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SUMMARY

Human breast cancer cells are known to activate adjacent “normal-like” cells to enhance their own growth, but the cellular and molecular
mechanisms involved are poorly understood. We now show by both phenotypic and functional measurements that normal human
mammary progenitor cells are significantly under-represented in the mammary epithelium of patients’ tumor-adjacent tissue (TAT).
Interestingly, fibroblasts isolated from TAT samples showed a reduced ability to support normal EGF-stimulated mammary progenitor
cell proliferation in vitro via their increased secretion of transforming growth factor B. In contrast, TAT fibroblasts promoted the prolif-
eration of human breast cancer cells when these were co-transplanted in immunodeficient mice. The discovery of a common stromal
cell-mediated mechanism that has opposing growth-suppressive and promoting effects on normal and malignant human breast cells
and also extends well beyond currently examined surgical margins has important implications for disease recurrence and its prevention.

INTRODUCTION

Breast-conserving surgeries are now widely used for women
with small invasive breast cancers as well as ductal carci-
noma in situ (Morrow et al., 2009). However, up to 10%
of the women with small invasive cancers experience local
tumor recurrence within 10 years (Farly Breast Cancer Tria-
lists” Collaborative Group et al., 2011; Fisher et al., 2002;
Mamounas et al., 2012; Silverstein et al., 1999; Veronesi
etal., 2002) and, in the absence of supplementary radiation
treatment, this risk is increased 4-fold. These findings have
suggested the possibility that the “normal” tissue remain-
ing after the surgery is primed to promote the growth of re-
sidual tumor cells (Fisher et al., 2002; Kunkler et al., 2015;
Vinh-Hung and Verschraegen, 2004). This concept in
turn, has raised unanswered questions as to the optimal
distance to adopt in extending the surgical margin beyond
the apparent limit of the primary tumor mass (McCahill
etal., 2012; Morrow et al., 2012; Taghian et al., 2005; Young
et al., 2007).

Historically, the histologically normal-appearing mam-
mary tissue adjacent to breast tumors has long been used
as a comparator to identify tumor-specific mutations and
gene expression signatures in the adjacent malignant cells
(Banerji et al., 2012; Curtis et al., 2012; Pereira et al., 2016;
Shah et al., 2012). However, this tumor-adjacent tissue
(TAT) obtained from as far away as 2 cm from the primary
tumor has been found to contain shorter telomeric DNA
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and increased prevalence of loss of heterozygosity loci
similar to the primary tumor cells (Deng et al., 1996; Forsti
et al., 2001; Teschendorff et al., 2016; Zhou et al., 2012). In
addition, the transcriptomes of TAT samples often approx-
imate a gene expression signature of invasive breast cancer,
and can be predictive of disease progression in early prema-
lignant lesions (Allinen et al., 2004; Finak et al., 2008; Gra-
ham et al., 2011). TAT transcriptomes that include features
of wound healing and transforming growth factor B
(TGE-B) signaling have also been found to correlate with
reduced patient overall survival (Finak et al., 2006; Ro-
man-Perez et al., 2012; Sun et al., 2013). Similarly, DNA
methylation profiling of matched breast tumors and TAT
samples has revealed common patterns, some of which
appear inversely related to the altered gene expression
profiles in these cells (Fleischer et al., 2014). Overall, TAT
samples have been reported to show increased DNA
methylation compared with unrelated samples of healthy
breast tissue, but to a lesser extent than that seen in malig-
nant breast cells (Teschendorff et al., 2016). Interestingly,
fibroblasts isolated from TAT samples obtained up to 1 cm
away from primary breast tumors were found to induce
epithelial to mesenchymal transition (EMT) in normal
mammary cells and promote the migration of malignant
mammary cells (Gao et al., 2010; Hsu et al., 2017). How-
ever, measurements of the frequency or functional prop-
erty of the mammary progenitors present in TAT regions
has not been previously examined.
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To address this gap, we isolated and characterized the
progenitor cells in TAT samples obtained up to 6 cm from
primary estrogen receptor-positive (ER*) as well as the
ER™ primary tumors. The results show the progenitor com-
partments to be significantly reduced compared with simi-
larly analyzed cells from healthy reduction mammoplasty
tissue. We further show that the TAT samples, but not the
matching contralateral non-tumor-bearing breast tissue,
contain TGF-B-secreting fibroblasts that replicate this effect
on normal progenitors by decreasing expression of a.6-in-
tegrin (CD49f) and the epithelial cell adhesion molecule
(EpCAM). In addition, these cells promote breast cancer
cell proliferation. These findings provide evidence of breast
cancer-activated production of TGF-p that acts simulta-
neously as a promoter of tumor cell growth and a localized
suppressor of progenitor activity in immediate adjacent
“normal” tissue.

RESULTS

Tumor-Adjacent Breast Tissue Contains Decreased
Expression of CD49f and EpCAM and Has a
Diminished Progenitor Pool

Figure 1 illustrates the sorting strategy used to separate the
Lin EpCAM'"CD49f"8" (bipotent progenitor-enriched)
fraction, the Lin EpCAM™&"CD49f'°" (luminal progeni-
tor-enriched) fraction, and the Lin EpCAM"™8"CD49f~
(mature luminal cell) fraction (regions A, B, and C, respec-
tively) (Eirew et al., 2008, 2012). Comparison of these
phenotype distributions obtained from 15 different TAT-far
and 10 normal reduction mammoplasty samples showed
the TAT samples contained significantly reduced propor-

tions of the luminal progenitor-enriched (27% + 8.6%
versus 4.2% =+ 7.2%) and bipotent-enriched (18.4% =+
2.9% versus 12.6% = 8.8%) subsets (Figure 1B). EpCAM*
cells were also found to be more prevalent in the TAT sam-
ples obtained from patients with ER"PR* compared with
ER"PR™ tumors (29.1% + 9.5% compared with 7.9% =+
2.9%; Figure 1C). Total CD49f and EpCAM protein expres-
sion was also significantly decreased in the TAT samples
compared with the healthy breast cells (3.8- + 0.6-fold
and 11- + 2-fold, respectively; Figure 1D).

Colony-forming cell (CFC) assays performed on these
samples showed the expected mixed, luminal-only and
myoepithelial-only progenitor differentiation activity
of each phenotype in both TAT and normal tissue sam-
ples (Figure 1E). However, the TAT samples contained
significantly fewer progenitor cells compared with the
reduction mammoplasty samples (7.05- + 1.0-fold lower;
Figure 1F). The TAT samples also showed a selective
reduction in luminal-restricted progenitors compared
with their counterparts in normal tissue, consistent
with the changes seen in their expected phenotypes (Fig-
ure 1G). Interestingly, the TAT-far samples showed a
similar decrease in relative progenitor content as the
TAT-near samples (Figure S1B), which was independent
of the age of the donor whether normal (Figure S1C;
median age = 42, r = 0.476) or TAT samples (Figures
S1D and S1E; median age = 45, r = 0.093). In addition,
we found that the organoids including some branching
acinar structures generated in 3-week Matrigel cultures
of normal breast cells were not obtained from the TAT
samples although minimal branching from these was
observed in cultures when the frequency of EpCAM?* cells
was high (>40%) (Figure S1F).

Figure 1. Decreased CD49f and EpCAM Expression and Progenitor Content of TAT Samples

(A) Representative FACS plots showing population A, a bipotent progenitor-enriched EpCAM'°*CD49f"" fraction; population B, a luminal
progenitor-enriched EpCAM™"CD49f°" fraction; and population C, a CD49f EpCAM™9" fraction that lacks progenitor activity in the
different types of tissues analyzed. TAT samples were divided into those where population A comprised either <15% or >15% of the Lin™
cells and are shown separately for patients whose tumors were ER"PR™ or ER"PR™.

(B) Comparison of the relative numbers of different populations shown in (A) obtained from 15 different TAT-far (patient nos. 1-15; Table
S1) and 10 normal reduction mammoplasty samples were analyzed. Both populations A (p <0.05) and B (p < 0.001) were reduced relative to
their counterparts in normal breast tissue. Values shown are the mean + SEM.

(C) TAT samples from 5 ER™ tumors (patient nos. 1, 2, 3, 7, and 10; Table S1) contained a smaller proportion of EpCAM* Lin~ cells
(p <0.001) compared with those next to 10 ER* tumors (patient nos. 4-6, 8, 9, and 11-15; Table S1). Values shown are the means + SEM.
(D) Comparison of average mean fluorescent intensities (MFI) of CD49f and EpCAM in 10 normal and 15 different TAT samples (patient nos.
1-15; Table S1). Values shown are the means + SEM.

(E) Representative photographs of colonies obtained from freshly isolated CFCs from normal breast and TAT samples. Luminal colonies were
identified based on their exclusive content of cytokeratin 8/18" cells and mixed colonies based on their content of both cytokeratin 8/18"
and cytokeratin 14" cells in the same colony. Scale bars represent 400 pm.

(F) Comparison of the CFC frequencies in Lin~ cells obtained from 14 different normal breasts and 15 different TAT samples (patient nos.
1-15; Table S1). Values shown are the means + SEM.

(G) Comparison of the frequencies of the separate CFC subtypes in the Lin ™ cells from 14 different normal breast tissue and 15 different TAT
samples (patient nos. 1-15; Table S1) assessed in (F). Values shown were derived from counting stained colonies and are means + SEM from
15 experiments (***p < 0.0001).
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Figure 2. TAT-Derived Fibroblasts Show a Decreased Ability to Support Progenitor Cell Expansion in Matrigel Cultures
(A) Experimental design.
(B) Effect of including fibroblasts from 5 different normal and 5 different TAT (patient nos. 3, 4, 6, 9, and 10; Table S1) breast tissues on CFC
yields from 14-day Matrigel cultures initiated with normal breast (11 different samples) or TAT (10 different samples, patient nos. 2, 3,
4-9, 11, and 12) Lin~ cells. Values shown are the means + SEM from experiments.

(legend continued on next page)
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TAT Fibroblasts Suppress Normal CFC Production

In Vitro

Stromal fibroblasts play essential roles in regulating stem
and progenitor cell functions in the mammary gland (Ku-
perwasser et al., 2004; Makarem et al., 2013). To determine
whether fibroblasts in TAT regions contribute to the altered
progenitor prevalence in the mammary populations con-
tained therein, we tested their ability to support the clono-
genic activity of normal breast epithelial progenitor cells
compared with that of fibroblasts isolated from normal
reduction mammoplasty samples. Initial characterization
of the cells in the early passage cultures from which the
fibroblasts were obtained confirmed their consistent
expression of fibroblast-specific protein 1 and absence of
EpCAM™, CD45%, and CD31" cells, indicating a consistent
absence of mammary epithelial cells, hematopoietic cells,
and vascular endothelial cells (Figures S2A and S2B). Fibro-
blasts derived from both TAT and tumor samples showed
strong expression of markers for activated fibroblasts
(xSMA and FAP proteins) while the fibroblasts obtained
from the mammoplasty tissue showed very little or no
expression of these markers (Figures S2B and S2C). These
results suggest that the fibroblasts resident in the TATs
have an activated phenotype similar to the fibroblasts
obtained from within the tumor mass.

We next compared the ability of fibroblasts obtained
from TAT and normal mammoplasty sources to support
normal mammary CFC expansion in 3D Matrigel cultures.
Addition of irradiated mouse NIH3T3 fibroblasts supported
a nearly 1,000-fold increase in the number of mammary
CFCs present after 3 weeks in vitro (Figure 2A), as reported
previously (Makarem et al., 2013). Here, we found that a
2.6- + 0.3-fold increase in CFCs was obtained from Lin~
cells from healthy breast tissue when no fibroblasts were
added and this doubled (to a 4.9- + 0.4-fold increase over
input) when normal fibroblasts from the normal breast
reduction tissue samples were included (Figures 2B, 2C,
and S3A). Under the latter conditions, the frequency of
CD49f* (Figure 2D) and EpCAM" cells (Figure 2E) in the
harvested cells was preserved. Parallel examination of the
yield of CFCs in both 2D and mammosphere cultures initi-
ated with the same cells showed that, within three to four
passages, respectively, the CFC yields were substantially
reduced below input levels (Figures S3B and S3C). Accord-

ingly, all subsequent studies of CFC generation in vitro
were undertaken using the Matrigel culture system.

Parallel investigation of the effects of fibroblasts from
both normal (reduction mammoplasty) breast tissue,
from TAT samples, and from breast tumors on the genera-
tion of CFCs from normal and TAT-derived Lin~ cells
showed that, in the absence of added fibroblasts, the per-
centages of EpCAM™ cells and yield of CFCs from Lin~
TAT cells were both increased above the input values,
although the results were highly variable (Figures 2B-2E).
When the same cells or normal Lin™ cells were co-cultured
with TAT fibroblasts, the proportion of EpCAM™ cells
decreased. However, when the Lin~ TAT cells were co-
cultured with normal fibroblasts, there was a consistent in-
crease in EpCAM cells and a 9.1- + 1.8-fold increase in CFC
numbers over the input values. Interestingly, this was not
achieved when Lin~ TAT or normal breast cells were co-
cultured with fibroblasts isolated from tumor tissue. In
this latter case, the initial low frequency of EpCAM™* cells
did not change and there was no increase in the yield of
CFCs (Figures 2B, 2C, and 2E). We also noted that the addi-
tion of fibroblasts from either TAT or tumor sources to cul-
tures of normal Lin~ breast cells reduced the proportion of
luminal CFCs recovered more markedly than the number
of bipotent CFC (as indicated by the ratios of these), thus
mimicking the reduced proportion of luminal CFCs pre-
sent in the fresh TAT samples (Figure 2F). However, this
ratio was not further eroded in the Lin~ TAT cultures
regardless of the source of fibroblasts added (Figure 2G).

As a further control, we compared the effect of fibroblasts
isolated from breast tissue contralateral to the tumor-
bearing breast (CNTB) from three patients on the CFC yield
in co-cultures with Lin~ cells from normal breast tissue
(Figure S4A). The results were similar to those obtained
with fibroblasts isolated from normal donors (Figures
S4B-S4D).

TAT Fibroblasts Produce an Abnormal TGF-B-Enriched
Environment

To investigate the possibility that the negative effects dis-
played by fibroblasts isolated from within breast cancers
on mammary CFCs in vitro are mediated by differentially
secreted factors, we cultured Lin~ cells from normal breast
tissue in 3D Matrigel with conditioned media (CM)

(C-E) Same data as in (B) expressed as fold changes relative to the corresponding input values. Parallel comparison of FACS-determined
frequencies of EpCAM™ cells obtained in cultures initiated with Lin™ normal (D) or Lin~ TAT (E) cells. Box and Whisker plots are used to

show the median and the min to max range of the values.

(F) Effect of different sources of fibroblasts, same as described in (B), on the relative yields of luminal and bipotent CFCs compared with the
input ratio of these cells in cultures initiated with normal mammary cells.

(G) Parallel data as in (F) but for cultures initiated with Lin™ TAT cells.

Values shown are the means + SEM. *p < 0.05, **p < 0.005, ***p < 0.0005.
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(A) Effect of conditioned medium collected from 3 different normal and 3 different TAT-derived (patient nos. 3, 4, and 6; Table S1) fi-
broblasts on CFC yields from 14-day Matrigel cultures initiated with normal breast (3 different samples) Lin™ cells. Values shown are the
means + SEM from experiments.

(legend continued on next page)
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collected from different sources of fibroblasts for 14 days.
CM from normal breast tissue-derived fibroblasts (NAF)
significantly increased the progenitor cell proliferation
compared with the control, whereas CM from TAT and tu-
mor tissue-derived fibroblasts (TATF and tumor-associated
fibroblasts [TAFs], respectively) inhibited the progenitor
cell proliferation (Figure 3A). To identify the secreted
factors responsible for this negative effect displayed by
TAT-Fs, we used 2D liquid chromatography-tandem mass
spectrometry (LC-MS/MS) to compare CM prepared from
normal or TAT-derived fibroblasts. An unbiased analysis
of these results revealed that the normal breast and TAT-
derived fibroblasts shared a similar secretome profile (i.e.,
177 proteins out of 290 were shared; Figure 3B; Tables S2
and S3). However, we also identified 59 and 54 proteins
that were unique to the secretome profiles of the TAT and
normal fibroblasts, respectively (Figure 3B). Interestingly,
among the former, pathways in cancer and cytokine-cyto-
kine receptor interaction were highlighted (Figure 3C),
whereas the unique elements of the normal fibroblast se-
cretome were restricted to lysosome signaling based on
the KEGG database (data not shown). Among the proteins
in cancer pathways, TGF-B signaling was strongly repre-
sented (Figure 3C; Table S3).

To evaluate whether TGF-B might be responsible for the
negative effects of TAT-derived fibroblasts on mammary
CFC generation in vitro, we examined TGF-p and the TGF-
BR1 expression in these fibroblasts and compared it with
the fibroblasts obtained from the matching tumor samples
and to those from normal breast tissue. The levels of TGF-8
in the normal fibroblasts were undetectable, whereas those
obtained from both the tumors and TAT samples showed
strong TGF-B protein expression (Figure 3D), but this was
higher in the fibroblasts from the tumors. Among the
TAT-derived fibroblasts, no significant difference in TGF-B
expression was observed. In contrast, TGF-BR1 protein

was ubiquitously expressed in all three sources of fibro-
blasts (Figure 3E), although TGF-BR1 transcripts where pre-
sent at a lower level in the normal fibroblasts (Figure S5A).
Immunofluorescence staining revealed strong TGF-B pro-
tein expression in the TAT-near and -far tissues, whereas
TGEF-B protein was not detectable in healthy breast tissue
(Figure 3F). Strong TGF-BR1 expression was detected in all
tissues examined. However, in the normal tissue, TGF-
BR1 expression was predominantly confined to the fibro-
blasts and basal mammary (myoepithelial) cells, but was
also seen in the luminal cells in the TAT samples (Figure 3F).
TGF-p target genes such as SERPIN-A and NEDD9 were also
significantly upregulated in TAT-near and -far samples
compared with the healthy breast tissues or to the matched
CNBT breast tissue samples (Figure 3G) These observations
suggest that while TGF-p is not normally present in healthy
breast tissue, it is nevertheless responsive to TGF-B, and the
tissue adjacent to breast tumors is commonly a TGF-B-en-
riched environment in which TGF-B signaling becomes
activated.

The Reduced Frequency of Mammary CFCs in TAT
Samples Is Mediated by TGF-B-Activated SMAD4

To determine whether TAT-secreted TGF-p is responsible for
the diminished progenitor pool in these samples, Lin™ cells
from normal breast tissue were co-cultured in Matrigel for
3, 5, and 14 days in the presence of increasing doses of re-
combinant TGF-B (rTGF-p) and the number of CFCs pre-
sent at these times was then measured (Figure S5B). As little
as 0.5 ng/mL of rTGF-B was sufficient to significantly
reduce CFC yields, but 2.5 ng/mL showed the most consis-
tent and sustained decrease. The changes in CFC numbers
tracked daily over 14 days in Matrigel cultures initiated
with total Lin~ cells showed a biphasic expansion, in
which the first significant increase was seen on day 5 and
then again on day 7, after which no significant further

(B) Comparison of differentially expressed proteins in the secretome of fibroblasts derived from 3 different normal breast and 3 different
TAT samples (patient nos. 3, 4, and 6; Table S1) determined by unbiased, high content comparison of mass spectrometric analysis (MS) of
liquid chromatographically (LC) purified proteins in 48-hr conditioned medium.

(C) Display of relative numbers of uniquely secreted proteins analyzed using the KEGG Pathway Database (Table S3). Western blot analysis
of TGF-B (D) and TGF-BR1 (E) in fibroblasts obtained from 3 different TAT samples (patient nos. 3, 4, and 6; Table S1), 3 different normal
breast tissues and 3 different TAT sample matched tumor tissues (patient nos. 3, 4, and 6; Table S1). The upper panels show representative
blots and the lower panels show the average expression values obtained from analyses of 3 different fibroblast lines using Actin as the
loading control. Values shown are the means + SEM.

(F) Representative histological sections prepared from normal breast and TAT samples stained with anti-TGF-B and anti-TGF-BR1 anti-
bodies (in red) with DAPI used to visualize cell nuclei (blue color). Photomicrographs shown are representative of 3 experiments. Arrows in
the pictures show the presence of TGF- (upper panel) or TGF-BR1 (lower panel) in the tumour adjacent “near” or “far” tissue sections. Scale
bars represent 200 um.

(G) Transcript levels of known TGF-B target genes (SERPIN-A, SMAD7, and NEDD9) determined by gPCR in the different tissue samples
shown. Results are from 3 different normal and 3 matched TAT-near, TAT-far and contralateral non-tumor containing breast (CNTB) samples
(patient nos. 4, 6, and 12; Table S1) after being normalized against GAPDH transcript levels.

Values shown are the means + SEM. *p < 0.05, **p < 0.005, ***p < 0.0005.
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Figure 4. TGF-f Inhibits Normal Progeni-

tor Cell Outputs In Vitro

(A) Experimental design.

(B) Time course analysis of changing CFC
numbers in Matrigel cultures initiated with
three different Lin~ reduction samples in
the presence or absence of added TGF-f.
Values shown are the means + SEM from
three experiments.

(C) Representative photomicrographs of
the structures seen in the Matrigel cultures
initiated with FACS-purified luminal or bi-
potent progenitor-enriched fractions with
or without TGF-B. Scale bars represent
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expansion occurred (Figures 4A and 4B). Addition of
2.5 ng/mL 1TGF-B significantly diminished this output
and prevented any net increase (Figure 4B). The rTGF-B
also prevented the formation of multi-branched organoid
structures in these cultures (data not shown). In Matrigel
cultures initiated with the fluorescence-activated cell sort-
ing (FACS)-purified luminal and bipotent progenitor-en-
riched populations rTGF-B also significantly decreased
CFC yields, but did not inhibit the formation of organized
(mainly spherical) structures (Figures 4C and 4D). More-
over, exposure to 1TGF-p significantly increased propidium

1000 pm.

(D) Comparison of the average input and
14-day yields of CFCs in the cultures initi-
ated with three different normal FACS-
purified luminal or bipotent progenitor-
enriched fractions with or without TGF-B
(*p < 0.05, **p < 0.005, ***p < 0.0005,
****p < 0.00005). Values shown are the
means + SEM from three experiments.

[ InputCFC
[l Output CFC -TGF beta
I Output CFC +TGF beta

iodide retention in the luminal (CD49f"EpCAM™") and
the bipotent (CD49f"EpCAM'®*/ ") progenitors, suggesting
that TGF-B causes cell death in these progenitors (Fig-
ure SSC). The rTGF-B-induced decrease in CFC yield was
completely reversed by SB431542, a SMAD4/TGF-B
signaling inhibitor (Figures S5D and SSE), which also
reversed the negative effects of added fibroblasts from
TAT or tumor samples (Figure SA). The addition of rTGF-B
or TAT or tumor-derived fibroblasts also significantly
reduced the yield of EpCAM" cells in the same cultures (Fig-
ure 5B), and decreased CD49f and EpCAM expression on
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Figure 5. TAT-Derived Fibroblasts Do Not Support the Generation of CFCs, and This Is Mediated by TGF-B-Induced SMAD4 Signaling

in the Target Cells

Matrigel cultures were initiated with Lin™ breast reduction cells and different sources of fibroblasts (3 different normal and 3 different TAT
samples from patient nos. 3, 4, and 6; Table S1) and treated with the SMAD4 inhibitor (SB31542) or TGF-B + SB431542 or vehicle controls.
Some cells were used to obtain input CFCs. Matrigels were dissolved after 14 days, output CFCs were obtained, and average per each
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condition is depicted in a bar graph (A). Values shown are the means + SEM from three experiments.
(B) EpCAM* cell frequency values for the same cultures analyzed in (A).
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the CFCs present, and these effects were also reversed in
the presence of SB431542 (Figures 5B and 5C). However,
delayed addition of SB43142 after 5 days of exposure
to TGF-B in Matrigel cultures failed to completely rescue
CFC generation, even after another 7 days in the absence
of TGF-B (Figure 5D).

Addition of rTGF-p to 2D assays of Lin™ cells also reduced
colony formation within 3 days, and had an even more
pronounced inhibitory effect after 7 days. These effects
were prevented due to the addition of an SMAD4 blocker
SB431542 (Figure SE). Interestingly, even a 24-hr exposure
to rTGF-B was sufficient to reduce colony formation, by
both luminal and the bipotent progenitors, by approxi-
mately 2-fold; but, after 10 days of rTGF-B exposure,
luminal colony formation was further reduced another by
5- to 10-fold, whereas colony formation by the bipotent
CFCs remained unchanged (Figure 5F). Similarly, blocking
TGEF-p signaling after a 24-hr exposure to rTGF-p reversed
some of the luminal clonogenic activity, but did not affect
the clonogenic potential of the bipotent progenitors. These
results were consistent with the finding that the fraction
of luminal-enriched progenitors showed higher levels of
TGEF-BR1 protein expression compared with the bipotent
progenitor-enriched cells (Figure SSF).

TGF-B Hinders Progenitor Cell Expansion by
Decreasing CD49f and EpCAM Expression
To examine the possibility that the inhibitory effects of
TGF-B exposure might be via an induced EMT mechanism,
we measured transcripts of candidate target genes and EMT
markers in the FACS-purified bipotent and the luminal
progenitor-enriched cell fractions isolated from Matrigel
cultures containing no or 2.5 ng/mL added TGF-. In pres-
ence of rTGF-B, these transcripts were significantly upregu-
lated in the bipotent progenitors but not in the luminal
progenitors (Figures S5G-S5I), despite the finding that
the luminal progenitors showed higher expression of
TGEF-BR1 (Figure SSF). These observations suggest that the
TGF-B-induced block in progenitor cell expansion, at least
in luminal progenitors, is not mediated by an EMT
mechanism.

Because rTGF-B treatment of normal breast cells pro-
duced a significant decrease in their expression of EpCAM

and CD49f (Figure 5C), which closely mimics the low
expression of these proteins in the cells in the TAT samples
(Figure 1D), we next asked whether this effect might
be related to the reduced yield of CFCs. The CD49f
and EpCAM proximal promoter regions contain SMAD4
consensus DNA binding sites (Figure S6A), consistent
with their expression being regulated by TGF-p/SMAD4
signaling. To investigate this possibility, we first generated
lentiviral vectors containing short hairpin RNAs to EpCAM
and CD49f transcripts (or scrambled controls), and then
examined the expression of CD49f and EpCAM in trans-
duced progenitor populations. The results showed effective
and specific knock down of both genes by 80% + 3% and
75% + 4%, respectively (Figures S6B-S6D). CFC assays of
transduced GFP+ (FACS-purified) cells, before and after be-
ing cultured in Matrigel, showed that the decreased expres-
sion of CD49f or EpCAM was associated with a decreased
CFC activity both before and after the cells were cultured
in Matrigel (Figure 6).

To determine whether TGF-B exerts similar effects on
breast cancer cells as it does on normal breast epithelial
cells, we examined CD49f and EpCAM protein expression
MCF7 and MDA-MB-231 cells exposed (or not) to rTGF-B
(Figures 7A and 7B). Interestingly, rTGF-p failed to decrease
CD49f or EpCAM expression in these cells, suggesting that
malignant breast cancer cells acquire altered responses to
TGEF-B. In addition, we examined the ability of different
sources of fibroblasts to support the proliferation of MDA-
MB231 cells in vivo. For this purpose, the MDA-MB231 cells
were co-injected with fibroblasts derived from normal
breast, TAT, or tumor tissue into immune-deficient mice
and tumor growth was measured. The results showed that
all sources of fibroblasts enhanced the growth of the tu-
mors generated (Figure 7C). However, the fibroblasts from
the TAT and tumor samples had the greatest effect in this
regard. The presence of fibroblasts in the xenografts was
confirmed by examining the expression of aSMA and
S100A4 proteins in the tumors (Figure S7A). Of note, the
presence of fibroblasts did not increase angiogenesis in
the xenografts (Figure S7A, CD31 expression). A similar
pattern of enhanced growth of the MCF7 and MDA-MB-
231 cells in co-cultures containing these different sources
of fibroblasts was also obtained (Figure S7B).

(C) Representative FACS profiles of CD49f (left panel) and EpCAM (right panel) stained cells from the same cultures analyzed in (A).
Mean + SEM assessments of the MFIs of cells from three experiments are depicted in the lower panel.

(D) Yields of CFCs in 14-day Matrigel cultures initiated with three different normal breast Lin™ cells that were subjected to TGF-B for varying
initial periods followed by normal medium + SB431542. Values shown are the means + SEM from three experiments.

(E) Effect of TGF-B added after 24 hr for 3 or 10 days on the CFC frequency of normal Lin™ cells. Values shown are the means + SEM from

three experiments.

(F) Effect on colony formation by FACS-purified populations of luminal or bipotent CFC-enriched populations plated in 2D assays of the addition
of TGF-B for 24 hr starting 24 hr after plating + SB431542 for an additional 9 days. Some cultures were also exposed to TGF- continuously.
Values shown are the means + SEM from three experiments (*p < 0.05; **p < 0.005; ***p < 0.0005; ****p < 0.00005; ns, p > 0.05).
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Figure 6. Forced Decreased Expression of CD49f or EpCAM Re-
duces Normal Progenitor Cell Detection and Generation In Vitro
Effects of lentiviral-mediated decreased expression of CD49f and
EpCAM (using lentiviral GFP vectors encoding specific sh-cDNAs) on
colony formation by transduced (GFP+) normal Lin~ breast cells
before and after 14 days of incubation in Matrigel cultures. Values
shown are the mean + SEM from three experiments (***p < 0.001,
****p < 0,00005).

DISCUSSION

Normal-like tissue adjacent to breast cancer tumors has
been the focus of much research efforts to understand the
contributions of this cellular environment to tumor cell
development, growth, and recurrence. Studies to date
have focused on identifying changes in the promoter
methylation status and altered gene expression in bulk
samples of very proximal TAT samples, but more detailed
analysis of the biological changes in different cell types pre-
sent in these has been lacking. Here, we show that the
numbers of cells with normal mammary luminal-restricted
and bipotent clonogenic activity in the histologically
normal tumor-adjacent mammary epithelium are signifi-
cantly reduced. We also present strong evidence that the
underlying mechanism is an abnormal, tumor-activated
secretion of TGF-B by the stromal fibroblasts in the TAT
locale (niche) that suppresses normal mammary progenitor
expansion by causing a decrease in CD49f and EpCAM
expression. In addition, we show that the same process
can have an opposite effect on malignant human mam-
mary cells exemplified by an ability of the same fibroblasts
(and TGF-B) to promote their growth both in vitro and
in vivo (in xenografted immunodeficient mice). CD49f
and EpCAM, through interaction with the extracellular
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matrix proteins, activate cell survival and cell proliferation
signals in epithelial cells (Lambert et al., 2012; Maetzel
et al., 2009; Martowicz et al., 2013; Schwartz and Assoian,
2001) and, therefore, the TGF-p-induced suppression of
their expression in progenitor cells could result in cell
death. In breast cancer cells, however, we show that expo-
sure to TGF-B has no effect on the expression of these
genes. TGF-B has also been shown to induce proliferation
and survival of breast cancer cells (Seoane and Gomis,
2017). These findings establish the biological origin and
in situ consequences in TAT regions of human breast tissue
of the disparate effects of TGF-p on normal and malignant
mammary cells (Bhola et al., 2013; Dumont and Arteaga,
2000; Gong et al., 2015). However, our findings revealed
a detectable, albeit reduced, sensitivity of normal bipotent
progenitors as well as luminal progenitors to inhibition by
TGF-p and a consequent effect in situ in TAT regions on
both cell types. The apparent discrepancy between our
findings and the previously reported data (Bruna et al.,
2012) can be explained by the fact that we measured bipo-
tent progenitor yields in the systems used to test the effects
of TGF-B not predicted by their frequency due to a relative
decrease in total cells. We also added TGF-B to our CFC as-
says after 24 hr to avoid potential effects of TGF-B on pro-
genitor or fibroblast attachment to the culture dish. Inter-
estingly, in another recent study TGF-B was shown to
decrease the colony-forming activity of mouse mammary
epithelial progenitors (Prater et al., 2014), suggesting that
the effects herein reported are common to both species.

The current role of TGF-B in breast carcinogenesis is
postulated to switch from acting initially as a tumor sup-
pressor on premalignant cells to a tumor promoting
growth factor during the later stages of tumor progression
(Derynck et al., 2001; Ikushima and Miyazono, 2010;
Pickup et al., 2013). The results presented here provide
further support for this model by showing that TGF-$
acts as a tumor suppressor in situ in histologically normal
human mammary epithelial tissue adjacent to breast
tumors, while also confirming its ability to augment the
growth of established malignant human breast cancer cells
(Figure S8).

In this study, we analyzed the ability of early passage
fibroblasts obtained from breast tumors, matching TAT-
near and -far samples, matching CNTB tissue from the
same patients and from normal breast tissue from reduction
mammoplasty samples. Comparison of their activities in
Matrigel co-cultures with normal mammary epithelial cells
showed the TGF-B-mediated inhibitory effects of fibroblasts
obtained from within, or very close to tumor tissue was
shared by fibroblasts obtained from tissue as far away as
6 cm from the tumor margin. The consistency of these find-
ings in fibroblasts passaged several times in vitro to ensure
their purity at >90% strongly suggests that their altered state
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Figure 7. Tumor-Adjacent Breast Tissue Fibroblasts Enhance Breast Cancer Tumor Growth

(A and B) Effect of TGF-f on CD49f and EpCAM expression on MCF7 and MD-MB-231 cells assessed after 2 days of exposure in vitro. Values
shown are the means + SEM MFIs measured in three experiments (*p < 0.05, **p < 0.005).

(C) Effect of co-injected fibroblasts from different tissue sources (3 normal and 3 matched TAT and tumor samples from patient nos. 3,
4, and 6; Table S1) on the tumor growth rates of MDA-MB-231 cells transplanted subcutaneously into immunodeficient mice. Co-
injected fibroblasts from tumors (TAFs) or TAT (TAT-Fs) significantly (**p < 0.005; ***p < 0.001) enhanced tumor growth compared

with MD-MB-231 cells alone.

and secretome profile persisted in the absence of continued
proximity to tumor cells. This possibility, in turn, suggests
additional TGF-B-mediated mechanisms involving sup-
pression of local immune cell activity that would also
enhance the selective regrowth of residual tumor cells
(Donatelli et al., 2014; Nam et al., 2008; Teicher, 2007).

Breast-conserving surgeries, including lumpectomy, are
often effective in treating small invasive breast cancer tu-
mors (Fisher et al.,, 2002; Singletary et al.,, 2005), but
approximately 10%-15% of these women develop local tu-
mor recurrence, often with metastasis (Bijker et al., 2001).
Moreover, younger age (<40 years) and tumor stage both
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increase the risk of local breast tumor recurrence (Arvold
et al., 2011; Pirone et al., 2012; Voduc et al., 2010). Our
observation that breast tissue alterations can extend well
beyond the 1-cm surgical margin currently used could
therefore have translational implications. For example, it
is inviting to speculate that there could be increased benefit
from reverting more frequently to radical mastectomies, or
the use of TGF-B signaling blockers to reduce the risk of
local tumor recurrence. The present studies also suggest
more extensive analysis of the clinical generality of our
findings could be helpful in improving prognostication.

EXPERIMENTAL PROCEDURES

Tissue Sample Collection

Breast tumor tissue and TAT samples were obtained from patients
undergoing mastectomy procedures who had not received any
neoadjuvant chemotherapy and/or radiation treatment (Table
S1). Contralateral tumor-free breast tissues were obtained from pa-
tients undergoing prophylactic bilateral mastectomies. Healthy
breast tissues were obtained from patients undergoing reduction
mammoplasties. All samples were obtained with written informed
patient consent according to protocols approved by the University
of Manitoba’s Research Ethics Board.

Tissue Dissociation and Cell Separation

Tumor samples were minced and dissociated for 16 hr in Ham’s
F12 and DMEM dissociation medium (1:1 vol/vol) F12 to
DMEM supplemented with 2% wt/vol BSA, 300 U/mL collagenase,
100 U/mL hyaluronidase, 10 ng/mL epidermal growth factor
(EGF), 1 mg/mL insulin, and 0.5 mg/mL hydrocortisone. The cell
pellets were treated with red blood cell lysis buffer as per the man-
ufacturer’s protocol prior to being resuspended and cryopreserved
in 6% dimethylsulfoxide-containing fetal bovine serum (FBS)-
supplemented medium and stored in liquid nitrogen. Reduction
mammoplasty tissue, TAT, and matched contralateral tumor-free
tissue were processed as described previously (Raouf and Sun,
2013; Stingl et al., 2005).

Primary Fibroblasts Cultures

TAFs were obtained from cryopreserved breast tumor samples. In
brief, cell pellets were thawed and made into single cells. Up to
3 x 10° cells placed in 10-cm tissue culture plates in DMEM/F12
medium supplemented with 10% FBS. After 4 hr at 37°C the
medium and non-adherent cells were removed and fresh medium
added. Fibroblasts from either normal (NAFs) or TAT (TAT-Fs) sam-
ples were cultured to 70%-75% confluence in DMEM/F12 medium
supplemented with 10% FBS, and passaged at least twice before
being used in any experiments.

Matrigel Cultures

A total of 2 x 10° bulk cells or 5 x 10* luminal or bipotent
progenitors were placed on top of Matrigels, and plates were
then incubated for up to 21 days with SF7 medium supplemented
with 70 pg/mL bovine pituitary extract. In some experiments, the
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medium was supplemented with 2.5 ng/mL TGF-B (Sigma, catalog
no. T7039) or 10 uM of the SB431542 SMAD4 blocker (Sigma,
catalog no. $4317), or vehicle control (PBS or DMSO, accordingly).
For some experiments 10° single cells were mixed with 10° fibro-
blasts and placed in Matrigel cultures as described previously
(Basak et al., 2015; Makarem et al., 2013). On the indicated days,
gels were dissolved with dispase and cells were recovered.

Secretome Analysis of the Primary Fibroblast Cells

CM was collected from low passaged primary fibroblasts (NAFs and
TAT-Fs) concentrated, digested, and analyzed via 2D LC-MS. A total
of 95,229 peptide sequences were selected and were merged to
identify 881 individual proteins. Of these, 290 proteins were iden-
tified as secreted proteins using the gene ontology cellular compo-
nent filter class (DAVID Bioinformatics Database and the Secreted
Protein Database; spd.cbi.pku.edu).

Mouse Xenograft Assays
MDA-MB-231 cells were either alone or co-injected with different
fibroblasts into the flank of 6 to 8-week-old female BALB/c
(H-2d) RAG2™/~ IL-2Ryc™’~ immunodeficient mice. Animal
maintenance was performed in accordance with the animal care
guidelines of the University of Manitoba, Canada. All the animal
experiments were approved by the Animal Care and ethical Com-
mittee of the University of Manitoba, Canada.

For full details of the experimental procedures, please refer to the
Supplemental Information.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental
Procedures, seven figures, and three tables and can be found
with this article online at https://doi.org/10.1016/j.stemcr.2017.
11.002.
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