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Abstract
Breast cancer is a heterogeneous, multi-factorial disease of aberrant breast
development whose etiology relies upon several microenvironmental changes
within the tissue. As cancerous cells accumulate within the breast epithelium,
fibroblasts within the connective tissue stroma become activated, thereby
inducing inflammation, matrix remodeling, and bone marrow derived cell
recruitment, which collectively promote tumor growth. Fibroblasts within breast
tumor tissues are heterogeneous, and cell surface markers or functional
characteristics of the most tumor promoting fibroblasts within the cell population
remain ill-defined. Moreover, the molecular mechanisms governing the gene
expression of tumor promoting fibroblasts, in comparison to fibroblasts from
disease free breast tissues, remain largely unknown. Here, I demonstrate that
tumor promoting fibroblasts are distinguished from those that are non-tumor
promoting based on their high secretion of the pro-inflammatory hormone
prostaglandin E2 (PGE2) and their response to PGE2 signaling. PGE2 signaling
enhances fibroblast secretion of interleukin 6 (IL-6), which is required for the
expansion of breast cancer stem-like cells (BCSCs). Secondly, I demonstrate
that fibroblasts isolated from stroma of breast carcinomas, referred to as cancer
associated fibroblasts (CAFs), are distinguished from fibroblasts isolated from
disease free reduction mammoplasty tissues (RMFs) based on their ability to
induce the expression of mature microRNA21 (miR21) in response to TGFβ.
Collectively, these data may provide foundations for discovery of adjuvant breast
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cancer therapies targeting tumor associated stroma and insight into patients who
may benefit best from this additional treatment option.
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CHAPTER I:
Introduction
1.1 Anatomy of the human breast
The breast is organized into 15-25 independent glandular units called breast
lobes, each consisting of a tubulo-acinar gland. The lobes are embedded in both
connective and adipose tissue and subdivided by collagenous septa. The lobes
are arranged radially around the nipple. Each lobe contains a single large duct,
the lactiferous duct, which drains each lobe via a separate opening on the
surface of the nipple. The nipple contains bands of smooth muscle oriented
parallel to the lactiferous ducts and circularly near the nipple base; contraction of
this smooth muscle causes nipple erection.
Each breast lobe is divided into a variable number of breast lobules, each
lobule consisting of a system of ducts. Large numbers of secretory alveoli will
develop from these ducts during pregnancy. The lobules are separated by dense
collagenous interlobular tissue; the ducts are supported by a less collagenous
and more adipose rich highly vascular intralobular tissue (H. George Burkitt,
1993).
The duct system is composed of an epithelial bilayer containing two distinct
types of mammary epithelial cells. These cells can be distinguished histologically
based on their position within the duct and immunohistochemically based on the
differential proteins they express. Luminal epithelial cells face the lumen of the
ducts and express cytokeratins (CK) 8, 18, and 19. Myoepithelial cells sit basally
to luminal epithelial cells and reside on a basement membrane forming a barrier
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between the mammary parenchyma and the stroma (Fig. 1.1A,B); they express
CK14, CK5, CALLA/CD10 and smooth muscle alpha actin (αSMA).

1.2 Development of the human breast
Breast tissue develops in a distinct fashion compared to other human
vertebrate organs. Unlike most vertebrate organs that are patterned during
embryogenesis and fully developed before birth, the breast undergoes the
majority of its development post-natally and throughout the lifetime of the female.
The onset of breast development occurs when the embryo measures 4.5 to 6
mm; newly specified breast epithelial cells become indented at the epithelialstromal border, sprouting and separating into 10-15 branches of epithelial ducts
that open separately onto the epidermal surface at the nipple. Development of
the breast occurs isometrically with the rest of the body until the onset of puberty.
With the surge of ovarian and pituitary hormones at puberty, the networks of
ducts leading from the nipple grow and divide into bundles of primary and
secondary ducts, terminating with end buds (Anderson and Clarke, 2004;
Wiseman and Werb, 2002).
The end buds are the sites of active breast epithelial cell proliferation.
Continuous branching leads to the formation of increasingly smaller ducts and
ductules. The terminal ductules eventually give rise to terminal ductal lobuloaveolar units (TDLUs), which are the functional and principle milk-producing units
of the breast (Fig. 1.1C). These TDLUs initially exist as alveolar buds that mature
upon menarche due to hormonal changes within the woman’s menstrual cycle,
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Figure 1.1: Cell types within the human breast.
(A) Schematic of a cross section of a duct, showing luminal cells facing the
ductal lumen and myoepithelial cells resting on a basement membrane.
Adipocytes are also present but are not pictured here. From Kalluri & Zeisberg,
Nat Rev Cancer, 2007. (B) H&E staining of the human breast, showing cross
sections of ducts within an adipose and fibrous stroma (arrow) embedded in a
dense ECM (*). Scale bar, 50 µm. Histology performed by Tufts Medical Center
Histology Core. (C) H&E staining of a terminal ductal lobular unit (TDLU), the
functional unit of the breast, showing a bilayered epithelium. From Vargo-Gogola
and Rosen, Nat Rev Cancer, 2007.
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and are then referred to as more highly developed acini or alveoli (Russo and
Russo, 2004).
The human menstrual cycle begins with the follicular phase, characterized
by follicle stimulating hormone (FSH) induced maturation of ovarian follicles and
high estrogen secretion. The luteinizing hormone (LH) surge at mid cycle triggers
release of the egg whereas the remnant follicle will become the corpus luteum
and secrete increasing amounts of progesterone, characteristic of the post
ovulatory, luteal phase of the cycle. In the adult, non-pregnant, non-lactating
breast, epithelial proliferation is maximal during this time, when estrogen and
progesterone are being secreted by the corpus luteum; these hormones drive
ductal elongation and side branching, respectively (Brisken and Duss, 2007;
Clarke, 2006). Also during the luteal phase of the menstrual cycle, the TDLUs
develop into secretory sacs known as alveoli, which open into the intra-lobular
duct. The TDLUs become more elaborate in terms of the number of alveoli they
contain with each successive ovulatory cycle (Clarke, 2006; Labarge et al.,
2007).
Given the essential roles of estrogen and progesterone in breast epithelial
cell proliferation, it is surprising to learn that proliferating cells in the normal
human breast do not contain estrogen receptor alpha (ERα) nor progresterone
receptor (PR), ligand dependent transcription factors that mediate the signaling
responses driven by these hormones. Elegant studies by Brisken and colleagues
have demonstrated that paracrine mechanisms are responsible for the roles of
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estrogen and progesterone in orchestrating breast epithelial cell proliferation and
morphogenesis (Brisken et al., 1998; Mallepell et al., 2006).
Breast development achieves full maturity and function during pregnancy
and lactation. The full development of the TDLUs is accelerated during
pregnancy due to the secretion of progesterone and the pituitary hormone
prolactin. During this time, the breast lobules expand in terms of the number of
epithelial cells and alveoli they contain in preparation for lactation. Progesterone
withdrawal at this stage prepares the breast epithelium for lactation. The
mammary lobules are enlarged and the alveoli have a dilated lumen. Prolactin
drives the expression of milk-producing genes; milk is synthesized and then
released into the mammary alveoli and ductal system. As long as milk is
removed regularly within a 48 hour period from the gland, the alveolar cells will
continually make milk (Russo and Russo, 2004). At the termination of lactation,
the lobules involute to resemble those present in the non-pregnant gland.

1.3 Development of the mouse mammary gland
Mouse mammary gland development is dependent upon epithelialmesenchymal crosstalk. Development commences at embryonic day 10 (E10) to
birth at around E19. Visible placodes arrive from a lateral ectodermal thickening,
called the milk line, around E11. These placodes are the first specification of
mammary cell fate; mice have 5 pairs of placodes to initiate the development of 5
sets of mammary glands. Fibroblast growth factor-10 (FGF10) secretion by the
underlying mesenchyme is essential for placode formation, as embryos null for
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FGF10 or its receptor, FGF receptor 2b (FGFR2b), lack all mammary placodes
except placode 4 (Mailleux et al., 2002). Thus, the first stages of mammary gland
development require mesenchymal cues.
During E12 and E13, the placodes increase in size and invaginate the
underlying dermis to form small buds that are connected to the epidermis by a
narrow stalk. The primary mammary mesenchyme surrounds these immature
mammary buds. The epithelial cells within the buds begin to proliferate and
elongate at the tip, pushing through a dense mesenchymal layer towards deeper
layers of dermal mesenchyme. This will eventually give rise to the mammary fat
pad. At the leading tips of the newly formed ducts, further proliferation and
bifurcation results in a primitive mammary tree present in the neonate (Robinson,
2007). This rudimentary tree remains quiescent until approximately 3 weeks of
age. During these early stages of development, the stromal compartment of the
gland is filled with large adipocytes, interspersed fibroblasts, blood vessels and
lymphatic vessels (Fig. 1.2A).
Approximately 3 weeks of age marks the onset of ovarian hormone secretion.
At this time, the gland undergoes two major phases of growth: ductal growth,
initiated at puberty, and alveolar differentiation, initiated at pregnancy. During
ductal growth, the terminal end buds (TEBs) appear (Fig. 1.2B); these are the
sites of ductal elongation and branching and represent the site of highest
proliferation in the gland. The outer layer of cells remains undifferentiated (cap
cells) and have bipotent cell fate (both luminal and myoepithelial cells). During
this ductal growth phase, proliferation and cell migration of the cells at the edge
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of the TEB causes invasion into the fat pad and elongation of the duct. As cells
differentiate at the trailing edge the myoepithelial cells lay down basement
membrane, and the stroma is formed by fibroblasts surrounding the ducts. When
the TEBs reach the edge of the fat pad, they regress to form terminal ducts.
Established ducts are hollowed to form a bilayer epithelium of luminal epithelial
cells surrounded by basally-oriented myoepithelial cells resting on a basement
membrane and encased in stroma. This continues until 10-12 weeks of age,
when the majority of the TEBs have given rise to terminal ducts.
With the onset of the estrous cycle at puberty, the gland begins to branch and
form alveolar buds. Similar to human breast development, these alveolar buds
differentiate completely only during pregnancy in order to secrete milk for
lactation (Fig. 1.2C). Initial pregnancy induced mammary growth involves
massive proliferation of ductal branches and formation of alveolar buds. During
the second half of pregnancy, lobulo-alveolar development occurs: the immature
alveolar buds undergo full differentiation into individual alveoli that will become
the milk secreting lobules during lactation. By late pregnancy, the fat pad is
mostly composed of alveoli with a significant reduction in stromal content (Richert
et al., 2000).
At the onset of lactation, the alveoli are filled with milk secretions and
approximately 30% of the gland is filled with adipocytes. Myoepithelial cells
surround the alveolus and respond to the hormone oxytocin by contracting to
force the milk out of the alveolus and drain into the ducts. The process of
lactation continues for approximately 3 weeks until the pups are weaned. Upon
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Figure 1.2: Ductal and lobulo-alveolar differentiation of the mouse
mammary gland.
(A) The 4 stages of mouse mammary gland development. Arrows indicate
terminal end buds (TEBs) present during ductal elongation (in the virgin) and
alveolar differentiation (during pregnancy). Whole mounts from Lothar
Hennighausen, NIH. (B) Schematic representations of the TEB. Cap cells are
bipotent mammary stem cells. From Woodward & Rosen, J Cell Sci, 2007. (C)
Schematic representation of ductal and alveolar cells during mid pregnancy.
From Woodward & Rosen, J Cell Sci, 2007.
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weaning, the gland begins to involute; mammary epithelial cells undergo
apoptosis and are cleared by infiltrating macrophages, and the stroma undergoes
extensive remodeling. The process of involution takes approximately 2 weeks to
complete, and the gland is then regressed to the nearly non-pregnant state. At
this time, the gland is ready to initiate another round of pregnancy, lactation and
involution (McDaniel et al., 2006; Richert et al., 2000). This developmental cycle
is maintained by a population of mammary stem cells, functionally defined as
cells able to reconstitute an epithelium-divested mammary fat pad, using a
technique developed by DeOme et al. (Deome et al., 1959).
While development of the mouse mammary gland is a simplified parallel to
development of the human breast, there exists one striking difference between
the human and mouse mammary stromal microenvironments. The rodent
mammary gland is primarily composed of an adipose rich stroma with an
epithelial parenchyma, while the human breast is largely a more fibrous-adipose
stroma with an epithelial parenchyma (Medina, 2004). Investigators utilizing the
standard mouse xenograft technique to model human breast cancer in mice
overlook this discrepancy in microenvironment, as it is largely not an issue for
engraftment of (immortalized) human breast cancer cell lines. However, this
discrepancy in microenvironment poses large problems to study human
mammary epithelial cell development and malignancy in the mouse host, as
these cells have very poor engrafting efficiency in the mouse mammary fat pad
(Medina, 2004; Sheffield and Welsch, 1988). To circumvent this issue,
Kuperwasser et al. developed a technique to “humanize” the gland after
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removing the rudimentary tree from the mouse mammary fat pad. Fibroblasts
isolated from reduction mammoplasty tissues (RMFs) were immortalized and
irradiated, and ad-mixed with immortalized, non-irradiated RMFs, and inoculated
into cleared mouse mammary fat pads. The RMFs were allowed to engraft and
proliferate, upon which dissociated human mammary epithelial cells from
ostensibly disease-free breast tissues were injected and allowed to engraft in the
humanized microenvironment, permitting normal mammary morphogenesis and
differentiation (Kuperwasser et al., 2004; Proia and Kuperwasser, 2006). These
studies allude to the importance of heterotypic interactions between mammary
epithelium and mammary stroma for proper development, differentiation and
function of the mouse and human gland.

1.4 Mouse mammary stem cells
Mammary epithelium taken from any area of the mouse mammary gland is
able to fully reconstitute a ductal tree in a cleared mammary fat pad (Daniel et al.,
1968; Kordon and Smith, 1998), utilizing the technique by DeOme et al. (Deome
et al., 1959). These data suggest mouse mammary stem cells (MaSCs) are
dispersed throughout the gland and activated upon transplantation.
Several investigators have interrogated the MaSC cell surface markers
utilizing the cleared fat pad technique in conjunction with genetic labeling and
fluorescence activated cell sorting (FACS). Significant evidence suggests that the
MaSCs are ERα negative; this is surprising given that ovarectomized mice
cannot undergo pubertal ductal elongation, and ERα null mammary glands only
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develop rudimentary mammary trees. However, elegant recombination
experiments have demonstrated that mammary epithelial cells from ERα null
mammary glands and mammary epithelial cells from ERα WT mammary glands
can both contribute to reconstituting a cleared mammary fat pad, and both cell
types equally contribute to ductal elongation (Mallepell et al., 2006). These data
suggest that the MaSC is indeed ERα negative, and moreover, that ERα null
mammary epithelia contain MaSCs but require ERα positive cells for their
activation. ERα positive cells are thus referred to as niche “sensor cells,” whose
role is to respond to systemic estrogen signals by secreting growth factors that
result in MaSC activation and thus, mammary gland development. This
mechanism is only one of myriad complex paracrine interactions between cells of
the mammary epithelium that are essential for its proper growth and
differentiation. Recent evidence suggests that similar paracrine mechanisms
within the mammary epithelia may be important in promoting the growth of breast
tumors (Fillmore et al., 2010).
Using genetic labeling and FACS techniques, single cell suspensions of
mouse mammary epithelial cells have been analyzed for the marker profile of a
very small percentage of putative mammary stem cells. First, it was shown that
one single mammary epithelial cell marked with LacZ was capable of
reconstituting a full mammary gland in vivo, contributing to both luminal and
myoepithelial lineages and generating functional lobuloalveolar units. This cell
had the surface marker profile of CD29hiCD24+, and for semantics purposes, was
irrefutably termed “the mammary repopulating unit” (MRU) (Shackleton et al.,

14

2006). Interestingly, it was shown that this subpopulation of cells is indeed ERα
negative (Asselin-Labat et al., 2006), but is highly responsive to estrogen and
progesterone, since ovariectomy significantly diminishes MaSC number and
transplantation ability (Asselin-Labat et al., 2010).
Using a more stringent FACS gating technique, a following report identified
the MRUs to be enriched in a fraction of CD24med/CD49fhi cells, whereas the
CD24hiCD49flow cells had functional characteristics of more differentiated
progenitor cells, and thus were termed “mammary colony-forming cells” (MaCFCs). Both of these marker sets have passed the gold standard technique of
allowing for full reconstitution of the mammary tree in a cleared fat pad and have
been further validated by other investigators (Asselin-Labat et al., 2006; Sleeman
et al., 2007).
To add complication to the mouse MaSC hierarchy, mammary epithelial cell
limiting dilution transplantation studies in both rats and mice demonstrated the
existence of ductal-limited and lobule-limited progenitors, likely derived from a
bipotent stem cell (Kordon and Smith, 1998; Smith, 1996). Lobule-limited
progenitors are unable to produce cap cells, which are required for the
penetration of the mammary fat pad at the tips of the growing terminal end buds;
Ductal-limited progenitors fail to produce progeny capable of sustaining alveolar
development and growth during pregnancy (Boulanger and Smith, 2009). It is
unclear at present how the population of CD24med/CD49fhi or CD24+/CD29+
MaSCs delineate these two mammary fates.
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The discovery of distinct ductal- and lobular-limited progenitors in the mouse
mammary gland let to the discovery of third distinct population of MaSCs, termed
parity-induced mammary stem cells (PI-MECs). This cell population is present in
the nulliparous female but becomes activated upon pregnancy. PI-MECs
possess self-renewal capacity, multi-potency, and the ability to contribute to the
formation of secretory alveoli upon subsequent pregnancies (Boulanger et al.,
2005; Wagner et al., 2002).

1.5 Human breast stem cells
The characterization of bona-fide, functional markers for human breast stem
cells has been much more challenging, largely due to the difficulties of obtaining
sufficient amounts of primary tissue, difficulties in culturing these cells, and
moreover, the lack of an in vivo stem cell transplantation model for human cells
that has the same technical ease as that pioneered by DeOme et al. To
circumvent these issues, investigators can use in vitro assays to enrich and
propagate populations of human mammary epithelial cells (HMECs) enriched in
stem and progenitor activity, such as the mammosphere assay (Dontu et al.,
2003). However, the act of culturing HMECs may cause inadvertent selection of
certain subpopulations, skewing the results of subsequent functional assays. In
fact, it has yet to be definitively proven that human breast stem cells can be
isolated from primary tissues without propagation in culture, split between
cleared-fat pad stem cell transplantation assays and mammosphere culture, and
later investigated to show that the cells contributing to both assays are indeed
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identical (Molyneux et al., 2007). Nevertheless, frequently used markers for
human breast stem cells are CD49f and EpCAM, based on pioneering work in
the mouse. To demonstrate the stem cell activity in subpopulations of HMECs,
cells are typically isolated and removed of stromal content by lineage depleting
endothelial, fibroblastic, lymphocytic and monocytic lineages using an
immunomagetic bead sorting strategy (referred to as Lin-) (Proia et al., 2011;
Villadsen et al., 2007). The remaining population, enriched in HMECs, is
subjected to FACS analysis based on expression of CD49f and EpCAM. This
yields a FACS plot with four distinct clouds (or subpopulations), with the
CD49fhi/EpCAMhi population containing stem cell and multipotent progenitor
activity, based on mammosphere forming ability, and the capacity to generate
TDLU-like structures in laminin-rich extracellular matrix (ECM) (Villadsen et al.,
2007).
There exists evidence to suggest that ductal and lobular luminal cells derive
from distinct lineage restricted progenitors in mice (Smith, 1996), although
experiments performed with HMECs have yet to show this definitively in the
human breast. Also, it remains unknown if PI-MECs exist in the human breast
and play a role in subsequent pregnancies, as has been demonstrated in mouse
mammary gland development. Furthermore, it remains unknown if
CD49f+/EpCAM+ human MaSCs contain all three populations of stem cells whose
existence has been documented within the mouse mammary gland.
A stem cell niche may be localized within the terminal ducts, as cells within
this region stain positive for both cell lineage markers CK14 and CK19, and cells
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dissected from terminal ducts can give rise to cells capable of mammosphere
formation, multipotent colony formation and formation of bilayered, TDLU-like
structures in three dimensional culture conditions. In contrast, cells dissected
from lobules did not display these functional characteristics suggestive of
stemness (Labarge et al., 2007; Villadsen et al., 2007).

1.6 Stromal influences in mammary stem cell fate and behavior
Elegant recombination studies demonstrated the potent influences of the
mammary stromal microenvironment on MaSC fate and tumorigenic potential.
The discovery of a distinct population of MaSCs that are activated upon
pregnancy (PI-MECs) allowed for their lineage marking using the pregnancy
activated mammary specific promoter whey acidic protein (WAP) driving Cre
expression in Rosa26 LacZ mice. Adult testicular cells isolated from these mice
were ad-mixed with limiting dilutions of MECs, inoculated into cleared mammary
fat pads, impregnated and examined at the end of involution. Adult testicular cells
interacted with the MECs and the mammary stroma to contribute outgrowths of
normal mammary trees, suggesting that signals from the mammary epithelium
and stroma were sufficient to alter spermatogenic cell fate (Boulanger et al.,
2007). A similar experiment was conducted with neural stem cells isolated from
fetal and adult WAP-Cre/Rosa26R mice ad-mixed with MECs; neural stem cells
contributed to normal outgrowths in cleared fat pads (Booth et al., 2008).
MaSCs and progenitor cells have been implicated as the possible cells of
origin for many human breast cancers (for more detailed discussion, see
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Sections 1.8 and 1.9). Understanding how these cells read signals from their
local microenvironment is essential to understanding the mechanisms governing
breast cancer initiation and progression. Intriguingly, mouse mammary tumor
cells can be temporarily normalized, incorporated into normal mammary
outgrowths, and differentiated into functional mammary cell types, when admixed with non-transformed MECs at a respective ratio of 1:50 and inoculated
into wild-type (WT) cleared fat pads (Booth et al., 2011). Collectively, these data
demonstrate the potency of the mammary microenvironment in governing cell
fate and behavior, and highlight the importance of studying epithelial-stromal
interactions for a larger understanding of breast cancer origin and maintenance.

1.7 Epidemiology and heterogeneity of breast cancer
Breast cancer is the most common cancer among women in the US and is
the second leading cause of cancer-related deaths (Jemal et al., 2007). More
than 120,000 estimated deaths due to breast cancer are expected annually in the
US and Europe combined (Jemal et al., 2009). While most of these breast
cancers are sporadic, it is estimated that 5-10% of all breast cancers arise in
individuals that have highly penetrant mutations in the breast cancer
susceptibility genes, BRCA1 and BRCA2. Individuals carrying mutations in these
two genes have a 40-80% chance of developing breast cancer, making these
mutations that strongest predictors of breast cancer known to date (Easton et al.,
1995; Fackenthal and Olopade, 2007). Because of this, patients who have a
familial history of breast cancer can opt for genetic testing and potentially life-
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saving prevention strategies such as early onset annual mammograms, magnetic
resonance imaging (MRI), chemoprevention, and risk-reducing bilateral
mastectomy (Jemal et al., 2007).
Within the last decade, it has become widely appreciated that sporadic breast
cancers are not one disease but exceptionally heterogeneous, making uniform,
successful treatment for all sporadic breast cancers particularly challenging.
However, these individual breast cancers can be categorized based on their
gene expression signatures and typically fall within five distinct subtypes, referred
to as “the intrinsic subtypes of breast cancer” (Fig. 1.3): luminal A, luminal B,
HER2-like, basal-like, and normal-like. Luminal A comprises the largest group of
breast tumors; these tumors express markers of differentiated luminal epithelial
cells such as ERα, PR, and GATA3, among others. Luminal B tumors have less
expression of luminal epithelial cell markers and express a novel set of genes
from that of Luminal A. Her2-like tumors overexpress the Her2 amplicon at
17q22.24 including ERBB2, GRB7, and TRAP100. Basal-like tumors are largely
distinct from luminal tumors in that they express basal cytokeratins CK5, CK14
and CK17, completely lack expression of luminal genes, and have a worse
clinical outcome than that of luminal tumors. Hereditary breast cancers from
BRCA1 carriers fall within this basal-like category. Lastly, the normal-like subtype
of breast tumors are poorly defined but seem to express genes characteristic of
adipose tissue and other non-epithelial cell types; “normal-like” may in fact be a
misnomer (Sorlie, 2004).
The Carolina Breast Cancer Study sought to identify risk factors for the

20

21

subtype,” is not pictured here (Herschkowitz et al., 2007).

Sorlie et al., 2001. Note that the discovery of a 6th possible intrinsic subtype, the “claudin-low

Branches corresponding to tumors with low correlation to any subtype are shown in grey. From

gene set. Experimental dendogram showing the clustering of the tumors into 5 subgroups.

Hierarchical clustering of 115 tumor tissues and seven non-malignant tissues using the intrinsic

Figure 1.3: The 5 intrinsic subtypes of breast cancer.

intrinsic subtypes of breast cancer. This population based, case-controlled study
incorporated both African American and Caucasian women with invasive and in
situ breast cancers compared to controls. The tumor sections from these women
were subtyped using immunohistochemistry (IHC) for characteristic markers and
then correlated with several breast cancer risk factors such as onset of
menarche, age at first full term pregnancy, onset of menopause, lack of
breastfeeding, use of lactation suppressants, environmental exposures (smoking,
alcohol use), use of hormone replacement therapy (HRT), waste-hip ratio (WHR),
and body mass index (BMI), among others. Consistent with literature
demonstrating the racial disparities among breast cancer incidence and subtype
(Ademuyiwa et al., 2011), postmenopausal white women showed the highest
prevalence of luminal A breast tumors, while premenopausal African-American
women exhibited the highest prevalence of basal-like breast cancers.
Surprisingly, this study revealed that several risk factor associations for luminal A
type breast cancer were in opposition to those associated with basal-like type
breast cancer; increased parity, lack of breastfeeding, use of lactation
suppressants, elevated WHR in pre-and postmenopausal women, and younger
age at first full term pregnancy were strong risk factors for developing basal-like,
but not luminal A-type breast cancers (Millikan et al., 2008).
In 2007, the speculation of a sixth intrinsic subtype of human breast cancer
emerged, called the “claudin-low subtype” (Herschkowitz et al., 2007). This
subtype correlated with poor prognosis invasive ductal carcinomas, typically
“triple negative” (ER, PR, and HER2 negative; limiting adjuvant therapy options),
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and enriched with a gene expression signature characteristic of MaSCs and of an
epithelial-mesenchymal transition (EMT). Further characterization of this subtype
suggested features of cancer stem-like cells (CSCs, discussed in detail in
Section 1.8) (Prat and Perou, 2011). This subtype may become pronounced in
breast tumors that have undergone endocrine therapy or chemotherapy, which
may enrich for CSCs that have survival advantages over the majority of cells
within the tumor bulk (Creighton et al., 2009).

1.8 Speculation of breast cancer cell of origin & cancer stem cell theory
The “cancer stem cell theory” originated from research on leukemia and other
blood cancers, in conjunction with a thorough understanding of the hematopoietic
stem cell (HSC) hierarchy. Bonnet et al. showed that human acute myeloid
leukemia (AML) stem cells could be prospectively sorted from other cells within
the tumor bulk based on the surface marker profile CD34+/CD38-. Using this
sorted population, it was shown that these cells were the only cells capable of
transferring AML from human patients onto non-obese diabetic/severe combined
immunodeficient (NOD/SCID) mice (Bonnet, 2005; Bonnet and Dick, 1997).
Further support for the cancer stem cell theory in the context of breast tumors
arose from a further characterization of breast cancer heterogeneity and the five
intrinsic subtypes of breast cancer. It was hypothesized the human breast stem
cell hierarchy may be reflected in the differentiation state of the cancer cell of
origin, which would ultimately dictate the breast cancer subtype: luminal A
tumors, which express markers of luminal cell differentiation, may derive from a
luminal progenitor cell, whereas basal-like tumors, which express markers of
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basal/myoepithelial cell differentiation, may derive from basal/myoepithelial
progenitor cells (Fig. 1.4). In 2003, Clarke and colleagues lent further support for
this hypothesis upon their discovery of breast cancer stem-like cells (BCSCs). In
this landmark publication, human breast cancer cells were isolated from tumors,
lineage depleted, and sorted for different populations based on any phenotypic
combination of the cell surface markers CD44+, CD24-/lo, and EpCAM+. Various
dilutions of these cell populations were transplanted into the mammary fat pad of
NOD/SCID mice. As few as one hundred CD44+/CD24-/lo cells were capable of
forming breast tumors in these mice compared to tens of thousands of cells with
alternate phenotypic combinations of these markers, suggesting that the
tumorigenic, aggressive potential of the breast cancer cells was not uniform.
Moreover, the inoculation of one hundred CD44+/CD24-/lo human breast cancer
cells into mouse mammary fat pads was serially transplantable; each passage of
one hundred CD44+/CD24-/lo cells rendered tumors comprised of this particular
cell population in addition to the alternate phenotypic combinations of these
markers (Al-Hajj et al., 2003). This self renewal property of CD44+/CD24-/lo breast
cancer cells invoked the applicability of the cancer stem cell theory to human
breast tumors. The stem-like properties of these cells were further supported
upon the finding that breast cancer cells grown under mammosphere forming
conditions (referred to as tumorspheres) are enriched in CD44+/CD24-/lo cells
(Fillmore and Kuperwasser, 2008; Ponti et al., 2005). Given the difficulties in
isolating these populations from human breast tissues, Kuperwasser and
colleagues showed that CD44+/CD24-/lo/EpCAM+ cells are retained within
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Figure 1.4: The human breast stem cell hierarchy and likely origin of human
breast cancers.
The human breast stem cell hierarchy, depicting both ductal and lobulo-alveolar
differentiation as well as the origin of luminal, myoepithelial, and alveolar cells.
Schematic kindly provided by Patricia Keller and Charlotte Kuperwasser, Tufts
University School of Medicine.
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commonly used breast cancer cell lines and the tumorgenicity of the cell line in
vivo correlated with the basal percentage of CD44+/CD24-/EpCAM+ cells within
the line (Fillmore and Kuperwasser, 2008; Keller et al., 2010). This finding greatly
simplifies the experimental challenges associated with studying the self-renewal
and tumorigenic pathways of this cell population using primary breast tumor
tissue (Fig. 1.5).
The term “cancer stem cell” is quite ambiguous, because it implies the
transformed cell of origin is indeed a tissue specific stem cell. At present, this has
yet to be definitively proven in the context of breast cancer. An equally plausible
hypothesis is that the cancer stem cell is a more differentiated cell type within the
tissue that has acquired self-renewal capability. Interestingly, either of these
interpretations of the cancer stem cell definition would render insight into the
hypothesis for transformed stem and progenitor cells serving as the basis for the
molecular heterogeneity among human breast tumors. However, the
identification of luminal progenitor cells as the candidate transformed cell
population and likely cells of origin for mutant BRCA1 driven breast cancers may
suggest that progenitor cell populations are likely the origin of BCSCs (Lim et al.,
2009).

1.9 Microenvironmental influences on cancer cell fate & behavior
Over an entire lifespan, individual cells incur several detrimental genetic
insults due to environmental exposures and physiologically induced reactive
oxygen species. Every cell within the body is susceptible to these carcinogens,
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Figure 1.5: The basal percentage of CD44+/CD24-/EpCAM+ breast cancer
stem-like cells (BCSCs) correlates with tumorgenicity in vivo.
Top, the basal percentage of CD44+/CD24-/ESA+ BCSCs in commonly used
breast cancer cell lines. To clarify, ESA is also called EpCAM. Note the basal
percentage of BCSCs in the MCF7 cell line is 0.03%. Data provided by Amy Lin.
Bottom, tumor volume from various breast cancer cells inoculated into the 4th
inguinal mouse mammary fat pad, measured over 20 weeks. Note highly
tumorigenic breast cancer cell lines (i.e. HCC 1806) have high percentages of
BCSCs. Data provided by Ina Klebba.
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but each cell does not necessarily turn cancerous. Moreover, heritable cancer
syndromes (such as those driven by inherited mutant BRCA1 alleles) only
predispose to breast and ovarian cancers, despite every cell within the body
harboring this deleterious mutation. Based on these general observations, it is
apparent that genetic alterations alone are not sufficient to drive cancer
progression in tissues.
Several decages ago, Mintz and Illmensee demonstrated the potent tumor
suppressive functions of a homeostatic tissue microenvironment. Embryonic
carcinoma cells were injected either subcutaneously or into the mouse
blastocyst. The subcutaneously injected tumor cells formed teratocarcinomas,
while the blastocyst injected tumor cells gave rise to normal, chimeric mice (Mintz
and Illmensee, 1975). These observations posed the possibility of tumor cells
being “re-educated” by certain microenvironments to become cells that support
proper tissue differentiation and homeostasis.
These findings led to an explosion in the last decade on
“microenvironmental influences in cancer” research, as investigators began to
appreciate that genetic mutation alone could not explain the origins of cancer
(Bissell and Labarge, 2005). In a similar fashion to Mintz and Illmensee, Stoker et
al. showed that Rous sarcoma virus infection of fibroblasts in culture results in
rapid cell transformation and anchorage independent growth, while viral infection
into chick embryos was non-tumorigenic despite widespread expression (Stoker
et al., 1990). In the context of breast cancer, the mammary microenvironment
may possess tumor suppressive function (similar to embryonic
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microenvironments) unless “activated”. Combining the HIM model (described in
Section 1.3) with lentiviral transduction of breast cancer relevant oncogenes into
resected human breast organoids revealed an important role the mammary
stroma in creating a “tumor-permissive” microenvironment. Specifically, tumors
were efficiently generated from tissue recombinants containing a co-mix of the
oncogene-expressing organoids with immortalized human breast fibroblasts
overexpressing HGF; tumor development was rarely observed when the
oncogene-expressing organoids were co-mixed with primary breast fibroblasts
(Wu et al., 2009). Experiments in mice also revealed the important role of
mammary stroma in permitting or inhibiting tumor development. Mouse
mammary fat pads cleared of endogenous epithelium were exposed to high
doses of irradiation followed by inoculation with unirradiated, nonmalignant
mouse mammary epithelial cells. Aggressive mammary tumors formed within the
irradiated mouse stroma, but not in the sham-irradiated cleared fats (BarcellosHoff and Ravani, 2000). Interestingly, irradiation of the mouse stroma increases
the number and repopulating activity of MaSCs (Nguyen et al., 2011), suggesting
that stromal activation may exert influence over stem cell number and activity,
and this may be a required step in the induction of tumorigenesis.
Mammary stroma is a collection of various connective tissue cell types
and ECM. Several studies have dissected these stromal components to
investigate the individual contribution of each to tumorigenesis. It is known that
ECM attachment regulates growth, differentiation and the tumorigenic capacity of
breast epithelial cells in culture, likely by modulating biochemical and
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biomechanical signaling events. For example, transformed human mammary
epithelial cells treated with a β1 integrin blocking antibody form significantly
smaller tumors in vivo and re-assemble normal mammary gland architecture in a
3D culture model (Weaver et al., 1997). It is known that breast tumors have
significantly different ECM content and organization compared to disease-free
breast tissue. In particular, the ECM remodeling that occurs during postlactational involution of the breast is associated with high matrix
metalloproteinase activity, fibrillar collagen deposition, and the release of
bioactive fibronectin and laminin fragments that initiate biochemical signaling.
Because of this switch to a more inflammatory mammary microenvironment,
involuting matrix promotes the invasion and metastasis of breast cancer cells in
vitro and in vivo (McDaniel et al., 2006). These data may lend insight into the
“pregnancy associated breast cancer” phenomenon, where there is a heightened
risk of developing breast cancer within the first 5 years following pregnancy. The
consequences of ECM remodeling on breast tumor progression and metastasis
remain an active area of breast cancer research (Levental et al., 2009).
Collectively, these data highlight the role of the microenvironment serving a
dominant role over cellular genotype.

1.10

Stromal reaction in breast cancer & parallels to wound healing
It is well established that stroma associated with normal mammary gland

development is strikingly different from that associated with breast carcinomas
(Bissell and Radisky, 2001; Kalluri and Zeisberg, 2006). When compared to

32

normal tissues, the stroma accompanying breast tumors contains an increased
number of fibroblasts and immune cell infiltrates, enhanced capillary density,
increased collagen I and fibrin deposition, all which collectively alter the structure
and stiffness of the ECM and induce changes in signaling within the adjacent
epithelium (Bissell et al., 2002; Dvorak, 1986). Compared to normal mammary
gland stroma, breast tumor-associated stroma shows elevated expression of
αSMA, collagen IV, prolyl-4-hydroxylase (P4H), fibroblast activated protein
(FAP), tenascin, desmin, calponin, caldesmon and others (Degen et al., 2007;
Orimo et al., 2005; Ronnov-Jessen et al., 1995).
Several reports have used transcriptome-wide analyses to report the
changes in stromal gene expression associated with tumor development (Allinen
et al., 2004; Casey et al., 2009; Finak et al., 2008; Ma et al., 2009). The most
prominent upregulated genes include components of the ECM and matrix
metalloproteases (MMPs) responsible for stromal remodeling as well as secreted
and cell surface proteins. In fact, based on serial analysis of gene expression
(SAGE) and single nucleotide polymorphism (SNP) analyses, the most dramatic
and consistent modifications in gene expression occurred within the fibroblast
and myoepithelial fractions sorted from primary human breast tumors (Allinen et
al., 2004). Whether these stromal changes in gene expression are the result of
genetic alterations remains controversial (Campbell et al., 2009; Eng et al., 2009;
Hu

et

al., 2005).

However, it

is

generally

accepted

that epigenetic

reprogramming, mediated by histone modifications, DNA methyltransferases,
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chromatin modifying factors, and microRNAs (miRs), is at least in part
responsible (Enkelmann et al., 2011; Fiegl et al., 2006; Hu et al., 2005).
The majority of human breast cancers are associated with a strong
desmoplastic stroma and inflammatory response that strikingly resembles the
stromal response during chronic wound healing (Bissell and Radisky, 2001;
Dvorak, 1986; Tlsty and Coussens, 2006). Both tumors and wounds elicit stromal
reactions that are characterized by ECM remodeling, growth factor secretion, cell
migration, and angiogenesis. During normal wound healing, this stromal
response is initiated by bone marrow-derived hematopoietic cells and is
accompanied

by a marked

increase in vascular permeability, plasma

extravasation, fibrin deposition, platelet activation and inflammatory cell
infiltration, which together result in the release of numerous of cytokines and
growth factors (Dvorak, 1986; Mori et al., 2005). This response leads to the
generation of granulation tissue, which is characterized by angiogenesis,
activation of fibroblasts into αSMA positive myofibroblasts, and matrix remodeling
(Wixler et al., 2007). In breast tumor pathogenesis, rupture of the basement
membrane and loss of the myoepithelial layer may initiate this desmoplastic
response (Hu et al., 2009; Hu et al., 2008; Vargo-Gogola and Rosen, 2007) (Fig.
1.6).
Given the striking parallel between tumor progression and wound healing,
it is not surprising that chronically inflamed/wounded tissues are more likely to
instigate the development of carcinomas, as demonstrated by H. pylori induced
gastritis (Houghton and Wang, 2005), inflammatory bowel diseases such
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Figure 1.6. Schematic representation of breast cancer progression.
(A) The acquisition of both epigenetic and genetic changes to cells within
mammary epithelial cells, as well as changes within the stromal
microenvironment, initiate breast cancer development. (B) As tumor cells
proliferate and tissue integrity is lost, the ductal lumens fill with cells, fibroblasts
become activated, and inflammatory cells are recruited. (C) The overgrowth of
cancer cells within the ductal lumen causes basement membrane breakdown
and invasion into the stroma. Tumor cells interact with activated fibroblasts
(CAFs) and intravasate through the blood vessels to begin the final steps of
metastasis (colonization within a different organ from that of the primary tumor).
Metastasis is the main cause of morbidity and mortality associated with this
disease. From Vargo-Gogola and Rosen, Nat Rev Cancer, 2007.

36

ulcerative colitis and Crohn’s disease (Grivennikov et al., 2009), and obesityinduced hepatoseatosis (Park et al., 2010). Interestingly, adaptive immunity may
not only initiate the formation of carcinomas (de Visser et al., 2005; Greten et al.,
2004; Okayasu et al., 1996), but can also drive their progression to more
invasive, poorly differentiated phenotypes. In fact, recent studies have
demonstrated that inflammation can drive the progression of breast tumors
despite any known breast specific inflammatory conditions that predispose this
tissue to tumorigenesis. These inflammatory tumor promoting mechanisms
driving breast cancer progression result from the stromal recruitment of CD4+
cells (DeNardo et al., 2009), regulatory T cells (Tan et al., 2011), Gr1+CD11b+
myeloid cells (Yang et al., 2008), and type II macrophages (Doedens et al.,
2010); these cells cultivate an activated microenvironment that supports cancer
cell proliferation, growth, survival and even metastatic capability. For example,
mice expressing polyoma middle T antigen (PyMT) under control of the mouse
mammary tumor virus (MMTV) promoter develop aggressive mammary
adenocarcinomas and lung metastases in a macrophage dependent manner,
and this is in part due to macrophage mediated induction of the angiogenic
switch (Lin et al., 2006). Stromal derived molecules such as monocyte
chemoattractant protein 1 (MCP-1) recruit tumor-associated macrophages
(TAMs), and MCP-1 blocking antibodies can significantly decrease macrophage
infiltration, angiogenesis and mammary tumor growth in mice (Fujimoto et al.,
2009). In addition to macrophages, CD11b+ Gr1+ myeloid cells (referred to as
myeloid-derived suppressor cells (MDSCs)) are known to be significantly
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increased in tumor bearing mice, with increased numbers found in the spleen,
blood and lymph nodes (Gabrilovich and Nagaraj, 2009). These recruited cells
suppress the activation of CD4+ and CD8+ T cells, block the activation of natural
killer cells and limit dendritic cell maturation (Ostrand-Rosenberg and Sinha,
2009), allowing a favorable microenvironment for tumor cells to flourish and
evade host immunosurveillance. It is possible that MDSCs may differentiate into
activated TAMs when encountering factors secreted by tumor cells or other
stromal cells in the microenvironment (Sica and Bronte, 2007). The inflammatory
cytokine interleukin-1 beta (IL-1β) promotes the accumulation of MDSCs within
the tumor microenvironment and accelerates tumor progression (Tu et al., 2008),
suggesting that inflammatory molecules may promote tumor progression, in part,
by mediating immunosurveillance through the recruitment of MDSCs. Like IL-1β,
other pro-inflammatory mediators such as interleukin-6 (IL-6) and prostaglandin
E2 (PGE2) are known to increase the numbers of MDSCs within the circulation,
and have profound affects on tumor progression in mice (Bunt et al., 2007;
Chang et al., 2005; Sinha et al., 2007; Winslow et al., 2006). Anti-inflammatory
therapies such as monoclonal antibodies to tumor necrosis factor alpha (TNFα)
(Peyrin-Biroulet, 2010), IL-6 (Febbraio et al., 2010), and cyclooxygenase 2 (Cox2) inhibitors (which block the biosynthesis of the pro-inflammatory hormone
PGE2) (Jacoby et al., 2000; Vane et al., 1994) have been successful in
attenuating inflammation-driven carcinomas, and may decrease the risk of
developing breast cancer (Ulrich et al., 2006).
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1.11

The heterogeneity of fibroblasts
Fibroblasts are flat, spindle shaped cells with multiple emanating

processes and a major cell type present within all connective tissues of the body;
they provide structural support, matrix deposition, and organization of adjacent
epithelia. Fibroblasts in cell cultures or tissue sections are usually identified
based on their morphological, proliferative and phenotypic characteristics, which
is hardly definitive, because several cell types in 2D culture will acquire fibroblast
characteristics. Moreover, aside from assaying matrix production and deposition,
there are no key features or bona fide markers of fibroblasts to distinguish them
from other cell types in culture (Krenning et al., 2010) (Table 1.1). Thus, the
question of “what makes a fibroblast a fibroblast?” has long been overlooked.
Similarly, the distinction between fibroblasts and myofibroblasts is usually
based on the latter’s expression of αSMA and other contractile proteins, which is
hardly a bona fide distinction, given that fibroblasts placed in standard cell culture
conditions will acquire myofibroblast phenotype (i.e. stress fiber formation) and
the expression of myofibroblast- associated proteins (i.e. αSMA) (Ronnov-Jessen
et al., 1995; Ronnov-Jessen et al., 1990). Since smooth muscle cells, pericytes
and myoepithelial cells also express αSMA, identifying myofibroblasts based on
αSMA expression even in human breast tumor tissues is open to interpretation.
Perhaps the lack of specific markers for fibroblast/myofibroblast is a
reflection of the marked heterogeneity among these cells with respect to
proliferation, collagen production, and cytokine secretion (Fries et al., 1994;
Jelaska et al., 1999). It is known that fibroblasts have tissue specific properties;
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fibroblasts from skin tissue differ in their morphology, proliferation and matrix
deposition compared to fibroblasts from lung tissue (Fries et al., 1994).
Interestingly, fibroblasts within the same tissue can exhibit heterogeneity. For
example, in a population of human gingival fibroblasts, approximately 50% were
responsive to PGE2 treatment, and this population had reduced membrane
transport and proliferation rate compared to the unresponsive population (Ko et
al., 1977). Similarly, human dermal fibroblasts differentially produced PGE2 upon
exposure to monocyte conditioned media or IL-1 (Korn et al., 1984). However,
the differences observed within these populations could also be attributed to the
inability to sort highly pure populations of fibroblasts from other connective tissue
cell types that grow well in 2D culture. Nevertheless, these data invoke the
hypothesis that certain fibroblast populations within certain tissues are more
inflammatory and activated than others, and these fibroblasts in particular may
be responsible for mediating wound healing, fibrotic diseases, and the stromal
reactions accompanying the growth of solid tumors.
Fibroblast heterogeneity is also apparent in populations of cancer
associated fibroblasts (CAFs); these are myofibroblasts found within the vicinity
of solid tumors and distinguished from myofibroblasts within the stroma of
wounded tissues based on the latter’s co-evolvement with tumor cells and the
ability to support tumor growth in mice (Erez et al., 2010; Kojima et al., 2010;
Olumi et al., 1999; Orimo et al., 2005). Like myofibroblasts in wounded tissues,
these CAFs are frequently marked based on expression of αSMA, which is
heterogeneously expressed in the stroma of different patient derived tumors
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(Micke and Ostman, 2005; Sugimoto et al., 2006) (Fig. 1.7). Moreover, the tumor
promoting ability of CAFs (as demonstrated by co-mixing these cells with a
breast cancer cell line and comparing tumor growth in mice to injection of breast
cancer cells alone) can vary dramatically among different patient derived CAF
populations. Interestingly, there lacks a correlation between tumor subtype and
the tumor promoting potential of CAFs isolated from these tumors, and the
heterogeneity in CAF phenotype has been largely understudied. Characterizing
the heterogeneity of CAFs is important to understanding the mechanisms
governing breast cancer progression, because these cells, like recruited bone
marrow derived cells (discussed in Section 1-10), also mediate tumor associated
inflammation and desmoplasia (Erez et al., 2010; Radisky and Radisky, 2007;
Silzle et al., 2004).
The heterogeneity in CAF phenotype may largely be a reflection of several
possible cells of origin. One such origin may be from the conversion of certain
populations of resident tissue fibroblasts exposed to chronic transforming growth
factor beta-1 (TGFβ), a cytokine highly secreted during wound healing and tumor
progression. TGFβ has been implicated based on its ability to mediate the
conversion of fibroblasts into myofibroblasts and promote the assembly of stress
fibers and fibronectin-containing fibrils, which generate the contractile forces
characteristic of these cells (Kojima et al., 2010; Tomasek et al., 2006; Vaughan
et al., 2000). Moreover, TGFβ is a major instigator of tissue fibrosis, a collection
of diseases largely mediated by activated fibroblasts. Interestingly, fibrotic
fibroblasts, which harbor several characteristics of myofibroblasts and CAFs,
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Figure 1.7: Presence of activated fibroblasts during wound healing and
cancer.
(A) Immunohistochemistry (IHC) for αSMA expression in intact human dermis or
wounded dermis. αSMA+ cells appear mesenchymal in morphology suggesting
they are myofibroblasts. From Wixler et al., J Cell Biol, 2007. (B) Comparison of
disease free versus tumor associated stroma (s). a,b: disease-free breast tissue
lacks stromal expression of αSMA and smooth muscle myosin (SMM) except
within blood vessels (bv); c,d: tumor tissue from patient A showing robust
expression of αSMA, but not SMM, in the stroma; e,f: tumor tissue from patient B
showing robust expression of both αSMA and SMM in the stroma, demonstrating
fibroblast patient heterogeneity. From Bissell & Radisky, Nat Rev Cancer, 2001.
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respond to chronic TGFβ exposure by hypermethylating specific gene(s) required
to main the fibrotic fibroblast state. Transient TGFβ exposure is sufficient to
briefly reduce expression of these particular genes, but chronic TGFβ exposure
is required to maintain the fibrotic fibroblast phenotype and perpetuate disease
(Bechtel et al., 2010). These data lend speculation to the idea that CAFs are
epigenetically modified fibroblasts from the resident tissue, consequently from
chronic exposure to TGFβ within the tumor microenvironment. In fact, both TGFβ
and stromal derived factor 1 apha (SDF1α) have been implicated in promoting a
positive feedback loop that is dependent on tumor and stromal cell crosstalk and
is required to maintain a CAF-like state in a breast tumor xenograft model
(Kojima et al., 2010). These results are consistent with those from early 1990s,
where it was shown that tumor cells are sufficient to induce a myofibroblast
phenotype in cultured resident tissue fibroblasts using a 3D co-culture system;
however only a fraction of the fibroblasts, those in closest contact with the tumor
cells, responded in this fashion (Ronnov-Jessen et al., 1995). Notably, it remains
unknown if the myofibroblast phenotype is a permanent state of fibroblast
differentiation or a de-differentiation to a more primitive cell state, and whether
CAFs derive from resident fibroblasts within human connective tissues that
accompany epithelia.
CAFs, like myofibroblasts associated with wound healing, may also be
derived from recruited bone marrow derived cells. Both may be derived from
circulating fibrocytes, cells that express hematopoietic stem cell markers as well
as monocyte lineage and fibroblast markers (Bellini and Mattoli, 2007).
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Fibrocytes are known to differentiate into myofibroblasts and have been identified
within invasive ductal carcinomas and DCIS lesions of the breast (Barth et al.,
2002; Direkze et al., 2004; Kisseleva et al., 2006; Mori et al., 2005; Phillips et al.,
2004; Schmidt et al., 2003). In addition, bone marrow derived mesenchymal stem
cells (MSCs) have also been shown to differentiate into αSMA positive cells with
CAF-like characteristics (Mishra et al., 2008; Spaeth et al., 2009).
The transdifferentiation of a variety of cell types has also been proposed
as a source of CAFs. For example, the endothelial mesenchymal transition has
been shown to produce myofibroblast-like cells upon exposure to TGFβ. Tumors
formed from endothelial cell-specific LacZ reporter mice contain LacZ-positive
fibroblasts (Zeisberg et al., 2007), suggesting that endothelial transdifferentiation
can contribute to the CAF content of the microenvironment. The epithelialmesenchymal transition (EMT) has long been regarded as a necessary step in
the progression to invasive tumors. Interestingly, there is some evidence to
suggest that tumor cells undergoing an EMT may transdifferentiate into
myofibroblasts (Kim et al., 2006; Petersen et al., 2003; Radisky et al., 2007),
although this fails to reconcile the lack of profound genetic mutations within tumor
associated stroma.
Within the last few years, more research has been dedicated to
understanding the molecular mechanisms that govern CAF phenotype and tumor
promoting ability rather than attempting to identify the particular CAF cell(s) of
origin (of which there are likely many). Using xenograft mouse models, CAFs
have been shown to support the growth of human breast cancer cells through
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SDF1α mediated recruitment of endothelial progenitor cells (EPCs) and tumor
angiogenesis (Orimo et al., 2005). In a stepwise xenograft mouse model of
squamous cell carcinoma, CAFs promote the growth of cancer cells through an
NFκB and IL-1β dependent signaling pathway (Erez et al., 2010), demonstrating
that CAFs have pro-inflammatory properties. Indeed, CAFs have a highly proinflammatory secretome (Erez et al., 2010). In addition, CAFs may also support
tumor associated inflammation indirectly, by secreting chemoattractant factors
which recruit TAMS, MDSCs, T regulatory cells, and other myeloid derived cells
to the tumor microenvironment. A small amount of literature suggests that CAFs
may also influence the percentage of BCSCs through their secretion of SDF1
(Huang et al., 2010). Importantly, the heterogeneity of different CAF populations
in mediating these tumor promoting functions were not addressed in these
studies.
In summary, while the CAF cell of origin remains elusive, the inherent
tumor promoting properties of this particular cell type validate its contribution to
breast tumor progression and warrant further investigation into the heterogeneity
and molecular makeup of these cells. Identifying molecular characteristics and
markers of activated and tumor promoting fibroblast populations could validate
their ability to serve as a target adjuvant therapy in the treatment of breast
cancer.

1.12

Significance of the project
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Despite recent advances in the treatment of breast cancer largely due to
early detection screenings, there lacks a specific treatment option that addresses
both the heterogeneity and marked stromal response characteristic of this
disease. The stromal contribution to the initiation and progression of breast
tumors has been highly substantiated within the last decade. Stromal gene
expression signatures can predict patient prognosis and response to neoadjuvent
chemotherapy (Farmer et al., 2009; Finak et al., 2008), and tumor associated
stroma serves as a potential drug target (LeBeau et al., 2009; Loeffler et al.,
2006; Ostermann et al., 2008). CAFs are a particular cell type within the tumor
associated stroma known to promote the growth and survival of breast cancer
cells. They serve as an attractive drug targeting option because they are only
found in breast tumors and not within disease-free breast tissue, and are the
most prominent stromal cell type associated with carcinomas (Silzle et al., 2004).
Understanding the heterogeneity among various patient derived CAFs is
essential to elucidating which patients may benefit from an adjuvant therapy
targeting the tumor associated stroma. We hypothesize that breast tissue derived
fibroblasts, from both resected tumor specimens (CAFs) and disease-free
reduction mammoplasty tissues (RMFs) are a heterogeneous with respect to
tumor promoting ability, and that the most tumor promoting fibroblast populations
are highly pro-inflammatory. We hypothesize that CAFs support breast tumor
growth by expanding the number of highly tumorigenic BCSCs present within the
tumor. Lastly, we hypothesize that CAFs are epigenetically distinct from RMFs
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and respond to growth factor signaling (such as TGFβ) through distinct
pathways.

1.13

Specific Aims

Specific Aim 1
a. To determine distinguishing features of tumor promoting and nontumor promoting breast fibroblasts.
b. To determine the mechanism by which certain fibroblast populations
promote mammary tumor growth.
We will isolate CAFs from resected breast tumor specimens and diseasefree fibroblasts from reduction mammoplasty tissues (RMFs). We will
characterize these CAF and RMF samples for expression of activated
fibroblast markers (using IF and quantitative reverse transcription PCR (qRTPCR)), for differential tumor promoting ability (using functional assays with
MCF7 breast cancer cells), and for differential secretion of pro-inflammatory
molecules (using human specific enzyme linked immunoassays (ELISAs) and
cytokine arrays). Lastly, we will attempt to correlate fibroblast tumor
promoting ability with any of our identified characteristics.
Specific Aim 2
a. To characterize the differences in the epigenetic response to TGFβ
between CAFs and RMFs.
b. To determine if miR21 regulates CAF phenotype.
We will isolate CAFs and RMFs as described in Aim 1. We will characterize
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the relative levels of the primary, precursor, and mature forms of miR21,
miR199a, miR100 and miR25 in CAFs and RMFs upon treatment with either
TGFβ or vehicle by miR specific qPCR. We will characterize the relative
levels of miR processing proteins and the sensitivity to TGFβ signaling
between these two cell types by qPCR and western blot. We will utilize a
previously established pull down assay (Heo et al., 2009) to see what proteins
associate with miR21 in a TGFβ dependent manner. To determine if miR21
regulates CAF phenotype, we will transfect antisense miR oligonucleotides
and collect CM from CAFs and RMFs to use for MCF7 tumorsphere assays.
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CHAPTER II
Functional heterogeneity of breast fibroblasts is defined by a
prostaglandin secretory phenotype that promotes expansion of
cancer-stem like cells
2.1 Abstract
Fibroblasts are important in orchestrating various functions necessary for
maintaining normal tissue homeostasis as well as promoting malignant tumor
growth. Significant evidence indicates that fibroblasts are functionally
heterogeneous with respect to their ability to promote tumor growth, but markers
that can be used to distinguish growth promoting from growth suppressing
fibroblasts remain ill-defined. While the expression of alpha smooth muscle actin
(αSMA) is presumed to identify activated myofibroblasts, fibroblasts can readily
acquire αSMA expression under many different conditions. Thus, whether the
expression of αSMA is associated with a functionally distinct population of tumorpromoting fibroblasts remains unclear. Here we show that human breast
fibroblasts are functionally heterogeneous with respect to tumor-promoting
activity regardless of whether they were isolated from normal or cancerous
breast tissues and regardless of αSMA expression. Rather, we show that
fibroblasts which secrete abundant levels of prostaglandin (PGE2) when isolated
from either reduction mammoplasty or carcinoma tissues were both capable of
enhancing tumor growth in vivo and could increase the number of cancer stemlike cells. PGE2 further enhanced the tumor promoting properties of fibroblasts
by increasing secretion of IL-6, which was necessary, but not sufficient, for
expansion of breast cancer stem-like cells. These findings identify a population of
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fibroblasts which both produce and respond to PGE2, and that are functionally
distinct from other types of fibroblasts. Identifying markers of these cells could
allow for the targeted ablation of tumor-promoting and inflammatory fibroblasts in
human breast cancers.

2.2

Introduction
Fibroblasts were first described in the late 19th century by the pathologist

Rudolph Virchow based on their residence within connective tissues and their
elongated, spindle-like shape (Kalluri and Zeisberg, 2006). As the most
prominent cell type within connective tissues, these mesenchymal cells function
to deposit and remodel extracellular matrix (ECM), specify epithelial fate and
maturation of tissues, facilitate granulation of tissues post wounding and promote
re-epithelialization (Baglole et al., 2006; Bellini and Mattoli, 2007; Desmouliere et
al., 2005; Dvorak, 1986; Silzle et al., 2004). Fibroblasts are required for
mammary gland development, as signals from the underlying primary
mesenchyme are required to induce mammary placode elongation and invasion
to form the primitive mammary ductal tree (Arendt et al., 2010).
In addition to regulating and maintaining tissue homeostasis, fibroblasts
are well established mediators of tissue fibrosis following injury and promoters of
epithelial tumor growth. During fibrosis, the acquisition of epigenetic alterations
(Bechtel et al., 2010) results in fibroblasts with altered gene expression,
conferring an increase in growth factor production, ECM deposition, and
proliferation (Krenning et al., 2010). During carcinoma progression, the
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associated desmoplastic stroma includes an abundance of αSMA+ expressing
fibroblasts, collectively referred to as cancer associated fibroblasts (CAFs).
These cells are also found in connective tissues during wound healing and are
frequently termed “myofibroblasts”. These αSMA+ fibroblasts isolated from the
stroma of solid tumors can significantly promote the growth of breast (Orimo et
al., 2005; Orimo and Weinberg, 2006; Shimoda et al., 2010), prostate (Olumi et
al., 1999), pancreas (Hwang et al., 2008), and skin cancer cells in mice (Erez et
al., 2010). Some of these CAF mediated tumor promoting mechanisms have
been established, such as increasing tumor angiogenesis and mediating
macrophage recruitment, both of which serve as a prominent sources of growth
factors and cytokines for the growth of tumor cells (Liao et al., 2009). Recently,
αSMA+ myofibroblasts have also been shown to possess a pro-inflammatory
phenotype (Erez et al., 2010), suggesting that these cells may contribute to the
tumor associated inflammation that accompanies the progression of tumors.
Despite the established functions of fibroblasts in tissue homeostasis and
disease, the molecular mechanisms contributing to the phenotypic and functional
heterogeneity among fibroblasts remains largely unknown. It has been reported
that the gene expression of fibroblasts derived from disease- free breast tissue
harbors a greater heterogeneity than those derived from breast carcinomas, even
within the same patient (Bauer et al., 2010). This is surprising, given that breast
tumors are heterogeneous and there exists significant heterogeneity among the
expression of αSMA within the tumor associated stroma (Micke and Ostman,
2005). While αSMA is a common marker routinely used to identify CAFs, these
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cells may vary in the levels of αSMA expression (Sugimoto et al., 2006), and it
remains unknown if robust expression of αSMA marks the most tumor promoting
fibroblasts within a given fibroblast population. It also should be noted that
several cell types in the tumor microenvironment, in addition to fibroblasts, will
express αSMA (Bissell and Radisky, 2001; Radisky et al., 2001; Radisky et al.,
2007), and it is not a unique marker of CAFs or myofibroblasts. Moreover, it is
well established that fibroblasts isolated from homeostatic tissues will acquire
αSMA expression and stress fibers, resembling the phenotype of myofibroblasts
when explanted in culture, exposed to TGFβ, or exposed to tumor cell
conditioned media (Ronnov-Jessen et al., 1995; Ronnov-Jessen et al., 1990;
Webber et al., 2010). Because of this, maintaining the phenotypic and functional
discrepancy of fibroblasts from homeostatic versus diseased tissues in culture
has been extremely difficult.
Intriguingly, αSMA+ fibroblasts isolated from tumor associated stroma are
not the only source of fibroblasts that harbor the capacity to support epithelial
tumor growth. Fibroblasts isolated from arthritic synovium can promote growth of
co-mixed human breast cancer cells in a xenograft mouse model of breast
cancer (Hu et al., 2009). However, there are numerous examples to demonstrate
the tumor suppressive function of fibroblasts as well. For example, rastransformed mouse keratinocytes are unable to form tumors in syngeneic
animals when they are co-mixed with dermal fibroblasts isolated from diseasefree mouse skin (Dotto et al., 1988); initiated primary human prostate epithelial
cells do not form tumors under the renal capsule when co-mixed with fibroblasts
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from disease free human prostate tissues, unlike their CAF counterparts (Olumi
et al., 1999). These functional discrepancies among fibroblast populations remain
to be reconciled.
In this manuscript, we sought to understand the properties of breast
fibroblasts that contribute to a tumor promoting phenotype. Using fibroblast
populations isolated from both disease-free and breast tumor tissues, we
demonstrate for the first time that the ability of fibroblasts to promote tumor
growth is irrespective of αSMA expression or tissue source, but correlates with
the ability of these cells to secrete PGE2 and respond to PGE2 signaling. These
data may lend insight into the dichotomy among the tumor promoting or tumor
suppressive functions of various fibroblast populations, and warrants the
investigation of novel markers for these cells among heterogeneous fibroblast
populations. Discovery of such markers may elucidate which patients in the clinic
would largely benefit from an adjuvant therapy targeting both the eradication of
tumor cells and the tumor promoting fibroblasts within the tumor stroma.

2.3

Results

2.3.a. Isolation and characterization of fibroblasts from human breast
tissues.
We obtained fibroblasts from a variety of resected breast tissue samples
(Table 2.1): those derived from breast tumor specimens of varying hormone
receptor and HER2 status, and those derived from disease-free reduction
mammoplasty tissues. Given the inability to prospectively sort for different
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Table 2.1: Summary of tissue derived fibroblasts used for this study.
Patient
ID
A
C

Tissue Source
Mastectomy;
ER+/HER2-/BRCA1
carrier
Mastectomy;
ER-/HER2-

αSMA
Expression

Basal IL-6
Secretion

PGE2
Secretion

Medium

Low

Medium

Low

Low

High

ND

Low

ND

Medium

Medium

Medium

F

Invasive lobular
carcinoma; ND
Invasive ductal
carcinoma;
ER-/PR-/HER2+
Lumpectomy;
ND

ND

ND

Medium

G

Mastectomy;
ER+/HER2-

ND

ND

ND

H

Phyllodes tumor

ND

ND

ND

I

Mammoplasty;
disease free

High

Low

Low

J

Mammoplasty;
disease free

ND

Medium

Medium

K

Mammoplasty;
disease free

Low

Low

High

L

Mammoplasty;
disease free

ND

Medium

ND

M

Mammoplasty;
disease free

Low

Medium

Medium

N

Mammoplasty;
disease free

Medium

ND

ND

D
E

SMA expression is defined as: low, <45% positive; medium, 45-55% positive; high,
>55% positive. ND, not determined.
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populations of fibroblasts due to the lack of established and unique cell surface
markers for these cells, we used the ability of fibroblasts to preferentially adhere
to and grow ex-vivo under defined conditions. qRT-PCR and IF were used to
characterize and verify that the cells isolated from human breast tissues were
indeed enriched in fibroblasts.
We first assayed for the expression of fibroblast and epithelial markers to
ascertain the purity of the cultured stromal cells. Cells were largely negative for
cytokeratin 18 (CK18) and cytokeratin 14 (CK14) expression (Fig. 2.1A,
Supplemental Fig. 2.1B), indicating these cells were devoid of breast epithelial
cells, and expressed robust vimentin and prolyl-4-hydroxylase (P4H) (Fig. 2.1B
and Supplemental Fig. 2.1). In addition to these fibroblast markers, we also
assayed for the expression of αSMA, a marker of myofibroblasts and cancer
associated fibroblasts (CAFs). Consistent with previous reports, αSMA
expression in vivo was only present within the stroma associated with breast
tumors but not within the stroma of the normal human breast tissues (Fig. 2.1C).
However, cultured fibroblasts isolated from all the different patient samples
acquired αSMA expression as previously reported (Desmouliere et al., 1992;
Ronnov-Jessen and Petersen, 1993; Ronnov-Jessen et al., 1990); expression
was similar among patient derived fibroblasts despite differences in expression in
vivo. Interestingly, none of the patient derived fibroblasts, regardless of the tissue
source of origin, were more than 50% αSMA positive as measured by IF (Fig.
2.1B); there was no significant difference in αSMA expression among these
patient samples (Fig. 2.1B, p=0.1433). We corroborated these IF results by
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Figure 2.1: Characterization of patient derived fibroblasts from human
breast tumor tissues and reduction mammoplasty tissues.
(A) Quantitative RT-PCR for the relative levels of breast epithelial markers CK18
and CK14 transcripts in tissue derived fibroblasts from patient samples A, C, M
and N. MCF7 and immortalized human mammary epithelial cells (HME) serve as
positive controls for CK18 and CK14, respectively. (B), Top, IF for the expression
of mesenchymal markers vimentin and prolyl-4-hydroxylase (P4H) in tissuederived fibroblasts from patient samples A, C, M and N. Nuclei are stained with
DAPI. Scale bar, 50 µm. Bottom, quantification of the percentage of αSMA+ cells
per total number of cells in a given field. (C), H&E stains and αSMA
immunohistochemistry of human breast tumor tissue sections (A, C) and human
reduction mammoplasty tissue sections (M, N) from which fibroblasts were
derived. Scale bar, 50 µm. (D) Quantitative RT-PCR for the relative levels of
αSMA, FAP, and FSP transcripts in tissue-derived fibroblasts from patient
samples A, C, M and N after propagating in vitro. HL60 cells are shown as a
negative control. Statistics were performed with a single factor ANOVA,
p=0.143).
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quantitative RT-PCR (Fig. 2.1D). Moreover, to avoid the confounding effects of
serum-induced αSMA expression in cultured cells, we serum starved patient
derived fibroblasts for 96 hours. Even under serum starvation conditions for this
extended period of time, the levels in αSMA expression between these patient
samples did not change (data not shown).
Recently, fibroblast specific protein (FSP) and fibroblast activation protein
(FAP) have been reported to distinguish different types of fibroblasts in tumor
tissues. Therefore, we also examined FSP and FAP expression in breast tissue
derived fibroblasts. Both CAFs and normal fibroblasts harvested from several
different patient samples expressed high transcript levels of these two proteins
(Fig. 2.1D).
Given that αSMA, FSP or FAP expression in vitro could not distinguish
fibroblasts isolated from human breast tumor specimens versus fibroblasts
isolated from disease-free human breast tissues, we sought to identify other
proteins whose expression may be enriched in one tissue source or the other.
Recently, expression of Caveolin-1 has been reported to be downregulated in
CAFs compared to disease-free fibroblasts, and loss of Caveolin-1 in mammary
stromal fibroblasts promotes a tumor promoting, CAF-like phenotype (Sotgia et
al., 2009; Trimmer et al., 2011; Witkiewicz et al., 2009). However, we found
robust expression of Caveolin-1 in fibroblasts from both breast tumor specimens
and disease-free tissues, indicating that, similar to αSMA, this protein could not
distinguish between these cell types in vitro (Supplemental Fig. 2.1).
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2.3.b. An inflammatory phenotype correlates with fibroblast tumor
promoting ability.
Given the lack of differences in marker expression between fibroblasts
isolated from breast tumor tissues versus fibroblasts isolated from disease-free
breast tissues, we sought to assay for functional differences in promoting
mammary tumor growth in vivo. Accordingly, we co-mixed fibroblasts from 5
different tissue sources (patients A, C, E, I and K) with weakly tumorigenic,
estrogen-dependent MCF7 cells, and inoculated ad-mixed cells into the inguinal
mammary fat pad of female NOD/SCID mice. Fibroblasts derived from tissue
samples C, K, and E co-mixed with MCF7 cells formed larger tumors than MCF7
cells injected alone, whereas fibroblasts derived from tissue sample I failed to
support MCF7 tumor growth, and only supported tumor formation 50% of the
time (Fig. 2.2A, 2.2B). Thus, tumor promoting ability of fibroblasts did not depend
on their tissue source of origin (i.e. breast tumor or reduction mammoplasty,
Table 2.1), nor did it associate with their extent of αSMA, FSP, FAP, or Caveolin1 expression (Fig. 2.1 and Supplemental Fig. 2.1).
Based on these findings, we sought to identify characteristics of these
tissue derived fibroblasts that could resolve the differences in their ability to
support MCF7 tumor growth. Recent reports have indicated that CAFs express
an NFκB mediated pro-inflammatory secretome that is required for their ability to
support tumor growth (Erez et al., 2010). Thus, we hypothesized that fibroblasts
differ in their inherent pro-inflammatory state, which might account for their tumor
promoting capabilities in vivo. In fact, all tissue-derived fibroblasts in vitro,
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Figure 2.2: Fibroblast mediated tumor promotion in vivo correlates with
PGE2 secretion in vitro.
(A) Resected tumors from mice inoculated with a co-mix of tissue-derived
fibroblasts from 5 different patients (A, C, E, I, K) and MCF7 breast cancer cells,
or MCF7 cells injected alone (none). Scale bar, 3 mm. Bottom left, tumor weights
from mice inoculated with with a co-mix of tissue-derived fibroblasts from 5
different patients (A, C, E, I, K) and MCF7 breast cancer cells, or MCF7 cells
injected alone (none). Statistics were performed using a single factor ANOVA,
p=0.045). Bottom right, average tumor volume (mm3) from mice inoculated with a
co-mix of tissue-derived fibroblasts from 5 different patients (A, C, E, I, K) and
MCF7 breast cancer cells, or MCF7 cells injected alone (none), assessed over
16 weeks. Statistics were performed using a Kruskal-Wallis nonparametric
ANOVA (p=0.02) followed by a two-tailed t test of means, comparing the volume
of tumors derived from MCF7s co-mixed with patient sample K to those derived
from MCF7s co-mixed with patient sample I (p=0.004). Error bars, SEM. (B)
Tumor incidence from mice inoculated with a co-mix of tissue-derived fibroblasts
from 5 different patients (A, C, E, I, K) and MCF7 breast cancer cells, or MCF7
cells injected alone (none). (C) Cox-2 and Cox-1 western blots of lysates
prepared from various tissue-derived fibroblasts. Human mammary epithelial
cells (HMECs) are shown as a positive control for Cox-2. (D) PGE2- based
immunoassay of CM from various tissue-derived fibroblasts. PGE2
concentrations are determined by a set of control standards of known
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concentration, according to the manufacturer’s instructions. Statistics were
performed using a single factor ANOVA (p=2.84 x 10-12). Error bars, SEM.
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regardless of their tissue of origin, expressed cyclooxygenase-2 (Cox-2), an
enzyme upregulated during tissue inflammation and tumorigenesis (Meric et al.,
2006), as well as its isoform Cox-1 (Fig. 2.2C and Supplemental Fig. 2.2). Both
Cox-2 and Cox-1 catalyze the synthesis of the pro-inflammatory hormone
prostaglandin E2 (PGE2), although Cox-1 is thought to be constitutively
expressed in most tissues and likely responsible for producing the levels of
prostaglandins required for normal tissue function (Ricciotti and Fitzgerald,
2010).
Given that these tissue-derived fibroblasts express Cox-1 and Cox-2, we
assayed for the levels of PGE2 in the conditioned media (CM) from these cells.
Fibroblasts from 8 different tissue samples were serum starved for 72 hrs in
phenol-red free DMEM, upon which the CM was collected, filtered, and assayed
for the concentration of the pro-inflammatory hormone PGE2 by a specific
immunoassay. CM from several different tissue samples exhibited significant
differences in PGE2 secretion (p=2.84 x 10-12): low (< 50 pg/ml; patient sample I),
medium (50-150 pg/ml; tissue samples A, E, F, M, J) or high (>200 pg/ml; tissue
samples C, K) (Fig. 2.2D). Intriguingly, we found a correlation between the ability
to secrete high levels of PGE2 in vitro and the ability to promote MCF7 tumor
growth in vivo. In fact, there was a statistically significant difference in the ability
to support MCF7 tumor growth between high PGE2 secreting fibroblasts (K)
compared to low PGE2 secreting fibroblasts (I) (p=0.004). These findings

65

suggest that unlike αSMA, FAP, FSP, or Caveolin-1 expression, the ability to
secrete PGE2 may contribute to the tumor promoting phenotype of fibroblasts.

2.3.c. Secreted factors from tumor-promoting fibroblasts expand breast
cancer stem-like cells.
It is known that breast tumors are comprised of cells with varying
tumorigenic potential. Using primary human breast cancer tissues, it has been
demonstrated that the CD44+/CD24-/EpCAM+ population of cells can support
tumor initiation with as few as 100 cells and have self-renewing, stem-like
properties (Al-Hajj et al., 2003). These “aggressive” cell populations are retained
within commonly used breast cancer cell lines, with MCF7 cells having a basal
percentage of 0.03% (Fillmore et al., 2010; Keller et al., 2010). Because high
PGE2-secreting fibroblasts support MCF7 tumor growth, we hypothesized that
these fibroblasts may secrete factors that expand the most aggressive,
tumorigenic cells within the tumor bulk. To determine if fibroblasts could expand
this aggressive cell population, we treated MCF7 cells for 6 days with CM
isolated from serum starved tissue derived fibroblasts exhibiting varying degrees
of PGE2 secretion in vitro. We quantified the percentage of aggressive,
CD44+/CD24-/EpCAM+ stem-like cells by FACS following this 6-day treatment.
CM from fibroblasts of varying tumor promoting potential and PGE2 secretion
had significant differences in their ability to expand the percentage of aggressive
MCF7 cells (Fig. 2.3A, p=0.0007). Interestingly, those fibroblasts exhibiting high
levels of PGE2 secretion resulted in a significant increase in the proportion of
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Figure 2.3: PGE2 enhances the tumor promoting properties of breast
tissue-derived fibroblasts.
(A) CM from various patient derived fibroblasts (E, F, J, K) were used to culture
MCF7s for 6 days. The average percentage of CD44+/CD24-/EpCAM+ cells was
then assayed by FACS. Statistics were performed using a single factor ANOVA
(p=0.007) followed by a Student’s two-tailed t test of means: E vs. K, p=0.007; F
vs. K, p=0.005; J vs. K, p=0.01. Error bars, SEM. (B) MCF7 cells were cultured in
either PRF-DMEM + 10% CD-FBS supplemented with 1 nM E2 (positive control),
0.5 µM PGE2, or vehicle for 6 days. The average percentage of CD44+/CD24/EpCAM+ cells was assayed by FACS. Data is plotted as average of 3
independent experiments. Statistics were performed using a Student’s two tailed
t test of means: EtOH vs. PGE2, p=0.001. Error bars, SEM. (C) Quantification of
MCF7 tumorspheres formed in the presence of CM from PGE2- or EtOHfibroblasts from patient samples A, C, K, and I. Quantification was performed
using a Beckman Coulter Multisizer and plotted as a fold induction over vehicle.
Statistics were performed using a single factor ANOVA (p=3.25 x 10-5) followed
by a Student’s two-tailed t test of means comparing EtOH vs PGE2 for each
patient sample: A, p= 0.014; C, p= 0.001; K, p=0.0006; I, not significant). Error
bars, SEM. (D), Tumor growth curves of 104 MCF7 cells primed in vitro with CM
from PGE2-treated fibroblasts from patient sample A (A-PGE2 CM) or CM from
PGE2-treated fibroblasts from patient sample I (I-PGE2 CM). Statistics were
generated using a Student’s two-tailed t-test of means; p=0.03. Error bars, SEM
(E) Top, H&E stains and immunohistochemical analysis (E-cadherin, ER,
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CK8/18, p53) of tumors (200X). Scale bar, 50 µm. Bottom, quantification of the
percentage of p53 positive cells within a given field based on the tumor sections
from (D) Statistics were performed using a Student’s two-tailed t-test of means,
p=0.02).
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aggressive MCF7 cells compared to those fibroblasts that had medium or low
secretion of PGE2 in vitro (E vs K, p=0.007; F vs K, p=0.005; J vs K, p=0.01).
Moreover, the ability to expand CD44+/CD24-/EpCAM+ cells was associated with
the ability to support MCF7 tumor growth in vivo (Fig. 2.3A and Fig. 2.2A,
respectively).
Recently, it has been reported that PGE2 is necessary for the expansion
of bone marrow hematopoietic stem cells (North et al., 2007). Since fibroblasts
exhibiting high levels of PGE2 secretion also exhibited the most robust increase
in cancer stem-like cells and promoted the largest MCF7 tumor formation, we
reasoned that paracrine production of PGE2 by fibroblasts might be sufficient to
expand CD44+/CD24-/EpCAM+ MCF7 stem-like cells. Therefore, we treated
MCF7 cells with 0.5 µM PGE2, 1 nM 17-β-estradiol (E2, positive control), or
EtOH (vehicle) for 6 days, and quantified the percentage of CD44+/CD24/EpCAM+ cells by FACS. We found, however, that PGE2 alone was not sufficient
to expand aggressive MCF7 cells (Fig. 2.3B).
Given the striking association between the ability of fibroblasts to secrete
PGE2 in vitro and the ability to expand CD44+/CD24-/EpCAM+ cells and support
tumor growth, we speculated that perhaps PGE2 signaling enhances the tumor
promoting phenotypes of fibroblasts. To test this hypothesis, we chose to
examine the CM from fibroblast patient samples who did not robustly enhance
the growth of MCF7 breast cancer cells in vivo (patient samples A and I, Fig.
2.2A). First, we confirmed that these tissue-derived fibroblasts express
prostanoid receptors EP1, EP2, EP3 and EP4, making them sensitive to PGE2
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signaling (Supplemental Fig. 2.3A). Next, we exposed these tissue-derived
fibroblasts to exogenous 0.5 µM PGE2 or EtOH (vehicle) for 72 hours before
harvesting CM. We then exposed MCF7 cells to this CM for 6 days before
quantifying the population of CD44+/CD24-/EpCAM+ cells by FACS. Interestingly,
exposure to PGE2 before CM collection significantly augmented the ability of
tissue sample A to increase the percentage of CD44+/CD24-/EpCAM+ cells
(Supplemental Fig. 2.3B), suggesting that PGE2 enhanced fibroblast tumor
promoting ability. However, exposure to PGE2 did not significantly enhance the
ability of tissue sample I to increase expansion of CD44+/CD24-/EpCAM+ cells
(Supplemental Fig. 2.3B), despite prostanoid receptor expression (Supplemental
Fig. 2.3A).
We also performed in vitro and in vivo functional assays of MCF7
tumorgenicity using CM from PGE2- or vehicle (EtOH) treated fibroblasts.
Specifically, MCF7 cells were grown under non-adherent culture conditions to
promote tumorsphere formation in the presence of CM from PGE2- or vehicle
(EtOH) treated fibroblasts of varying tumor promoting capability and endogenous
PGE2 secretion status. As expected, CM from PGE2 treated tissue derived
fibroblasts (tissue samples A, C and K), formed significantly more tumorspheres
than those treated with CM from vehicle treated fibroblasts (A, p=0.014; C,
p=0.001; K, p=0.0006; Fig. 2.3C). However, CM from fibroblasts derived from
tissue sample I did not significantly enhance MCF7 tumorsphere formation when
primed with exogenous PGE2 (Fig. 2.3C), consistent with the inability to further
enhance CD44+/CD24-/EpCAM+ cell expansion (Supplemental Fig. 2.3B).
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Importantly, 0.5 µM PGE2 was not sufficient to enhance MCF7 tumorsphere
formation compared to vehicle control (Fig. 2.3C).
We also sought to demonstrate that fibroblasts primed with PGE2 promote
the aggressiveness of MCF7 cells in vivo. To this end, we exposed MCF7 cells
first in vitro to CM from PGE2-treated tissue sample A, or CM from PGE2-treated
tissue sample I, for 6 days to enrich for aggressive CD44+/CD24-/EpCAM+ cells.
After 6 days, 104 cells from each cohort were inoculated into the inguinal
mammary gland of NOD/SCID mice. MCF7 cells exposed in vitro to CM from
PGE2-treated tissue sample A formed significantly larger tumors than those
exposed in vitro to CM from PGE2-treated tissue sample I (p=0.03, Fig. 2.3D).
Histological and immunohistochemical analysis of these tumors revealed that the
tumors were all ERα- and E-cadherin-positive with a significant degree of central
necrosis, (Fig. 2.3E). Interestingly, tumors derived from MCF7 cells exposed in
vitro to CM from PGE2-treated tissue sample A exhibited reduced p53 and
CK8/18 expression compared to those tumors formed from MCF7 cells exposed
to CM from PGE2-treated tissue sample I (Fig. 2.3E, p=0.02). Together, these
data suggest that PGE2 signaling in fibroblasts enhances their tumor promoting
abilities, resulting in expansion of aggressive tumor cell populations and
increased tumor growth.

2.3.d. PGE2 mediated IL-6 secretion by tumor-promoting fibroblasts.
Since PGE2 alone was not sufficient to confer expansion of aggressive
cancer stem-like cells (Fig. 2.3A), we hypothesized factors produced from PGE2-
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stimulated fibroblasts were essential for this expansion. To identify the secreted
proteins mediating breast cancer stem-like expansion, we examined the
conditioned media from PGE2-treated or vehicle-treated tissue derived
fibroblasts from patient A, and quantitatively assayed for 164 secreted growth
factors and cytokines using an antibody-based protein array. We observed that
the secretion of IL-6 was increased at least 5 fold upon PGE2-treatment
compared to vehicle-treated control (Supplemental Fig. 2.4A).
To more comprehensively assess whether PGE2 treated fibroblasts secrete
IL-6, we performed both qualitative and quantitative assays. We first isolated CM
from PGE2 or vehicle treated fibroblasts from 3 patient derived tissue samples
(C, A, and G), concentrated the CM, and immunoblotted for IL-6 (Fig. 2.4A).
Nearly all patient samples showed an increase in IL-6 secretion upon exposure
to PGE2, supporting the cytokine array results. For a more quantitative
assessment of IL-6 secretion, we performed a human specific IL-6 ELISA with
CM prepared from various breast tissue derived fibroblasts treated with either 0.5
µM PGE2 or EtOH (vehicle) for 3 days. Although the fold induction of IL-6
secretion in response to PGE2 was heterogeneous among tissue derived
fibroblasts, nearly all patient samples showed at least a 1.5 fold increase in IL-6
secretion upon treatment with PGE2 (Fig. 2.4B). However, the induced secretion
of IL-6 by PGE2 (Fig. 2.4B), as well as the basal levels of IL-6 secretion in these
tissue derived fibroblasts (Supplemental Fig. 2.4B) both failed to associate with
the tumor promoting abilities of these fibroblasts in vivo (Fig. 2.2A), or their ability
to secrete PGE2 in vitro (Fig. 2.2C). Collectively, these data suggest that unlike
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Figure 2.4: Tissue-derived fibroblasts secrete IL-6, which is necessary, but
not sufficient, for the expansion of CD44+/CD24-/ESA+ cells.
(A) Immunoblot for IL-6 expression in CM from tissue derived fibroblasts (from
patient samples C, A, G) exposed to either EtOH (vehicle) or 0.5 µM PGE2. (B)
CM from various tissue derived fibroblasts treated with either 0.5 µM PGE2 or
EtOH (vehicle) were assayed for the levels of IL-6 secretion using a human IL-6
ELISA. Concentration is normalized to the cell number post treatment and plotted
as the geometric mean of the fold induction (in arbitrary units). Error bars, SEM.
(C) Quantification of the average percentage of CD44+/CD24-/EpCAM+ MCF7
cells after 6 day exposure to CM from PGE2 or EtOH treated fibroblasts from
patient sample A (A-CM), or CM from PGE2 or EtOH treated fibroblasts from
patient sample I (I-CM) in the presence of either goat IgG (control) or 1.5 µg/ml
IL-6 neutralizing antibody. Statistics were performed using a Student’s two-tailed
t test of means: A-CM, EtOH vs. PGE2, p= 0.003; A-CM, PGE2 vs. α-IL6, p=
0.0004; I-CM, EtOH vs. PGE2, not significant. Error bars, SEM. (D)
Quantification of the average percentage of CD44+/CD24-/EpCAM+ MCF7 cells
after 6 day exposure to either 0.1% BSA (vehicle) or 10 ng/ml recombinant
human IL-6, alone or in combination with 0.5 µM PGE2 or EtOH (vehicle). Error
bars, SEM. (E) Quantification of MCF7 tumorspheres formed in the presence of
DMEM + 0.1% BSA (vehicle) or 10 ng/ml IL-6. Quantification was performed
using a Multisizer-3 coulter counter. (F) Western blot of pSTAT3 and total STAT3
in lysates of MCF7 cells exposed for 30 min to CM from fibroblasts from patient A
(A-CM) or fibroblasts from patient I (I-CM) treated with either EtOH, PGE2, or
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PGE2 plus 1.5 µg/ml α-IL6. MCF7 cells exposed for 30 min to DMEM + EtOH,
PGE2 or 10 ng/ml IL-6 are shown as negative and positive controls for pSTAT3,
respectively.
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high PGE2 secretion, high basal IL-6 secretion or PGE2 mediated induction of IL6 secretion, are not necessarily hallmarks of tumor promoting fibroblasts.

2.3.e. IL-6 is necessary but not sufficient for tumor-promoting fibroblasts to
expand stem-like cells.
It has been reported that IL-6 enhances aggressive, stem-like features in
sphere-forming populations of human mammary epithelial cells (Sansone et al.,
2007), and mediates a positive feedback loop that maintains oncogenic
transformation (Iliopoulos et al., 2009). Thus, we suspected it might be an
essential cytokine produced by fibroblasts that is required for expansion of
CD44+/CD24-/EpCAM+ cells. To test this, we exposed MCF7 cells to CM from
PGE2- or vehicle (EtOH) treated fibroblasts from tissue sample A and tissue
sample I for 6 days in the presence of an IL-6 neutralizing antibody (αIL-6) or
goat IgG control. Quantifying the percentage of CD44+/CD24-/EpCAM+ cells by
FACS revealed that PGE2 significantly enhanced the ability of fibroblasts from
tissue sample A to support expansion of CD44+/CD24-/EpCAM+ cells (p=0.003,
Fig. 2.4C) in an IL-6 dependent manner, as the expansion was attenuated in the
presence of an IL-6 neutralizing antibody (αIL-6, p=0.0004). PGE2 did not
enhance the ability of fibroblasts from tissue sample I to support CD44+/CD24/EpCAM+ cell expansion, despite some IL-6 present in the CM (Fig. 2.4C).
Given that IL-6 is necessary for fibroblast mediated expansion of
CD44+/CD24-/EpCAM+ cells, we asked if IL-6 was sufficient to confer this
expansion. We treated MCF7 cells with 10 ng/mL recombinant human IL-6 or
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0.1% BSA (vehicle), in either the presence or absence of 0.5 µM PGE2 or EtOH
(vehicle). Interestingly, IL-6 alone, or in combination with 0.5 µM PGE2, was not
sufficient to expand CD44+/CD24-/EpCAM+ MCF7 cells, unlike 1 nM E2 (Fig.
2.4D). Also, IL-6 alone was not sufficient to confer increases in MCF7
tumorsphere formation (Fig. 2.4E). To confirm that MCF7 cells were capable of
signaling through IL-6, we exposed MCF7 cells for 30 min to CM from PGE2 or
EtOH treated fibroblasts of differing tumor-promoting capabilities, in the presence
of an IL-6 neutralizing antibody or goat IgG control, and immunoblotted for the
levels of phosphorylated STAT3 as an indicator of the IL-6 signaling pathway.
pSTAT3 levels were higher in MCF7 cells exposed to CM from PGE2-treated
fibroblasts from patient sample A as compared to CM from PGE2-treated
fibroblasts from tissue sample I, and this was abrogated by addition of αIL-6.
Moreover, 0.5 µM PGE2 was not sufficient to induce pSTAT3 expression, unlike
the addition of 10 ng/mL recombinant human IL-6 (Fig. 2.4F). Collectively, these
data indicate that IL-6 is enriched in CM from several patient tissue-derived
fibroblasts, secreted by fibroblasts in response to PGE2, and is necessary, but
not sufficient, for fibroblast-mediated expansion of CD44+/CD24-/EpCAM+ MCF7
cells.

2.4

Discussion
Several studies have implicated fibroblasts as potent tumor promoting

stromal cells through their ability to modulate the tumor microenvironment (Liao
et al., 2009) and to promote the growth of cancer cells (Erez et al., 2010; Hwang
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et al., 2008; Kojima et al., 2010; Olumi et al., 1999; Orimo et al., 2005). However,
there also exists substantial evidence that fibroblasts from disease-free tissues
have potent tumor suppressive properties (Proia and Kuperwasser, 2005). The
characteristics of these fibroblasts that contribute to either a tumor promoting or
tumor suppressive phenotype remain to be reconciled. In this study, we identified
both fibroblast mediated PGE2 secretion and autocrine PGE2 signaling as a
novel tumor promoting characteristic of these cells. Moreover, we identify a novel
tumor promoting mechanism of these cells that is enhanced upon exposure to
PGE2: the ability to secrete factors (such as IL-6) that are essential for the
expansion of CD44+/CD24-/EpCAM+ breast cancer cells.
There exist a number of citations to substantiate the notion that fibroblasts
harvested from resected breast tumor specimens are αSMA+ and promote tumor
growth in vivo (reviewed by (Orimo and Weinberg, 2006; Shimoda et al., 2010).
These cells, commonly referred to as cancer associated fibroblasts (CAFs), lack
specific markers to discriminate them from fibroblasts isolated from disease free
tissues, because these normal fibroblast counterparts acquire the expression of
αSMA when grown in vitro. Despite this, αSMA has become a widely used
marker to discriminate these cells. We harvested both types of fibroblasts:
fibroblasts from human breast tumors (CAFs), and fibroblasts from disease free
reduction mammoplasty tissues; we confirmed that these cells differ drastically in
αSMA expression in vivo (consistent with previous reports) but lacked significant
differences in αSMA expression in vitro.
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Despite similar αSMA expression in vitro, both sources of fibroblasts had
differences in their tumor promoting abilities in vivo. Because tumor-promoting
ability did not associate with robust αSMA expression, nor did it associate with
tissue source, we sought for other characteristics of fibroblasts that may
influence fibroblast tumor promoting abilities. Because fibroblasts isolated from
dysplastic mouse skin support squamous cell carcinoma growth in vivo through
pro-inflammatory cytokine secretion (Erez et al., 2010), we suspected that
inflammatory mediators differ among the various patient derived fibroblasts,
which ultimately influence their varying degrees of tumor promotion. Indeed, we
found an association between tumor promoting ability in vivo and high PGE2
secretion in vitro. In addition, the ability to secrete PGE2 in vitro associates with
the ability to expand CD44+/CD24-/EpCAM+ breast cancer cells.
Interestingly, PGE2 alone was not sufficient to confer the expansion of
these cells, despite MCF7 expression of the prostanoid receptors. PGE2
enhanced the inherent tumor promoting abilities of fibroblasts as shown by in
vitro tumorsphere assays, and in vivo MCF7 limiting dilution experiments. Our
data suggest that this is largely due to the increased secretion of IL-6 in response
to PGE2, consistent with previous reports (Singh et al., 1999). The secretion of
IL-6 by fibroblasts was necessary for expansion of CD44+/CD24-/EpCAM+ cells.
Because this particular cell population has been shown to contribute to
tumorsphere formation and seed tumor growth at limiting dilution (Fillmore et al.,
2010; Fillmore and Kuperwasser, 2008), we suspect that PGE2- mediated IL-6
secretion by fibroblasts was largely responsible for the increased MCF7
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tumorsphere formation and tumor formation observed upon exposure to
fibroblast CM.
Despite the requirement for IL-6 in mediating the tumor promoting abilities
of fibroblasts, we found that IL-6 alone was not sufficient for expansion of
CD44+/CD24-/EpCAM+ cells in the MCF7 cell line. This is in contrast to previous
reports using different breast cancer cell lines (Iliopoulos et al., 2009; Iliopoulos
et al., 2011). IL-6 has been implicated in a positive feedback loop that
perpetuates cellular transformation through NFκB (Iliopoulos et al., 2009), which
may drive the secretion of the other necessary cytokines (in addition to IL-6) that
are required for the induction and maintenance of this aggressive cell state. We
failed to see activation of NFκB in response to CM from various tissue-derived
fibroblasts (data not shown), suggesting that this feedback mechanism may not
be activated in these cells, or only activated in various subpopulations (i.e.
CD44+/CD24-/EpCAM+ cells).
The basal level of IL-6 varied widely among patient derived breast
fibroblasts, and also increased with passage number, consistent with previous
reports using primary fibroblasts (Coppe et al., 2008). However, neither the basal
secretion of IL-6 nor the induced secretion of IL-6 by PGE2 in fibroblasts
correlated with fibroblast tumor promoting ability in vivo or their ability to expand
CD44+/CD24-/EpCAM+ cells in vitro. This is consistent with the notion that IL-6 is
required, but is not sufficient for expansion of CD44+/CD24-/EpCAM+ cells, nor is
it sufficient for tumorsphere formation. In addition, although IGF-II was
significantly induced by fibroblasts exposed to PGE2 more so than IL-6, we failed
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to observe a requirement for this cytokine in expansion of CD44+/CD24-/EpCAM+
cells (data not shown). In lieu of these data, we speculate that a certain
stoichiometric balance of specific cytokines is required to promote the expansion
of these cells. This stoichiometric balance may be obtained in vivo by secreted
factors from tumor cells as well as inflammatory cells in the tumor
microenvironment. It therefore follows that non-tumor promoting fibroblasts (i.e.,
those with very low PGE2 secretion; i.e. tissue sample I) perhaps lack the ability
to activate certain pathways downstream of PGE2 that modulate the balance of
cytokine secretion required for CD44+/CD24-/EpCAM+ cell expansion and tumor
promoting ability in vivo.
Since PGE2 enhanced fibroblast secretion of IL-6, it is plausible that
PGE2 also induces secretion of other cytokines yet to be identified that together
in concert with IL-6 orchestrate the process of CD44+/CD24-/EpCAM+ cell
expansion. For example, SDF1α is a growth factor secreted by myofibroblasts
(Orimo et al., 2005) that promotes breast cancer cell growth (Marlow et al., 2008)
as well as expansion of CD44+/CD24- cells (Huang et al., 2010), and may be
upregulated by PGE2 (Katoh et al., 2010). Also, IL-8 increases tumorsphere
forming ability and the percentage of ALDEFLUOR-positive breast cancer cells,
which enriches for cancer stem-like cell populations (Charafe-Jauffret et al.,
2009). Further studies are needed to elucidate if these cytokines contribute to IL6 mediated expansion of CD44+/CD24-/EpCAM+ cells.
In summary, our results indicate that the pro-inflammatory, tumorpromoting phenotype of fibroblasts does not necessarily correlate with high
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expression of αSMA, a frequently used marker of myofibroblasts and CAFs.
Moreover, we were unable to identify differential expression of well-established
markers of CAFs and tumor-promoting fibroblasts that correlated with their
observed tumor promoting phenotypes. It is also notable that we failed to identify
a correlation between fibroblasts isolated from invasive carcinomas (either ER+
or ER-) and a high PGE2 secreting, tumor promoting phenotype, as compared to
those isolated from reduction mammoplasty tissues. Our results suggest that
tumor promoting potency of fibroblasts may lie in their endogenous secretion of
PGE2 and their ability to mediate autocrine PGE2 signaling, which activates the
increased secretion of IL-6, more so than if they are derived from diseased
tissues. The identification of specific markers for these tumor promoting
fibroblasts would likely allow for the observation of more robust phenotypic
discrepancies between various fibroblast tissue sources, and would possibly
discriminate among patients that would likely benefit from tumor-associated
stroma drug targeting strategies for use as adjuvant therapies in the treatment of
human breast cancers.
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Supplemental Figure 2.1: Characterization of patient derived fibroblasts
from human breast tumor tissues and reduction mammoplasty tissues.
(A) IF results for the expression of mesenchymal markers vimentin and prolyl-4hydroxylase (P4H), and myofibroblast/cancer associated fibroblast markers
αSMA and Caveolin-1, in tissue-derived fibroblasts from patient samples A, C, E,
I, M, N, and K. Nuclei are stained with DAPI. Scale bar, 50 µm. (B) IF results for
the expression of the breast epithelial marker CK18 in tissue-derived fibroblasts
from patient sample C, which showed high transcript levels of CK18 in Fig. 2-1A.
MCF7 cells are a positive control.
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Supplemental Figure 2.2: Tissue derived fibroblasts have variable
expression of Cox-2 transcript.
(A) qPCR for the relative levels of Cox-2 transcript in tissue derived fibroblasts
from patient samples A, N, I and F. MCF7 and SUM1315 breast cancer cells
serve as negative and positive controls for Cox-2 expression, respectively. (B)
Western blot for EP1, EP2, EP3 and EP4 expression in lysates extracted from
tissue-derived fibroblasts (patients A and I), MCF7 and HCC1428 breast cancer
cell lines.
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Supplemental Figure 2.3: PGE2 enhances the ability of fibroblasts to
expand CD44+/CD24-/EpCAM+ cells.
FACS dot plots of MCF7 cells treated with CM from tissue derived fibroblasts
(patient samples A and I) treated with EtOH (vehicle) or 0.5 µM PGE2. Cell
populations are gated first for EpCAM+, then for CD44+ and CD24-.
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Supplemental Figure 2.4: Basal levels of IL-6 in various patient derived
fibroblasts.
(A) Cytokine array results of CM from PGE2 and EtOH (vehicle) treated
fibroblasts (from patient sample A). Data is plotted as a normalized fold induction
over vehicle. (B) Quantification of the average basal levels of IL-6 secretion by
various patient-derived fibroblasts using a human IL-6 ELISA. IL-6 secretion was
normalized to the total number of fibroblasts present at the time of CM harvest.
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Supplemental Table 2.1: Primer sequences used for qRT-PCR.
Gene

Forward Primer

Reverse Primer

αSMA

5’CAGGGCTGTTTTCCCATCCT3’

5’GCCATGTTCTATCGGGTACTTC3’

FAP

5’AATGAGAGCACTCACACTGAAG3’

5’CCGATCAGGTGATAAGCCGTAAT3’

FSP

5’GATGAGCAACTTGGACAGCAA3’

5’CTGGGCTGCTTATCTGGGAAG3’

CK18

5’TGATGACACCAATATCACACGAC3’

5’TACCTCCACGGTCAACCCA3’

CK14

5’CATGAGTGTGGAAGCCGACAT3’

5’GCCTCTCAGGGCATTCATCTC3’

Cox2

5’TGAGCATCTACGGTTTGCTG3’

5’TGCTTGTCTGGAACAACTGC3’
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CHAPTER III:
Differential TGFβ mediated microRNA processing in cancer
associated fibroblasts
3.1.

Abstract
While breast cancer associated fibroblasts (CAFs) have more robust

tumor promoting properties in vivo as compared to fibroblasts from disease free
breast tissues (RMFs), the molecular mechanisms governing CAF gene
expression and phenotype remain largely understood. Reports indicate that
genetic alterations in tumor associated stromal cells are extremely rare, although
CAFs reportedly have differences in DNA methylation and microRNA (miR)
expression compared to fibroblasts from disease-free tissues. These data
suggest that CAFs likely utilize alternative mechanisms for regulating differences
in gene expression that are required for their tumor promoting phenotype. We
hypothesized that induction of certain miRs by growth factors such as TGFβ are
specific to CAFs and are required to maintain CAF phenotype. In particular,
miR21 is important for maintaining an activated phenotype in both myofibroblasts
and fibroblasts from fibrotic tissues and is regulated by TGFβ in these cells.
Here, we show that TGFβ induces miR21 expression by promoting the
processing of its precursor, pre-miR21, in CAFs. The TGFβ mediated induction of
miR21 is specific to CAFs because it is not induced in RMFs, despite similar
TGFβ signaling sensitivity in these cell types and similar expressions of miR
processing molecules. Pre-miR21 in CAFs associates with key proteins involved
in RNA editing. In particular, p100 binds pre-miR21 in a TGFβ dependent manner
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and is a known component of the RNA induced silencing complex (RISC).
Understanding the differences in miR induction and regulation between CAFs
and RMFs may elucidate whether CAFs are epigenetically reprogrammed
resident tissue breast fibroblasts, and how miRs govern CAF phenotype.
3.2.

Introduction
Within the last decade, it has become widely accepted that tumor cells

frequently rely on signals from an activated microenvironment in order to
proliferate and survive within a tissue. This activated tissue microenvironment
involves the recruitment of various immune cells (macrophages, T cells, B cells,
T regulatory cells), EPCs, myeloid cells, and the appearance of αSMA+
fibroblasts (referred to as “cancer associated fibroblasts,” (CAFs)). Each of these
cell types has been demonstrated to support the growth of tumor cells through
use of xenograft mouse models (de Visser et al., 2005; DeNardo et al., 2009;
Doedens et al., 2010; Iyer et al., 2011; Olumi et al., 1999; Orimo et al., 2005; Tan
et al., 2011).
While systemic signals and tumor derived-chemotactic signals are likely
responsible for the recruitment of these bone marrow derived cells, the
mechanism describing how CAFs originate at the tumor site remains largely
elusive. Evidence supported by the appearance of αSMA+ fibroblasts
(myofibroblasts) during wound healing suggests that CAFs originate from
BMDCs (possibly fibrocytes) that are recruited to the tumor site and are
differentiated into αSMA+ positive fibroblasts (Bellini and Mattoli, 2007; Direkze
et al., 2004; Kisseleva et al., 2006; Mori et al., 2005; Phillips et al., 2004; Schmidt
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et al., 2003). This differentiation process may be fostered by interactions with
other stromal cells within the microenvironment as well as the tumor cells.
However, recent studies suggest that only approximately 20% of the CAFs within
tumor associated stroma are bone marrow derived (Quante et al., 2011; Worthley
et al., 2009), providing speculation for other cellular origins of these cells.
Although lacking rigorous evidence at present, it has been hypothesized that an
additional source of CAFs may arise from the epigenetic reprogramming of
resident breast fibroblasts. Co-evolving with tumor cells over time may influence
chromatin remodeling changes within these cells as a consequence of chronic
exposure to tumor cell secreted factors and matrix changes that accompany the
progression of breast tumors. Indeed, CAFs are found in close association with
tumor cells in the tumor microenvironment (Orimo and Weinberg, 2006).
Recent epigenome profiling data may provide insight into the cellular
origin of CAFs and their tumor promoting phenotype. CAFs isolated from human
breast tumors have differences in DNA methylation compared to fibroblasts
isolated from reduction mammoplasty tissues (Allinen et al., 2004), and CAFs
isolated from human gastric carcinomas have globally reduced DNA methylation
compared to normal gastric myofibroblasts (Jiang et al., 2008). While these
methylation profiles are characteristic of CAFs, precisely how these epigenetic
alterations contribute to CAF phenotype remains elusive at present.
The contribution of certain microRNAs (miRs) in influencing CAF
phenotype is a new area of investigation within the research field of
“microenvironmental influences in cancer progression.” miRs are a class of short
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noncoding regulatory RNAs that are involved in stem cell maintenance,
developmental programming and cell fate specification, as well as various
disease pathogeneses (Fazi and Nervi, 2008; Gangaraju and Lin, 2009; Leung
and Sharp, 2006; Tiscornia and Izpisua Belmonte, 2010). Their altered
expression has been implicated in several types of cancers, including breast
cancer (Davis and Hata, 2010; Farazi et al., 2011; Iliopoulos et al., 2009;
Iliopoulos et al., 2010a; Iliopoulos et al., 2010b; Iorio et al., 2005; Jazbutyte and
Thum, 2010; Lu et al., 2008; Pan et al., 2011; Papagiannakopoulos and Kosik,
2008). They are transcribed by RNA polymerase II into long 5’ capped and 3’
polyadenylated transcripts of several hundred kilobases (referred to as primary
microRNAs (pri-miRs)). Within the nucleus, they are then processed by the
Drosha microprocessor complex, which yields a ~70 nucleotide precurser hairpin
microRNA (“pre-miR”) that is exported out of the nucleus by Exportin-5 and RanGTP. Once in the cytoplasm, the pre-miR is recognized by the endonuclease
Dicer. Dicer, in complex with the double stranded RNA binding proteins TAR
RNA binding protein (TRBP) and protein kinase R- activating protein (PACT),
cleaves the pre-miR into a double stranded ~22 nucleotide complex, comprised
of the mature miRNA guide strand and the miRNA passenger strand. The
designation for the mature miRNA guide strand, which will load onto the RISC, is
based on the thermodynamic properties of the miR-miR complex; the passenger
strand is degraded.
The primary component of the RISC and the effectors of miR-mediated
regulation of gene expression, are the Argonaute (Ago) proteins. There are 8
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Ago proteins in the human genome, although Ago2 is the only one with RNA
cleavage and likely plays a prominent role in miR target recognition. Ago2
associates with Dicer, TRBP, and PACT to form the RISC loading complex
(RLC), which loads the miR-miR duplex from Dicer onto the RISC (Davis and
Hata, 2009). Once the mature miR is loaded onto the RISC, it serves to
recognize target mRNAs that have semi-complementarity within their 3’
untranslated regions (UTRs). This recognition triggers translational
downregulation and/or increased degradation of the target mRNA (Davis and
Hata, 2009) (Fig 3.1). Despite semi-complimentary binding to target mRNAs,
Watson-Crick base pairing of nucleotides 2-8 in the 5’ portion of the mature miR
(commonly referred to as the miR “seed sequence”) is essential for target
identification (Doench and Sharp, 2004). This seed sequence is an important
component to common algorithms that predict miR targets, such as TargetScan
and TargetBoost (Rajewsky and Socci, 2004; Rehmsmeier et al., 2004; Saetrom
et al., 2005). However, these algorithms can be highly inaccurate, making miR
target prediction particularly challenging because one miR can have several
hundred target mRNAs, demonstrating their strong influence over gene
expression (Breving and Esquela-Kerscher, 2009). The promiscuity associated
with miR target recognition highlights the importance for several regulatory
mechanisms along the miR biogenesis pathway. miRs are regulated primarily
through three general mechanisms: at the level of pri-miR transcription, at the
level of processing both by Drosha and by Dicer, and at the level of target
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Figure 3.1: Biogenesis of microRNAs and assembly into RISC.
RNA polymerase II generates 5’ capped and 3’ polyadenylated pri-miRs which
are processed by Drosha in the nucleus to generate a 72-nucleotide hairpin premiR. After translocation to the cytoplasm, pre-miRs are processed by Dicer to
form the mature miR/miR* duplex. Following further processing, miRs are
assembled into the RISC. Only one strand of the duplex is stably associated with
the RISC and will become the mature miR. This mature miR, in assembly with
RISC, will repress gene expression by semi-complementary binding to the 3’
UTR of target mRNAs, thereby impeding their translation and/or promoting their
degradation. From Davis & Hata, Cell Commun Signal, 2009.
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recognition (Breving and Esquela-Kerscher, 2009; Davis and Hata, 2009; Hata
and Davis, 2009).
Recent studies have shown that miR31 is significantly downregulated in
CAFs isolated from endometrial cancer compared to fibroblasts from diseasefree endometrium, resulting in high levels of the miR31 target gene “special ATrich sequence binding protein 2” (SATB2). Modulation of the levels of miR31 or
its target SATB2 influences the CAFs ability to promote tumor cell invasion and
migration (Aprelikova et al., 2010). Similarly, miR15a and miR16 are
downregulated in prostate CAFs, resulting in upregulation of FGF-2 signaling
which enhances cancer cell survival, proliferation and migration (Musumeci et al.,
2011). The contribution of specific miRs to the etiology of CAFs in breast cancer
remains largely unknown.
Interestingly, certain miRs have been identified as important mediators in
tissue fibrosis, a process that requires fibroblast activation. Both CAFs and
fibrotic fibroblasts are two types of activated fibroblasts that proliferate similarly
and deposit significant amounts of ECM (Desmouliere et al., 2005; Desmouliere
et al., 2004; Krenning et al., 2010), lending speculation to the possibility that
these different fibroblast populations share common miRs that govern their gene
expression and thus, phenotype. In particular, miR21 is induced by TGFβ in both
fibrotic fibroblasts and myofibroblasts (Davis et al., 2008; Liu et al., 2010; Thum
et al., 2008; Yao et al., 2011). The ability of TGFβ to mediate fibroblast activation
has been well established (Ronnov-Jessen and Petersen, 1993; Ronnov-Jessen
et al., 1995; Vaughan et al., 2000; Yao et al., 2011), although the precise
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mechanism through which it does so is an active area of research. Interestingly,
the duration of the TGFβ stimulus may be an important determinant in whether
the fibroblast activation is transient (as in wound healing) or permanent (as in
tissue fibrosis) (Bechtel et al., 2010), and fibroblast activation may be mediated
by miR21 (Liu et al., 2010; Thum et al., 2008; Yao et al., 2011).
Specifically, miR21 is upregulated in the lungs of mice in an idiopathic
pulmonary fibrosis (IPF) mouse model and in the lungs of human IPF patients,
predominately localized to lung myofibroblasts. Attenuation of miR-21 expression
in these cells using miR21 antisense oligos significantly reduces the disease
progression in IPF mice, even after initiation of pulmonary injury, suggesting
possible targeting of miR21 expression could be clinically relevant in human IPF
(Liu et al., 2010). Also, miR21 is upregulated in cardiac fibroblasts during
myocardial disease. The upregulation of miR21 in these cells causes a
downregulation in the miR21 target gene Sprouty1, which results in augmented
ERK-MAPK signaling in these cells. Similar to the IPF mouse model, a miR21
specific, chemically modified antisense oligo (called an antagomiR) reversed
Sprouty1 expression and diminished MAPK activation in cardiac fibroblasts,
ultimately restoring cardiac function in a mouse model of myocardial infarction
(Thum et al., 2008). Collectively, these data suggest that miR21 signaling in
fibroblasts contributes to disease. Surprisingly, however, it was recently
discovered that miR21 is actually not required for development of stressdependent cardiac disease. miR21 knockout mice are phenotypically normal and
respond to a variety of cardiac stresses similarly to WT mice (Patrick et al.,
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2010). Thus, while miR21 may play a role in fibrosis, in the absence of miR21,
other miRs likely compensate for its loss.
Interestingly, miR21 not only promotes the activated
fibroblast/myofibroblast phenotype, but also promotes the activated, contractile
phenotype of vascular smooth muscle cells (VSMCs). Smooth muscle cells
harbor two different states of differentiation depending on the presence of growth
factors (BMP, TGFβ, PDGF), matrix composition, and hypoxia (Mack, 2011;
Runo and Loyd, 2003). Vascular injury initiates and perpetuates the dedifferentiation of VSMCs from their contractile phenotype into a more synthetic,
proliferative phenotype, which plays a central role in neointimal hyperplasia
during the progression of vascular diseases such as idiopathic pulmonary
hypertension (IPH), atherosclerosis, and restenosis (Orlandi et al., 2006; Runo
and Loyd, 2003). Because the TGFβ super family of proteins promotes the
differentiation of VSMCs to their contractile, quiescent phenotype, BMP receptor
type II (BMPRII) mutations that inhibit BMP signaling inadvertently lock VSMCs
into their synthetic, proliferative state of differentiation, causing the pathogenesis
of IPH (Chan et al., 2011; Lagna et al., 2007).
Similar to the mechanism described in fibrotic fibroblasts and
myofibroblasts, the VSMC contractile gene expression program is mediated by
TGFβ and BMP induction of miR21 through a non-canonical TGFβ/BMP
signaling pathway. Specifically, TGFβ and BMP ligands promote the processing
of pri-miR21 into pre-miR21, thereby promoting the upregulation of mature
miR21 (Fig. 3.2) and inhibition of PDCD4, a negative regulator of differentiated
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Figure 3.2: TGFβ and Smad mediated microRNA processing.
TGFβ1 and BMP4 signaling stimulate the processing of pri-miR21 to
pre-miR21 by promoting Drosha’s interaction with R-Smad proteins.
This is a non-canonical role for R-Smads in the regulation of gene
expression. From Davis & Hata, Cell Comm Signal, 2009.
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VSMC gene expression. Interestingly, the processing of miR21 by TGFβ and
BMP occurs without any transcriptional activation of the pri-miR21 gene, despite
both of these ligands inducing the Smad family of transcription factors. While
canonical TGFβ superfamily signaling involves Smad phosphorylation and
activation, causing their binding to Smad-response elements in various target
gene promoters, Smads can also function to facilitate Drosha-mediated miR
processing (Davis et al., 2008; Davis et al., 2011). This mechanism may be
involved in VSMC phenotypic switching during disease pathogenesis, as high
expression of miR21 has been found in the vascular wall of balloon-injured rat
carotid arteries (Ji et al., 2007).
The relationship between miR21 and TGFβ exists in other cell types aside
from fibroblasts and VSMCs. Interestingly, overexpression of miR21 in human
breast tumors significantly correlates with dual overexpression of TGFβ and poor
patient outcome (Qian et al., 2008). In breast cancer cells harboring constitutive
activation of TGFβ signaling, miR21 expression is elevated, and exogenous
TGFβ induces pre-miR21 expression while pri-miR21 levels are unchanged
(Davis et al., 2008). These data suggest that mechanisms regulating TGFβ
induced miR21 expression may be similar in different cell types. miR21 is known
to be overexpressed in several different types of solid tumors, including breast
tumors (Volinia et al., 2006), although it is unclear if the mechanism of
overexpression is regulated by TGFβ in each tumor type.
We hypothesized that miR21, responsible for governing myofibroblast and
smooth muscle cell gene expression programs, might also be responsible for
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governing CAF phenotype, as both of these processes are regulated by TGFβ.
Here, we demonstrate that CAFs and RMFs respond to TGFβ differently; in
response to ligand stimulation, CAFs induce the processing of miR21 while
RMFs do not. These findings demonstrate a reproducible, unifying characteristic
of CAFs from all breast tumors examined, and identify an in vitro characteristic of
CAFs that is distinct from RMFs.

3.3.

Results

3.3.a. Both miR21 and miR199a, but not miR25, are differentially processed
in CAFs and RMFs in a TGFβ dependent manner.
First, we confirmed that miR21 expression in primary human breast
tumors was not solely confined to breast tumor cells. Using fluorescence in situ
hybridization (FISH) with a probe specific for the mature form of miR21, we
detected specific signal in the tumor associated stroma, in a region dense with
cells of fibroblast morphology, suggesting miR21 may be expressed by CAFs
(Supplemental Fig. 3.1). Corroborating previous reports (Iorio et al., 2005),
miR21 was not expressed in disease-free human breast tissue (data not shown).
We next sought to determine if miR21 was upregulated in CAFs and
RMFs in response to TGFβ, such as that reported for fibrotic fibroblasts,
myofibroblasts and VSMCs (Davis et al., 2008; Liu et al., 2010; Thum et al.,
2008; Yao et al., 2011). We treated several patient derived CAFs and RMFs with
100 pM TGFβ1 or vehicle control, under serum starvation conditions, for 24
hours before harvesting total RNA. Using qRT-PCR, we assayed for the fold
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induction (over vehicle) of pri-miR21, pre-miR21, mature miR21, in response to
TGFβ1 treatment. Interestingly, there was a significant induction of mature miR21
in CAFs, but not RMFs, in response to TGFβ treatment, with no significant
induction of pri-miR21 or pre-miR21 (p=0.006, Fig. 3.3A,B). Because of the lack
of de novo miR21 transcription (as determined by the pri-miR levels), and the
similar levels of pre-miR21, these data suggested that mature miR21 processing
was induced by TGFβ, but only in CAFs and not in RMFs.
To rule out the possibility that the induction of mature miR21 in CAFs but
not RMFs was due to cell type specific differences in the response to TGFβ
signaling, we assayed for the fold induction of the TGFβ target gene PAI1 in
CAFs and RMFs treated with TGFβ in 24 hour time period. There was no
significant difference between CAFs and RMFs ability to induce PAI1 expression,
suggesting that both cell types have equal capacity to respond to canonical
TGFβ signaling (Fig. 3.3A).
To rule out the possibility that the induction of mature miR21 levels in
TGFβ treated CAFs was due to higher basal transcript levels of pri- or pre-miR21
in these cells compared to RMFs, were performed qRT-PCR for the basal levels
of pri-, pre- or mature miR21 in several patient derived CAFs and RMFs. We
failed to find a statistically significant difference in the basal levels of all three
forms of miR21 between these two different cell types (p>0.05, Supplemental
Fig. 3.2A,B). Collectively, these data suggested that the TGFβ mediated pre-to
mature miR21 processing was likely due to a non-canonical response to TGFβ
specifically in CAFs.
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Figure 3.3: TGFβ promotes the processing of mature miR21 and miR199a in
CAFs but not in RMFs.
(A) qRT-PCR results for the average fold induction (over vehicle) of PAI-1 (a
TGFβ target gene), pri-miR21, and pre-miR21 in 4 patient derived RMFs and 4
patient derived CAFs treated with 100 pM TGFβ1 for 24 hours. PAI-1 is
normalized to GAPDH whereas pri-miR21 and pre-miR21 are normalized to U6.
Error bars, SEM. (B) qRT-PCR results for the average fold induction of mature
miR21, mature miR199a, and mature miR25 in the same 4 patient derived RMFs
and 4 patient derived CAFs as in (A) treated with 100 pM TGFβ1 for 24 hours. All
are normalized to U6. Statistics were performed using a Student’s two-tailed t
test of means: mature miR21, p=0.006; mature miR199a, p=0.009. Error bars,
SEM. Data collected in collaboration with Brandi Davis, Hata Laboratory.
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To rule out the possibility that both cell types were indeed inducing mature
miR21 in response to TGFβ, but RMFs were degrading the mature miR within the
24 hr time period, we performed a preliminary time course analysis with one
representative RMF and two representative CAFs. Each cell type was treated
with 100 pM TGFβ or vehicle control, and after 0, 2, 6, and 12 hrs, total RNA was
harvested for qRT-PCR analysis for the fold induction (over vehicle) of pri-, preand mature miR21. While these data are difficult to interpret due to the lack of
representative CAFs and RMFs for statistical significance, mature miR21 was
~1.5 fold induced at 12 hrs in TGFβ treated CAFs, but not in TGFβ treated RMFs
(Supplemental Fig. 3.3A-C).
Intriguingly, mature miR199a responded in the same fashion as mature
miR21 in response to TGFβ. Mature miR199a was significantly induced upon
TGFβ treatment in CAFs only, with no significant induction of pri- or pre-miR199a
levels (p=0.009, Fig. 3.3B and data not shown).
The specificity of TGFβ mediated miR processing of miR21 and miR199a
(among others) has been described in pulmonary arterial smooth muscle cells
(PASMCs), as the stem region of pri-miR transcript contains a consensus
sequence recognized by Smad proteins (Davis et al., 2011). Intriguingly, mature
miR25 and mature miR100, whose pri-miRs lack the Smad consensus sequence
and do not respond to TGFβ mediated miR processing in PASMCs, were not
induced by TGFβ in CAFs (Fig 3.3B and data not shown). While these data
suggested similar levels of miR processing regulation between CAFs and that
described for PASMCs, there was a striking difference in these two mechanisms:
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while TGFβ promotes the processing of pri-miRs to pre-miRs by inducing Smad
interactions with Drosha in PASMCs (Davis et al., 2008), TGFβ appeared to
promote the processing of pre-miR21 and pre-miR199a, but not pre-miR25 or
pre-miR100, to their mature forms in CAFs, but not in RMFs.

3.3.b. Possible explanation for the specificity of TGFβ mediated miR21 and
miR199a processing
Because TGFβ appeared to be inducing the pre-miR processing of only a
subset of miRs, we sought to determine the sequence similarities between premiR21 and pre-miR199a in comparison to pre-miR25 and pre-miR100.
Interestingly, the consensus motif “UCUCA” was identified within the 3’ end of the
terminal loop of both pre-miR21 and pre-miR199a, but not in pre-miR25 or premiR100 (Fig. 3.4). Upon further examination of all the other pre-miRs within the
human genome, we found 9 additional pre-miRs with the UCUCA motif within the
3’ end of the terminal loop, and 6 additional pre-miRs with the UCUCA motif
within the 5’ end of the terminal loop (Supplemental Fig. 3.4). We speculate that
pre-miRs with a conserved UCUCA motif in the 3’ end of the terminal loop may
have similar secondary structure to pre-miR21 and pre-miR199a, and these premiRs should be tested for possible responses to TGFβ signaling.
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Figure 3.4: Possible explanation for the specificity of TGFβ mediated miR21
and miR199a processing.
Comparison of the hairpin structures and sequences of the TGFβ responsive premiRs: pre-miR21 and pre-miR199a, to that of the TGFβ insensitive pre-miRs:
pre-miR25 and pre-miR100. Notice that pre-miR25 and pre-miR100 lack the
common UCUCA motif within the hairpin terminal loop region. Data from
miRBase, an online microRNA database.
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3.3.c. Differential miR processing in CAFs and RMFs is not attributed to
differences in the expression of key miR processing molecules
In attempt to reconcile the differences in processing of certain pre-miRs
between CAFs and RMFs in response to TGFβ, we assayed for the relative
levels of major miR processing molecules in these two cell types treated with
either 100 pM TGFβ or vehicle control using qRT-PCR. Surprisingly, there was
no significant difference in expression of Dicer, Drosha, or p68 (a subunit of
Drosha important for Smad and Drosha mediated miR processing, (Davis et al.,
2008)) in several different patient derived CAFs and RMFs, with or without TGFβ
treatment (p>0.05, Fig. 3.5A-C). This was also true for the expression of Ago2, a
protein essential for Dicer mediated pre- to mature miR processing (Diederichs
and Haber, 2007) (Supplemental Fig. 3.5).

3.3.d. Suggestive miR21 targets
We investigated the levels of putative miR21 target genes in TGFβ treated
CAFs by generating a list of miR21 targets based on TargetScan and PubMed.
TargetScan listed nearly 100 possible target mRNAs for miR21. To narrow down
this list, we considered genes whose transcription is induced by TGFβ signaling,
genes with 5’ ends harboring high sequence complimentary to the seed region of
miR21, and genes that might be inherently downregulated in CAFs. Thus, we
remained with a list of only a handful of genes, many of which have already been
shown to be miR21 targets in other forms of activated fibroblasts (Table 3.1). At
first pass, we examined the protein levels of “tissue inhibitor of
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Figure 3.5: Differential miR processing in CAFs and RMFs is not attributed
to differences in the expression of key miR processing molecules.
(A) qRT-PCR for the average relative expression of Dicer in 3 patient derived
RMFs and 3 patient derived CAFs, treated with either vehicle control or 100 pM
TGFβ1 for 24 hours. Levels are normalized to GAPDH. Error bars, SEM. (B)
qRT-PCR for the average relative expression of Drosha in the same 3 patient
derived RMFs and 3 patient derived CAFs as in (A), treated with either vehicle
control or 100 pM TGFβ1 for 24 hours. Levels are normalized to GAPDH. Error
bars, SEM. (C) qRT-PCR for the average relative expression of the Drosha
subunit p68 in the same 3 patient derived RMFs and 3 patient derived CAFs as
in (A), treated with either vehicle control or 100 pM TGFβ1 for 24 hours. Levels
are normalized to GAPDH. Error bars, SEM.
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Table 3.1: miR21 target genes in other cell types.
Gene

Name

Cell Type

Reference

PDCD4

Programmed cell death gene 4

PASMs;
cholangiocarcinoma
cells; RAW264.7
macrophages;
myofibroblasts

(Davis et al., 2008; Selaru et
al., 2009; Sheedy et al., 2010;
Yao et al., 2011)

Spry1

Sprouty1

Cardiac fibroblasts

(Thum et al., 2008)

PTEN

Phosphatase and tensin homolog

Breast cancer cells;
non-small cell lung
cancer cells

(Iliopoulos et al., 2010a; Zhang
et al., 2010)

TIMP3

Tissue inhibitor of
metalloproteinases-3

Cholangiocarcinoma
cells; breast cancer
cells; glioma cells

(Gabriely et al., 2008; Selaru et
al., 2009; Song et al., 2010)

SMARCD1

SWI/SNF related, matrix associated,
actin dependent regulator of
chromatin, subfamily d, member-1

ND

TargetScan Algorithm

ND: not determined
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metalloproteinases 3” (TIMP3), an inhibitor of several MMPs, an anti-angiogenic
factor, and an established TGFβ target gene in fibroblasts (Gabriely et al., 2008;
Garcia-Alvarez et al., 2006; Song et al., 2010). Western blotting revealed that two
patient derived RMFs responded to TGFβ by inducing TIMP3 protein, as
expected, while two patient derived CAFs failed to show an induction of TIMP3
protein in response to the growth factor (Fig. 3.6A). The failure of CAFs to induce
the TGFβ target gene TIMP3 in response to ligand stimulation could possibly be
due to the concomitant induction of mature miR21, although this needs to be
examined through direct modulation of miR21 levels in these cells.
At second pass, we continued our search for other possible TGFβ induced
miR21 targets in CAFs using qRT-PCR. We treated three patient derived RMFs
and three patient derived CAFs with 400 pM TGFβ for 24 hours, harvested total
RNA, and assayed for the fold induction (over vehicle) of several putative miR21
target genes. To address the specificity of possible TGFβ mediated induction of
each of these genes, we included one RMF and CAF patient sample that was
treated both with ligand and 10 µM SB431542, an ALK5 inhibitor which blocks
the TGFβ type II receptor and abrogates TGFβ superfamily signaling.
Interestingly, we found that the levels of Sprouty1 were significantly
downregulated in TGFβ treated CAFs compared to TGFβ treated RMFs, and this
downregulation was relieved upon inhibition of TGFβ signaling (p=0.03, Fig.
3.6B). The levels of TIMP3 message were also slightly lower in TGFβ treated
CAFs compared to RMFs, although this failed to reach statistical significance
(p>0.05). Collectively, these data suggest that Sprouty1 may be a TGFβ induced
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Figure 3.6: Indirect assessment of possible miR21 target genes in TGFβ
treated CAFs and RMFs.
(A) Western blot for the levels of Timp3 protein in vehicle or TGFβ1 treated CAFs
and RMFs from 2 different patient samples each (A and B). Total Erk protein is
used as a loading control. Data from Anna Maione, rotation student. (B) qRTPCR for the fold induction (over vehicle) of various putative miR21 target genes
in 3 different patient derived CAFs and 3 different patient derived RMFs treated
with vehicle controls or 400 pM TGFβ1 with or without 10 µM SB431542 (ALK5
inhibitor). All genes are normalized to GAPDH. Statistics were performed using a
Student’s two-tailed t test of means: Endogenous Sprouty1 levels in RMFs vs.
CAFs, p=0.03. Error bars, SEM. Data from Vandana Iyer, Kuperwasser
Laboratory.
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miR21 target gene in CAFs, although further experiments utilizing antisense
miR21 oligos are required to determine if/how TGFβ and miR21 regulate
Sprouty1 levels in these cells.

3.3.e. Pre-miR21 associates with three key proteins involved in RNA editing
Given that miRs can have several hundred target mRNAs, they harbor
tremendous influence over cellular gene expression and require many regulatory
networks to modulate their affects. There are three major levels of miR
regulation: at the level of pri-miR transcription, at the level of pri- and pre-miR
processing, and at the level of mature miR target recognition. Various regulatory
molecules that either promote or suppress miR function control each of these
steps in miR biogenesis (Davis and Hata, 2009). We sought to determine which
regulatory molecules might be interacting with pre-miR21 to promote the
processing to mature miR21 in a TGFβ responsive manner. To do this, we used
a previously described pre-miR pull down assay (Heo et al., 2009). In this assay,
both pre-miR21 and pre-miR100 (as a control for specificity) with 5’ end
extensions were in vitro transcribed using PCR products as direct templates. A 3’
biotinylated adaptor DNA, with complimentarity to the 5’ end extension of the in
vitro transcription product, was incubated with streptavidin conjugated agarose
beads and then incubated with the in vitro transcribed pre-miRs (Fig. 3.7A). This
mixture was then incubated with cell extract prepared from a representative
patient derived CAF, treated with either 100 pM TGFβ or vehicle. After
incubation, any proteins associated with pre-miR21 or pre-miR100 were
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Figure 3.7: Preliminary pre-miR21 pull down assay reveals associated
proteins have involvement in the RNA editing process.
(A) Schematic of pull down technique published by Heo et al., Cell, 2009. In vitro
transcription creates a pre-miR with a 5’ extension, specifically designed for
complementarity to the 3’ extension of a biotinylated oligonucleotide (oligo).
Incubation of the 5’ extended-pre-miR with the 3’ extended-biotinylated oligo
bound to streptavidin coated beads promotes interaction. Incubation of this
mixture in cell extracts from a representative vehicle or TGFβ1 treated CAF will
allow any molecules that normally associate with the pre-miR to bind and be
pulled down in complex with streptavidin coated beads. (B) Silver stained gel
from the pull down technique described in (A) using a 5’ modified pre-miR21,
incubated with cell extracts from a representative patient derived CAF treated
with either vehicle or TGFβ1, and resolved by SDS-PAGE. A 5’ modified premiR100 is used as a negative control in the pull down for specificity. Certain
bands within this gel were cut for Mass Spec analysis. Data from Xiang Liu,
Kuperwasser Laboratory. (C) Mass Spec results of proteins associated with 5’
modified pre-miR21 (but not 5’ modified pre-miR100) from a representative
patient derived CAF, treated with either vehicle or TGFβ1. Only 1 protein was
associated with pre-miR21 in a TGFβ1 specific manner (Tudor-SN/p100). Data
from Xiang Liu, Kuperwasser Laboratory.
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separated by SDS-PAGE. We removed a band at 150 kilodaltons (kDa) from the
gel and sent it for liquid chromatography tandem mass spectrometry (mass spec)
analysis (Fig. 3.7B).
The band removed for mass spec at 150 kDa resolved three proteins of
interest: vigilin, RNA helicase A (RHA), and p100 (also known as Tudor SN and
SND1, hereafter referred to as p100 for simplicity; Table 3.2). Interestingly, all
three proteins were involved in A → I RNA editing, a process by which specific or
random adenosines within protein coding sequences or untranslated regions are
hydrolyticly deaminated into inosines (Nishikura, 2010). Moreover, it has recently
been discovered that miRs are often edited in this manner, which can affect their
processing by Dicer, their stability, and their mRNA target recognition (Habig et
al., 2007; Kawahara et al., 2007a; Kawahara et al., 2007b; Nishikura, 2006,
2010; Scadden, 2005).
Based on the mass spec results, p100 was the only protein associated
with pre-miR21, but not pre-miR100, in a TGFβ dependent manner. Interestingly,
p100 (reportedly 100 kDa) was pulled down at a molecular weight of 150 kDa,
which suggested it was heavily post-translationally modified. To confirm that
p100 was indeed expressed in both CAFs and RMFs and to determine if it was
responsive to TGFβ, we performed western blot analysis with two patient derived
RMFs and one patient derived CAF, each treated with 400 pM TGFβ or vehicle
for 24 hrs. To our surprise, we detected only one band, with clean resolution, at
precisely 100 kDa; we failed to identify any other band at 150 kDa as we saw in
the pre-miR pull down gel (Fig. 3.8A).
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Table 3.2: Proteins isolated from pre-miR21 pull down and subsequent
mass spec analysis.
Protein

Vigilin (HDL
binding protein)

RNA Helicase A
(DEAH box
protein 9; NDHII)

p100 (Tudor-SN;
SND1)

MW
(kDa)

110

141

100

Subcellular
localization

Description

Reference

Nucleus; cytoplasm

Binds to A→I edited RNA;
facilitates formation of
heterochromatin; found in
complex with ADAR and
RHA; all may participate in
chromatin silencing

(Fernandez et al.,
2005; Wang et
al., 2005)

Nucleus, nucleolus,
cytoplasm

Enzymatically unwinds RNARNA duplexes and RNA-DNA
hybrids in a 3’ to 5’ direction
but the RNA must have
unpaired 3’ overhangs;
Interacts with RISC and
facilitates RISC loading

(Reenan et al.,
2000; Robb and
Rana, 2007;
Seeburg, 2000)

Nucleus; cytoplasm

Component of RISC;
promotes cleavage and
degradation of edited premiRs

(Caudy et al.,
2003; Li et al.,
2008; Scadden,
2005)

Name bolded in black is more commonly used and referred to in text.
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Figure 3.8: p100 and ADAR expression in vehicle and TGFβ
treated CAFs and RMFs. Western blot for p100 (A) and ADAR (B)
expression in whole cell lysates from vehicle or TGFβ treated RMFs
(from patient 1 or patient 2), or one representative CAF. HepG2 and
HeLa cell lysates are used as positive controls. Red arrows indicate
bands corresponding to the size of ADAR1. Data from Vandana Iyer,
Kuperwasser Laboratory.
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p100 was one of three proteins involved in RNA editing that associates
with pe-miR21 based on the pull down assay. Since our preliminary data
suggested that CAFs and RMFs have similar levels of p100 protein, we sought to
identify other proteins involved in miR and RNA editing that may have differential
expression in TGFβ treated CAFs and RMFs. Because ADARs are ubiquitously
expressed enzymes capable of deaminating any double stranded RNA
(Nishikura, 2010), and ADAR1 reportedly associates with the proteins identified
in our pull down assay (Fernandez et al., 2005; Scadden, 2005; Wang et al.,
2005), we examined the expression of ADAR1 in two TGFβ or vehicle treated
RMFs, and one TGFβ or vehicle treated CAF. Interestingly, our preliminary data
suggest that CAFs may have higher levels of ADAR1 protein than do RMFs,
although these data need to be expanded to multiple patient samples (Fig. 3.8B).

3.3.f. Transient knockdown of miR21 may affect the CAFs ability to support
MCF7 tumorsphere formation
We sought to determine a biological consequence for TGFβ mediated
miR21 induction in CAFs, hypothesizing that miR21 was important for CAF tumor
promoting ability. To test this, we harvested CM from TGFβ or vehicle treated
CAFs or RMFs after transfecting each with an antisense miR21 oligo or scramble
oligo control. We then used this CM to grow MCF7 breast cancer cells under
tumorsphere forming conditions (described in Sec 2.3), an in vitro assay for
tumorgenicity (Fig. 3.9). We specifically chose a representative CAF that had
previously shown to augment MCF7 tumorsphere forming ability in this assay,
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Figure 3.9: Transient knockdown of miR21 may affect the CAFs ability to
support MCF7 tumorsphere formation.
(A) Quantification of MCF7 tumorspheres formed in the presence of CM from
miR21 knockdown or mock knockdown CAFs or RMFs, in the presence of 400
pM TGFβ1 or vehicle. Normal growth medium (PRF-DMEM) in the presence of
400 pM TGFβ1 or vehicle is shown as control. miR21 knockdown efficacy was
confirmed using qRT-PCR for mature miR21 transcript by Brandi Davis (data not
shown). Statistics were performed using a Student’s two-tailed t test of means
comparing: miR21 knockdown CAF CM in the presence of TGFβ1 to mock
knockdown CAF CM in the presence of TGFβ1 (p=0.002); miR21 knockdown
CAF CM in the presence of TGFβ1 or vehicle (p=6.65 x 10-5); comparing mock
knockdown CAF CM to mock knockdown RMF CM both in the presence of
vehicle as a baseline comparison of CAF vs. RMF CM (p=0.008). Error bars,
SEM. Data from Crystal Bryan, rotation student.
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and a representative RMF that failed to do so (Rudnick et al., 2011), so we could
directly assess the role of miR21 in the CAFs ability to secrete factors that
enhance MCF7 tumorsphere formation. As a control, we treated MCF7s, grown
in their normal growth media (DMEM), with 400 pM TGFβ throughout the
duration of the assay to rule out any effects that the residual growth factor might
have in the CAF and RMF CM. In addition, we confirmed that CM from scramble
transfected, vehicle treated CAFs promoted significantly more MCF7
tumorspheres than did CM from scramble transfected, vehicle treated RMFs
(p=0.008, Fig. 3.9). Interestingly, CM from antisense-miR21 transfected, TGFβ
treated CAFs promoted significantly less MCF7 tumorspheres than CM from
scramble transfected, TGFβ treated CAFs (p=0.002, Fig. 3.9). The addition of
TGFβ to the miR21-knockdown CAFs before CM harvest appeared to have
significant MCF7 tumorsphere suppressing properties (p=6.65 x 10-5, Fig. 3.9),
and interestingly, this was not true for RMFs. Collectively, these preliminary data
suggest that TGFβ mediated miR21 may govern the tumor promoting properties
of CAFs, and should be followed up with in vivo.

3.4

Discussion
To our knowledge, this is the first mechanism described for TGFβ

mediated processing of pre to mature miRs, and the first description of
differential miR processing between CAFs and RMFs. Our data suggest that
CAFs, but not RMFs, respond to TGFβ signaling by promoting the processing of
pre-miR21 and pre-miR199a to their mature forms, without inducing transcription
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of the pri-miRs nor inducing the processing of the pri-miR into the pre-miR form.
These data lend speculation to the possibility that CAFs and RMFs have a
reservoir of pre-miRs that are only processed to their mature forms in response
to various signaling pathways, such as TGFβ. Our data are consistent with
previous work demonstrating that TGFβ induces miR21 expression in other types
of activated fibroblasts (Liu et al., 2010; Thum et al., 2008; Yao et al., 2011),
although the mechanism of mature miR21 induction may differ in these cell
types.
In addition, the response to various signaling pathways likely induces
processing of only specific pre-miRs within this cytoplasmic reservoir. The
specificity for certain pre-miRs over others is likely due to similar secondary
structure and consensus binding sites within them, recognized by certain
molecules induced upon ligand stimulation; such a mechanism has been
described in smooth muscle cells (Davis et al., 2011). Both pre-miR21 and premiR199a have a similar consensus sequence within the 3’ end of the terminal
loop (UCUCA motif), in addition to several other pre-miRs we have not yet
characterized. We suspect that, given the similar secondary structure of these
pre-miRs and the common terminal loop motif, that they would also be
responsive to TGFβ induced pre-miR processing in CAFs but not RMFs.
The inability of RMFs to induce pre-miR21 and pre-miR199a to their
mature forms cannot be explained by differences in sensitivity to TGFβ signaling
in comparison to CAFs, nor can it be explained by a reduction in the essential
miR processing machinery such as Dicer, Drosha, p68 and Ago-2. While we only
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looked at the levels of mRNA for Dicer, Drosha and p68, western blot analysis for
their protein expression and possibly differences in post-translational
modifications should be examined in greater detail. For example, Ago-2 protein
stability is regulated by hydroxylation at proline 700 by prolyl-4-hydroxylase
(P4H); depletion of both the alpha and beta subunits of P4H results in reduced
stability of Ago2 and impaired RNA interference (Qi et al., 2008). Interestingly,
P4H has been implicated as a marker of activated fibroblasts (myofibroblasts and
CAFs) (Krenning et al., 2010; Orimo et al., 2005). This finding could suggest that
CAFs have higher Ago-2 activity and more efficient processing of various miRs;
further examination by knocking down P4H in CAFs and attempting to induce
pre-miR21 processing in response to TGFβ will provide better insight into the link
between P4H and Ago-2.
Another possibility for the differences between pre-miR processing in
CAFs and RMFs could be due to differences in expression of certain adaptor
molecules, induced in response to TGFβ, that bind a common region with these
pre-miRs (possibly the UCUCA motif within the terminal loop) and mediate
specific pre-miR processing. Based on the pre-miR21 pull down result, these
adaptor molecules may play a role in RNA editing. Specifically, we identified
vigilin, RHA and p100 in this pull down assay, although only p100 was pulled
down in a TGFβ dependent manner. Interestingly, p100 is a component of the
RISC and may modulate miR processing through RNA editing (Caudy et al.,
2003; Li et al., 2008). Moreover, RHA interacts with RISC as well (Robb and
Rana, 2007). These molecules may be facilitating RISC loading and Dicer activity
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to modulate pre-miR cleavage to the mature form; these processes may be
independent of RNA editing activity, or contingent upon A → I alterations.
Interestingly, because p100 was pulled down at a higher molecular weight
than reported (150 kDa versus reported 100 kDa), we hypothesize that TGFβ
mediates some form of posttranslational modification to this protein that facilitate
interactions with RHA, vigilin, and pre-miR21 in a TGFβ dependent manner.
Unfortunately, western blot analysis of vehicle or TGFβ treated CAFs and RMFs
failed to demonstrate differences in p100 expression, additional bands
suggestive of posttranslational modifications, or differences in the predicted
molecular weight. A p100 immunoprecipitation assay, followed by western
blotting for various posttranslational modifying proteins (such as phosphorylation,
ubiquitination, sumoylation, etc) would perhaps corroborate the molecular weight
discrepancy of the p100 western blot versus the pre-miR pull down assay results.
Furthermore, possible differences in expression of vigilin and RHA between
vehicle and TGFβ treated CAFs and RMFs should also be verified by western
blot analysis.
While further analysis of p100 signaling in the context of pre-miR RNA
editing sounds promising, it should be noted that since p100 possesses RNA
cleavage activity and is reported to degrade A → I edited pre-miRs (Scadden,
2005; Yang et al., 2006), these reports would conflict with our results
demonstrating mature miR21 induction in response to TGFβ in CAFs. Repeating
the pre-miR21 pull down assay with vehicle and TGFβ treated RMFs might
resolve this contradiction. It is plausible that p100 posttranslational modifications
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occur only in TGFβ treated CAFs and not RMFs, due to differences in noncanonical TGFβ signaling pathways. Perhaps these posttranslational
modifications of p100 prevent its endonuclease activity, thereby preventing premiR21 degradation and allowing mature miR21 biogenesis.
Because RNA editing is mediated by ADARs (Nishikura, 2010; Yang et al.,
2006), we examined the levels of ADAR1 in two representative RMFs and one
representative CAF, treated with either TGFβ or vehicle. While our results are
preliminary and with only one patient sample, it is possible that CAFs have higher
levels of ADAR1 expression than do RMFs. The consequence of higher ADAR
expression levels may result in a higher percentage of pre-miRs that undergo A
→ I editing. While it is unlikely that this editing is promiscuous, the regulation of
RNA editing in CAFs is completely unknown. One may speculate that perhaps
specific RNA edited pre-miRs allow for alternative mRNA targets, due to the
inability to bind the 3’ UTRs of some mRNAs. This may explain why we failed to
generate any preliminary data to suggest that PDCD4 and PTEN were miR21
target genes in CAFs.
In summary, we have identified a molecular difference in TGFβ mediated
miR21 and miR199a processing in CAFs and RMFs. The consequence of this
difference in miR processing remains unknown, although our preliminary data
suggest it may contribute to CAF phenotype. We suspect that TGFβ promotes
the pre- to mature miR processing step of several other miRs in addition to
miR21 and miR199a; collectively, these miRs may modulate CAF gene
expression. The role of RNA editing in TGFβ mediated pre-miR processing in
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CAFs warrants further investigation. Understanding how TGFβ mediated miR
processing and miR editing contribute to CAF phenotype may allow these cells to
be targeted as an adjuvant therapy in treating human breast cancers, given the
widespread use and delivery of miR sponges (Cohen, 2009) and modified
antisense miR oligos (Patrick et al., 2010; Thum et al., 2008) for biological
inhibition of miRs in vivo.
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Supplemental Figure 3.1: Fluorescence in situ hybridization
(FISH) of mature miR21 transcript in breast tumor stroma.
Left, H&E stain of a breast tumor section showing patches of tumor
cells adjacent to the stroma (*). Right, FISH for mature miR21
expression, showing signal within the tumor stroma (arrows). Nuclei
(stained with dapi) are elongated and have a typical fibroblast
morphology. Note that dapi signal and FISH signal do not overlay,
suggesting that the mature transcript is indeed cytoplasmic (as
expected).
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Supplemental Figure 3.2: Basal levels of pri, pre, and mature miR21 and
miR199a in vehicle and TGFβ treated CAFs and RMFs.
(A) qRT-PCR for the relative basal levels of pri-miR21, pre-miR21, and αSMA in
4 different patient derived (vehicle treated) RMFs and CAFs. No significant
differences reported. Error bars, SEM. (B) qRT-PCR for the relative basal levels
of mature miR21 in the same 4 different patient derived (vehicle treated) RMFs
and CAFs as in (A). No significant differences reported. Error bars, SEM. Data
collected in colloboration with Brandi Davis, Hata Laboratory.
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Supplemental Figure 3.3: Time course analysis for the fold induction (over
vehicle) of pri, pre, and mature miR21 levels in TGFβ treated CAFs and
RMFs.
(A) qRT-PCR results for the fold induction (over vehicle) of pri-miR21 at 0, 2, 6
and 12 hrs post TGFβ1 treatment in one patient derived RMF and two patient
derived CAFs (averaged). (B) qRT-PCR results for the fold induction (over
vehicle) of pre-miR21 at 0, 2, 6 and 12 hrs post TGFβ1 treatment in one patient
derived RMF and two patient derived CAFs (averaged). (C) qRT-PCR results for
the fold induction (over vehicle) of mature miR21 at 0, 2, 6 and 12 hrs post
TGFβ1 treatment in one patient derived RMF and two patient derived CAFs
(averaged).
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Supplemental Figure 3.4: Additional pre-miRs containing the UCUCA
consensus motif in the hairpin terminal loop that might also respond to
TGFβ by inducing pre-miR processing.
Sequence alignment of several pre-miRs within the human genome that harbor a
similar sequence motif (UCUCA) within the pre-miR terminal loop region. PremiRs with the UCUCA motif at the 3’ end of the terminal loop may have very
similar secondary structures to pre-miR21 and pre-miR199a, and may respond to
TGFβ1 in a similar fashion as these two miRs do in CAFs. Data from Xiang Liu,
Kuperwasser Laboratory.
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Supplemental Figure 3.5: Argonaute-2 expression in vehicle and
TGFβ treated CAFs and RMFs.
Western blot for Argonaute-2 (Ago2) expression in whole cell lysates
from vehicle or TGFβ treated RMFs (A) or CAFs (B), each isolated
from 3 different patient samples.
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Supplementary Table 3.1: Primer sequences used for qRT-PCR.
Gene

Forward Primer

Reverse Primer

Pri-miR-21

5′-TTTTGTTTTGCTTGGGAGGA-3′

5′-AGCAGACAGTCAGGCAGGAT-3′

Pre-miR-21

5′-TGTCGGGTAGCTTATCAGAC-3′

5′-TGTCAGACAGCCCATCGACT-3′

Mature miR21

ND; proprietary (Applied Biosystems)

ND; proprietary (Applied Biosystems)

U6

ND; proprietary (Applied Biosystems)

ND; proprietary (Applied Biosystems)

αSMA

5′-CCAGCTATGTGTGAAGAAGAGG-3′

5′-GTGATCTCCTTCTGCATTCGGT-3′

GAPDH

5′-ACCACAGTCCATGCCATCAC-3′

5′-TCCACCACCCTGTTGCTGTA-3′

Drosha

(awaiting information from Hata Lab)

(awaiting information from Hata Lab)

p68

5′-TATGATGTGGAGGAGGTGGATGTGA-3′

5′-TATGATGTGGAGGAGGTGGATGTGA-3′

Dicer

(awaiting information from Hata Lab)

(awaiting information from Hata Lab)

Sprouty1

5’-CCTGTTTGGCCTGTAACCG-3’

5’-CCTTCGTCGTCATTGGAGCA-3’

PTEN

5’-TGGATTCGACTTAGACTTGACCT-3’

5’-TTTGGCGGTGTCATAATGTCTT-3’

PDCD4

5’-TAAGTGACTCTCTCTTTTCCGGT-3’

5’-TTTTTCCTTAGTCGCCTTTTTGC-3’

TIMP3

5’-CAACTCCGACATCGTGATCCG-3’

5’-GAAGCCTCGGTACATCTTCATC-3’

SMARCD1

5’-GCTCCATGCCTTGCTTATGC-3’

5’-CATGAACTCCCGCTGAGTCTT-3’
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Supplemental Table 3.2: Primer sequences used for in vitro transcription of
pre-miR21 and pre-miR100 with 5’ extensions and T7 promoters.
Gene
Pre-miR21-5p (F)
Pre-miR21-3p (R)
Pre-miR100-5p (F)
Pre-miR100-3p (R)
Biotinylated Oligo

Primer
5’-GAATTAATACGACTCACTATAGGGAGAATAGATAGTTAGCTTATCAGACTGATGTT-3’
5’-ACAGCCCATCGACTGGTGTT-3′
5’-GAATTAATACGACTCACTATAGGGAGAATAGATAGTAACCCGTAGATCCGAACTTG-3’
5′-CATACCTATAGATACAAGCT-3′
5′-ACTATCTATTCTCCC-biotin-3’
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CHAPTER IV:
Discussion and Future Directions
4.1 Heterogeneity among fibroblasts
CAFs isolated from various solid tumors have tumor promoting properties
in vivo (Erez et al., 2010; Hwang et al., 2008; Liao et al., 2009; Olumi et al., 1999;
Orimo and Weinberg, 2006), while fibroblasts isolated from disease-free tissues
can harbor either tumor promoting or tumor suppressive properties (Dotto et al.,
1988; Elenbaas et al., 2001; Elenbaas and Weinberg, 2001; Kuperwasser et al.,
2004). Aside from αSMA, markers used to discriminate tumor promoting
fibroblasts from non-tumor promoting fibroblasts remain entirely unknown.
Moreover, αSMA may not fully discriminate between these functional differences
in fibroblasts grown in vitro (Rudnick et al., 2011), despite this being a well
established marker of activated fibroblasts in the literature (Desmouliere et al.,
2004; Sousa et al., 2007; Sugimoto et al., 2006). In this work, I have identified a
functional attribute of tumor promoting fibroblasts: the ability to secrete PGE2
and respond to PGE2 signaling. These data corroborate previous work
demonstrating that fibroblasts isolated from arthritic synovium express Cox-2 and
support breast tumor growth in a xenograft mouse model (Hu et al., 2008).
Our results suggest that PGE2 secretion and signaling may be more
indicative of fibroblast tumor promoting ability than αSMA expression. However,
we cannot exclude the possibility that given the inability to sort for pure
populations of fibroblasts (due to lack of specific markers for these cells), the
culture conditions used may obscure robust differences in αSMA expression

146

between various patient derived fibroblast populations. Additionally, several cell
types within the breast tumor microenvironment in addition to fibroblasts express
αSMA, and may be inadvertently propagated in our fibroblast cultures,
confounding our results. In the future, FACS sorting of fibroblasts using
strategies published by other laboratories (Erez et al., 2010) may further enrich
for fibroblasts and control for these issues.
There are several other variables that possibly play an important role in
fibroblast tumor promoting ability that we cannot investigate due to patient
privacy and Institutional Review Board (IRB) law. First, fibroblasts from different
breast developmental stages may have higher or lower levels of Cox-2
expression and PGE2 secretion. For example, because the involuting mammary
gland is a highly pro-inflammatory microenvironment with extensive matrix
remodeling and immune cell recruitment (McDaniel et al., 2006), fibroblasts
isolated from involuting glands may have higher basal levels of PGE2 secretion
and may be more tumor promoting than those isolated from a nulliparous gland.
Similarly, stromal cells isolated from the glands of lactating mice significantly
enhance mammary tumor growth compared to stromal cells isolated from any
other stage of mammary gland development in a xenograft mouse model of
breast cancer (McCready et al., 2011). It would be interesting to measure the
levels of PGE2 secretion from these stromal cells to see if stromal cell tumor
promoting ability correlates with PGE2 secretion as it does with human
fibroblasts.
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Secondly, the parity status of the woman from which the breast fibroblasts
were isolated may be another uncontrollable factor in their inherent tumor
promoting abilities. It is known that one lifetime pregnancy reduces overall breast
cancer risk, however breast cancer risk increases within 5 yrs following
pregnancy (Schedin, 2006). The reason for this elevated risk within 5 yrs is
largely unknown, although some investigators speculate this is due to the rapid
rise in hormones during pregnancy (Schedin, 2006). However, changes within
the breast stroma after robust expansion of the breast epithelium, the hormonal
changes and other systemic factors released during and after pregnancy may
invoke changes in fibroblast gene expression, which may increase their tumor
promoting potential.
A novel and exciting area of future research would involve the
investigation of fibroblast heterogeneity and tumor promoting ability in a larger
sample size of human breast tumors encompassing different tumor subtypes. It
seems possible that basal-like breast tumors, associated with poor clinical
outcome and limited adjuvant treatment options, might contain fibroblasts with
higher PGE2 and IL-6 secretion compared to fibroblasts from luminal-type
tumors, contributing to the increased aggressiveness of these tumors overall.
Moreover, BRCA1 mutation carriers may have differences in fibroblast gene
expression that contribute to the elevated risk of tumor development in these
women. Not only would these data further elucidate fibroblast heterogeneity, but
they may also provide a framework for specialized treatments in treating different
breast tumor subtypes.
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In summary, the data presented here suggest that tumor promoting
fibroblasts can be distinguished based on their secretion of PGE2 and autocrine
PGE2 signaling. These data could have clinical applications for breast cancer
patients whose desmoplastic stroma is strongly immunoreactive for Cox-2
expression. These patients may benefit greatly from an adjuvant therapy
targeting both the tumor cells as well as the adjacent tumor promoting fibroblasts.
Although the use of Cox-2 inhibitors as anti-cancer agents and remedies for
inflammatory based diseases reportedly have had deleterious side effects in
patients (Meric et al., 2006; Ulrich et al., 2006), new generations of non-steroidal
anti-inflammatory drugs (NSAIDs) may have promising results in the treatment of
breast cancer.

4.2 Fibroblast mediated expansion of BCSCs
Since the discovery of BCSCs (Al-Hajj et al., 2003), tumor promoting
molecular mechanisms that specifically invoke this cell population have important
implications for future breast cancer drug design. While fibroblasts have been
implicated in promoting breast tumor growth, the mechanisms by which
fibroblasts expand this population of aggressive cells has remained largely
unknown. In this work, I have elucidated a novel mechanism by which fibroblasts
respond to PGE2 signaling by increasing secretion of IL-6, which is required, but
not sufficient, for expansion of BCSCs. Recently, the IL-6/JAK-2/Stat-3 pathway
was shown to be preferentially upregulated in BCSCs compared to more
differentiated cell types within the tumor bulk (Marotta et al., 2011), validating IL-
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6 signaling as a potential therapeutic option for eradication of this highly
tumorigenic cell population.
I speculate that certain cytokines work in concert with IL-6 to mediate
expansion of BCSCs. Future studies should focus on identifying these
cooperating cytokines and the signaling pathways in fibroblasts that promote
their secretion. Interestingly, recent work has shown that PTEN loss in stromal
fibroblasts significantly accelerates Erbb2 driven mammary tumor growth
(Trimboli et al., 2009). These data provide speculation for the role of the PI3K/Akt
pathway in governing the tumor promoting abilities of fibroblasts; the possibility
that these pathways are activated downstream of PGE2 signaling warrants
further investigation.

4.3 CAFs are wired differently than RMFs
CAFs resected from human breast tumor tissues retain their tumor
promoting phenotype when they are explanted in vitro and devoid of tumor cell
secreted factors (Erez et al., 2010; Olumi et al., 1999; Orimo and Weinberg,
2006). These data suggest that CAFs permanently retain a memory of coevolving with tumor cells possibly over several decades, inferring they may have
permanently remodeled chromatin and epigenetic marks. At present, there lacks
strong, convincing data to support the notion that CAFs are genetically modified
(Campbell et al., 2009; Kojima et al., 2010), suggesting their phenotype is
entirely dependent upon these epigenetic modifications. In this work, I have
demonstrated that CAFs are distinguished from RMFs based on their ability to
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induce the processing of mature miR21 and mature miR199a from their
precursors in a TGFβ dependent manner. To my knowledge, these data are the
first characteristic of CAFs, aside from their tumor promoting abilities in vivo,
which distinguishes them from RMFs. Given that both cell types respond to TGFβ
signaling with equal capabilities, have similar levels of miR processing
molecules, and similar basal levels of these miRs, we speculate that epigenetic
differences in the response to non-canonical TGFβ signaling govern this
discrepancy in miR processing.
While it has been known for decades that TGFβ induces fibroblast
activation and myofibroblast phenotype in breast tissue fibroblasts (RonnovJessen and Petersen, 1993; Ronnov-Jessen et al., 1990; Sousa et al., 2007;
Vaughan et al., 2000), the precise molecular mechanisms through which TGFβ
mediates these effects has remained largely elusive. Moreover, until recently,
there lacked any direct evidence for TGFβ in mediating the conversion of breast
tissue fibroblasts into tumor promoting CAFs. However, recent data suggest that
the TGFβ and SDF1α signaling pathways work in an autocrine cooperative
fashion to promote and sustain CAF phenotype in immortalized RMFs (Kojima et
al., 2010). While limited evidence suggests canonical Smad 2/3 signaling
mediates this process (Kojima et al., 2010), future work should investigate if noncanonical TGFβ mediated miR processing also contributes to this CAF
conversion. It seems likely that co-evolving with tumor cells over decades results
in significantly elevated levels of TGFβ and SDF1α in the tumor
microenvironment, which perpetuate these signaling pathways. Because chronic,
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but not transient, TGFβ stimulation in fibrotic fibroblasts induces changes in DNA
methylation (Bechtel et al., 2010), this may occur in CAFs as well. The activating
or repressing chromatin marks of certain gene promoters in CAFs may cause the
upregulation of proteins involved in miR biogenesis, which may explain why
CAFs, but not RMFs, can induce the processing of mature miR21 and miR199a
(and likely others not yet investigated) from their precursor forms. These proteins
likely respond to TGFβ signaling, since the processing differences observed were
entirely dependent on this cytokine.
It is unclear if the Smad proteins are involved in this pre-miR to mature
miR processing step, as they are in TGFβ induced Drosha mediated processing
(Davis et al., 2008). We failed to pull down any Smad proteins in our pre-miR pull
down assay. However, we identified three proteins that interact with pre-miR21,
but not pre-miR100, and are involved in the process of A→I RNA editing. While
we lack definitive evidence that pre-miR21 is indeed edited by ADAR, these
findings would conflict with the fact that the edited form gives rise to a mature
miR product that is stable for at least 24 hrs, given that dsRNAs edited by ADAR
are less efficient substrates for Dicer (Scadden and Smith, 2001). It is possible
that ADAR mediated editing of pre-miR21 does not reduce its stability and halflife, but only serves to modify mRNA target recognition by creating a steric
hindrance with the 3’ UTR of target genes. The consequence of changes in miR
target recognition may be largely responsible for governing CAF phenotype.
Perhaps it is the alterations of certain miR target genes that dictate differences in
gene expression between CAFs and RMFs. A direct, extensive analysis of the
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miR21 target genes in CAFs and RMFs is essential to investigating the possibility
that CAFs are indeed resident tissue breast fibroblasts with epigenetically distinct
miR profiles and target genes.

4.4 Conclusion
In conclusion, I have identified a novel characteristic of tumor promoting
breast fibroblasts that distinguishes them from non-tumor promoting breast
fibroblasts: PGE2 secretion and signaling. My results indicate that these
characteristics better predict the inherent tumor promoting ability of fibroblasts
more so than the origin of the tissue from which these fibroblasts were derived
(i.e. reduction mammoplasty or breast tumor) or the extent of αSMA expression.
In addition, I have identified a novel characteristic of CAFs that
distinguishes them from RMFs: the ability to promote the processing of premiR21 to mature miR21 and miR199a in a TGFβ dependent manner. These
results corroborate previous reports of epigenetic distinctions between CAFs and
RMFs. While the consequence of this miR21 and miR199a induction in CAFs
remains unknown, preliminary evidence suggests it may play a part in mediating
CAF phenotype, possibly through the process of RNA editing. Moreover, it is
likely that several additional miRs are processed in response to TGFβ signaling
and play a role in CAF phenotype as well.
Collectively, these data provide a promising framework for the
development of adjuvant breast cancer therapies targeting tumor associated
stroma.
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CHAPTER V:
Materials and Methods
5.1 Materials and Methods for Chapter II
Isolation of primary fibroblasts from human breast tumors and reduction
mammoplasty tissues.
All human breast tissue procurement for these experiments was obtained
in compliance with the laws and institutional guidelines, as approved by the
institutional IRB committee from Tufts University School of Medicine. Primary
breast tumor tissues were obtained from discarded material at Tufts Medical
Center and non-cancerous breast tissue was obtained from patients undergoing
elective reduction mammoplasty at Tufts Medical Center. Breast tissues were
minced and enzymatically digested overnight with a mixture of collagenase and
hyaluronidase as previously described (Keller et al., 2010; Proia and
Kuperwasser, 2006). Large clusters of undigested tissue were allowed to settle
and the supernatant enriched for stromal cells was collected, washed and plated
in serum containing medium to enrich for mammary fibroblasts. Cells were grown
in DMEM supplemented with 10% calf serum (CS) and antibiotic/antimycotic
(AB/AM, Invitrogen, Carlsbad, CA) for multiple passages until senescent as
described previously (Proia and Kuperwasser, 2006). Senescent fibroblasts were
not included in subsequent experiments.

Cell cultures, conditioned media collection, and cell treatments.
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Fibroblasts were grown as described above. MCF7 breast cancer cells
were grown in DMEM + 10% CS + 1% AB/AM. All cultures were maintained at 37
°C and 5% CO2. To generate conditioned media, fibroblasts were seeded at 1.5 x
106 cells/plate in phenol red free DMEM (PRF-DMEM, Invitrogen), supplemented
with either 0.5% or 2% charcoal/dextran stripped FBS (Invitrogen) and 1%
AB/AM, treated with ethanol or 0.5 µM PGE2 (Sigma-Aldrich, St. Louis, MO), or
left untreated, for 72 hrs. CM was then harvested, filtered through a 0.22 µm filter
(Millipore, Danvers, MA), aliquoted and stored at -80 °C. For MCF7 treatments,
cells were grown in PRF-DMEM supplemented with 5% charcoal/dextran
stripped FBS, 1% AB/AM, and treated with ethanol, 0.5 µM PGE2, or 1 nM 17-βEstradiol (Sigma Aldrich). For MCF7 treatments involving fibroblast CM, CM was
collected as previously described, supplemented with 5% charcoal/dextran
stripped FBS, and administered to MCF7 cells for 6 days. α-IL6 and recombinant
human IL-6 (R&D Systems, Minneapolis, MN) were used at 1.5 µg/mL and 10
ng/mL, respectively.

Preparation of cells for mouse mammary fat pad inoculation.
All animal procedures were performed in accordance with an approved
protocol by Tufts University Institutional Animal Care and Use Committee. A
colony of NOD/SCID mice was maintained under sterile housing conditions and
received food and water ad libum. Nulliparous female mice between 8 to 14
weeks age were utilized in all experiments. For co-mixing experiments, 1.5 x 106
human breast fibroblasts were mixed with 500,000 MCF7 breast cancer cells,
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resuspended in a 3:1 (vol/vol) ratio of media to Matrigel (BD Biosciences, San
Jose, CA) mixture, and inoculated into the 4th inguinal mammary gland. Tumor
formation was assessed by palpitation weekly. For MCF7 limiting dilution
experiments, 500,000 MCF7 cells were cultured in conditioned media (CM) from
PGE2-treated fibroblasts for 6 days, after which 10,000 cells were resuspended
in a 3:1 (vol/vol) ratio of media to Matrigel mixture, and inoculated into the 4th
inguinal mammary gland. Tumor formation was assessed by palpitation weekly.

Immunofluorescence.
Fibroblasts were seeded at 5,000 cells/well of 8 well-chamber slides
(Becton Dickinson, Franklin Lakes, NJ) in DMEM + 10% CS + 1% AB/AM
(Invitrogen) for 96 hours before fixed in methanol. Cells were then permeabilized
with 0.1% Triton X-100 (Sigma) in PBS, washed and blocked in 1% BSA in PBS
at ambient temperature. Cells were incubated with the following antibodies
overnight at 4 °C: mouse α-alpha SMA (1:200, Vector Labs, Burlingame, CA),
mouse α-Vimentin (1:200, Vector Labs), mouse α-prolyl-4-hydroxylase (1:300,
Millipore), and mouse α-caveolin-1 (1:150, Novus Biologicals, Littleton, CO).
Fluorescence signal was detected using goat α-mouse secondary antibodies
(1:500, conjugated with Alexa488 and Alexa588, Invitrogen). Nuclei were stained
with 4’, 6-diamidino-2-phenylindole (DAPI) and images were captured with the
Spot imaging software system (Diagnostic Instruments, Inc., Sterling Heights,
MI). Quantification was performed using Image-J software.
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qRT-PCR.
RNA was isolated and purified using an RNeasy kit (Qiagen, Valencia,
CA) for cultured cells. RNA was reverse transcribed to cDNA using an iScript
cDNA synthesis kit (Biorad). Quantitative real time RT-PCR analysis was
performed using SyBR Green and an iCycler thermocycler (Biorad). Primer
sequences used for quantitative real-time PCR are listed in Supplementary Table
1.

FACS.
Nonconfluent cultures of MCF7 cells were trypsinized into single cell
suspension, counted, and resuspended in FACS buffer (PBS + 3% CS). 100,000
cells were stained with the following antibodies for 15 minutes at ambient
temperature: α-human CD24-PE (BD Biosciences), α-human CD44-APC (BD
Biosciences), α-human ESA-FITC (Stem Cell Technologies, Vancouver, BC,
Canada), and isotype controls for each antibody (Mouse IgG2a-PE, Mouse IgG2bAPC, Mouse IgG1-FITC, BD Biosciences). Unbound antibody was washed away
with FACS buffer, and cells were analyzed no longer than 1 hr post staining on a
BD FACS Calibur.

Tumorsphere assays.
Fibroblasts were treated with either ethanol or 0.5 µM PGE2, and
conditioned media was prepared as described above. Upon use, CM was
supplemented with 5% charcoal/dextran-stripped FBS. MCF7s were dissociated
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to a single cell suspension, plated at 20,000 cells/ml, and grown on ultra-low
adherence 6-well plates (Corning Life Sciences, Lowell, MA) in the presence of
supplemented CM for 6 days. For recombinant human IL-6 studies or exogenous
PGE2 studies, MCF7s were plated as described above in the presence of PRFDMEM supplemented with 5% charcoal/dextran-stripped FBS and the following
treatments: 0.1% BSA in PBS or 10 ng/mL recombinant human IL-6 (R&D
Systems), or ethanol or 0.5 µM PGE2 (Sigma Aldrich). Tumorspheres were
quantified using a Multisizer-3 coulter counter (Beckman-Coulter, Brea, CA).

PGE2 enzyme immunoassay.
Fibroblast conditioned media was prepared as described above and
subjected to a Prostaglandin E2 monoclonal EIA kit according to the
manufacturer’s instructions (Cayman Chemical, Ann Arbor, MI). Concentration
(pg/ml) was determined by generating a standard curve with known
concentrations of PGE2. Absorbance was read at 405 nm using a 96 well plate
µQuant spectrophotometer (Biotek, Winooski, VT) and the KC Junior software
program (Biotek).

Cytokine array.
Fibroblasts were treated with either ethanol or 0.5 µM PGE2, and CM was
prepared as described above. Human cytokine arrays (2000 series, RayBiotech,
Norcross, GA) were exposed to CM isolated from ethanol or 0.5 µM PGE2treated fibroblasts and processed according to the manufacturer’s instructions.
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Exposed films were quantified for chemiluminescence intensity using a Xenogen
phosphoimager.

IL-6 ELISA.
Fibroblast CM was prepared as described above and subjected to a
human specific IL-6 ELISA according to the manufacturer’s instructions
(eBiosciences, San Diego, CA). Concentration (pg/ml) was determined by
generating a standard curve with known concentrations of recombinant human
IL-6. Absorbance was read at 450 nm using a 96 well plate µQuant
spectrophotometer (Biotek, Winooski, VT) and the KC Junior software program
(Biotek). Concentrations were normalized to total numbers of fibroblasts after 72
hour exposure to either ethanol or 0.5 µM PGE2 and reported as arbitrary units.

Western blotting.
MCF7 cells were seeded at 250,000 cells/well and exposed to CM or
treatments as described above. After 6 days, cells were pelleted and lysed in
RIPA buffer to prepare cell lysates. Fibroblast CM was prepared as previously
described and concentrated using Amicon Ultra Centrifugal Filters (Millipore).
Protein concentration from both lysates and CM was determined using a Lowry
Assay according to manufacturer’s instructions (Biorad, Hercules, CA). 30 or 50
µg of protein was resolved on a 4-12% polyacrylamide gel, transferred to a
nitrocellulose membrane (Biorad), and immunoblotted using the following
antibodies: mouse α-GAPDH (1:5000, Millipore), mouse α-phosphorylated-

159

STAT3 (Y705, 1:1000, Cell Signaling Technologies, Danvers, MA), rabbit α-totalSTAT3 (1:2000, Cell Signaling Technologies), mouse α-Cox-2 (Cayman
Chemical), mouse α-Cox-1 (Cayman Chemical), or rabbit α-IL6 (1:10,000,
Abcam, Cambridge, MA). Signal was detected using HRP-conjugated goat αmouse (1:14,000) or goat α-rabbit (1:12,000) secondary antibodies (Cell
Signaling) and West Dura Extended Chemiluminescence Substrate (Fisher).

Immunohistochemistry.
Tumor tissues from MCF7 xenografts were fixed in 10% neutral buffered
formalin and paraffin embedded with standard procedures. Tumor sections were
deparaffinized, re-hydrated through graded ethanols and subjected to heatinduced antigen retrieval. Staining was performed by the Department of
Pathology Core Facility at Tufts Medical Center.

5.2 Materials and Methods for Chapter III
Isolation of primary fibroblasts from human breast tumors and reduction
mammoplasty tissues.
All human breast tissue procurement for these experiments was obtained
in compliance with the laws and institutional guidelines, as approved by the
institutional IRB committee from Tufts University School of Medicine. Fibroblasts
were isolated as described in Section 5.1.

TGFβ treatment.
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Fibroblasts were grown as described above. All cultures were maintained
at 37 °C and 5% CO2. CAFs and RMFs were seeded at 100,000 cells per well of
6 well plates (Becton Dickinson) in normal growth medium (DMEM + 10% CS +
AB/AM). At 70% confluence, cells were changed to starvation medium (DMEM +
0.2% CS + AB/AM). For wells receiving the ALK5 inhibitor SB431542 (Sigma),
the inhibitor was reconstituted at 10 mM in DMSO and stored -80 °C. Upon use,
SB431542 was added to cells one hour prior to treatment with TGFβ at a final
concentration of 10 µM. For wells receiving TGFβ treatment, human recombinant
TGFβ1 (R&D Systems) was reconstituted in 4 mM HCl + 0.1% BSA to a final
concentration of 2 µg/mL, aliquotted and stored at -80 °C until use. Upon use,
TGFβ was diluted 1:1000 in DMEM + 0.2% CS + AB/AM and added to cells for a
final concentration of 100 pM (or 400 pM for some assays described in text).
Cells were harvested after 24 hrs of TGFβ treatment. Cells were washed twice in
sterile PBS and 300 µL TRIzol (Invitrogen) was added to each well. After a 5
minute incubation at RT in TRIzol to lyse cells, plates were wrapped in parafilm
and stored at -80 °C until continuation with RNA isolation and qRT-PCR.

TaqMan microRNA assay.
For quantitative analysis of the levels of mature miRs, the TaqMan
MicroRNA assay kit (Applied Biosystems, Carlsbad, CA), specific for mature
miR21, mature miR199a, mature miR25 and mature miR100, was used
according to the manufacturer’s instructions. As recommended by the
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manufacturer, total RNA was harvested using the TRIzol method (as described
by Invitrogen). RNA concentration was determined using a Nanodrop.

qRT-PCR for all other investigated transcripts.
For the pri-miRs and pre-miRs examined, RNA was isolated using the
TRIzol method (as described by Invitrogen). cDNA was synthesized from 1 µg of
purified RNA by SuperScript II First-Strand cDNA synthesis system (Invitrogen)
according to the manufacturer’s instructions. qRT-PCR was performed with a
real-time PCR machine (iQ5, Biorad). These experiments were performed by
Brandi Davis in the Hata Laboratory. For all other investigated transcripts (aside
from mature miRs), RNA was isolated and purified using an RNeasy kit (Qiagen,
Valencia, CA) for cultured cells. RNA was reverse transcribed to cDNA using an
iScript cDNA synthesis kit (Biorad). qRT-PCR analysis was performed using
SyBR Green and an iCycler thermocycler (Biorad). These experiments were
performed by members of the Kuperwasser Laboratory. All non-proprietary
primer sequences used for qRT-PCR are listed in Supplementary Table 3.1.

Western blotting.
CAFs and RMFs were cultured on 10-cm plates (Becton Dickinson) in
normal growth medium (DMEM + 10% CS + AB/AM). At 70% confluence, cells
were switched to starvation medium (DMEM + 0.2% CS + AB/AM) and treated
with 400 pM TGFβ or vehicle for 24 hours. After 24 hours, cells were pelleted and
lysed in RIPA buffer to prepare cell lysates. Protein concentration was
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determined using a Lowry Assay according to manufacturer’s instructions
(Biorad, Hercules, CA). 30 or 50 µg of protein was resolved on a 4-12%
polyacrylamide gel, transferred to a nitrocellulose membrane (Biorad), and
immunoblotted using the following antibodies: rabbit α-Ago2 (1:1000, Cell
Signaling Technologies), rabbit α-SND1 (also known as p100/Tudor SN, 1:300,
Abcam), mouse α-ADAR1 (1:1000, Abcam), mouse α-TIMP3 (5 µg/mL, Abcam),
mouse α-GAPDH (1:5000, Millipore), rabbit α-total ERK (1:1000, Cell Signaling
Technologies). Signal was detected using HRP-conjugated goat α-mouse
(1:14,000) or goat α-rabbit (1:12,000) secondary antibodies (Cell Signaling) and
West Dura Extended Chemiluminescence Substrate (Fisher).

Preparation of CAF cell extract and in vitro transcription of pre-miR template for
pull down assay.
A representative CAF patient sample was significantly expanded on 15-cm
plates for sufficient starting material of cell extract. At 90% confluence, plates
were washed twice with PBS and switched to starvation medium (DMEM + 0.2%
CS + AB/AM). Half of the plates were treated with 400 pM TGFβ, and half were
treated with vehicle control or 24 hours before harvesting cells. Upon harvest,
cells were washed twice with PBS and removed from the plate using a cell lifter.
10 µl of cell suspension was removed for a future miR TaqMan assay to ensure
miR21 induction in response to TGFβ. The remaining cell suspension was
pelleted and frozen -80 °C until time of assay. At time of pre-miR pull down
assay, cell pellets were thawed on ice and lysed in 4X the volume of Buffer I (20
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mM Tris-HCl pH 7.5, 100 mM KCl, 2 mM EDTA, dH2O) containing protease
inhibitor on ice for 30 min. Pellets were dounced with a glass dounce tissue
grinder for at least 30 times on ice and transferred to epindorf tubes. Cell debris
was removed by centrifuging at 13,000 rpm for 10 min at 4 °C and repeated, if
necessary, until the supernatant was clean. Protein concentration was
determined using a Lowry Assay according to manufacturer’s instructions
(Biorad).
Pre-miR21 and pre-miR100 with 5’ extensions were produced by in vitro
transcription. PCR was performed to prepare the template DNA (with 5’
extensions and T7 promoter) for in vitro transcription. pTOPO-pre-miR21 plasmid
or pTOPO-pre-miR100 plasmids were used as PCR templates diluted at 1:50. A
100 µl PCR was performed using a HotStarTaq plu Master Mix Kit (Qiagen) with
the following PCR conditions: 94 °C 30s, 55 °C 30s, 72 °C 30s, repeated 35
cycles. Primer sequences are listed in Supplementary Table 3.2. PCR product
was harvested using 2.5X the volume of ethanol at -20 °C for 30 min, centrifuged
at 13,000 rpm for 10 min and resuspended in 30 µl dH20. PCR quality was
verified by running the 1 µl of product on a 7M Urea PAGE gel and staining with
ethidium bromide. In vitro transcription was performed in 20 µl reaction
containing 2 µl 10X buffer, 4 µl 2.5 mM rNTP (Promega, Madison, WI), 0.5 µl
RNase inhibitor (Ambion, Austin, TX), 1 µg DNA, 1 µl T4 RNA polymerase
(Invitrogen) and water overnight at 37 °C. DNA template was erased using 1 µl
DNase I (Roche Diagnostics, Indianapolis, IN) for every 20 µl reaction and
incubate at 37 °C for 15 min, followed by phenol/chloroform purification and

164

ethanol precipitation. The RNA pellets yielded from the reaction were dissolved in
20 µl RNA Loading Buffer II (Invitrogen), denatured at 100 °C for 5 min,
separated on a 7M Urea PAGE gel and stained with ethidium bromide for 5 min.
After staining, the gel was washed with gel running buffer and the proper size
RNAs were cut under ultraviolet light. 500 µl elution buffer were added to cut gel
pieces and homogenized, rotated at room temperature for at least 2 hours, and
eluted with mini-prep columns (Qiagen) centrifuging at 13,000 rpm for 5 min.
RNA was precipitated using 2.5X the volume of ethanol.

Pre-miR pull down assay.
500-600 pmoles of 3’ biotinylated adapter oligo were incubated with 8 µL
streptavidin conjugated agarose beads per 1 mg of cell extract (Thermo-Fisher
Scientific, Rockford, IL) in Buffer I (contents listed above) at 4 °C for 1 hr. Beads
were then washed twice with Buffer D (20 mM Tris HCl pH 7.5, 300 mM KCl, 0.2
mM EDTA, dH2O) and incubated with 100 pmoles of the in vitro transcribed premiR in Buffer D with 100 U/mL RNase inhibitor (Ambion) for 4.5 hrs at room
temperature. Beads were then washed twice with Buffer I. Cell extracts were
then incubated for 1 hr at 4 °C with adaptor DNA immobilized agarose beads for
pre-clearing. The pre-cleared cell extract (3-4 mg) was incubated with pre-miRs
immobilized onto the streptavidin coated beads (25 µL) and rotated constantly for
12 hrs at 4 °C. After washing 5-6 times with Buffer I, beads were collected in one
tube and the associated proteins were denatured by boiling with 1.5X SDS
sample buffer and resolved using 4-12% Bis-Tris gradient gels (Biorad). The gel
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was silver stained with Invitrogen SilverQuest Silver Staining Kit (Invitrogen)
following manufacturer’s instructions. The in-gel digested proteins were then cut
and analyzed by mass spec analysis.

Tumorsphere assay with CM from miR21 knockdown CAFs and RMFs.
CAFs and RMFs were seeded at 275,000 cells per 10-cm plate in normal
growth medium (DMEM + 10% CS + AB/AM). The next day, cells were washed
twice with PBS and switched to phenol red-free, serum starvation medium
without antibiotics (PRF-DMEM + 0.5 % charcoal/dextran stripped FBS + 2 mM
L-glutamine). 300 pmoles anti-miR21 inhibitor (Applied Biosystems) or scramble
control inhibitor (Applied Biosystems) were transfected into cells using a 1:1 ratio
of inhibitor to RNAi Max Lipofectamine (Invitrogen) diluted in Optimem media
(Invitrogen), for a final concentration of 40 nM transfected construct. The
complete transfection mixture was added dropwise to cells over the surface area
of the dish and left at 37 °C, 5% CO2 for 18 hours. Cells were then treated with
400 pM TGFβ or vehicle control for 24 hours. After 24 hours, CM was harvested,
filtered through a 0.22 µm filter and stored -80 °C until ready for tumorsphere
assays; cells were washed in PBS, lysed in TRIzol for RNA extraction as
described above. qRT-PCR for mature miR21 levels was performed to confirm
the efficacy of the knockdown (described above).
To perform tumorsphere assays, CM was thawed and supplemented with
5% charcoal/dextran stripped FBS and 2 mM L-glutamine. A single cell
suspension of MCF7 breast cancer cells were seeded at 30,000 cells/well of
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ultra-low attachment 6 well plates (Corning) in CM collected and supplemented
as previously described. In addition, MCF7s in specified wells were cultured in
PRF-DMEM + 5% charcoal/dextran stripped FBS + 400 pM TGFβ or vehicle, to
control for the effect of any residual TGFβ carried over in the CM treated wells.
Cells were supplemented with fresh supplemented CM on day 3, and quantified
using a Multisizer-3 coulter counter (Beckman-Coulter), using a 30 µm cutoff for
minimum tumorsphere size.
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