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ABSTRACT: Cell-based assays enable molecular-level studies of
cellular responses to drug candidates or potential toxins. Trans-
activation assays quantify the activation or inhibition of nuclear
receptors, key transcriptional regulators of gene targets in mamalian
cells. One such assay couples the expression of luciferase to the
transcriptional activity of estrogen receptor-alpha (ERα). While this
assay is regularly used to screen for agonists and antagonists of the
estrogen signaling pathway, the setup relies on monolayer cultures
in which cells are plated directly onto the surface of cell-compatible
plasticware. The tumor microenvironment is more than a collection
of cancerous cells and is profoundly influenced by tissue
architecture, the presence of extracellular matrices, and intercellular
signaling molecules produced by non-cancerous neighboring cells (e.g., fibroblasts). There exists a need for three-dimensional
culture platforms that can be rapidly prototyped to assess new configurations and readily produced in the large numbers needed for
translational studies and screening applications. Here, we demonstrate the utility of the paper-based culture platform to probe the
effects of intercellular signaling between two cell types. We used paper scaffolds to generate tumor-like environments, forming a
defined volume of breast cancer cells suspended in collagen. By placing the paper scaffolds in commercial 96-well plates, we
compared monocultures of only breast cancer cells with coculture configurations containing fibroblasts in different locations that
mimicked the stages of breast cancer progression. We show that ERα transactivation in the T47D-KBluc cell line is affected by the
presence, number, and proximity of fibroblasts, and is a consequence of intercellular signaling molecules. After screening a small
library of fibroblast-secreted signaling molecules, we showed that interleukin-6 (IL-6) was the primary driver of reduced estradiol
sensitivity. These effects were mitigated in the coculture configurations by the addition of an IL-6 neutralizing antibody. We also
assessed estrogen receptor expression and transcriptional regulation, further demonstrating the utility of the paper-based platform for
detailed mechanistic studies.
KEYWORDS: cell-based assays, 3D culture, hormone signaling, paracrine signaling, cancer progression

■ INTRODUCTION
Breast cancer is the most frequently diagnosed cancer in
women worldwide, with an estimated 298,000 new cases in the
United States in 2023.1,2 Treatment decisions are based on the
tumor’s molecular subclass, which is defined by the presence of
hormone receptors, including estrogen receptor-alpha (ERα),
human epidermal growth factor receptor 2 (HER2/neu), and
progesterone receptor (PR).3 Nearly 80% of breast cancer
patients have estrogen-receptor-positive (ER+) tumors. These
cancer cells require estrogenic molecules to initiate prolifer-
ation and invasion.4,5 This hormone dependence is leveraged
with adjuvant therapies that inhibit estrogen receptor activity,
selectively degrade the receptor, or target the enzyme that
synthesizes its natural agonist, 18-carbon estrogens.6 The
detection of ERα expression in patient samples does not
guarantee treatment success as adjuvant hormone therapies
have limited effectiveness against cells with de novo or

acquired resistance.7 Acquired resistance is attributed to the
tumor microenvironment, which includes surrounding stromal
cell types, signaling molecules, and the supply of oxygen and
nutrients. Soluble signaling molecules and growth factors
secreted by the stromal cells may not decrease the expression
of ERα but rather limit its activity through post-translational
modifications of the receptor or by depleting the availability of
coregulators needed for its transactivation.8,9

Much of our understanding of ERα signaling and regulation
in human mammary epithelial tissues and breast carcinomas
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comes from monolayer cultures in which a single cell type is
plated directly onto cell-compatible plasticware. These
monolayer cultures are the standard for identifying endocrine
disruptors and potential therapies. Transactivation assays often
rely on end-point readouts, which quantify the ERα activity in
the presence of agonists and antagonists through the
expression of a reporter protein or enzyme.10 There is a
need for physiologically relevant tumor microenvironment
models, which overcome the poor predictive power of current
monolayer cell-based assays. By incorporating extracellular
matrices and stromal components into these cell-based assays,
aspects of the structural and signaling components affecting
tumor progression are included. The extracellular matrix
(ECM) maintains tissue structure and plays an important
role in breast tissue development and homeostasis. Three-
dimensional culture environments such as the collagen overlay
or sandwich format pioneered by Bissell result in mammary
epithelial cell polarization and casein production, phenotypes
not found in monolayer cultures.11−13 Signaling between
breast epithelial cells and stromal components such as
fibroblasts can also promote tumorigenesis.14 Normal-
associated or lobular fibroblasts are responsible for the
development and branching of the luminal structures that
serve as milk ducts.15 Cancer-associated fibroblasts are
morphologically and functionally distinct from normal
fibroblasts and responsible for tumor growth and progression
in the lumen.16

Stromal fibroblasts and adipocytes have been incorporated
into three-dimensional (3D) culture formats, including
mammosphere cultures, microfluidic devices, and bioprinted
constructs.17−19 Each of these setups has positive and negative
aspects. Mammospheres are easily set up but are limited to
microscopy or histology readouts as the different cell types are
in contact. Microfluidic devices and bioprinted constructs can
pattern different cell types, placing them in separate locations.
These technologies have significant barriers to access for many
tissue culture laboratories as they require engineering expertise
and specialized equipment for asssembly and maintenance.
The paper-based culture platform first described by White-
sides20 and advanced by our laboratory and others is ideal for
the rapid prototyping and scale production of scaffolds that
support cells in tissue-like environments. The paper serves as a
preformed porous scaffold to which cell-laden gels are
deposited in regions defined by wax-printed borders or precut
shapes. The cellulose fibers of the paper support the thin cell-
laden gels, which are otherwise too fragile to handle or
manipulate.
We have used paper scaffolds to develop cell-based assays for

quantifying cellular invasion,21−23 evaluating the role of
hypoxia on ERα expression and activity,24,25 and characterizing
drug permeation and metabolism in thick tumor-like
structures.26,27 Here, we expand on our previous work,
focusing on cocultures containing estrogen receptor positive
(ER+) carcinoma cell lines and normal mammary fibroblasts.
Specifically, we compared ERα signaling in cocultures where
fibroblasts were physically separated from or in direct contact
with breast cancer cells. We quantified the effects of the
presence, proximity, and number of mammary fibroblasts on
the estrogen-dependent signaling in the ER+ T47D and MCF7
cell lines. We found that the presence and proximity of the
fibroblasts to T47D cells decreased luciferase activity in our
transactivation assay but did not inhibit the transcription a
activity of ERα. By removing the proinflammatory cytokine

interleukin-6 (IL-6) from the coculture configuration with
neutralizing antibodies, transactivation in the presence of
estradiol (E2) matched the monoculture configuration, further
suggesting that the coculture inhibited the translation and
activity of ERα-regulated genes.

■ MATERIALS AND METHODS

Reagents
All reagents were used as received unless otherwise noted. Human
recombinant interleukin-6 (IL-6), interleukin-8 (IL-8), stromal-cell
derived factor-1-alpha (SDF-1), transforming growth factor-beta-2
(TGF-β), and tumor necrosis factor-alpha (TNF-α) were purchased
from GenScript. Dimethyl sulfoxide, ethanol, and radioimmunopre-
cipitation assay (RIPA) buffer were purchased from Fisher Scientific.
17β-Estradiol (E2) and 4-hydroxytamoxifen (TAM) were purchased
from Millipore Sigma. The CellTiter-Glo 2.0 Viability Assay (CTG),
ONE-Glo Luciferase Assay, and Reporter Lysis 5× buffer were
purchased from Promega. Anti-IL-6 (MAB206) and anti-TNF-α
(AF410NA) neutralizing antibodies were purchased from R&D
Systems.

Cell Culture and Maintenance
Cell culture medium and supplements were purchased from Gibco,
except for collagen I (rat tail, Corning) and fetal bovine serum (FBS,
VWR). The MCF7, MDA-MB-231 (M231), T47D, and T47D-KBluc
cell lines were purchased from the American Type Culture Collection.
Human reductive mammary fibroblasts (RMFs or normal fibroblasts)
were generously provided by Charlotte Kupperwasser at the Tufts
University School of Medicine. The characterization and use of these
cells were detailed previously.28,29 All cells were maintained as
monolayers in phenol-red-free high-glucose Dulbecco’s modified
Eagle’s medium at 37 °C, 5% CO2, and ambient oxygen tensions. The
MCF7, M231, and T47D medium contained 10% FBS, 2 mM L-
glutamine, 25 mM N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic
acid (HEPES), 1% PenStrep, and 1 mM sodium pyruvate. The RMF
maintenance medium contained 10% FBS, 2 mM L-glutamine, 25 mM
HEPES, 1% 1× nonessential amino acids, 1% PenStrep, and 1 mM
sodium pyruvate. The T47D-KBluc cell maintenance medium
contained 10% FBS, 0.5 mg/mL geneticin, 0.05 mg/mL gentamicin,
2 mM L-glutamine, 25 mM HEPES, 1× nonessential amino acids, and
1 mM sodium pyruvate. The culture medium was exchanged every 48
h, and the cells were passed at 80% confluency with TrypLE using
standard procedures. Unless otherwise stated, the breast cancer cell
lines were maintained for 3 d in a withdrawal medium containing 10%
charcoal-stripped FBS and the appropriate supplements before use.

3D Culture Preparation
The paper scaffolds were prepared as detailed previously.30,31 Sheets
of Whatman 105 lens paper were wax patterned with a 3.0 mm
diameter circle of exposed paper surrounded by a 1.5 mm wax border.
Each pattern constituted a scaffold, which fit directly into a 96-well
plate. Photographs and schematics of the paper scaffolds are in the
Supporting Information. The scaffolds were deposited with 0.5 μL of
1.2 mg/mL neutralized collagen I. Cell-free scaffolds contained only
collagen. Cell-containing scaffolds contained 4.0 × 104 breast cancer
cells, for a final density of 4.0 × 107 cells/cm3. The cell-laden collagen
was prepared by pelleting the desired number of cells with
centrifugation (1000×g, 5 min) and thoroughly dispersing the pellet
in the appropriate volume of collagen.

Cellular Viability and ER Transactivation Assays
Cellular viability was measured with the CTG assay. Transactivation
of luciferase in T47D-KBluc cells was measured with the ONE-Glo
assay. After exposure to E2, the scaffolds were washed in 1× PBS,
submerged in a 1:4 (v/v) mixture of Reporter Lysis 5× Buffer and 1×
PBS, and agitated for 10 min at room temperature. Aliquots of lysate
(50 μL) were transferred to a fresh 96-well plate and mixed with equal
volumes of CTG or the OneGlo reagent. Luminescence values were
recorded on a SpectraMax M5 plate reader (Molecular Devices).
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Estradiol stocks were prepared at 1000× the dosing concentration in
ethanol and stored at 4 °C until needed.

RNA Extraction and RT-qPCR
Each scaffold was submerged in TRIzol reagent and agitated for 5 min
before ribonucleic acid (RNA) extraction with a PureLink RNA Mini
Kit (Invitrogen), following the manufacturer’s procedure. Isolated
RNA (1 μg) was reverse transcribed with a High-Capacity Reverse
Transcription Kit (ThermoFisher) in an Eppendorf MasterCycler.
Table S1 lists each primer sequence, optimized primer concentrations,
and reaction efficiencies. Amplification reactions were performed with
a PowerUP SYBR Master Mix (ThermoFisher), in a 384-well plate,
on a QuantStudio 6 Flex Real-Time polymerase chain reaction (PCR)
system. Each gene was measured in quadruplicate with the following
amplification program: 95 °C for 2 min, 40 cycles of 95 °C for 1 s,
and 60 °C for 30 s. Each transcript was quantified with the ΔΔCt
method against β-actin (ACTB) as the housekeeping gene.32 Average
ΔΔCt fold changes of ≥2.0 from assays prepared from three different
cell passages (i.e., three biological replicates) were evaluated for
significance by comparing the ΔCt values against the negative
control.33

Protein Quantification and Synthesis Measurements
Each scaffold was submerged in ice-cold RIPA buffer and agitated on
an orbital shaker at 4 °C for 20 min. The lysate was clarified with
centrifugation (10,000×g, 4 °C, 10 min), the protein was quantified
with a Bicinchoninic Acid Protein assay, and the lysate was diluted
accordingly in 1X PBS before quantification with an ERα enzyme-
linked immunoassay (ELISA) kit (R&D Systems). Total protein
synthesis in the monoculture configurations was measured with a
Protein Synthesis Assay Kit (Cayman Chemical), following the
manufacturer’s protocol. In brief, 10,000 T47D-KBluc cells were
incubated for 24 h in 200 μL of withdrawal medium containing 10
nM E2 and 100 ng/mL of IL-6, IL-8, TGF-β, or TNF-α.

Cycloheximide (50 μg/mL) served as the positive control. The
fluorescence intensity was measured on a SpectraMax MiniMax 300
imaging cytometer.
Neutralizing Antibody Assays
Indirect coculture configurations containing 4.0 × 104 T47D-KBluc
cells and 4.0 × 104 RMFs were exposed to 100 μL of withdrawal
medium containing 10 nM E2 and neutralizing antibody for 24 h: 800
ng/mL anti-IL-6 or 100 ng/mL anti-TNF-α. ERα transactivation was
measured with the ONE-Glo assay. Monocultures exposed to
neutralizing antibodies served as negative controls.
Statistical Analyses
Data sets were analyzed with GraphPad Prism 9.4.1. Unless otherwise
stated, each data set represents the average and standard deviation of
measurements collected from three cell passages. Statistically
significant differences (*) correspond to a p-value of ≤0.05.

■ EXPERIMENTAL DESIGN
Paper is a readily available material capable of supporting cell-laden
hydrogels in a 3D environment. The volume of these cell-containing
regions is defined by the thickness of the paper, its porosity, and a
wax-printed border. Wax printing accommodates user-defined scaffold
sizes and shapes to meet experimental or analysis requirements.34,35 A
benefit of the wax borders is their buoyancy, ensuring the cell-laden
scaffold remains at the air−liquid interface throughout an experiment.
Figure 1 outlines the three culture configurations used in this work,
each representing different aspects of the breast tumor microenviron-
ment during luminal cancer development. The schematics represent
the cross-section of a healthy lumen in which a proteinaceous
basement membrane separates the epithelial cells lining the inside of
the duct from the stromal components. For simplicity, we focus on
only fibroblasts but acknowledge that there are many cell types
present in the stroma. A cancer-initiating event causes one or multiple

Figure 1. (A−C) Schematics of breast carcinoma progression. (A) Healthy lumen or milk duct defined by a proteinaceous ECM layer that
separates the epithelial and stromal components. (B) Ductal carcinoma in situ or DCIS structure in which a solid tumor forms and fills the lumen.
(C) Invasive ductal carcinoma or IDC structure in which the extracellular barrier is degraded and the epithelial and stromal components can freely
intermingle. (D−F) Schematics of the three culture configurations used to mimic different aspects of breast cancer progression. The paper scaffolds
remained at the air−water interface throughout each experiment in these configurations. (D) Monoculture configuration in which paper scaffolds
containing breast cancer cell-laden collagen were placed in 96-well plates prefilled with culture medium. (E) Indirect coculture configuration, which
mimics aspects of the DCIS structure highlighted by the box in part (B). This confinguration was prepared by depositing fibroblast-laden collagen
onto the bottom of a 96-well plate, filling the well with the culture medium, and placing a breast cancer cell-containing paper scaffold on top of the
medium. (F) Direct coculture configuration, which mimics aspects of the IDC structure highlighted by the box in (C). This configuration was
prepared by filling the well with culture medium and placing a paper scaffold containing both breast cancer cells and fibroblasts on top of the
medium. (G) Legend of each component in the schematics. Myoepithelial cells are an important aspect of the lumen microenvironment and
includes in the (A)−(C) , but not one explored in the current culture configurations.
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epithelial cells to disregard homeostatic signals and proliferate rapidly.
The continued division of these cancerous cells results in a tumor
mass within the lumen, a so-called ductal carcinoma in situ (DCIS).
The tumor can progress further and, with the help of fibroblasts,
degrade the basement membrane. The compromised barrier allows
tumorigenic cells to invade the neighboring stroma and fibroblasts to
enter the tumor to repair the tissue. The missing basement membrane
and intermingling of cell types is known as an invasive ductal
carcinoma (IDC).
To mimic the solid tumor environment, we deposited breast cancer

cells suspended in a collagen I matrix into the paper scaffolds. The
cell-laden collagen was prepared by resuspending a known number of
cells in a centrifuged pellet into a neutralized collagen I matrix. While
solubilized basement membrane protein extracts are a commonly in
breast duct models,36 we chose collagen because it is less likely to
contain estrogenic molecules that could interfere with hormone
signaling. We focused on the ER+T47D and MCF7 cell lines because
they stably express ERα. The triple negative M231 cell line served as a
control, accounting for non-ERα cellular changes caused by the
fibroblasts or other experimental conditions. We chose normal-
associated or lobular mammary fibroblasts because they are the most
abundant cell type in healthy breast tissue and an important regulator
of both the healthy tissue and tumor environment.37,38

The monoculture configuration (Figure 1D) contained only breast
cancer cells and served as a quantitative benchmark for the cellular
responses to E2 in the absence of intercellular signaling. In this
configuration, the breast cancer cell-laden paper scaffolds were placed
in well plates prefilled with the culture medium. The indirect
coculture configuration (Figure 1E) mimicked aspects of a DCIS, with
the culture medium acting as a physical barrier separating the
fibroblasts and breast cancer cell-laden paper scaffolds. To prepare
these setups, fibroblasts were suspended in collagen and deposited on
the bottom of a 96-well plate. The wells were filled with culture
medium, and the paper scaffolds were placed in the wells. To account
for the additional collagen in the indirect cocultures, we placed cell-
free collagen on the bottom of the wells of the control cultures. The
direct coculture configuration (Figure 1F) mimicked aspects of an
IDC, with the fibroblasts and breast cancer cells suspended in the
same volume of collagen and deposited into the paper scaffolds.

■ RESULTS AND DISCUSSION

Presence, Number, and Proximity of Mammary Fibroblasts
Impact ERα Transactivation in the T47D-KBluc Cell Line
The T47D-KBluc cell line is ideal for evaluating ERα
transactivation, as these cells are engineered with a luciferase
gene downstream of three estrogen-responsive elements.39

Figure 2 contains plots of luciferase activity in T47D-KBluc
cells in the monoculture, indirect coculture, and direct
coculture configurations after a 24 h exposure to increasing
concentrations of E2 (300 fM to 1 nM). The E2 was added
directly to the cell culture medium in each configuration.
Background transactivation was accounted for with no-E2
(negative) control samples prepared by adding the same
volume of ethanol as the dosed samples. Both luciferase
activity and cell viability were measured for each experimental
replicate to ensure that the changes in activity were not due to
proliferation or cell death. Cell number corrections were
unnecessary for this analysis, as viability measures were not
significantly different across the range of E2 concentrations
tested according to a one-way analysis of variance (ANOVA)
of the log-transformed data sets. Following the procedures
detailed in earlier studies,40 the percent luciferase activity
relative to the maximal signal was plotted and fit with a four-
parameter logistic. The maximum signal referenced was from
monocultures after a 24 h exposure to 10 nM E2. These fits
provided estimates of the E2 potency and transactivation

magnitude for each culture configuration. Potency (EC50)
values correspond to the E2 concentration needed to elicit half
the maximum luciferase activity. For ease of comparison, we
calculated a monoculture equivalency (ME) (eq 1) value. The
magnitude of transactivation is the maximum difference in the
luciferase activity for the E2 concentrations evaluated. These
values are summarized in Table 1.

ME
EC

EC
50,coculture

50,monoculture
=

(1)

Figure 2A contains the data sets comparing ERα trans-
activation in paper scaffolds containing 4.0 × 104 T47D-KBluc
cells. The coculture configurations contained an equal number
of RMFs. The addition of fibroblasts decreased estrogen
responsiveness significantly compared to the monoculture
configuration, as determined with an extra-sum-of-squares F-
test. The difference in EC50 values for the indirect and direct

Figure 2. ERα transactivation in 4.0 × 104 T47D-KBluc cells
suspended in collagen. The cell-laden collagen suspension was
deposited in paper scaffolds and luciferase activity measured after a
24 h exposure to E2. (A) Monoculture, indirect, and direct coculture
configurations containing equal numbers of fibroblasts and cancer
cells (1:1). (B) Indirect coculture configurations containing an equal
number of fibroblasts (1:1) or 8.0 × 104 fibroblasts (2:1). Each data
point is the average and standard deviation of at least 10 separate
cultures prepared from at least 2 cell passages. The data sets are
plotted as the percentage of the maximal response obtained from a
monoculture dosed with 10 nM E2. The dashed lines correspond to a
four-parameter logistic fit.
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coculture configurations was not statistically significant.
Rationalizing the molecular mechanism of these potency
changes is difficult, given the multiple steps between E2
binding and luciferase expression and folding. We note that
similar observations were made by Beebe, as E2 potency in
MCF7 cells decreased 2.7-fold in the presence of fibroblasts.41

Comparisons of transactivation magnitude indicate the
presence and proximity of the fibroblasts affect ERα activity
levels while not altering the binding affinity for E2 (i.e., similar
EC50 values). The large decrease in ERα activity in the indirect
(50%) and direct (94%) cocultures compared to the
monoculture configuration suggest a concentration-dependent
response. To test this hypothesis, we compared ERα
transactivation in the presence of an increasing number of
fibroblasts. Figure 2B is a plot of transactivation the indirect
coculture configurations containing 4.0 × 104T47D-KBluc cells
and a 1:1 or 2:1 RMF-to-T47D-KBluc ratio. Figure S2 is the
corresponding data set for the direct coculture configuration.
The changes in E2 potency for an increasing fibroblast number
were not statistically significant. The decreased activity in the
presence of double the fibroblasts for each coculture
configuration further suggests a concentration-dependent
response from a stromal signaling factor.
Mammary Fibroblasts Inhibit E2-Promoted Growth in ER+
Cells
Another consequence of estrogen signaling in breast cancer is
the enhanced proliferation of ER+ cells. To determine if the
RMFs were inhibiting other aspects of cellular responses to
E2ERα transactivation, we measured changes in cell number
after a 7 day exposure to different combinations of E2 and the
selective estrogen receptor modulator, tamoxifen (TAM).
TAM is a commonly used adjuvant hormone therapy in ER+

breast cancer patients. Its mechanism of action is antagonistic,
binding to ERα with a higher affinity than E2 and preventing
hormone-mediated activation of the receptor.42

In this experimental setup, paper scaffolds containing 2.0 ×
103 breast cancer cells suspended in collagen were placed in a
96-well plate containing 200 μL of culture medium. Half of the
medium was replaced every 48 h throughout the experiment.
In the indirect coculture setup, the bottom of each well
contained 4.0 × 104 RMFs suspended in collagen. We chose
this number of fibroblasts to match the previous experimental
setups with the rationale that an excess of fibroblasts is
physiologically relevant for tumor initiation. Figure 3 contains
a plot that summarizes the relative fold-change of the T47D,
MCF7, or M231 cells in both the monoculture and indirect
coculture configurations. In the monocultures, 10 nM E2
increased the proliferation of the ER+ MCF7 and T47D cells
by approximately 2-fold compared with their hormone-starved
counterparts. The presence of E2 did not affect the M231 cells,
which served as an experimental control, given their lack of
ERα expression. The addition of 1 μM TAM decreased the
proliferation in all three cell lines. This decrease was expected
for the ER+ cell lines, given the drug’s mechanism of action.
The decreased proliferation of the M231 cells was surprising to
us, but Sutherland showed sublethal doses of TAM inhibit
proliferation in ER+ and ER-cells.43 These low doses of
tamoxifen have a proapoptotic effect, initiated by increased
calcium influx.42

The RMFs inhibited any E2-induced proliferation of the
T47D or MCF7 cells. A comparison of the proliferation in the
presence of E2 and TAM in both the mono- and coculture
configurations suggests that the TAM is responsible for the
decreased proliferation. Kabos also found E2 did not increase
the proliferation of MCF7 cells cocultured with normal-
associated fibroblasts.44 However, these studies found that the
fibroblasts abrogated the effects of TAM compared with MCF7
monocultures. Three experimental variables could account for
the differences observed in between our study and these
previous results studies: TAM concentration (100 nM vs our 1
μM), duration (5 days vs our 7 days), and the inclusion of an
ECM (collagen vs none).
Mammary Fibroblasts Do Not Alter ERα Expression Levels
or Decrease Its Transcriptional Activity

To determine if the fibroblasts affected ERα regulation at the
receptor level, we quantified protein levels with an ELISA and

Table 1. Summary of ERα Transactivation Data Sets

culture
configuration

RMF-to-T47D-
KBluc ratio

EC50 value
(M)

ME
value

span
(%)

monoculture 9.5 × 10−12* 1.0 103.7
indirect 1:1 3.9 × 10−11a 4.1 50.4a,b

2:1 7.4 × 10−11a 7.8 26.7a,b

direct 1:1 2.7 × 10−11a 2.8 15.0a,b

2:1 5.8 × 10−11a 6.1 5.5a,b

aIndicates statistically significant difference from the monoculture.
bIndicates statistically significant differences between each indicated
coculture configuration.

Figure 3. Fold-changes of (A) T47D, (B) MCF7, and (C) M231 cells relative to a vehicle control after a 7-d exposure to different combinations of
E2 and TAM. The paper scaffolds contained 2.0 × 103 breast cancer cells suspended in collagen; the indirect coculture configurations contained 4.0
× 104 RMFs suspended in collagen, which were precoated on the bottom of a well plate. Each bar represents the average and standard error of the
mean (SEM) of at least 5 replicates from 2 cell passages. * denotes p < 0.05 from the vehicle control, determined with a one-way ANOVA and
assuming unequal standard deviations between data sets.
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transcriptional activity with real-time quantitative reverse
transcription PCR (RT-qPCR). Figure 4A is a plot of ERα

levels in the T47D and MCF7 cells in the presence of E2 or a
vehicle control. The addition of 10 nM E2 significantly
decreased protein levels in the monoculture configuration: a
1.5-fold decrease in the T47D cells and a 1.8-fold decrease in
the MCF7 cells. This decrease was expected, as the activation
and translocation of ERα decreases its half-life in the cell from
5 d to 3 h.45 The inclusion of an equal number of fibroblasts in
the indirect coculture configurations did not affect the basal
levels of ERα in either cell line. The addition of E2 decreased
ERα levels by 1.8-fold in the MCF7 cells but did not affect
protein levels in the T47D cells. The unchanged protein levels
in T47D could result from delayed receptor degradation,
although further studies are needed to determine the exact
mechanism for this response .
Figure 4B is a heatmap of estrogen-sensitive and insensitive

genes quantified in the T47D cell line in the monoculture and
indirect coculture configurations. Figure S3 is the analogous
heatmap for the MCF7 cell line. The relative changes in

expression were determined with the ΔΔCt method,32 with
ACTB serving as the housekeeping gene. A fold change of
greater than two and statistically significant with a Student’s t-
test was considered biologically significant. The estrogen-
sensitive genes included growth-regulating estrogen binding 1
protein (GREB1), progesterone receptor (PGR), and trefoil
factor 1 (TFF1). The estrogen-insensitive gene was the TATA-
binding protein (TBP), a component of the RNA polymerase
complex. We also quantified ERα (ESR1) and estrogen
receptor beta (ERβ, ESR2). In the monocultures, E2 increased
transcript profiles that matched previous studies.46,47 The
T47D cells had increased levels of TFF1 and GREB1 while
only PGR increased significantly in the MCF7 cells. These
differences in expression profiles between the two lines are
likely a result of their different ERα/ERβ ratios,48 as both the
receptors are activated by E2 but target different genes.
The fibroblasts did not affect the basal levels of these four

genes in either the MCF7 or T47D cells. In the T47D cells, the
combination of fibroblasts and E2 significantly increased
GREB1, PGR, and TFF1 levels. These data suggest that the
decreased luciferase activity observed in the transactivation
assays was due to a decrease at the protein level, likely through
modulated activity, as the expression levels of ERα were
unchanged between the monoculture and indirect coculture
configurations (Figure 4A). Another possibility for these
changes in expression could be an increased expression and
activity of ERβ when T47D cells are exposed to E2, as the
transcript of ESR2 is unchanged by the fibroblasts but
significantly increased by fibroblasts and E2. We are unaware
of the studies that have looked at this interplay of receptors in
these types of culture configurations, something we believe
merits further investigation.
Fibroblast-Secreted IL-6 Regulates Estrogen Sensitivity in
the T47D Cells

We hypothesized that intercellular signaling was responsible
for the decreased E2 sensitivity in ER+ breast cancer cells.
Signaling between the developing tumor and the stroma plays
an important role in cancer progression. To determine which
signaling molecules secreted by the fibroblasts decreased
luciferase activity in the T47D-KBluc cells, we screened IL-6,
IL-8, SDF-1, and TGF-β. IL-6 stimulates growth and
invasiveness in MCF7 cells and is correlated with TAM
resistance.49,50 IL-8 is an angiogenic stimulator but does not
affect ERα signaling.51,52 TGF-β restricts ERα-mediated cell
proliferation and the likely transactivation of ER-regulated
genes.53 SDF-1 is proangiogenic and results in ligand-
independent ERα signaling by phosphorylating the recep-
tor.54,55 We screened a fifth signaling molecule, which served as
a negative control that should not be present in the coculture
configurations. TNF-α was selected because it is an
inflammatory marker secreted by macrophages and has
known crosstalk with the ERα pathway.56

First, we screened human recombinant proteins of these five
factors by adding them to T47D-KBluc monocultures. Cell-
containing paper scaffolds were placed in the wells of a 96-well
plate containing 200 μL of culture medium with one of the
four combinations: (1) 10 nM E2 plus 100 ng/mL of signaling
molecule, (2) 10 nM E2 plus a vehicle control for the signaling
molecule, (3) a vehicle control for E2 plus 100 ng/mL of
signaling molecule, and (4) vehicle control for both E2 and the
signaling molecule. The first combination represented the
condition of interest and is plotted in Figure 5A after

Figure 4. Transcript and protein-level changes when monoculture and
indirect coculture configurations were exposed to E2 for 24 h. Paper
scaffolds were deposited with 4.0 × 104 T47D or MCF7 cells
suspended in collagen. The indirect cocultures contained an equal
number of RMFs suspended in collagen. Each value represents at least
4 separate setups prepared from at least 2 cell passages. (A) ERα
protein levels in the T47D and MCF7 cells were determined with an
ELISA. (B) Transcript-level changes for T47D cells were determined
with RT-qPCR and the ΔΔCt method, using ACTB as the
housekeeping gene. * denotes p < 0.05 for protein concentration
measurements, determined with a Student’s t-test and Welch’s
correction. A transcript fold change of greater than two, that was
statistically significant with a Student’s t-test, was considered
biologically significant (green in color).
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background correction. The second combination ensured that
the T47D-KBluc cells responded as expected to E2. The third
combination accounted for any changes in basal ERα
transactivation caused by the signaling molecule. The fourth
combination served as the background or basal ERα
transactivation occurring in the monoculture format.
Figure 5A is a plot of background-corrected luciferase

activity for each signaling molecule after a 24 h incubation.
Two factors significantly differed from the positive control,
which contained 10 nM : IL-6 decreased activity by 60% and
TNF-α increased activity by 16%. To confirm their role in
altering estrogen sensitivity in the indirect cocultures, we
compared ERα transactivation after a 24 h exposure to 10 nM
E2 and either TNF-α-neutralizing antibodies (100 ng/mL) or
IL-6-neutralizing antibodies (800 ng/mL). Figure 5B summa-
rizes the results of the neutralizing antibody experiments. The
TNF-α-neutralizing antibodies did not recover ERα signaling,
with luciferase activities matching the indirect cocultures. This
result was expected, as TNF-α was not present in this
configuration. The transactivation levels in the monoculture
and coculture containing IL-6 neutralizing antibodies were
equivalent, confirming IL-6 plays an important role in
modulating estrogen responsiveness. IL-6 is known to drive
breast cancer through non-ERα mechanisms in combination
with signal transducer and activator of transcription 3
(STAT3).57 Its role in ERα-mediated signaling is unexplored
as far as we can tell.

■ CONCLUSIONS
Tissue-like cultures are necessary to evaluate the hormone
signaling and drug sensitivity of tumor cells at different stages
of breast cancer progression. Extracellular matrices and stromal
components are integral parts of the tumor microenvironment,
which impact cellular phenotypes and responses that cannot be
found in the traditionally relied upon monolayer cultures.
Using paper-based scaffolds, we further highlight the utility of
this culture platform to rapidly prototype new culture
configurations. Specifically, we probed the effect of fibroblast
presence, number, and proximity on estrogen sensitivity and
ERα transactivation in ER+ breast cancer lines. Through a
systematic evaluation of breast cancer cell responses in the
presence and absence of normal fibroblasts, we determined
that decreased cellular sensitivity in the T47D cell line was
inversely related to the RMF proximity. This decreased level of
ERα transactivation was mitigated by the addition of
neutralizing antibodies against IL-6, highlighting its role in
estrogen signaling. While these results demonstrate the
importance of paracrine signaling in modulating estrogen
sensitivity in ER+ tumors, they prompt many questions about
the molecular-level regulation occurring in these systems.
These results highlight the ability of the paper-based cultures
to perform detailed studies of hormone receptor function and
regulation, supporting their further use in screening the effects
of paracrine signaling dynamics with fibroblasts and other
stromal components.
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