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ABSTRACT
Stem cell microenvironments decrease the invasiveness of cancer cells, and elucidating the mechanisms
associated with disease regression could further the development of targeted therapies for aggressive
cancer subtypes. To this end, we applied an emerging technology, TRanscriptional Activity CEll aRray
(TRACER), to investigate the reprogramming of triple-negative breast cancer (TNBC) cells in conditions that
promoted a less aggressive phenotype. The repressive environment was established through exposure to
mouse embryonic stem cell conditioned media (mESC CM). Assessment of carcinogenic phenotypes
indicated that mESC CM exposure decreased proliferation, invasion, migration, and stemness in TNBC
cells. Protein expression analysis revealed that mESC CM exposure increased expression of the epithelial
protein E-cadherin and decreased the mesenchymal protein MMP9. Gene expression analysis showed that
mESC CM decreased epithelial to mesenchymal transition (EMT) markers fibronectin, vimentin, and Snail.
Over a period of 6 d, TRACER quantified changes in activity of 11 transcription factors (TFs) associated with
oncogenic progression. The EMT profile was decreased in association with the activity of 7 TFs (Smad3,
NF-kB, MEF2, GATA, Hif1, Sp1, and RXR). Further examination of Smad3 and GATA expression and
phosphorylation revealed that mESC CM exposure decreased noncanonical Smad3 phosphorylation and
Smad3-mediated gene expression, increased GATA3 expression and phosphorylation, and resulted in a
synergistic decrease in migration of GATA3 overexpressing MDA-MB-231 cells. Collectively, the application
of TRACER to examine TF activity associated with the transition of cancer cells to a less aggressive
phenotype, as directed by mESC CM, identified novel mechanistic events linking the embryonic
microenvironment to both favorable changes and cellular plasticity in TNBC cell phenotypes.

Abbreviations: 2D, two-dimensional; 3D, three-dimensional; BCSC, breast cancer stem cell; CSC, cancer stem cell;
EMT, epithelial-mesenchymal transition; hMSC, human mesenchymal stem cell; MFE, mammosphere forming effi-
ciency; MSR, mammosphere self-renewal; mESC, mouse embryonic stem cell; mEF, mouse embryonic fibroblast;
MSC, mesenchymal stem cell; TRACER, transcriptional activity cell array; TF, transcription factor; TFr, transcription
factor reporter; TNBC, triple-negative breast cancer
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Introduction

Breast cancer metastases are a leading cause of cancer mortal-
ity, with over 40,000 estimated deaths in 2016, and an esti-
mated 26% 5–y survival rate following the diagnosis of distant
disease.1 Standard treatments, such as chemotherapy and radi-
ation, function largely on the premise that cancers are com-
posed of primarily homogenous cell populations with a
relatively uniform oncogenic capacity.2 However, this concept
does not account for intrinsic cell heterogeneity or acquired
resistance via active, passive, or genetic mutation-driven
mechanisms.3,4 Furthermore, evidence supports that treatment
resistance, cancer re-initiation, and metastatic dissemination
may be driven by distinct cell populations, such as cancer

stem cells (CSCs)5–8 which have been identified in solid
tumors of the breast as biologically similar to stem cells
through analogous regulation of miRNA.9,10 Elucidating the
underlying mechanisms that control cancer cell fate and
aggression is necessary to direct future interventions that tar-
get the aggressive tumor cell populations responsible for resis-
tance and metastasis.

One key variable in cancer cell fate and progression is
cell sensing of the proximal microenvironment,11 which
exerts multi-faceted control over cell growth, differentiation,
and death.12 Similarly, the stem cell microenvironment is
fundamental in pluripotent cell fates.13 This complements
the belief that stem cells and CSCs share some common
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regulatory signaling pathways that manifest as similar cellu-
lar properties including unlimited proliferative potential,
resistance to apoptosis, and plasticity.14 To this end, a stem
cell microenvironment may contain a complex milieu of
cues that can control or reprogram the fate of cancer cells.15

The mechanisms involved in facilitating this reprograming
have yet to be fully characterized, due in part to the
dynamic nature of reprogramming.16,17 Thus, a real-time or
dynamic analysis of the reprogramming may provide mech-
anistic insights that are challenging to acquire through end-
point analyses.

Capture of secreted factors in conditioned media (CM)18 is a
common approach to differentiate the influence of soluble and
insoluble factors on cell fate. This technique has shown that
embryonic stem cell (ESC) CM can inhibit cancer cell aggres-
sion and promote differentiation, which is conserved across
melanoma, breast, ovary, and prostate cancer cells.19–23 Fur-
thermore, a similar influence has been observed in mesenchy-
mal stem cell (MSC) secretions, which exhibit an inhibitory
effect on cancer cell proliferation in glioma, sarcoma, hepa-
toma, and triple-negative breast cancer (TNBC) cells.19,24-26

Collectively, these studies suggest that stem cell microenviron-
ments affect cancer cell phenotypes through secreted factors.
However, questions remain about the dynamics of secreted fac-
tor reprogramming, the reprogramming value of individual
versus combined secreted factors, and the potential utility of
stem cell secretions from other sources. Therefore, tumor cell
reprogramming with CM from unexplored stem cell sources
would complement existing data that utilizes ESC and MSC
secreted factors.

As a result, we sought to dynamically track the reprog-
ramming of aggressive cancer cells to a more benign phe-
notype following exposure to secreted factors from an
unexplored stem cell source. To track the reprogramming,
we employed a TRanscriptional Activity CEll aRray
(TRACER) in 3D culture27–29 to investigate the dynamics
of DNA sequence specific transcription factors (TFs) that
play a critical role in fate determination of stem cells, as
well as the epithelial to mesenchymal transition (EMT)
process, in cancer cells.30,31 The stem cell CM was derived
from mouse ESCs (mESC CM), which was then used to
treat human MDA-MB-231 breast cancer cells (231s). This
stem cell source and cross-species paradigm was studied
following preliminary observations of mESC CM cell cul-
ture resulting in decreased invasion of MDA-MB-231 cells,
as compared to control media and mouse embryonic
fibroblast CM. This finding was provocative given the dif-
ferences between human and mouse ESCs.32,33 We focused
on MDA-MB-231 cells as these cells lack expression of
the estrogen, progesterone, and,HER2/neu receptors, are
invasive in vitro, and have a stem/progenitor-like pheno-
type.34 Additionally, we validated TRACER analyses and
phenotypic changes through qRT-PCR, immunoblotting,
and overexpression studies. Collectively, this work demon-
strates the favorable influence of mESC CM on aggressive
cancer cells and expands the utility of TRACER to
dynamically track the reprogramming of cancer cells dur-
ing their transition to a less aggressive and less stem-like
phenotype.

Results

mESC CM treatment reduced proliferation, invasion,
migration of MDA-MB-231 cells

We first set out to examine the influence of mESC CM on
MDA-MB-231 cell phenotypic changes to determine the feasi-
bility of dynamically studying the decrease in cancer cell
aggression. Cell number was quantified through the expression
of a bioluminescent reporter gene, and we observed that mESC
CM significantly decreased the proliferation of MDA-MB-231
cells relative to control, regular media (RM) over the course of
10 d (Fig. 1A). We subsequently investigated cell invasion in a
3D Matrigel substrate in response to mESC CM. In RM, the
MDA-MB-231 cells develop into distinct tubular structures, as
seen at Day 8 (Fig. 1B, white arrows), which is consistent with
their ability to invade the matrix. Conversely, mESC CM
treated cells had morphology at Day 8 that resembled their
original morphology at Day 0. Treatment with mESC CM sig-
nificantly decreased invasion of MDA-MB-231 cells (defined as
the percentage of area invaded) relative to RM treated samples
and to an additional control, mouse embryonic fibroblasts
(mEF) CM (Fig. 1C). Importantly, the mEF CM control was
examined in this initial phenotypic analysis to confirm that the
difference we observed was related to the mESC’s conditioning
and not due to a general response to embryonic or mouse cell
secreted factors. Lastly, we studied the impact of pre-treatment
with mESC CM on the migratory potential of MDA-MB-231
cells. Similar to cell invasion, mESC CM significantly reduced
MDA-MB-231 cell migration compared to RM treated cells
after 24 hrs (Fig. 1D-E). Collectively, these morphological and
phenotypic analyses show the diminished aggression of MDA-
MB-231 cells treated with mESC CM.

mESC CM treatment diminished the CSC phenotype within
MDA-MB-231 cell populations

Given mESC CM’s observed influence on cell phenotype in 2D
and 3D microenvironments, we sought to characterize the CSC
phenotype of MDA-MB-231 and MDA-MB-436 cells following
treatment with mESC CM. CSC activity was assessed through
the ability to form primary and secondary mammospheres, as
well as through surface marker analysis. The number of primary
MDA-MB-231 mammospheres significantly decreased upon con-
ditioning with mESC CM (0.25% MFE) compared to RM (0.78%
MFE) (Fig. 2A-B). Similarly, primary MDA-MB-436 mammo-
spheres significantly decreased upon conditioning with mESC
CM (0.57% MFE) compared to RM (1.56% MFE) (Fig. 2A-B).
Primary mammospheres were re-passaged to form secondary
mammospheres, allowing assessment of their capacity for self-
renewal. In these secondary mammosphere studies, self-renewal
was significantly decreased upon conditioning with mESC CM
(0.31% MSR) compared to RM (0.42% MSR) (Fig. 2A-B). Simi-
larly, self-renewal of MDA-MB-436 cells was significantly
decreased upon conditioning with mESC CM (0.11% MSR)
compared to RM (0.38% MSR) (Fig. 2A-B). Flow cytometry was
employed to determine the proportion of MDA-MB-231 cells
that were CD44C/CD24¡, which has been identified as the phe-
notype associated with CSCs, and more specifically with breast
CSCs (BCSCs).9 A significant decrease of CD44C/CD24¡ cells
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was observed in the samples treated with mESC CM (62%) com-
pared with the samples treated with RM (91%) (Fig. 2C), sup-
porting the hypothesis that the mESC microenvironment
impacts the stemness of MDA-MB-231 cells.

mESC CM treatment decreased the EMT profile
of MDA-MB-231 cells

Based on our observation that CSC activity decreased upon
treatment with mESC CM and the evidence that EMT

programs activate CSC traits, such as self-renewal,35 we then
explored EMT-associated gene and protein expression. We first
assessed whether mESC CM treatment of MDA-MB-231 cells
altered the expression profile of mesenchymal genes, which are
associated with the transition between epithelial and mesenchy-
mal states. Treatment with mESC CM significantly reduced
expression of fibronectin, vimentin, and Snail as determined by
qRT-PCR, suggesting that the cancer cells were becoming more
epithelial-like in character (Fig. 3A). Immunoblotting showed
mESC CM significantly decreased pro-form and active MMP9

Figure 2. MDA-MB-231 and MDA-MB-436 cells treated with mESC CM display diminished CSC activity. MDA-MB-231 and MDA-MB-436 cells were pre-treated with RM or
CM after which they were utilized in mammosphere assays. (A) Representative images of primary mammosphere formation and representation of the potential for self-
renewal following passaging of primary mammospheres to form secondary mammospheres. (B) Quantification of primary mammosphere forming efficiency and second-
ary mammosphere self-renewal. Additionally, MDA-MB-231 cells exposed to RM and mESC CM were assessed for stem/progenitor cell surface markers using (C) flow
cytometry to determine changes in the CD44C / CD24¡ subpopulation of cells, indicative of a stem/progenitor phenotype. Statistical significance indicated by � for
p<0.05. Scale bars are 100 mm.

Figure 1. MDA-MB-231 cells treated with mESC CM display decreased proliferation, invasion, and migration. (A) MDA-MB-231-Gluc cells were cultured in 2D for 10 d in
either RM or CM with media change and Gluc measurement occurring every 2 d to quantify proliferation. (B) MDA-MB-231-GFP cells were embedded in Matrigel and
treated with RM or CM over a period of 10 d. Images were captured every 2 d to monitor morphological differences. White arrows indicate tubular structures. (C) Cell inva-
sion was compared between RM, mESC CM and mEF CM treated MDA-MB-231 cells by measuring percent of area invaded by cells embedded in Matrigel over a period of
10 d. Phase contrast images were captured daily and area was quantified using Image J. (D) Representative images of crystal violet stained MDA-MB-231 cells after 24 hr
migration period through transwell membranes. (E) MDA-MB-231 cells were pre-treated with RM or mESC CM and cell migration was assessed using a transwell migration
assay. Control transwell inserts absent of cells showed no staining. Error bars indicate standard error and statistical significance indicated by � for p<0.05, �� for p<0.005,
and ��� for p<0.0005. Scale bars are 100 mm.
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(Fig. 3B), whose activity has been associated with breast cancer
cell invasion and EMT. MDA-MB-231 cells at baseline have
low levels of E-cadherin, suggesting that these cells are rela-
tively mesenchymal in nature. Notably, we observed a signifi-
cant increase in the protein levels of E-cadherin after mESC
CM treatment of the study cells (Fig. 3B).

mESC CM dynamically modulated the regulome
of MDA-MB-231 cells

To build off the gene and protein expression analysis showing
that mESC CM decreased EMT phenotype, we investigated the
dynamics of TF signaling that were associated with the pheno-
typic changes in MDA-MB-231 cells. TRACER was employed to
measure the activity of 11 TF reporter constructs over a
6-day period using bioluminescence imaging, which was normal-
ized to cell number, background subtracted, loss normalized,
then log2 transformed (Fig. 4). Several significant differences
were observed in the TF activity panel with various response
profiles. In general, treatment with mESC CM led to decreases
in the activity of TFs that promote EMT including Smad3, NF-
kB, MEF2, GATA, Hif1, Sp1, and RXR. The TRACER analysis
did not show any significant alterations in AP2, RAR, p53, and

Bcat. The most dramatic shifts in TF activity were seen in Hif1
and Sp1, as both decreased to significant levels (p < 0.005) at
Day 2 and remained at that significance through Day 6. Smad3,
MEF2, and GATA showed significant decreases (p < 0.05) in
activity at Day 2, through not after that time point. NF-kB and
RXR, to a lesser extent, showed delayed response in TF activity,
which was significant (p < 0.05) at Day 4.

mESC CM treatment altered phospho-Smad3 profile,
expression of Smad3-regulated MMP2, phospho-GATA3
and GATA3 in MDA-MB-231 cells

The observation that Smad3 activity decreased with mESC CM
treatment, directed us to further investigate the TGFb/Smad3
signaling pathway. The TGFb/Smad3 signaling pathway is
dichotomous in nature, promoting both oncogenesis and
tumor suppression. We examined this pathway at 4 d to align
with our EMT gene expression data. Implementation of
TRACER had identified a significant decrease at Day 2 in
Smad3 activity, though this was lost at Day 4, and correlates
with the lack of significant changes in Smad3 expression seen
with immunoblotting (Fig. 5A). Interestingly, mESC CM treat-
ment did significantly decrease phosphorylation of Smad3 at

Figure 3. MDA-MB-231 cells treated with mESC CM display decreased expression of genes and proteins associated with EMT. MDA-MB-231 cells were treated for 4 d with
RM or mESC CM after which (A) RNA was extracted and qRT-PCR was run to assess changes in gene expression of Fibronectin, Vimentin, and Snail. (B) Protein was
extracted and used in an immunoblotting assay for proMMP9, MMP9, and E-Cadherin. Immunoblots are representative and percent change from RM to CM densitometry
is adjacently indicated. Statistical significance indicated by � for p<0.05.

Figure 4. MDA-MB-231 cells treated with mESC CM display altered activity of multiple TFs. MDA-MB-231 cells were infected with the TF specific reporter and encapsu-
lated in Matrigel prior to plating in a 384 well plate. BLI was used to obtain a day 0 baseline reading prior to conditioning. The cells were then treated with RM or mESC
CM every 2 d for 6 d. BLI was measure every 2 d to quantify TF activity and dynamics over a period of 6 d. Cell activity following RM (dashed black line) and mESC CM
(solid gray line) treatments are shown normalized to TA lentiviral activity, which correlates with cell number, and is shown with standard error bars. Statistical significance
indicated along x-axis by � for p<0.05 and �� for p<0.005. Technical replicates of 4 for each TF reporter; biological replicates of 2 for Hif1, MEF2, GATA, and AP2; biological
replicates of 3 for Sp1, NF-kB, RXR; biological replicate of 4 for Smad3.
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the noncanonical T179 and S204 sites (Fig. 5A). Since the phos-
phorylation status of Smad3 impacts Smad3-mediated gene
expression, we investigated the impact of mESC CM treatment
on expression of the Smad3-regulated genes associated with
EMT-promoting MMP2. Treatment of MDA-MB-231 cells
with mESC CM significantly decreased MMP2 expression
(Fig. 5B). Importantly, this mESC CM-induced decrease in
MMP2 was not abrogated by treatment with TGFb, which
increased MMP2 in RM, nor with treatment with a Smad3
inhibitor (Fig. 5B). Taken together, this points towards redun-
dant pathways driving the observed phenotypic alterations.

The GATA family, master regulators of hematopoietic cells,
was also identified by TRACER as having altered activity in the
presence of mESC CM. This result combined with a recent
report describing GATA3 as mediating a reduced response to
TGFb in breast cancer cells,36 and that loss of GATA3 activity
is associated with aggressive breast cancer,37 led to the investi-
gation of GATA3 as a mediator of the cell phenotype. GATA3
expression was analyzed at Day 4 to complement the Smad3
and EMT gene expression data, and we observed that mESC
CM treatment increased expression of GATA3 in MDA-MB-
231 cells (Fig. 5C). Furthermore, phosphorylation of GATA3,
which is necessary for GATA3 translocation into the nucleus,
also increased with mESC CM treatment. To correlate this
GATA3 observation with our phenotypic data we performed
migration assays, similar to those performed in Fig. 1, with
MDA-MB-231 cells exhibiting overexpression of GATA3.
Overexpression of GATA3 decreased the migratory potential of
MDA-MB-231 cells in RM, as expected, and a further decrease
in migration was shown upon treatment with mESC CM, com-
pared to control MDA-MB-231 cells (Fig. 5D). Collectively,
these results indicate the mechanisms by which cancer cells are
driven by mESC secreted factors.

Discussion

Stem cell secreted factors have been shown to abrogate aggres-
sion of cancer cells, which may be secondary to overlap in the

molecular pathways of the stem and tumor microenviron-
ments.38 However, the dynamics of this reprogramming and
the extent of stem cell utility have not been fully elucidated. To
track the dynamic reprogramming in MDA-MB-231 cells, we
employed TRACER to investigate changes in TF activity fol-
lowing cell exposure to mESC CM. Phenotypic and TRACER
results were validated by protein and gene expression analyses.

We found that the mESC CM led to decreased breast cancer
cell proliferation, migration, invasion (Fig. 1), and the expres-
sion of EMT markers (Fig. 3A), while markers indicative of cell
adhesion and differentiation were found to increase (Fig.s 3B
and 5C) when compared to unconditioned media (RM). As a
control, we also analyze the influence of mouse embryonic
fibroblast CM on in MDA-MB-231 cell invasion and found no
significant difference when compared to RM, unlike the
decrease in invasion observed following mESC CM exposure
(Fig. 1C). Additionally, the decreased expression of mesenchy-
mal markers and MMPs, and, particularly, the re-expression of
E-cadherin in MDA-MB-231 cells points toward the initiation
of mesenchymal-epithelial transition (MET) (Fig. 3), a key
restraint for metastasis that may be regulated by microenviron-
mental cues.39 Taken together these analyses show inhibition
or reprogramming of the innately invasive MDA-MB-231 cell
phenotype by mESC CM.

The attenuation of mammosphere formation and self-
renewal properties, in addition to a reduced CD44C/CD24¡

profile (Fig. 2), through exposure to mESC CM, indicates that
CSC activity is suppressed following exposure to mESC CM.
Furthermore, this effect was not transient, as the tumor cells
were only incubated in RM or mESC CM prior to the mammo-
sphere assay. Specifically, while the secondary mammosphere
cells were not exposed to mESC CM, the inhibitory effect on
CSC activity was sustained in secondary mammosphere culture
and formation. In accordance with the CSC hypothesis,40 these
results indicate that the tumorigenicity and metastatic potential
of these breast cancer cells are also reduced, which was con-
firmed by the phenotypic studies (Fig. 1). Several studies have
shown a positive correlation between stemness, invasion, and

Figure 5. MDA-MB-231 cells treated with mESC CM display altered protein expression profiles of phospho-Smad3, Smad3-mediated, and GATA3 gene expression. MDA-
MB-231 cells were treated with RM or mESC CM for 4 d, after which protein was collected for immunoblotting assays. (A) Smad3 and phospho-Smad3 (T179, S204, C). (B) Cells
were also treated with RM or mESC CM alone, or with the addition of TGFb or a Smad3 inhibitor SIS3, followed by protein extraction and immunoblotting for MMP2. (C) GATA
and phospho-GATA3 expression. (D) Migration potential of MDA-MB-231 cells was assessed after stable overexpression of GATA3 treated with RM or mESC CM. Immunoblots
are representative and percent change from RM to CM densitometry is adjacently indicated. Statistical significance indicated by � for p<0.05 and �� for p<0.005.
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metastatic potential, using both in vivo and in vitro character-
izations.35,40,41 While mESC CM does not completely ablate the
stem-like properties of TNBC cells, others have shown a dose-
dependent influence of pharmaceutical compounds on mam-
mospheres and CD44C/CD24- expression.42 Thus, following
identification of underlying mechanism governing the influence
of stem cells on cancer cells, it may possible to amplify the dose
or exploit the underlying mechanisms that govern stemness.
Moreover, CSCs role in microenvironmental dysregulation,43

treatment resistance and disease relapse,7 underscores the need
to define CSC programming and exploit the dynamic pathways
involved in reducing this potentially lethal subpopulation of
cells.

To better understand these dynamics, we subsequently ana-
lyzed the underlying regulatory signaling with TRACER (11 TF
constructs), which showed that 7 factors involved in tumor
progression, including Smad3, NF-kB, MEF2, GATA, Hif1,
Sp1, and RXR were inhibited by the mESC CM (Fig. 4). Further
studies revealed that the mESC CM impacted levels of nonca-
nonical phospho-Smad3 and Smad3-regulated gene expression
(Fig. 5A-B). This demonstrates the plasticity of aggressive
breast cancer cells and their ability to respond to ESC signals,
which could be the result of a de-differentiated molecular sig-
nature.44 While the altered activity of several TFs, including
NF-kB,45 are indicated as essential for metastasis and EMT, the
two most significantly and consistently modulated factors were
Hif1 and Sp1. Hif1 is considered a master TF regulator of
metastasis and metastatic niche formation in breast cancer
cells, and has been well characterized.46 Sp1, and specifically
Sp1’s interactions with other TFs, has more recently been
shown to act downstream and synergistically with other TFs
(e.g., ZEB2) in the transcriptional repression of E-cadherin.47

As we found that mESC CM treatment resulted in decreased
mesenchymal genes and increased E-cadherin expression, indi-
cating a reversion of EMT phenotype (Fig. 3), it followed that
we also identified an associated decrease in activity of the
EMT-associated TFs in our array (Fig. 4). The time course of
these alterations in TF activity raised additional points for fur-
ther study, especially in the modulation of GATA and Smad3.

The altered activity of GATA identified in TRACER led us
to investigate the GATA family more extensively. GATA3 has
been described as an independent predictor of clinical outcome,
and may be a marker for metastatic disease, particularly in
TNBC.37 In a mouse model of luminal breast cancer, GATA3
directly promoted tumor differentiation, which was linked to
decreased metastatic potential, and loss of GATA3 directly cor-
related with the expansion of CSCs.48 GATA3 was also linked
to reversion of EMT in breast cancer cells with a report describ-
ing the ability to bind, activate, and promote expression of
E-cadherin.49 Since loss of E-cadherin is considered a prerequi-
site rate-limiting stem for EMT,50 our findings, including an
increase in E-cadherin and GATA3, as well as phospho-
GATA3, support the notion that the embryonic microenviron-
ment impacts metastatic phenotypes through the reversion of
EMT.

The changes in Smad3 activity identified by TRACER led us
to investigate the TFGb/Smad3 signaling pathway, which is
also critical to the EMT process.51 Smad3 is a vital downstream
mediator of the TGFb pathway, which regulates a plethora of

key cell processes including proliferation, apoptosis, migration,
and differentiation.52 In helper T cells, the central region of
GATA3 can form a complex with the MH1 domain of
Smad3.53 As a function of this interaction, GATA3 promotes a
genetic program of cell differentiation in cooperation with
Smad3, allowing TGFb mediated regulation of GATA3 target
genes.53 Additionally, more recent work utilizing the MDA-
MB-231 line showed that overexpression of GATA3 resulted in
decreased Smad3 expression and restored sensitivity to TGFb
mediated growth inhibition, as well as a reversion of EMT.36 In
our previous studies, we have demonstrated an association
between inhibition of noncanonical phosphorylation of Smad3
and decreased proliferation, migration, and invasion and
increased apoptosis, demonstrating the key role of phospho-
specificity of Smad3 in these TGFb mediated processes.54 Our
current study furthers this association, with an observed
decrease in phosphorylation at the noncanonical S204 and
T179 phosphorylation sites of Smad3 in MDA-MB-231 cells
treated with mESC CM (Fig. 5A). Additionally, prior work
showed Smad3-associated MMP2 expression was impacted by
inhibition of noncanonical Smad3 phosphorylation.54 Adding
to this finding, culture with mESC CM decreased expression of
MMP2 and mitigated the impact of TGFb mediated expression
of MMP2 (Fig. 5B). Taken together, these results point towards
involvement of GATA3 and phospho-Smad3 in the reprogram-
ming of metastatic breast cancer cells to a more differentiated
or epithelial phenotype.

In conclusion, leveraging TRACER and complimentary pro-
tein and gene expression analyses enabled the tracking of
reprogramming of aggressive TNBC cancer cells to a more
benign phenotype following exposure to mESC CM. Specifi-
cally, this work highlighted the significance of Hif1 and Sp1,
GATA and TGFb/Smad3 signaling to the processes of EMT
and MET. Future studies will focus on the unique cytokine pro-
file of mESCs, and other unexplored sources, as means to iden-
tify important factors in the stem cell microenvironment
needed to reprogram aggressive cancer phenotypes. Lastly, the
phenotypic plasticity observed in the TNBC cells points toward
the potential to target and exploit the reprogrammability of
these cells towards a phenotype that may be more susceptible
to conventional and also novel therapeutics.

Methods

Cell lines development, cell culture, and media
conditioning

Human MDA-MB-231 and MDA-MB-436 cells were obtained
from American Type Culture Collection (ATCC, Manassas,
VA) and maintained in Dulbecco’s Modified Medium
(DMEM)-F12 supplemented with 10% FBS, according to sup-
plier recommendations. To create the stable cell lines for prolif-
eration and morphological analyses MDA-MB-231 cells were
transduced with the gaussia luciferase (Gluc) reporter or
enhanced green fluorescent protein (eGFP) vector using spino-
culation procedures as described previously to create MDA-
MB-231-Gluc and MDA-MB-231-GFP lines.55 Infections were
performed with a virus concentration of 10,000 PP/cell and by
centrifuging at 800g at 32�C for 45min; the effluent was then
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removed and the cells were re-suspended in fresh media and
transferred to a 60mm dish for population expansion. mESCs
were a generous gift from the Dr. Raj Kishore’s laboratory
(Northwestern University/Temple University) and were main-
tained in DMEM supplemented with 15% FBS, 1% Penn/Strep,
1mM nonessential amino acids, 50uM 2-mercaptoethanol, and
Leukemia Inhibitor Factor (Millipore LIF2010) at 10ng/mL to
maintain the ESC phenotype.56 GATA3 overexpressing MDA-
MB-231 cells were a generous gift from Dr. Jeffrey Green’s
laboratory (National Institutes of Health, National Cancer
Institute) and were maintained in equivalent conditions
(DMEM with 10% FBS) to the parental and modified MDA-
MB-231 cell lines detailed above. Inactivated mouse embryonic
fibroblasts (mEFs) from Invitrogen (Gibco #S1520-100, Carls-
bad, CA) were maintained in DMEM with 10% FBS as
described in our previous work.57 For maintenance, mESCs
and mEFs media was replaced every 2 d. For conditioning,
adherent cells were rinsed with PBS then incubated in media
overnight, which was subsequently filtered to obtain mESC CM
and mEF CM, which was used in various assays detailed
herein.18 All cells were incubated at 37�C in 5% CO2.

Antibodies and reagents

Antibodies used for immunoblotting were as follows: anti-
Smad3 (C67H9), anti-pSmad3 (Ser423/425, C25A9), anti-
MMP2 (D2O4T), anti-MMP9 (D6O3H), and anti-proMMP9
(G657) from Cell Signaling Technology (Danvers, MA); anti-
GATA3 (H-48) from Santa Cruz Biotechnology (Dallas, TX);
anti-b-actin (AC-15) from Sigma-Aldrich (St. Louis, MO);
anti-E-cadherin (36/E-Cadherin) from BD Biosciences (San
Jose, CA); anti-phospho-Smad3 T179 (ab74062), anti-phos-
pho-Smad3 S204 (ab63402), and anti-phopspho-GATA3
(EPR18118) from Abcam (Cambridge, MA); anti-rabbit and
mouse secondary antibodies from Thermo Scientific (Pitts-
burgh, PA). TFGb and Smad3 inhibitor (Smad3i, SIS3, IC50 D
3 mM) from Cayman Chemicals (Ann Arbor, MI) was used to
target specific pathways in MMP2 expression as previously
described.54

Immunoblotting

Cells were treated as described, scraped, pelleted, and rinsed
with ice-cold PBS, then lysed in ice-cold M-PER (Thermo Sci-
entific, Rockford, IL) containing protease and phosphatase
inhibitors. Cellular lysates were spun, supernatants were recov-
ered, and the protein concentration was determined using the
Bio-Rad protein assay kit. 30 mg of lysate was diluted in 2x
SDS-PAGE sample buffer (1:1, v/v), electrophoresed, and trans-
ferred to a PVDF membrane. Membranes were blocked with
5% milk or 5% BSA in TBS-T at room temperature for 1 hr and
incubated with appropriate primary antibody at 4�C overnight.
After rinsing with TBS-T, the membrane was incubated with
secondary antibody in 5% milk or 5% BSA for 1 hr at room
temperature. Protein bands were visualized by an ECL detec-
tion system (GE Healthcare). When reblotting, membranes
were agitated with Restore PLUS Stripping Buffer (Thermo
Scientific) for 8 min at room temperature. All immunoblot
experiments were repeated at least three times and

representative results are shown. Densitometry was performed
using ImageJ (U. S. National Institutes of Health, Bethesda,
MD) with background subtraction and normalized to beta-
actin. Percent difference comparing RM to CM is indicated on
figures adjacent to representative blots.

Gluc proliferation assay

MDA-MB-231-Gluc cells were plated in wells of a 96 well plate
in triplicate and either control RM or mESC-CM treatment
was applied to the cells at Day 0. Every 2 d, the media was
changed and 20 uL of media was used in a Gluc assay kit (New
England Biolabs) and a luminometer (Turner Biosystems,
Sunnyvale, CA) was utilized to determine Gluc production to
quantify cell density. Gluc expression is presented in Relative
Light Units (RLU) and plotted as a function of time.

Matrigel invasion assay

MDA-MB-231 cells were mixed with Matrigel (BD Transduc-
tion) and plated in a 24 well plate. The cells began treatment
with either control RM, mESC CM, or mEF CM at Day 0, with
a media change every 2 d and image acquisition occurring daily
with a Nikon microscope. Cell area was quantified using Image
J at each timepoint: the images were converted to 8 bit black
and white and the threshold function was used to select the
cells. The selected area was then measured using Image J.

Transwell migration assay

For the transwell migration assay, 10% FBS was used as a che-
moattractant and added to the wells of a 24-well plate. Trans-
well inserts composed of 8-mm polyethylene terephthalate
(PET) membranes (BD Biosciences) were placed in each well.
Suspensions of serum-starved cells, which had been pre-treated
for 24 hrs with RM or CM were then added to the inserts and
incubated for 24 hrs, after which un-migrated cells were
scrubbed from the top of the membranes with a cotton swab.
Inserts were then transferred to clean 24-well plates containing
0.5% crystal violet to stain and fix the cells that had migrated to
the bottom of membrane. The stained, migrated cells were
counted using 10X magnification.

Quantitative RT-PCR

Total RNA was isolated from treated cells using the RNeasy
Mini Kit (Qiagen, Valencia, CA). RNA concentration was
determined using a Nanodrop spectrophotometer (Thermo
Fisher Scientific, Waltham, MA). An equal amount of RNA
(1ug total RNA per reaction) was added to each cDNA syn-
thesis reaction using qScript cDNA Mix (Quanta Bioscience,
Beverly, MA). All amplifications were run on a 7900HT
Fast Real-Time PCR System (Applied Biosystems, Grand
Island, NY) using the following conditions: initial denatur-
ation, 95�C for 15 minutes, followed by 40 cycles at 95�C
for 1 second and 60�C for 30 seconds. The following Taq-
man assays were used according to the manufacturer’s
instructions (Applied Biosystems); each gene name is fol-
lowed by the assay ID of the probe/primer set used for
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reference on the Applied Biosystems website (www.applied
biosystems.com): GAPDH (Hs03929097_g1); Vimentin (VIM;
Hs00185584_m1); Fibronectin (FN1; Hs00365052_m1); Snail
(SNA1; Hs00195591_m1). Gene expression was analyzed by
the normalization of the threshold cycle (Ct) to GAPDH (DCt).
DCt values were then compared between control samples and
treated cells to calculate DDCt. Final comparison of transcript
ratios between samples was given as 2¡DDCt and is shown as
fold change. Representative means C/¡ standard error were
obtained from three technical replicates of three independent
experiments.

Primary and secondary mammosphere assays

MDA-MB-231 and MDA-MB-436 cells were plated and then
treated the following day with control or conditioned media.
Control and treated cells were cultured for 4 d, with a media
change occurring at Day 2. Following treatment, cells were
trypsinized, mixed with media, centrifuged, and resuspended in
3mL PBS. Single cell suspension was obtained by gentle pipet-
ting to avoid damage or loss of the cells. Primary studies were
performed to determine an optimal seeding density. Cells were
counted and 20,000 cells (at 5,000 cells per well for four wells)
was transferred to a 2 mL tube, centrifuged for five minutes at
1500 rpm, and re-suspended in 40 uL mammosphere media.
After thorough pipetting, 10 uL of this solution was then added
to three separate wells (each condition being performed in trip-
licate) in a 24 well ultra-low adhesion plate, each of which
already held 1 mL of DMEM/F12 (1:1) (1X) supplemented
with L-Glutamine. Cells were distributed uniformly across each
well and this process was carried out separately but concur-
rently for each treatment. After 5 d of incubation at 37�C,
images of the resulting mammospheres were then obtained
with a phase contrast microscope (10X) and the number of
mammospheres was counted. Next, the mammospheres were
disaggregated, returned to a single cell suspension, and then re-
plated to test the capacity for self-renewal of the sample. The
floating mammospheres were collected into 15 mL tubes, cen-
trifuged for five minutes at 1500 rpm, re-suspended in 3 mL
PBS, and made into a single cell suspension with thorough
pipetting with a 1 mL pipet. The cells-per-mL ratio of this sus-
pension was counted and plated in the same manner and at the
same seeding density as the primary mammospheres. After 5 d
of culture in the 37�C / 5% CO2 incubator, the secondary mam-
mospheres were imaged, counted, and the forming efficiency
was quantified. The number of formed mammospheres is a
direct indication of the stem cell activity of the sample, with
primary mammosphere formation reported as mammosphere
forming efficiency (MFE) calculated as (Number of Mammo-
spheres Formed/Total Number of Cells�100). Secondary forma-
tion is a measure of mammosphere self-renewal (MSR)
and is calculated as (Total Number of Secondary Mammo-
spheres formed/Total Number of Primary Mammospheres
Formed�100).58

Flow cytometry to analyze CD24 and CD44 expression

MDA-MB-231 cells100 mm were plated and pre-treated with
RM or mESC CM for 4 d, after which the media was removed

and the cells were washed with PBS. The cells were trypsinized
and deactivated with wash buffer (PBS, 1% FBS, 1% Penstrep),
spun down for 5 minutes at 1500 rpm, and the supernatant was
aspirated. The cells were then re-suspended in 5 mL of wash
buffer and counted to determine the volume needed to obtain 1
£ 106 cells. The cells were pipetted into an eppendorf tube for
each of the two samples, spun down at 1500 rpm for 5 minutes
and supernatant was removed. The pellet was re-suspended in
100uL of wash buffer and this solution was kept on ice and
kept from light for the rest of the experiment. Next, fluores-
cently conjugated antibodies for CD44 and CD24 were added
directly to the cell solution (20uL CD44-FITC and 20uL CD24-
PE to each sample) and the solution was vortexed. In the con-
trol samples, 20uL FITC isotype and 20uL PE isotype controls
were added. The antibody/cell suspension was incubated in the
dark for 30 minutes at 4�C. Following incubation, cells were
washed twice in 1mL of wash buffer to remove excess antibody
and then the pellet was re-suspended and fixed in 0.5mL of 1%
paraformaldehyde and vortexed. Samples were taken directly to
the Northwestern Flow Cytometry Core Facility where the sam-
ples were analyzed using a Fortessa flow cytometer (BD Bio-
sciences). The spectral overlap between FITC and PE
fluorochrome emissions and the subsequent compensation val-
ues were calculated via the FACSDiva software (BD Bioscien-
ces), from unlabeled and single-antibody (single-color)
controls, prior to running test samples.

TRACER transfer vector constructs and lentivirus
production

An HIV-based transfer vector encoding CMV-GFP59 was modi-
fied to encode TA-FLuc (plenti-TA-FLuc) by exchanging the
CMV-GFP cassette with TA-FLuc from the Panomics translu-
cent control vector (Panomics, Madison, WI) using NheI and
XbaI restriction enzymes. This construct was further modified
to create a library of lentivirus-producing transfer vector con-
structs with TF-responsive binding elements. Sequences derived
from Panomics constructs were digested out of the constructs
also using NheI and XbaI and ligated into the plenti-TA-FLuc
backbone. For non-Panomics constructs, TRANSFAC was used
to design new reporters and custom oligonucleotides were syn-
thesized (Sigma Aldrich), annealed, and inserted into the plenti-
TA-FLuc backbone using NheI and AgeI. Lentivirus for each TF
reporter was produced by co-transfecting HEK-293T cells with
one of the transfer vector constructs and 3 packaging plasmids
(pMDL-GagPol, pRSV-Rev, and pIVS-VSV-G) using techni-
ques described previously.60 The number of physical particles
(PP) for each virus batch was determined using an HIV-1 p24
Antigen ELISA kit (ZeptoMetrix, Buffalo, NY).

TRACER reporter transduction and bioluminescence
quantification

To form an array, MDA-MB-231 cells were transduced with
lentivirus encoding TA-FLuc or one of the TF reporter genes
(25,000 PP/cell) by centrifugation, resuspension in Matrigel
(BD Biosciences), and seeding into wells of a black walled 384-
well plate (Greiner BioSciences, Monroe, NC). Cells were
treated with control media (RM) or conditioned media (CM) at
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the indicated time points. For each treatment group, 11 TF
reporters (TFr) were studied, in addition to the control TA-
Fluc reporter. The 11 TFr included: AP2, Bcat, GATA, Hif1,
MEF2, NF-kB, p53, RAR, RXR, Smad3, and Sp1. Selection of
TFr was limited to a total of 12 (including control) in the pre-
sented study as it allowed for better parallel assessment of the
difference between RM and mESC CM exposure. The selected
TFr were chosen based on their use in previous studies, as well
as their known role in tumor progression, as detailed in the dis-
cussion. Non-transduced cells were used to control for back-
ground imaging.

To assess FLuc activity, bioluminescence imaging was per-
formed at the indicated time points. 1 mM d-luciferin (Perkin
Elmer, Waltham, MA) was added to the wells and the plates
were incubated at 37�C for 30 minutes, followed by imaging
with an In Vivo Imaging System (IVIS) (Caliper, Hopkinton,
MA). After each time point, treatment media in the wells was
replaced. Data were analyzed using R as described previ-
ously.61,62 Data was background subtracted and further normal-
ized by the average bioluminescence intensity of the control
wells, TA-Fluc, for the same time and the same treatment (i.e.,
RM or mESC CM) and logarithmically transformed (in based
2). Finally, normalized and transformed intensities were shifted
to the same initial time value by multiplying the ratio of initial
measured activity to the average of all initial measured activities
for a given TFr (RM and mESC CM), thus, the initial normal-
ized value was the same across all conditions for the same TFr.
R package limma63 was employed to determine differentially
activated TFr versus initial time and experimental control (no
treatment). False discovery rate (fdr) was used to correct for
multiple comparisons.64 Data were plotted using the ggplots
package.65 For both RM and mESC CM treatment groups, each
TFr was analyzed with four technical replicates and between two
and four biological replicates as indicated in the figure caption.

Statistical analysis

Results are presented as mean values C/¡ standard error and
were analyzed by unpaired, two-tailed Student’s t test or two-
way ANOVA. For two-tailed Student’s t test p < 0.05 was con-
sidered statistically significant unless otherwise noted in the
figure caption. To account for instances with multiple compari-
sons, the Holm-Sidak method with an alpha of 0.05 was uti-
lized. For proliferation and invasion assays a two-way ANOVA
was used with both treatment and time being treated as inde-
pendent variables. Multiple comparisons were corrected for via
a Tukey test with each p-value being adjusted and family-wise
significance and confidence intervals set at 0.05 (95% confi-
dence interval). Statistical significance and false discovery rate
for TRACER analysis is described above
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