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Abstract
Cancer metastases are accountable for almost 90% of all human cancer related deaths including from breast cancer (BC).
Adipocytes can alter the tumor microenvironment, which can promote metastasis by inducing an epithelial-to-mesenchymal
transition (EMT) in BC cells. However, the role of adipocytes during the mesenchymal-to-epithelial transition (MET), that can be
important in metastasis, is not clear. To understand the effect of adipocytes on the BC progression, there is a requirement for a
better in vitro 3-dimensional (3D) co-culture system that mimics the breast tissue and allows for more accurate analysis of EMT
and MET. We developed a co-culture system to analyze the relationship of BC cells grown in a 3D culture with adipocytes. We
found that adipocytes and adipocyte-derived conditionedmedia, but not pre-adipocytes, caused the mesenchymalMDA-MB-231
and Hs578t cells to form significantly more epithelial-like structures when compared to the typical stellate colonies formed in
control 3D cultures. SUM159 cells and MCF7 cells had a less dramatic shift as they normally have more epithelial-like structure
in 3D culture. Biomarker expression analysis revealed that adipocytes only induced a partial METwith proliferation unaffected.
In addition, adipocytes had reduced lipid droplet size when co-cultured with BC cells. Thus, we found that physical interaction
with adipocytes and ECM changes the mesenchymal phenotype of BC cells in a manner that could promote secondary tumor
formation.
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Introduction

Breast cancer is the most invasive cancer in women and me-
tastasis is the leading cause of death from breast cancer [1, 2].
During metastasis, cancer cells can undergo an epithelial-to-
mesenchymal transition (EMT) to enable migration away
from the primary site, followed by a mesenchymal-to-
epithelial transition (MET) to form tumours at secondary sites;
both key stages in metastasis and BC progression [3].

Adipocytes have been shown to induce the expression of mes-
enchymal markers and promote invasiveness of BC cells, sug-
gesting a pro-EMT function of adipocytes associated with
primary tumors [4]. Adipocytes from visceral white adipose
tissue (WAT) have enhanced effects on EMTof BC cells com-
pared to those from subcutaneous WAT [5]; however, the ef-
fects of adipocytes on other aspects of BC metastasis, such as
MET, are unknown.

The tumor microenvironment (TME) is one of the most
important extrinsic factors that contributes to the progression
of BC. It is comprised of extracellular matrix (ECM) proteins,
stromal cells including adipocytes, autocrine, paracrine and
endocrine secretions from associating cells, as well as the
physical properties of adjacent cells or the ECM [6]. These
factors can influence BC cell behaviour via biophysical or
biochemical interactions and may have a compound effect
on tumor growth and progression. ECM stiffness, controlled
by fibre crosslinking, and the shift from laminin-rich normal
breast tissue to the collagen-rich tumor environment, pro-
motes BC progression, increases pro-inflammatory cytokine
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secretion, and decreases adipocyte lipolysis [7–9]. The ECM
to adipocyte ratio can also influence cancer progression [10].

Cells in 2-dimensional (D) cell culture lack the 3D organi-
zation of cells in relation to each other or to the ECM as
observed in organs and tissues in vivo [11]. In vitro 3D cell
culture methods were thus developed to better mimic in vivo
conditions and bridge the gap between in vitro and in vivo
experiments [12–14]. Unlike cells in 2D cultures, cells grown
in 3D obtain a more physiological morphology displaying
aggregate structures or spheroids with prevalent cell junctions.
Moreover, cells in 3D obtain phenotypic heterogeneity with
varied cell proliferation rate, gene expression, and differenti-
ation within one population [15]. Exposure to nutrients,
growth factors, or drugs is also heterogeneous where cells
on the outer side of spheroid are more exposed compared to
cells in the inner core; more similar to in vivo conditions. In
addition, cells in 3D have greater viability, less susceptibility
to external factors, and show increased resistance to drug-
induced stimuli [16, 17]. Lastly, both EMT or MET are better
modeled in 3D culture systems compared to standard 2D cul-
ture systems [18].

The critical component of the in vitro 3D microenviron-
ment is the matrix or scaffold that supports cells and allows
nutrient and signal exchange among cells and with the ECM.
Natural matrices such as collagen, laminin, or fibrin, as well as
synthetic or artificial matrices such as Alvetex, MapTrix
Hygels, or alginate, are used in in vitro 3D systems [14].
Typically, co-culture studies that interrogate the influence of
other cell types are conducted in Transwell systems or direct
co-culture, where physical interactions between the cells and
microenvironment is missing [19, 20]. Previous studies mak-
ing use of the in vitro 3D systems with co-culture with other
cell types were performed using artificial matrices that need
additional support such as metal and plastic inserts which are
expensive and quite different from the conventional cell cul-
ture methods used in a typical lab setting [21, 22].

Therefore, we have developed an in vitro 3D co-culture
system to recapitulate the in vivo interaction between BC
cells, ECM, and adipocytes that is simpler and more cost-
effective, all materials readily purchased commercially
(Fig. 1a). As a proof of principle, here we demonstrate the
use of this system to investigate the effects of adipocytes on

Fig. 1 Schematic representation of the 3D co-culture system. a Pre-
adipocytes (3 T3-L1 cells) are differentiated into mature adipocytes on
chamber slides for 5 days. On day 6, BC cells are overlaid in laminin-rich
Matrigel and cultured in 3D for 5 days with 50% media replacement
every 48 h. Immunofluorescence detection of protein markers in the BC
cells and direct staining for lipid droplets in the adipocytes was performed

on day 11. b A representation of the morphology of BC cells used in this
study when grown in 3D culture using Matrigel. MDA-MB-231 and
Hs578t cells have stellate morphology, SUM159 cells adopt grape or
mass-like structures, and MCF7 cells form round/mass-like structures
[12, 42]

Table 1 Characteristics of BC cell lines used in this study

Cell line Basal subtype Molecular subtype Site of origin Histology Morphology in 3D

MDA-MB-231 Basal B TNBC Pleural effusion IDC Mesenchymal-like [12, 32]

Hs578t Basal B TNBC Primary tumor CS Mesenchymal-like [12, 32]

SUM159 Basal B TNBC Primary tumor ANC Round/mass-like [29]

MCF7 Luminal A ER/PR+ HER2- Primary tumor IDC Round/mass-like [30]

a Abbreviations: IDC Invasive ductal carcinoma, CS Carcinosarcoma, ANC anaplastic carcinoma
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BC cells, where the BC cells are grown in 3D and both cell
types are exposed to ECM in the form of laminin-rich
Matrigel. With this system, we analyzed protein expression
in the BC cells, and lipid in the adipocytes, by fluorescent-
based staining detected with confocal microscopy. We were
able to detect an adipocyte-induced shift in BC colony mor-
phology where mesenchymal MDA-MB-231 and Hs578t
cells developed a round/mass colony phenotype reminiscent
of an epithelial phenotype accompanied by a partial MET
based on biomarker analysis, with no effect on proliferation
markers. Whereas the epithelial SUM159 and MCF7 cells
were not affected by adipocytes. Analysis of co-culture with
pre-adipocytes revealed the effect to be dependent on adipo-
cyte maturation and shows that the system can be expanded to
any adherent cell type. We also observed that conditioned
media from adipocytes (CM) had an intermediate effect on
the morphology, but no effect on MET biomarkers. Lastly,
we quantified lipid droplet (LD) size and number in the

adipocytes and found that LD size was reduced in the presence
of MDA-MB-231, Hs578t, and MCF7 cells. In the case of
MDA-MB-231 and Hs578t cells, the reduction in LD size
suggests that there may be a reciprocal interaction between
these BC cells and the adipocytes to actively promote the
observed transition.

Materials and Methods

Cells

3T3-L1 pre-adipocytes (American Type Culture Collection,
Burlington (ATCC), Burlington, ON) were maintained in
high-glucose Dulbecco’s Modified Eagle Medium (DMEM)
(Life Technologies Co, Burlington, ON) supplemented with
10% newborn calf serum and 1% penicillin/streptomycin
(DMEM/NCS). MDA-MB-231, SUM159, Hs578t, and

Fig. 2 Adipocytes alter the characteristic morphology of mesenchy-
mal but not epithelial BC cell lines grown in 3D.Representative images
of aMDA-MB-231 cells, b Hs578t cells, c SUM159 cells, and dMCF7
cells grown in the 3D co-culture system without adipocytes, with
adipocytes, or with adipocyte conditioned media (CM). To the right of
each image, the total percentage of structure shapes is shown as mean ±
SD calculated from 3 biological replicates. Overall significance of the

proportion of colony shapes between the treatments was determined by
χ2 analysis, **P < 0.01, ***P < 0.001. If significant by χ2, differences
between the conditions for each shape was determined using one-way
ANOVAwith Tukey HSD post hoc analysis. Different letters or symbols
represent statistically different groups a,b,cP < 0.05 for stellate,
1,2,3P < 0.05 for grape-like, and α,β,Υ,θP < 0.01 for round/mass-like
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MCF7 cell lines were obtained from ATCC and maintained in
Roswell Park Memorial Institute (RPMI) 1640 Medium (Life
Technologies) supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin-streptomycin. All cells were con-
firmed to be mycoplasma-free using the MycoAlert™ Plus
Mycoplasma Detection Kit from Lonza (Basel, Switzerland).
Breast cancer cell lines (Table 1) were authenticated by STR
profiling by The Centre for Applied Genomics (The Hospital
for Sick Children, Toronto, Canada). After thawing, all of the
cell lines were used for up to 15 passages.

3T3-L1 cells were grown to confluency in 4-well chamber
slides and adipogenesis was induced as previously described
[23]. Briefly, pre-adipocytes were grown to confluency and
then initiation media containing 0.5 mM 3-isobutyl-1-
methylxanthine and 1 μM Dexamethasone (Millipore,
Darmstadt, Germany) in DMEM supplemented with 10%
FBS and 1% penicillin/streptomycin (DMEM/FBS) was
added to the cells 48 h post-confluency. Initiation media was
replaced with progression media (10 μg/ml insulin (Sigma-
Aldrich, St. Louis, MI, USA) in DMEM/FBS) after 48 h
followed by replacement with DMEM/FBS 48 h later. To
obtain conditioned media (CM), adipocytes were differentiat-
ed for 5 days as described above, the maintenance media was
replaced by co-culture media (mammary epithelial basal me-
dia: MEBM, Promo Cell, Heidelberg, Germany) containing
epidermal growth factor (10 ng/ml), insulin (5 μg/ml), hydro-
cortisone (0.5 μg/ml), bovine pituitary extract (0.4%) and 2%
Matrigel), and collected 48 h after Matrigel was overlaid.
Media was refreshed and CM was collected again 48 h later.
CM was mixed 1:1 with fresh media and added to the breast
cancer cells overlaid on Matrigel on Day 6 and 8. Adipocyte
and CM co-cultures were maintained for 5 days, and pre-
adipocyte co-cultures maintained for 4 days, after plating
BC cells on Matrigel. Note that there were no differences in
colony structure or protein expression in breast cancer cells
cultured on Matrigel for 4 or 5 days in the control cultures.

3D Co-culture

Wemodified the 3D culture method initially developed by Dr.
Mina Bissell [12] and adapted by Debnath et al. [24], as

follows (Fig. 1a). 3T3-L1 cells were differentiated for 5 days,
at which point the lipid droplets were clearly observable in
>60% of the cells. On day 6, 110 μl of Matrigel (a basement
membrane matrix growth factor reduced, phenol red free,
Cat# 356231, 9.1 mg/ml, BD Bioscience) was overlaid on
top of mature adipocytes, or empty wells of a 4-well chamber
slide and allowed to set for 1 h (Fig. 1a). MDA-MB-231/
MCF7 (13,500 cells/450 μl), SUM159 (11,250 cells/450 μl),
or Hs578t (18,000 cells/450 μl) were overlaid and incubated
with co-culture media. BC cells were grown for an additional
4–5 days to allow colony formation. For the pre-adipocyte co-
culture, pre-adipocytes were plated on day 5, allowed to un-
dergo growth arrest for 48 h, and then Matrigel and breast
cancer cells were overlaid on day 7.

Immunofluorescence (IF)

Cells were fixed with 4% paraformaldehyde for 20 min at room
temperature (RT), followed by permeabilization in 1X PBS
containing 0.5% Triton X-100 for 10 min at 4 °C, then washed
3 times with PBS-glycine (100 mM glycine in 1X PBS) and
blocked with 10% donkey serum in IF buffer (0.1%BSA, 0.2%
Triton X-100, 0.05%Tween 20, 1X PBS) for 1 h at RT. Primary
antibodies were diluted in blocking buffer, incubated overnight
at 4 °C and detected with appropriate secondary antibodies.
Before and after secondary staining cells were washed 3 times
with IF buffer. Co-cultures were then stained with DAPI (Life
technologies) and/or BODIPY 493/503 (Life Technologies) for
LD detection for 25 min at RT, then washed 1 time with 1X
PBS. The chambers were separated from the slide according to
manufacturer’s protocol and any excess 1X PBS was gently
removed. An even bead of silicone sealant (GE, Boston, MA,
USA) was applied around the Matrigel layer to avoid compres-
sion of co-cultures by coverslips. Prolong Gold (Life technolo-
gies) was used for mounting slides and placed in dark at RT to
dry overnight. The slides were imaged using the 20X and 40X
objective with the Nikon A1 confocal microscope with NIS
elements imaging software (Nikon Inc, Tokyo, Japan).

Primary antibodies and dilutions used were as follows:
vimentin (1:200; Cat #V2258; Sigma-Aldrich, St. Louis,
MO, USA), ZO-1 (1:50; Cat #SC8146; SantaCruz
Biotechnology Inc., Santa Cruz, CA, USA), E-cadherin
(1:200; Cat #610181; BD Biosciences, Franklin Lakes, NJ,
USA), Claudin7 (1:200; Cat #AB27487; Abcam,
Cambridge, UK), CD24 (1:100; Cat #NBP1–46390; Novus
Biologicals, Littleton, CO, USA), CD44 (1:25; Cat
#M708201–2; Dako), and Ki67 (1:100; Cat #M724029–1;
Dako, Denmark). Secondary antibodies used were
AlexaFluor-647 anti-goat (Cat #705-605-003; Jackson
Immunoresearch laboratories, West grove, PA, USA),
AlexaFluor-647 anti-rabbit (Cat #711–605-152; Jackson
Immunoresearch laboratories), and DyLight 594 anti-mouse
(NBP1–75617; Novus biologicals).
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�Fig. 3 Adipocytes partially enhance MET of mesenchymal BC cells
in 3D culture with little to no effect on epithelial BC cells.
Representative images of a MDA-MB-231 cells, c Hs578t cells, e
SUM159 cells and g MCF7 cells cultured with or without adipocytes or
CM and co-stained with anti-vimentin, anti-ZO-1, and DAPI (left panel),
or with anti-E-cadherin, anti-Claudin-7 and DAPI (right panel) (scale
bar = 50 μm). The average protein expression in b MDA-MB-231 cells,
d Hs578t cells, f SUM159 cells and hMCF7 from 5 images per replicate
from different fields of view for the BC cells was normalized to DAPI and
analyzed relative to control cultures. Significance was determined using
Kruskal-Wallis test on ranks compared to control. *P < 0.05, mean ± SD
are shown from n = 3



Image Analyses

Colony morphologies were assessed by analysis of circularity
using ImageJ v. 1.48 [25]. Structures present in three images
per replicate (minimum 10 structures per replicate) were
traced manually and the circularity measurement was obtain-
ed. A circularity value >0.7 was classified as round/mass-like,
0.7–0.2 was classified as grape-like, and < 0.2 was classified
as stellate (Fig. 1b).

Protein expression was analyzed using ImageJ by measur-
ing the intensity of fluorescence of the whole image.
Integrated density (IntDen) was determined to capture the to-
tal fluorescence of each marker. Background was subtracted
by taking measurements of selected areas where cells were
absent as observed from the respective bright field images.
The total fluorescence intensity of each marker was deter-
mined by normalizing IntDen of each marker to IntDen of
DAPI and then the relative IntDen values of each marker per
condition was determined relative to the control.

ImageJ was used to analyze the number and size of LDs
[26] from 5 independent fields of view per biological replicate
where images from 5 different depths (Z-stack) were con-
densed to form a single 2D composite image of all BODIPY
493/503 stained LD. The composite image was converted to
an 8-bit binary image followed automatic threshold adjust-
ment and then a watershed-based separation of closely spaced
LD applied before calculation of LD area and number.

Statistical Analysis

Statistical analysis was performed in R v.3.3 [27] accessed
through RStudio [28]. Significant differences in lipid droplet
area distributions between each experimental condition were
determined using the Kolmogrov-Smirnov test. Significant
differences in lipid droplet number was determined by
Student’s t test. Differences in the distribution of colony shape
was determine by χ2 analysis between control and experimen-
tal conditions. Significant differences in specific colony shape
was determined using a 4 X 3 between subjects factorial
ANOVA, followed by one-way ANOVAs and Tukey HSD
post-hoc analysis within each shape between conditions.
Differences were considered statistically significant at
P < 0.05.

Results

Adipocytes Cause Mesenchymal BC Cells Grown in 3D
to Adopt More Epithelial Type Structures with Little
Effect on Epithelial BC Cells

We first determined if co-culturing adipocytes with the mes-
enchymal or partly mesenchymal cells, MDA-MB-231,

Hs578t and SUM159 cells or epithelial MCF7 cells grown
in 3D affected the structure of the BC cell lines. We found that
adipocytes significantly increased the number of grape-like,
and round/mass-like structures formed by MDA-MB-231 and
Hs578t cells (Fig. 2a and b). SUM159 cells have a stellate
morphology in 2D culture [29] that changes to a mixed mor-
phology in 3D culture with more round/grape like structures,
as compared to MDA-MB-231 and Hs578t cells for example.
This mixed morphology was minimally affected by co-culture
with adipocytes (Fig. 2c). MCF7 cells form a cobblestone-like
morphology in 2D culture that changes to round/mass-like
morphology in 3D culture [30]. We found that adipocytes
had no significant effect on the morphology of MCF7 cells
in the co-culture system (Fig. 2d).

We next analyzed if these changes are induced by a soluble
mediator released by adipocytes cultured with ECM or via a
physical interaction with the adipocytes. We focused only on
cell lines where an adipocyte-induced effect was seen. We
found that adipocyte CM induced the loss of stellate and the
gain of grape-like structures in MDA-MB-231 and Hs578t
cultures, along with an intermediate and non-significant in-
crease in round/mass-like structures (Fig. 2a and b). Similar
to adipocytes, CM had no substantial effect on the specific
colony morphology of SUM159 cells in 3D cultures (Fig. 2c).

Adipocytes have a Partial Effect on Expression
of Mesenchymal to Epithelial Transition Markers
in MDA-MB-231 and Hs578t Cells

We next assessed the use of IF to specifically detect the ex-
pression of EMT protein markers in the 3D co-cultures. We
examined expression of Claudin-7, ZO-1, and E-cadherin,
which are epithelial markers, and vimentin, a mesenchymal
marker, in the presence and absence of adipocyte co-culture
[31].

As expected, theMDA-MB-231 and Hs578t cells grown in
the absence of adipocytes had high vimentin and low E-
cadherin, ZO-1 and Claudin-7 expression. MCF7 cells had
high expression of epithelial markers and low expression of
vimentin, whereas, SUM159 cells had high E-cadherin, ZO-1,
Claudin-7 and vimentin expression. We observed that adipo-
cytes induced a significant gain in the expression of both E-
cadherin and Claudin-7 in MDA-MB-231 and Hs578t cells
(Fig. 3a–d). In addition, Hs578t showed a significant reduc-
tion in vimentin expression (Fig. 3c and d). Significant chang-
es to ZO-1 were not observed in any of the cell lines when co-
cultured with adipocytes. EMTmarkers were not significantly
altered in either SUM159 or MCF7 cells (Fig. 3e–h). When
cultured with adipocyte CM, no significant changes in EMT
biomarker expression were observed in any of the cells (Fig.
3). Together, these data suggest that mature adipocytes pro-
mote a partial MET in mesenchymal MDA-MB-231 and
Hs578t cells that is not fully recapitulated by soluble mediator.
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Adipocytes have a Partial Effect on BC Stem Cell
Biomarkers but no Effect on Proliferation Markers

Similarly, we analyzed the effect of adipocytes on the
presence of BC stem cells (BCSCs) as indicated by
CD44high/CD24low expression, biomarkers known to cor-
relate with the abundance of BCSCs in cell culture [32].
We found that adipocytes and adipocyte CM increased
CD24 levels in MDA-MB-231 cells with no change

observed in any of the other cell lines (Fig. 4). Thus,
mature adipocytes induce the gain of CD24 but this is
not likely to be associated with the BCSC phenotype.
Moreover, the CM-induced increase of CD24 expression
indicates that a soluble factor promotes this increase.

We next analyzed the effect of adipocytes on expression of
the Ki67 proliferation marker. We found that there was no
significant change in Ki67 expression levels in any of the
co-culture conditions tested (Fig. 4).

Fig. 4 Adipocytes increase CD24 in MDA-MB-21 cells with no effect
on CD44 or the Ki67 proliferation marker in any cell line.
Representative images of a MDA-MB-231 cells, b Hs578t cells and c
SUM159 cells in the presence or absence of adipocytes and conditioned
media co-stained with anti-CD24, anti-CD44, and DAPI (left panel), or
co-stained with anti-Ki67 and DAPI (right panel) (scale bar = 50 μm). To

the right of each image, the average protein expression of 5 images per
replicate from different fields of view for the BC cells was normalized to
DAPI and analyzed relative to control cultures. Significance was
determined using Kruskal-Wallis test on ranks compared to control.
*P < 0.05, n = 3
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The Change in Morphology or MET of Mesenchymal
BC Cells is Specific to Mature Adipocytes

To determine if we could apply this model to differentiate the
effects caused by other cell types on the BC cell lines, we
examined the effect of undifferentiated pre-adipocytes co-cul-
tured with BC cell lines, focusing on cell lines that were af-
fected by adipocytes. We found that incubation with undiffer-
entiated pre-adipocytes had a partial effect on the morphology
of the cell lines that was much less dramatic than seen with
mature adipocytes (Fig. 5). Similarly, we analyzed EMT
markers expression in the BC cell lines in presence of pre-
adipocytes and found no effect on any of the cell lines (Fig. 6).
Since MDA-MB-231 were the only cells with changes to
CD24, we analyzed the effect of pre-adipocytes on this line
only for stemness and proliferation makers and found that pre-
adipocytes caused no significant change in CD24, CD44 or
Ki67 expression (Fig. 6g and h).

LD Size is Decreased in 3D Co-cultures

To determine if we were able to analyze the adipocytes, which
are located beneath the Matrigel layer, we stained adipocyte
LDs with the fluorescent lipophilic dye BODIPY 493/503.
Using confocal microscopy, we were clearly able to image
and analyze both the size and number of LDs. We observed
that the number of LDs did not significantly change in the
presence of any of BC cell line (MDA-MB-231: P = 0.142,
Hs578t: P = 0.429, SUM159: P = 0.999, MCF7: P = 0.052)
(Fig. 7b). However, adipocytes displayed an altered distribu-
tion of LDs sizes in response to co-culture with any of the BC
cell lines (MDA-MB-231: P < 0.0001, Hs578t: P = 0.00812,
SUM159: P < 0.0001, MCF7: P < 0.0001) (Fig. 7c). MDA-
MB-231 cells caused a decrease in the number of LDs in all
bins 100 μm2 or greater. Hs578t cells had a less dramatic
effect with a reduction in LDs of 250 μm2 or greater. Even
MCF7 cells, that were themselves not affected by adipocyte
co-culture, caused a reduction in LDs 100 μm2 and greater. In
contrast, we observed an increase in the frequency of LDs
greater than 150 μm2 with SUM159 co-culture.

Discussion

Here, we report on the development and use of a 3D co-culture
system to allow the evaluation of interactions between two
different cell types where both cell types are in contact with
the ECM. The system we describe does not require custom
equipment, scaffolding, or other techniques inaccessible to
modern cellular biology labs. The system has the noted benefit
of allowing assessment of epithelial and mesenchymal states
that are particularly vulnerable to differences in the 2D vs. 3D
environment [12].

We developed this 3D co-culture system to enable the
analysis of proteins or lipid of interest by IF and confocal
imaging. Here, we focused on analysis of the EMT status of
BC cell lines using human specific antibodies. We have
used adipocytes and laminin-rich ECM in this study, how-
ever, this method could easily be modified to analyse inter-
action with other types of ECM, stromal cells, or primary
cells in the presence of biological modifiers. It has been
shown that BC cells isolated from 3D culture can maintain
their characteristics for up to 8 weeks, thus, allowing for
further assessment of changes to the migration and invasion
ability induced by co-culture [33, 34].

It is important to note that the major technical limitation for
imaging the 3D co-cultures is obtaining high resolution im-
ages due to the thickness of the sample, which limits the abil-
ity to obtain well focused images, particularly with higher
magnification objectives with limited focal length. It is possi-
ble that this limitation could be overcome by formalin fixed,
paraffin embedded - immunofluorescence or immunohisto-
chemistry (FFPE-IF/IHC) techniques, which would create
thinner physical slices. However, the additional processing
and need for compatible antibodies adds a different set of
caveats. [35]. More accurate quantification of protein levels
than shown here could theoretically be accomplished after
isolation and cell lysis followed by detection using western
blot as previously described [12]. However, in order to obtain
sufficient protein quantity, the size of the chambers would
need to be increased, which is accompanied by a significant
increase in cost. Excess protein from the added ECM can also
introduce challenges in ensuring equal loading of the cell-
specific proteins.

To demonstrate the utility of this method, we analyzed the
effect of adipocytes on the 3D morphology of mesenchymal
and epithelial BC cell lines. Interestingly, and in contrast to a
previous report [4], we found that adipocytes promoted a par-
tial MET in mesenchymal BC cells, as evidenced by the
changes to colony morphology and changes in expression of
Claudin-7 and E-cadherin in MDA-MB-231 and Hs578t cells
and vimentin in Hs578t cells. In contrast, SUM159, which are
more epithelial in 3D-culture cells, did not show any signifi-
cant changes to colony morphology or EMT marker expres-
sion. Surprisingly, MCF7 cells showed no change in their
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�Fig. 5 Pre-adipocytes have a partial effect on morphology of BC
cells. Representative images of a MDA-MB-231 cells, b Hs578t cells
and c SUM159 cells grown in the 3D co-culture system in the presence
or absence of pre-adipocytes (Scale bar = 100 μm). To the right of each
image, the total percentage of structure shapes as mean ± SD are shown
from 3 biological replicates. Overall significance of the proportion of
colony shapes between the treatments was determined by χ2 analysis,
**P < 0.01, ***P < 0.001. If significant by χ2, differences between the
conditions for each shape was determined using one-way ANOVAwith
Tukey HSD post hoc analysis. Different letters or symbols represent
statistically different groups a,b,cP < 0.05 for stellate, 1,2,3P < 0.05 for
grape-like, and α,β,Υ,θP < 0.01 for round/mass-like



EMTstatus in presence of adipocytes, unlike what was seen in
Transwell culture studies [4]. This suggests that physical

interactions of BC and adipocytes with the ECM has an es-
sential role in the biology of EMT and MET of BC cells.

Fig. 6 Pre-adipocytes have no effect onMETor on stemness markers
of BC cells. Representative images of a MDA-MB-231 cells, c Hs578t
cells and e SUM159 cells cultured with or without pre-adipocytes, and
co-stained with anti-vimentin, anti-ZO-1, and DAPI (left panel), or co-
stained with anti-E-cadherin, anti-Claudin-7 and DAPI (right panel). b, d,
f, h The average protein expression of 5 images per replicate from
different fields of view for the TNBC cells was normalized to DAPI

and analyzed relative to control cultures. Significance was determined
using Kruskal-Wallis test on ranks compared to control. n = 3.
Representative images of g MDA-MB-231 cells, grown in 3D culture
in the absence or presence of pre-adipocytes, and then co-stained with
anti-CD24, anti-CD44, and DAPI (left panel), or co-stained with anti-
Ki67 and DAPI (right panel), (scale bar = 50 μm)
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To determine if this method can differentiate the effect of
physical interactions vs. soluble mediators, we examined if
CM could recapitulate the adipocyte-induced effects. We
found that CM was sufficient to change the morphology
of MDA-MB-231 and Hs578t cells to an epithelial-like col-
ony shape but did not induce similar MET-like changes in
biomarker expression. It must be noted that the CM was
diluted by 50% at each media change to ensure replenish-
ment of nutrients for cell survival. Thus, the reduced con-
centration of soluble mediators may have caused this partial
effect. Alternatively, constant exposure of a mediator or the
physical presence of mature adipocytes may be necessary to
surpass a signaling threshold in the BC cells. A partial
change that was even less dramatic was observed in the
presence of pre-adipocytes suggesting that the mediator is
more abundant or effective when originating from
adipocytes.

Here, we have used the 3T3-L1 mouse pre-adipocyte cell
line to be confident of detecting only human proteins

expressed on the human BC cell lines during imaging by
making use of species-specific antibodies. Furthermore,
specific detection of mouse proteins would ensure identifi-
cation of the adipocyte mediator in future studies. However,
to establish the biological significance of this interaction, it
will be necessary to determine if the same mediator is se-
creted by human adipocytes; a limitation of the current
study. Preliminary data suggests that primary adipocytes
from humans and mice may have a similar effect of promot-
ing a MET-like change in MDA-MB-231 cells, however,
this system will require significant optimizations as initial
experiments indicate that the media used for primary cell
differentiation is incompatible with the 3D culture and vice
versa. Regardless, identification of the factor secreted by
mouse adipocytes might reveal a receptor or target on the
BC cells that actively promotes the MET-like changes,
which could potentially be targeted in the future.

In obese patients, increases in the number of adipo-
cytes also increases the complexity of the interactions

Fig. 7 Co-culture with BC cells decreases the size but not number of
LD present inmature adipocytes. aRepresentative images of adipocyte
LDs co-stained with Bodipy 493/503 and DAPI in the presence and
absence of BC cells in the 3D co-culture system. (scale bar = 100 μm),
n = 3. b Number of LDs analyzed from 5 random fields of view per

replicate shown as mean ± SD. Significant differences were determined
using Students t-test, n = 3. c Distributions of areas binned by 50 μm2.
Significance was determined using Kolmogorov-Smirnov test, n = 3,
**P < 0.01, ***P < 0.001, mean ± SD are shown from n = 3. Note: error
bars for MCF7 are too small to be visible
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between the TME, adipocytes and BC, which can con-
tribute to BC progression [36]. Moreover, increased ad-
iposity in the bone marrow has been shown to lead to
metastasis from ovarian and prostate cancers [37, 38].
However, it is not known whether the composition and/
or mechanical properties of the ECM at sites of metas-
tasis are similar to that used in the present study. Future
work will be required to elucidate the precise mecha-
nism(s) contributed by adipocytes to BC metastasis at
specific sites, the role of the ECM in these processes,
and any effect of obesity on the same.

Differences in LD size suggests that lipid in the adipocytes
could be mobilized by MDA-MB-231, Hs578t cells, or
MCF7, which may provide energy in the form of free fatty
acids taken up by BC cells to fuel cellular processes. Increased
lipolysis by adipocytes in the BC microenvironment and in-
creased expression of fatty acid binding proteins in ovarian
cancer, combined with studies showing high levels of oxida-
tive phosphorylation in BC cells, supports this possibility [39,
40]. Alternatively, adipocytes can affect BC cells via the in-
creased secretion of leptin, IL-6, TNF, and VEGF, as observed
in obese patients [41]. In SUM159 cells, there was no decrease
in LD size which may also explain the lack of change to the
phenotype of these cells, however it remains to be determined
whyMCF7 cell phenotype is unaffected by adipocytes yet LD
size is decreased.

Here, we demonstrate the use of a novel, straightfor-
ward, and accessible 3D co-culture method to show that
adipocytes can promote a MET-like change in mesen-
chymal TNBC cells. This work provides more insight
into relationship between high adiposity and metastasis
to bone or other sites with adipocyte abundance. Future
work using this model to identify the mechanism(s) un-
derlying this process may enable identification of better
therapeutic targets for metastatic BC.
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