associated with axillary
lymph node breast cancer metastases (reviewed in).

In recent years, a body of work has provided mechanistic and functional links between EMT
and acquisition of both normal and cancer stem cell traits. This connection implicates EMT
not only in cancer cell migration and invasion, but also as seeds of metastasis. The
molecular connections between EMT and cancer stem cells involve several signaling
pathways, including but not limited to Wnt-p-catenin, microRNAs (miR-200b), and
epigenetic regulators, principally BMI-1 and Suz12. Understanding of how these processes
interact, and how detection of EMT markers in breast tissues samples may allow
identification of tumors with higher metastatic potential is of clinical importance.

Tissue-based identification of breast cancer stem cells

Although multiple putative tissue-based breast cancer stem cell markers have been
proposed, immunostaining for ALDH1 and dual detection of CD44+/CD24!°W/~ are the most
studied and validated breast cancer stem cell marker proteins to date.

Detection of ALDH1 protein

In normal breast tissues, ALDH1 localizes to the cytoplasm of ductal epithelial cells. There
are very few studies in the literature on ALDH1 expression in normal breast tissues. The
first study describing ALDH1 as a marker of breast stem cells described ALDH1 expression
in normal breast epithelial cells as rare, predominantly towards the lumen of the ducts. Later
on, ALDHJ1 positive normal ductal epithelial cells were reported to comprise approximately
1-2% of the epithelial cell population. A subsequent study investigated the expression of
ALDHL1 in benign breast biopsies found that ALDH1 was expressed in up to 48% of cases.
This study noted that ALDH1 was expressed in the intralobular and interlobular stromal
cells in approximately 60% of the benign biopsies studied. ALDH1 expression in the ductal
epithelial cells as well as in the interlobular stromal cells of benign breast biopsies was
associated with a subsequent breast cancer diagnosis. This study provided the first
demonstration of the potential utility of ALDH1 detection in breast biopsies and posited
ALDHL1 as a promising biomarker of breast cancer risk. Figure 1 shows examples of
ALDHL1 staining in normal breast tissues.

The first study to show the utility of ALDH-1 immunostaining in breast cancer was by
Ginestier et al. These investigators evaluated ALDH1 expression in the epithelial component
of 481 invasive carcinomas from two independent patient cohorts, arrayed in tissue
microarrays. When present, ALDH1 was expressed in an average of 5% of tumor cells.
ALDH1 was positive in 19 — 30% of invasive carcinomas. In this study, expression of
ALDH1 was associated with high histological grade, HER-2/neu overexpression, negative
estrogen and progesterone receptors, and poor overall survival. ADLH1 expression was able
to independently predict overall survival. Later on, ALDH1 positivity also identified a
subset of patients with inflammatory breast carcinoma with increased risk of recurrence. In
these studies, ALDH1 was evaluated exclusively in the cancer cells. More recently, it
became apparent that ALDHL is also expressed by the stromal cells in the tumor

Hum Pathol. Author manuscript; available in PMC 2014 August 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Anwar and Kleer

Page 5

microenvironment. A recent report showed that ALDH1 expression in the stromal
compartment of breast carcinomas is able to predict disease free survival in triple negative
breast cancer. Figure 2 shows representative immunostaining for ALDH1 in breast cancer
tissue samples.

Deng et al. addressed the important and practical question of whether ALDH1 activity
detected by the Aldefluor assay correlates with ALDH1 protein expression by
immunohistochemistry. Indeed, these investigators found that ALDH1 enzymatic activity
was positively correlated with its expression in cancer cells, when determined in breast as
well as other solid human tumors. Given these exciting initial results, it is clear that more
detailed investigations are warranted on the role of ALDH1 as a marker of breast cancer
risk, and as a prognostic and predictive biomarker in breast cancer.

D etection of C D44*/CD24!°W/— cells

CD24is a small, two chain glycosylphosphatidyltinositol-anchored protein which is
localized to the cell surface and functions an adhesion protein. CD24 is expressed in
multiple malignancies including B cell lymphoma, small cell and non-small cell lung
carcinoma, hepatocellular carcinoma, and breast. Functionally, CD24 has been identified as
a ligand of P-selectin, an adhesion receptor on activated endothelial cells and platelets,
which might enhance metastatic potential. In breast cancer, CD24 expression in tissues has
been reported as a promising prognostic indicator. Similar to CD24, CD44 is a cell surface
glycoprotein, CD44 s also known as homing cell adhesion molecule (HCAM), Phagocytic
glycoprotein-1 (PgP-1), ECM-III, HUTCH-1, or Hermes-1. In solid tumors, CD44 has been
implicated in cell migration and metastasis.

The discovery that CD44*/CD241°W/~/lin~ marker combination identified a population of
breast cancer stem cells in the laboratory provided the basis for studies in tissues. Indeed,
there have been multiple studies investigating the expression of CD44 and CD24 in human
breast cancer samples. In some studies these markers were detected in separate tissue
sections, while in others dual immunostaining has been performed. One of the first studies
utilizing double immunostaining for CD44 and CD24 in breast cancer examined 240
invasive carcinomas arrayed in tissue microarrays from women with a median follow up of
5.3 years. They found that CD44*/CD24~/1oW cells were detected in 31% (75/240) of the
tumors. Interestingly, the authors demonstrated that the CD44*/CD24!°%/~ phenotype was
associated with basal like breast carcinomas, especially tumors arising in the setting of
BRCAL1 mutations. Although subsequent studies confirmed the potential utility of CD44 and
CD24 proteins as biomarkers in breast cancer, others failed to support these observations. It
is clear that further investigations are necessary to draw conclusions about the utility of
these markers in breast tissue sections. Figure 3 illustrates dual immunostaining for CD44
and CD24 proteins.

It is intriguing indeed that when analysed in the same invasive carcinomas, CD44*/
CD24!oW/~ and ALDH1 positive cell populations do not necessarily coincide. It has been
suggested that these proteins detect different states (e.g. epithelial vs. mesenchymal) of
breast cancer stem cells, which is currently under intensive laboratory-based investigation.

Other promising biomarkers to identify breast cancer stem cells in tissue samples

In addition to ALDH1 and CD44*/CD24!°W/~ other markers have been studied as cancer
stem cell biomarkers, including CD133. CD133, also known as prominin-1, is a pentaspan
transmembrane glycoprotein that localizes to membrane protrusions such as microvilli and
in the apical surface of some epithelial cells. Expression of CD133 in cancer-initiating cells
has been reported in several tumor types including hematopoietic malignancies and solid
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tumors included breast cancer. Recently, Liu et. al. analyzed the expression of CD133 by
immunohistochemistry in triple negative invasive carcinomas of the breast. CD133 could be
present in the luminal surface, in the cytoplasm and cytoplasmic membrane, or in
predominantly in the cytoplasm of cancer cells, and ranged from 5-24% positive cells. In
this study, CD133 positivity was associated with positive lymph nodes and higher
histological grade. Further studies are necessary to evaluate the utility of CD133 as a breast
cancer stem cell biomarker and to determine its potential clinical utility in breast cancer.

Markers of EMT cells and of the EMT-stem cell connection

While EMT has been shown in cancer cell lines in culture, whether EMT can be detected /n
vivoremains incompletely resolved. Demonstration of EMT in tissues is limited by the
nature of the EMT process: its transient, dynamic and reversible characteristics. In breast
tissue sections, multiple studies have been conducted to test the expression of EMT
transcription factors ( including Snail, Snai2, ZEB1, ZEB2, Twistl, Twist2) as well as E-
cadherin. Additionally, studies of invasive breast carcinomas have linked EMT markers with
specific cancer phenotypes. For example, several EMT markers (vimentin, N-cadherin,
cadherin-11, smooth muscle actin, SPARC, laminin, fascin, and low levels of E-cadherin
and cytokeratins) were preferentially found in basal-like breast cancers. Figure 4 illustrates
detection of EMT using dual immunohistochemistry for ZEB1 and E-cadherin in breast
cancer tissue sections.

The process of EMT is linked to metaplasia, which involves the reversible change of one
adult cell type to another and is thought to arise from genetic or epigenetic reprogramming
of stem cells. In the breast, metaplastic carcinomas constitute an excellent model to study
the interplay between EMT and stem cells, as they are characterized by the presence of a
metaplastic, non-glandular component, which most of the times exhibits mesenchymal
differentiation including spindle, osseous, or cartilaginous cells. Using metaplastic
carcinomas as a model, a recent study provided direct /n situ evidence for the reported
connection between EMT and stem cells in breast cancer. This study demonstrated that
ALDH1 positive and CD44*/CD24~/1oW stem cells also exhibited markers of EMT markers
including decreased E-cadherin and ZEB1 upregulation. Furthermore, the stem cells and
cells with EMT features were enriched in the spindle areas and heterologous elements of
metaplastic carcinomas.

The link between EMT and cancer stem cells and their relevance as potentially clinically
useful biomarkers has been recently highlighted by Mego et al. . In this study, circulating
tumor cells and circulating tumor cells with EMT, as measured by detecting EMT
transcription factors using quantitative RT-PCR, had prognostic value in patients with
metastatic breast carcinoma high-dose chemotherapy (HDCT) and autologous hematopoietic
stem cell transplantation (AHSCT).

Conclusion and perspectives

In recent years, basic science studies have provided strong evidence that the EMT and stem
cell programs are closely interrelated and are a cause of breast cancer heterogeneity. These
processes have been proposed to contribute to breast cancer initiation, invasion, metastasis
and resistance to current treatments. Advances in the laboratory have led to the identification
of breast cancer stem cells. Although more work is needed, available studies demonstrate
our ability to detect and quantify stem cells and EMT cells in normal breast and in breast
cancer tissue samples. These studies may lead to the development of predictive tests for
treatment response, better prognosticators, and ways to identify women with increased risk
for breast cancer.
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Figure 1.

ALDH1 expression in normal breast. A. ALDH1 positive cells are localized towards the
lumen of breast acinar structures. B. Intralobular stromal cells expressing ALDH1 protein
are seen surrounding normal acini. Original magnification x 400.

Hum Pathol. Author manuscript; available in PMC 2014 August 01.



Anwar and Kleer

o, o Hy

¥ - 3, 'Q ."o .’Sff{&" "'\. b\ 4
' 0eases J 5%, ‘o n.

a‘ (% % ’é .‘ )

1%, " e 'o .
S ISR TS Y ASOME RO
COP S AR ] s '\9 D.‘
. BN, AT %."\, f
L AL TR A REN Y SR N PR 4
R e e T S T S
B i te® AR, b=

Figure2.

Page 12

ALDH1 expression in invasive carcinoma. A. Patchy positivity for ALDH1 in the cytoplasm
of breast cancer cells. Original magnification x 400. B. ALDH1 is expressed by a group of
malignant spindle cells in a case of metaplastic breast carcinoma. Original magnification x

200.
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Figure 3.
Dual immunostaining for CD24 (brown) and CD44 (red) in invasive carcinomas of the

breast. A. CD24 expressing breast cancer cells. B. Invasive carcinoma cells positive for
CD44 and negative for CD24. Notice that there is minimal CD24 (brown) reactivity in this
area. The expression of CD24 and CD44 is heterogenous within invasive carcinomas.
Original magnification x 400.
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Figure4.
Dual immunostaining to detect E-cadherin (red) and ZEB1 (brown) in invasive carcinomas.

A. Invasive ductal carcinoma showing E-cadherin expression at cell membranes. ZEB1 is
localized to the nuclei of stromal cells and vessel walls. B. Metaplastic carcinoma of the
breast provides a good example of EMT in tissues. The small gland exhibits E-cadherin
expression, however, the surrounding invasive metaplastic carcinoma cells have high
expression of the EMT transcription factor ZEB1. Original magnification x 400.
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