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A B S T R A C T

Breast cancer remains a substantial clinical problem worldwide, and cancer-associated cachexia is a condition
associated with poor prognosis in this and other malignancies. Adipose tissue is involved in the development and
progression of cancer-associated cachexia, but its various roles and mechanisms of action are not completely
defined, especially as it relates to breast cancer. Interleukin 6 has been implicated in several mechanisms
contributing to increased breast cancer tumorigenesis, as well as a net-negative energy balance and cancer-
associated cachexia via adipose tissue remodeling in other models of cancer; however, its potential role in breast
cancer-associated white adipose browning has not been explored. In this study, we demonstrate localized white
adipose tissue browning in a spontaneous model of murine mammary cancer. We then used an in vitro murine
adipocyte culture system with the E0771 and 4T1 cell lines as models of breast cancer. We demonstrate that
while the E0771 and 4T1 secretomes and cross-talk with white adipocytes alter white adipocyte mRNA ex-
pression, they do not directly induce white adipocyte browning. Additionally, we show that neither exogenous
administration of interleukin 6 alone or with its soluble receptor directly induce white adipocyte browning.
Together, these results demonstrate that neither the E0771 or 4T1 murine breast cancer cell lines, nor inter-
leukin 6, directly cause browning of cultured white adipocytes. This suggests that their roles in adipose tissue
remodeling are more complex and indirect in nature.

1. Introduction

Breast cancer is the most common cancer diagnosed in the majority
of countries worldwide and is a leading cause of cancer death [1].
Cancer-associated cachexia (CAC) is a condition common to virtually all
types of malignancies, including breast cancer [2], and is characterized
by the loss of skeletal muscle mass with or without the loss of adipose
tissue mass. CAC is a multifaceted condition and is a predictor of poor
prognosis, implicated in an estimated 20% of cancer-related deaths
[3,4]. Recent experimental observations indicate that adipose tissue
remodeling plays an important role in the development and progression
of CAC (reviewed by Ref. [5]).

While white adipose tissue (WAT) functions as a source of energy
storage, thermogenic adipose tissue – classically brown adipose tissue
(BAT), but also “beige” and “brown-in-white” adipose tissue [6,7] –

functions in the opposite manner, utilizing energy instead of storing it
[8]. This unique function of thermogenic fat is attributable largely to
the presence and action of uncoupling protein 1 (UCP1), which results
in an increase in substrate utilization and heat production. Maladaptive
thermogenic adipose tissue expansion and activity in response to cancer
have been implicated as a potential contributor to CAC (reviewed by
Ref. [5]).

Interleukin 6 (IL6), an inflammatory cytokine with pleiotropic ac-
tions, has various roles in the breast and tumor environment, which
includes cancer cells and adipocytes as well as adipocyte precursors,
endothelial cells, and macrophages [9]. Elevated IL6 levels increase
protein catabolism and skeletal muscle wasting which contributes to
CAC [10]. Through its canonical signaling pathway via signal trans-
ducer and activator of transcription 3 (STAT3), the role of IL6 in CAC
has been expanded to include other organ systems beyond skeletal
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muscle, including adipose tissue (reviewed by Ref. [11]). IL6 is thought
to be involved in the dedifferentiation and inflammatory characteristics
of breast cancer-associated adipocytes [12] and has been shown to
stimulate WAT lipolysis [13]; however, its roles in BAT activation and
WAT browning are only of recent interest. Increased BAT activity and
WAT browning occurs in cancer and may contribute to CAC [14–16].
Specifically, IL6 has been implicated as a direct driver of WAT
browning in models of colon cancer [13,15].

While these studies have demonstrated the presence of WAT
browning in several models of cancer, the roles of breast cancer itself
and of IL6 in breast cancer-related WAT browning have not been ex-
plored. Breast cancer represents an ideal experimental model to in-
vestigate the mechanisms by which maladaptive WAT browning may
occur, due to its anatomic contiguity with breast adipose tissue. In this
study, we explored whether WAT browning occurs in murine breast
cancer, and sought to answer if E0771 or 4T1 cells, well-characterized
murine breast cancer cell lines, or IL6 are potential drivers of WAT
browning in an in vitro cell culture system. Our results highlight the
importance of studying WAT browning in different cancer models to
provide insight into various drivers of this process, with the goal of
developing therapeutic strategies to attenuate CAC in patients with
cancer.

2. Materials and methods

Mice were bred and maintained in animal facilities under standard
housing conditions and utilized in accordance with protocols approved
by the Institutional Animal Care and Use Committee (IACUC) at
Virginia Commonwealth University. All materials were purchased from
Sigma-Aldrich unless noted otherwise.

2.1. Histology and immunohistochemistry

B6·FVB-Tg (MMTV-PyVT)634Mul/LellJ mice (Jackson Laboratory)
were raised in animal facilities under standard housing conditions.
These mice develop palpable tumors after, on average, 3 months (92
days) of life, and at later timepoints can develop lung metastases.
Bilateral adipose tissue pads (interscapular BAT, axillary WAT, inguinal
WAT, and ovarian WAT), with tumor when applicable, were harvested
from female mice at approximately 4 months of age (approximately 121
days), to ensure all axillary and inguinal mammary pads had palpable
tumors. Tissues were immediately placed into 10% buffered formalin
(Fisher Chemical) for 6 days, and then transferred to 70% ethanol until
embedding and sectioning was performed by the VCU Massey Cancer
Center Cancer Mouse Model Shared Resource. All tissues were pro-
cessed via a Sakura Tissue Tek automated processor using a standard
dehydration, clearing, and paraffin infiltration program, and were
sectioned at 5 μm thickness.

Mouse UCP1 expression in the tissues was detected via im-
munohistochemistry (IHC) using the SuperPicture 3rd Gen IHC
Detection Kit (Invitrogen) and slight protocol modifications in the same
batch. Slides were deparaffinized in xylene and rehydrated in a graded
series of ethanol, ending with distilled water and finally PBST. Slides
were then placed in citrate buffer diluted to 1× in distilled water and
heated in a microwave for antigen retrieval. Peroxidase quenching so-
lution (included in kit) was placed on slides and incubated for 10min.
After washing with PBST, slides were covered with 5% BSA (Fisher
Scientific, diluted in TBST) for 1 h. The slides were incubated in UCP1
primary antibody (abcam 10983, diluted 1:500 in 1% BSA) at 4 °C in a
dark cold room overnight. The next day, after washing with PBST, HRP
Polymer Conjugate (included in kit) was added and left to incubate for
30min. Slides were washed in PBST and DAB Chromogen (included in
kit) was added for approximately 2min to visualize binding. Slides
were then washed with tap water and counterstained with diluted
Hematoxylin Solution Gill No.2 for 30 s. After washing with tap water,
slides were dehydrated using a reverse-graded series of ethanol, ending

with xylene, and glass slides were mounted using HistoChoice
Mounting Media (Amresco/VWR).

Slides were digitally scanned using the NanoZoomer 2.0-HT Whole
Slide Imager Digital Pathology Slide Scanner (Meyer Instruments) by
the Department of Pathology.

2.2. MATLAB analysis of IHC images

All IHC images were captured using the same magnification and
processed and analyzed in MATLAB 2017a. A customized algorithm
was developed to automatically detect and quantify the number of
brown pixels in every vertical column within the region of interest for
each IHC image. The region of interest was defined as the adipose tissue
without tumor using the following criteria: horizontal borders – top and
bottom edges of the image; vertical borders – vertical column(s) closest
to, but not including, tumor, then extending distally to left and/or right
edges of the image. The counts were plotted against the column index
(which indicates the distance to the tumor cells, or horizontal distance
from tumor) for curve fitting.

2.3. Stromal vascular fraction isolation, culture, and differentiation

Primary isolation of inguinal stromal vascular fraction (SVF) cells
from female C57BL/6 J or BALB/cJ wild-type mice (both from Jackson
Laboratory) aged 22–25 days was performed using established protocol
[17]. Isolated SVF cells were grown in a basal cell culture medium
consisting of DMEM/F-12 + Glutamax (Thermo Fisher) supplemented
with 10% Fetal Bovine Serum (FBS, Thermo Fisher), 200U/mL peni-
cillin, 0.2 mg/mL streptomycin, 25 μg/mL amphotericin B, and 100 μg/
mL Normocin (InvivoGen). Cells were plated on cell culture plates
coated with 0.1% gelatin solution according to manufacturer protocol
and grown to confluency in basal cell culture medium before differ-
entiation. For white adipocyte differentiation, an induction cocktail
comprised of basal medium without Normocin supplemented with
5 μg/mL insulin, 1 μM dexamethasone, 0.5 mM 3-isobutyl-1-methyl-
xanthine (IBMX), and 125 μM indomethacin was used for 4 days. After
induction, differentiating white adipocytes were cultured in a main-
tenance cocktail comprised of basal medium without Normocin sup-
plemented with 5 μg/mL insulin for 12 days. For beige adipocyte dif-
ferentiation, induction cocktail comprised of basal medium without
Normocin supplemented with 5 μg/mL insulin, 5 μM dexamethasone,
0.5 mM IBMX, 125 μM indomethacin, 0.5 μM rosiglitazone, and 1 nM
triiodothyronine (T3) and was used for 4 days. After induction, differ-
entiating beige adipocytes were cultured in a maintenance cocktail
comprised of basal medium without Normocin supplemented with
5 μg/mL insulin, 1 μM rosiglitazone, and 1 nM T3 for 12 days. See next
subsections for experimental conditions after maturation. Medium for
all cells was changed every 2–3 days. The maximum passage number
used for any primary SVF experiments was passage 4.

2.4. Cancer cell culture, conditioned medium, and coculture experiments

E0771 cells (CH3 BioSystems) and 4T1 cells (ATCC CRL-2539) were
grown in basal cell culture medium comprised of RPMI1640
+ GlutaMAX (Thermo Fisher) supplemented with 10% FBS and 200U/
mL penicillin, 0.2 mg/mL streptomycin, and 25 μg/mL amphotericin B.

For conditioned medium collection, cells were grown to ∼70%
confluency, and then cell culture medium was changed. This condi-
tioned medium was harvested 24 h later and filtered through a 0.22 μm
pore size filter (Millipore) for use in experiments. For coculture ex-
periments, cancer cells were grown to ∼70% confluency on coculture
inserts (Fisher Scientific) and then moved to the appropriate adipocyte
wells for experiments. Empty coculture wells were placed in all other
adipocyte wells. The maximum passage number used for any experi-
ments was passage 11.

Primary SVF cells were isolated, grown, and induced to either
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mature white or beige adipocytes as described above. On day 16, ma-
ture white adipocytes were exposed to white maintenance medium plus
one of the following for 24 h: 1) no treatment (white control), 2) 10 μM
CL 316,243 hydrate, 3) cancer conditioned medium in a 1:1 ratio with
white maintenance medium cocktail, or 4) cancer coculture. Mature
beige adipocytes continued on beige maintenance medium (beige
control).

2.5. Interleukin 6 experiments

Mature adipocytes from primary SVF cells were prepared as de-
scribed above. On day 16, mature white adipocytes were exposed to
white maintenance medium plus one of the following for both 30min
and 3 day experiments: 1) no treatment (white control), 2) 10 μM CL
316,243, 3) 40 ng/mL mouse recombinant IL6 (R&D Systems), 4)
40 ng/mL mouse recombinant IL6 + 200 ng/mL mouse recombinant
IL6RA (R&D Systems). Mature beige adipocytes continued on beige
maintenance medium (beige control).

2.6. Oil Red O staining

Oil Red O was used to stain mature white and beige adipocytes after
differentiation according to established Lonza protocol (#WEB-PR-PT-
2501 OIL-3). Wells were kept covered with water until visualized by
bright-field microscopy using a Zeiss AxioObserver A1 Microscope at
the VCU Department of Anatomy and Neurobiology Microscopy
Facility.

2.7. RNA isolation and quantification, cDNA generation, and quantitative
Real-Time PCR

Total RNA was isolated with TRIzol (Thermo Fisher) according to
manufacturer protocol with UltraPure Glycogen (Thermo Fisher). RNA
was quantified using the NanoDrop 1000 Spectrophotometer (Thermo
Fisher). cDNA was generated using the BioRad iScript cDNA Synthesis
Kit (BioRad) with an input of 1 μg RNA on a C1000 Thermal Cycler
(BioRad). The cDNA was then diluted 1:3 in molecular grade water.

qPCR was performed on the QuantStudio 3 Real-Time PCR System
(Applied Biosystems) with 10 μL per reaction on 96 well plates in
technical duplicates or triplicates containing the following: 1×
PowerUp SYBR Green Master Mix (Applied Biosystems), 0.5 μM for-
ward and reverse primers (Supplementary Table 1, all purchased from
Eurofins Genomics), and 3 μL of cDNA. The Thermo Fisher Cloud
platform was used for analysis of efficiency-corrected Cq values using
Tbp as a reference gene for normalization, and fold-changes (2ΔΔCq)
were calculated using Microsoft Excel.

2.8. Protein isolation, quantification, and western blotting

Protein isolation and quantification were performed using RIPA
lysis and extraction buffer (Thermo Scientific) and the Pierce BCA
Protein Assay Kit (Thermo Scientific) according to manufacturer's ‘mi-
croplate’ protocol. Absorbance was measured at 562 nm using a
VersaMax microplate reader (Molecular Devices). A standard curve was
generated using a four-parameter curve with SoftMax Pro 5.3 software
and was used to determine the protein concentration of experimental
samples.

Protein lysates were separated on NuPAGE 4–12% Bis-Tris Midi Gels
(Invitrogen) with an input of 20 μg of protein per well using an XCell4
Surelock Midi-Cell (Invitrogen). Gel transfer was performed using the
iBlot Transfer Stack, PVDF, regular size (Invitrogen) according to
manufacturer's ‘dry blot transfer’ method. Membranes were further
processed using established protocols, with primary and secondary
antibody information provided in Supplementary Table 2. Western blot
signal was detected using chemiluminescence substrates (Cell Sig-
naling) and images were captured using the ChemiDoc MP Imaging

System (BioRad). Stat1/2/3/5 Control Cell Extracts (Cell Signaling)
were used for phosphorylated STAT3 negative and positive controls.

2.9. Flow cytometry

Cell surface flow cytometry staining was performed as described
previously [18]. Primary SVF cells were isolated, grown, and induced to
either mature white or beige adipocytes as described above until day
16. Cells were washed in 1× PBS supplemented with 5% FBS, 2mM
EDTA, and 0.05% sodium azide, then stained for respective targets
(Supplementary Table 2) before gentle scraping to remove cells from
wells and moved to suspension. Cells were fixed (BioLegend) as single
cell suspensions prior to flow cytometry analysis.

For intracellular cytokine flow cytometry, E0771 and 4T1 cells were
cultured until ∼70% confluent, and murine peritoneal cavity cells
(consisting of a variety of immune cells [19]) were isolated by lavage
the day preceding each experiment. All cell groups were treated with
1× Brefeldin A (BioLegend), 1× Monensin (BioLegend), 1× phorbol
12-myristate-13-acetate (PMA) and 1× Ionomycin (Thermo Fisher) for
3 h before harvest. Single-cell suspensions were created, stained with
live-dead stain (BioLegend), and then incubated with 2.4g2 [20] to
block Fc receptors. After fixation, cells were permeabilized using In-
tracellular Staining Perm Wash Buffer (BioLegend) and then stained for
targets (Supplementary Table 2).

Data for both cell-surface and intracellular flow cytometry were
acquired on the LSR Fortessa flow cytometer (BD Biosciences) in the
VCU Flow Cytometry Core.

Data were analyzed using FCS Express 5 (De Novo Software).

2.10. Statistical analyses

GraphPad Prism was used for visualization of data and statistical
analyses. Specific tests used are described in each figure legend. For all
analyses and figures, error bars represent standard deviation and p-
values are represented as: × p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001. For p-values 0.05 < p < 0.1, the p-value is in-
cluded in the appropriate figure area. No annotation indicates a p-
value> 0.1 for that comparison.

3. Results and discussion

3.1. White adipose tissue adjacent to murine mammary tumors exhibits
features of WAT browning

We first asked whether WAT browning could be observed in a
murine model of breast cancer. Adipocytes closest to the tumor-adi-
pocyte interface in vivo have increased UCP1 protein expression, the
hallmark of thermogenic adipose tissue function (Fig. 1). Compared to
their respective ovarian WAT (top left image in Fig. 1, and
Supplementary Fig. 1), adipocytes surrounding spontaneous mammary
tumors in both axillary and inguinal mammary fat pads demonstrate an
increased staining intensity for UCP1 protein (Supplementary Fig. 2),
but not as much as their respective interscapular BAT (bottom left
image in Fig. 1, and Supplementary Fig. 1). MATLAB analyses were
performed on the images with tumor to quantify the number of brown
pixels, as a measure of UCP1 staining intensity, across each image, with
representative results shown in Fig. 1. The increase in UCP1 protein
expression is most robust at the tumor-adipose tissue interface, and
UCP1 protein expression sharply declines moving further from the
tumor, demonstrated by a trend that fits the inverse power law upon
curve fitting (bottom right image in Fig. 1). This suggests that the
strength of browning is inversely related to the center of its driver, the
tumor cells, which has recently been noted in a xenograft model of
breast cancer as well [21]. We also observe smaller lipid droplets in
these adipocytes, which has been observed and described as a char-
acteristic of ‘cancer-associated adipocytes (CAA)’ at the tumor forefront
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[22]. Together, the decreased lipid size and increased UCP1 expression
in adipocytes closest to the tumor in our IHC images confirm the phe-
notypic changes consistent with a maladaptive transdifferentiation
from white to beige adipose tissue in response to the tumor micro-
environment. Furthermore, the localized nature of this browning sug-
gests a paracrine signaling interaction between the tumor and adjacent
adipocytes.

3.2. Differentiation of white and beige adipocytes from primary stromal
vascular fraction cells provides a robust in vitro model to detect adipocyte
browning

Based on the extremely localized WAT browning observed in vivo,
we established a cell culture system which would allow us to metho-
dically and systematically study the effects of individual components of
the tumor microenvironment on adipocytes in vitro. Several murine cell
lines are used for adipogenesis studies in vitro, such as the 3T3-L1 cell
line [23] or immortalized SVF cells [24]. However, the use of a non-
immortalized primary SVF cell system using female mice is important
for studying the effects of breast cancer on adipocyte browning. We
demonstrate that primary SVF cells (also referred to as preadipocytes)
are capable of undergoing differentiation to both mature white and
beige adipocytes (Fig. 2). Oil Red O staining demonstrates successful
differentiation in both white and beige groups, with larger lipid dro-
plets in the white differentiation group (Fig. 2A). Expression of Dlk1
(Delta like non-canonical Notch ligand 1, also known as Pref-1), a
marker of immature/undifferentiated adipocytes, is appropriately ele-
vated in undifferentiated preadipocytes compared to differentiated
white and beige adipocytes (Fig. 2B). Expression of white adipocyte-
associated genes Cfd (complement factor D, also known as adipsin) and
Lep (leptin) were significantly lower in both preadipocytes (not ex-
pressed for leptin) and beige adipocytes relative to white adipocytes,
and expression of Fasn (fatty-acid synthase) was significantly lower in
preadipocytes (Fig. 2C). Lastly, expression of thermogenic adipocyte
genes Cidea (cell death-inducing DNA fragmentation factor, alpha
subunit-like effector A), Ppargc1a (peroxisome proliferative activated
receptor, gamma, coactivator 1 alpha), Tnfrsf9 (tumor necrosis factor
receptor superfamily, member 9), and Ucp1were significantly increased
in differentiated beige adipocytes (Fig. 2D). Although there are many

genes associated with thermogenic adipocytes, Ucp1 is the hallmark for
thermogenic activity, and the other three genes – Cidea, Ppargc1a, and
Tnfrsf9 – were selected because of their established use throughout the
literature as key markers to help identify thermogenic adipocytes
[25–27].

Together, these in vitro gene expression profiles are appropriate
when compared to those of other models and whole tissue lysates [26].
Additionally, the exposure of white differentiated adipocytes to CL
316,243, a β3 adrenergic agonist used as a positive control, results in an
appropriate increase in Ucp1 mRNA expression (for example, Fig. 3A).
This unique feature provides a model of white to beige adipocyte
transdifferentiation. Together, these data demonstrate that the differ-
entiation of primary inguinal SVF cells from female mice provides a
robust cell culture system, which is uniquely suited for studying the
local effects of breast cancer and other components within the tumor
microenvironment on adipocyte browning.

3.3. E0771 and 4T1 conditioned medium and coculture alter white
adipocyte mRNA expression but do not induce browning in differentiated
white adipocytes

After establishing our in vitro cell culture system, we first asked
whether breast cancer cells themselves can induce localized WAT
browning as observed in vivo. E0771, an estrogen-receptor positive
murine breast cancer cell line on the C57BL/6 background, is com-
monly used in many in vitro and in vivo C57BL/6 breast cancer studies
[28–31]. The 4T1 breast cancer cell line is an animal model for stage IV
breast cancer, has a more metastatic phenotype than E0771 cells [32],
and is commonly used for in vitro and in vivo BALB/c breast cancer
studies [33] and allograft studies [34,35]. Use of these established
breast cancer cell lines, as opposed to the use of whole tumor lysate,
provides a strategic advantage in the mechanistic study of WAT
browning in vitro because they are cultured without other cells within
the tumor microenvironment, which could confound results, and
eliminates the problems of inter- and intra-organism tumor hetero-
geneity [36,37].

We first utilized our in vitro cell culture system to explore whether
the E0771 cell secretome or E0771 coculture with white adipocytes
would induce WAT browning by measuring Ucp1 mRNA, as UCP1 is the

Fig. 1. Immunohistochemistry shows in-
creased UCP1 protein expression in adipo-
cytes adjacent to spontaneous mammary tu-
mors. Representative images from four-
month old female MMTV-PyVT mouse tissue
harvested and stained for UCP1 protein.
Ovarian WAT=negative control, inter-
scapular BAT=positive control. Inguinal
mammary fat pad with tumor was analyzed
via MATLAB (bottom right), indicating a
sharp decline in UCP1 staining intensity with
increasing distance from the tumor. Scale
bars=200μm. UCP1=uncoupling protein
1, WAT=white adipose tissue, BAT
=brown adipose tissue.
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hallmark protein of thermogenic adipose tissue activity. We exposed
differentiated, mature white adipocytes to the conditioned medium
from E0771 murine breast cancer cells (Fig. 3), or cocultured them with
E0771 cells (Fig. 4). To our surprise, Ucp1 mRNA expression in white
adipocytes exposed to both treatment groups was decreased relative to
control white adipocytes, and was significantly decreased when com-
pared to both control beige adipocytes and white adipocytes exposed to
the β3 adrenergic agonist CL 316,243 (Figs. 3A and 4A). Although not
statistically significant, the trend of lower Ucp1 expression in white
adipocytes exposed to either the E0771 secretome or E0771 coculture
was opposite our original expectations. Western blotting of UCP1 con-
firmed these mRNA expression results on the protein level (Fig. 3E).

While there were no changes in gene expression of the thermo-
genesis-associated genes Cidea or Ppargc1a, white adipocytes co-
cultured with E0771 cells expressed significantly more Tnfrsf9 (Fig. 4B).
White adipocytes exposed to conditioned medium had increased, al-
though not statistically significant, Tnfrsf9 (Fig. 3B). Tnfrsf9 has been
found to be elevated in breast cancer xenografts [21], but within adi-
pocytes, its expression changes often parallel Ucp1 and Ppargc1a [38],
which we did not observe in our results. TNFRSF9 (also known as
CD137) promotes the activation of a variety of immune cells [39], and
can enhance natural killer cell-mediated destruction of breast cancer
cells [40]. It is therefore possible that cross-talk between white adipo-
cytes and the E0771 cell line induces an immune-eliciting/enhancing
response by the adipocytes.

Lep and Fasn mRNA levels were significantly decreased in both
treatment conditions compared to control differentiated white adipo-
cytes, with no change in Cfd expression (Figs. 3C and 4C). In adipo-
cytes, leptin expression usually increases in cases of nutrient excess, so
it was initially surprising that its expression is decreased in our ex-
perimental system with plentiful nutrients in the cell culture medium.
However, leptin is overexpressed in breast tumors [41] and contributes

to tumorigenesis by playing a role in mesenchymal-epithelial transition
and in regulating angiogenesis [42]. Therefore, we suspect that the
observed decrease in Lep expression by mature white adipocytes re-
presents a protective response after exposure to E0771 conditioned
medium or coculture. Multiple studies have shown that overexpression
of fatty acid synthase, a key enzyme for de novo fatty acid synthesis, in
breast cancer cells confers a more aggressive phenotype and allows for
tumor growth and migration [43], so its decreased expression in adi-
pocytes after treatment is consistent with a protective response. Ad-
ditionally, transcription of Fasn is regulated, at least in part, by leptin
[44], whose mRNA expression we show here as also being down-
regulated.

We also tested for genes associated with lipolysis, and found that
white adipocytes exposed to E0771 cancer-conditioned medium had no
changes in expression of Lpl (lipoprotein lipase) or Mgll (monoglyceride
lipase), but expressed less Lipe (hormone sensitive lipase) compared to
control white adipocytes (Fig. 3D). However, expression of Mgll was
significantly increased in white adipocytes cocultured with E0771 cells,
while expression of Lipe and Lpl was decreased but not significantly
(Fig. 4D). Increased monoglyceride lipase, an enzyme involved in li-
polysis to generate fatty acids, is implicated in progression of several
cancer cell types, including aggressive breast cancer [45]. Our results
suggest that E0771-adipcyte cross talk, not simply E0771 cell secretome
components, may induce Mgll expression to provide substrates for
E0771 cancer cell utilization.

Lastly, we repeated these experiments using white adipocytes from
BALB/cJ SVF and the 4T1 breast cancer cell line. 4T1 conditioned
medium exposure or coculture with BALB/c-derived mature adipocytes
demonstrated very similar results to our E0771 experiments. Ucp1
mRNA expression in white adipocytes exposed to 4T1 cancer condi-
tioned medium or 4T1 coculture was decreased relative to control white
adipocytes, although not statistically significant (Supplementary

Fig. 2. Primary SVF cells are capable of differentiation to mature white and beige adipocytes. Inguinal SVF cells isolated from young female C57BL/6 J mice were
differentiated to either white or beige adipocytes as described in methods. (A) Representative Oil Red O staining confirming that our protocol is highly selective for
culture of preadipocytes capable of undergoing successful differentiation. Scale bars= 100 μm. Quantitative PCR for (B) Dlk1, a marker for undifferentiated pre-
adipocytes, (C) markers of white adipocytes, and (D) markers of thermogenic adipocytes. Please note y-axis scale is log2. n=5 primary SVF cell lines. Statistical tests:
(B) Kruskal-Wallis and Dunn's multiple comparisons tests, (C) and (D) Two-way ANOVA and Dunnett's multiple comparisons tests. SVF= stromal vascular fraction, n.
d.= not detected.
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Fig. 3A and Supplementary Fig. 4A, respectively). There were no sta-
tistically significant changes in thermogenic adipocyte-related gene
expression, although there was a trend towards increased Tnfrsf9. As
described above, it is still possible that an immune-eliciting/enhancing
response by the adipocytes occurs in the presence of breast cancer. The
only white adipocyte gene marker that was changed in these 4T1 ex-
periments was a decrease in Lep expression after exposure to 4T1 cancer
conditioned medium (Supplementary Fig. 3C). This is slightly different
from the E0771 results, which demonstrated a decrease in Lep and Fasn
in both treatment groups, but still suggests that a decrease in Lep ex-
pression by mature white adipocytes represents a protective response in
the presence of breast cancer. No changes in any of the lipolysis-related
genes occurred in the 4T1 experiments, which suggests that differences
between the E0771 and 4T1 cancer cell lines and/or C57BL/6- and
BALB/c-derived adipocytes may influence this aspect of adipocyte
plasticity.

Together, our results show that E0771 and 4T1 conditioned medium
and coculture modify the overall adipocyte gene expression pattern, but

do not alter thermogenic gene expression. This supports prior literature
regarding non-thermogenic changes in cancer, and challenges those
related to cancer-induced WAT browning; however, since the in vivo
environment is multifaceted, the complexities of the cells and signaling
within the tumor microenvironment should be explored further before
completely ruling out WAT browning effects from these murine breast
cancer cell lines.

3.4. Exposure of differentiated white adipocytes to exogenous IL6 does not
increase Ucp1 gene expression, but alters white adipocyte mRNA expression

Since tumor-derived IL6 has been directly implicated in other
models of cancer-related WAT browning [15], we asked whether it
possesses the ability of generating white to brown transdifferentiation
in our primary adipocyte cell culture system. We first investigated
whether the E0771 or 4T1 cells secrete IL6 into the conditioned
medium. Cells were treated with PMA and ionomycin, which over-
stimulate cytokine production, as well as brefeldin A and monensin,

Fig. 3. E0771 cancer-conditioned medium alters white adipocyte mRNA expression, but does not induce white adipocyte browning in vitro. Differentiated white
adipocytes from C57BL/6 J SVF were treated with CL 316,243 (noted as ‘CL’ in images) or cancer-conditioned medium (noted as ‘CC’ in images) and compared to
controls as described in methods. Quantitative PCR for (A) Ucp1, (B) other markers of thermogenic adipocytes, (C) markers of white adipocytes, and (D) markers of
lipolysis. Please note y-axis scale is log2. N=7 primary SVF cell lines. (E) Representative western blot of UCP1 and TBP in two of the primary SVF cell lines used in
this experiment, furthering supporting that E0771 cancer-conditioned medium does not induce white adipocyte browning in vitro. Statistical tests: (A) Kruskal-Wallis
and Dunn's multiple comparisons tests, (B), (C), and (D) Two-way ANOVA and Dunnett's multiple comparisons tests.
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Fig. 4. E0771 coculture alters white adipocyte mRNA expression, but does not induce white adipocyte browning in vitro. Differentiated white adipocytes from
C57BL/6 J SVF were treated with CL 316,243 (noted as ‘CL’ in images) or cocultured with E0771 cells (noted as ‘Coculture’ in images) and compared to controls as
described in methods. Quantitative PCR for (A) Ucp1, (B) other markers of thermogenic adipocytes, (C) markers of white adipocytes, and (D) markers of lipolysis.
Please note y-axis scale is log2. N=7 primary SVF cell lines. Statistical tests: (A) Kruskal-Wallis and Dunn's multiple comparisons tests, (B), (C), and (D) Two-way
ANOVA and Dunnett's multiple comparisons tests.

Fig. 5. E0771 and 4T1 murine breast cancer cells do not produce excessive IL6. Peritoneal cavity, E0771, and 4T1 cells were stimulated to induce endogenous IL6
production as described in methods. (A) Intracellular flow cytometry curves showing staining data for IL6 stain and isotype control. (B) Quantification of intracellular
IL6 from flow cytometry MFIs. (C) Quantitative PCR for Il6 mRNA expression. Please note y-axis scale in (B) and (C) is log2. N=2 for peritoneal cavity cells; n= 3
for E0771 and 4T1 cells. Statistical tests: (B) and (C) Kruskal-Wallis tests for multiple comparisons. MFI=Mean Fluorescent Intensity.
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which act to inhibit intracellular protein and trap proteins in the en-
doplasmic reticulum. This method allowed us to make comparisons in
maximum IL6 production of each cell type.

Compared with stimulated murine peritoneal cavity cells which
contain inflammatory cells, stimulated E0771 cells produce sig-
nificantly less IL6 when measured by intracellular flow cytometry
(Fig. 5A–B) and express over 100-fold less Il6 mRNA (Fig. 5C). Stimu-
lated 4T1 cells produce less IL6 than peritoneal cavity cells as measured
by both flow cytometry (Fig. 5A–B) and qPCR (Fig. 5C), although the
results were not statistically significant. Expression and secretion of IL6
directly by breast cancer cells is variable, depending heavily on breast
cancer cell type [46,47]. Moreover, it is well established that IL6 is
physiologically produced by non-adipocyte cells within adipose tissues
[48], and can be modulated by breast adipose tissue in models of breast
cancer [49]. Based on this information, we decided to explore whether
IL6 would be capable of directly inducing WAT browning, regardless of
its cell origin.

As IL6 may come from a variety of cell types within the tumor
microenvironment in vivo [50–52], we investigated whether our mature
adipocytes in vitro have the necessary receptor machinery to ensure IL6-
mediated signal transduction could occur. IL6 binds to either mem-
brane-bound or soluble interleukin 6 receptor alpha (IL6RA, also re-
ferred to as CD126), and this IL6:IL6RA complex then associates with
membrane-bound interleukin 6 signal transducer IL6ST (IL6ST, also
referred to as GP130 or CD130) to induce signal transduction via the
JAK/STAT3 pathway [53]. IL6ST expression is virtually ubiquitous,
while expression of membrane-bound IL6RA is more cell-specific [54].
We confirmed that IL6ST is expressed in our mature, differentiated
adipocytes, both on the membrane surface as measured by flow cyto-
metry and by transcript levels with qPCR (Fig. 6A–B). Interestingly,
flow cytometry data for IL6RA was less than the isotype control,

suggesting lack of, or minimal, receptor expression (Fig. 6C). Our ex-
pression levels of IL6ra mRNA are consistent with this finding; while
mRNA was detectable, it was 64- to 128-fold lower than stimulated
peritoneal cavity cells (Fig. 6D).

In vivo, soluble IL6RA is produced by breast cancer cells [55] and by
monocytes and macrophages [54]; additionally, membrane-bound
IL6RA on cells within the tumor microenvironment (such as T-lym-
phocytes [56]) can be cleaved by shedases such as A Disintegrin And
Metalloproteinases (ADAM) family members ADAM10 and ADAM17 to
form soluble IL6RA. ADAM10 and ADAM17 have been shown to be
upregulated in several tumor models [57,58]. Our results, taken to-
gether with this information about the in vivo environment, prompted
the inclusion of soluble IL6RA in our IL6 exposure experiments to
mimic the tumor microenvironment and to ensure that signal trans-
duction could occur.

With this information, we investigated whether exogenous IL6 ex-
posure, with or without supplemented soluble IL6RA, would induce
gene expression changes indicative of WAT browning. We observed an
increase in Socs3 (suppressor of cytokine signaling 3) gene expression
(Supplementary Fig. 5A) and STAT3 protein phosphorylation
(Supplementary Fig. 5B) following just 30 min of exposure to both IL6
and IL6+IL6RA, although the effect was most robust in the IL6+IL6RA
group. These results confirm the bioactivity of IL6 and IL6RA via STAT3
signaling in our experimental model. To our surprise, exposure of white
adipocytes to IL6 or IL6+IL6RA for three days did not increase Ucp1 or
Cidea mRNA expression but instead resulted in a downward trend in
expression (Fig. 7A–B), similar to our observations in cancer condi-
tioned medium and coculture experiments (Fig. 3A–B, 4A-B). The
IL6+IL6RA treated group expressed significantly more Tnfrsf9 mRNA
compared to control white adipocytes but had no changes in Ppargc1a
expression (Fig. 7B), similar to our coculture results. Together, these

Fig. 6. Differentiated white and beige adipocytes express abundant IL6ST, but not IL6RA. Flow cytometry for (A) cell-surface IL6ST (GP130, CD130) or (C) IL6RA
(CD126) in white and beige adipocytes. Dashed line represents average MFI staining for each respective isotype control. Quantitative PCR for (B) Il6st (Gp130) or (D)
Il6ra (Cd126) for peritoneal cavity cells and white and beige adipocytes. N=2 for peritoneal cavity cells; n= 5 SVF cell lines for white and beige adipocytes. Please
note y-axis scale in (B) and (D) is log2. Statistical tests: (A) and (C) Mann-Whitney test, (B) and (D) Kruskal-Wallis and Dunn's multiple comparisons tests.
MFI=Mean Fluorescent Intensity.
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results suggest that IL6-induced changes to adipocytes in vivo may be
dependent on soluble receptors from other cells and additional sig-
naling within the tumor microenvironment. Lep mRNA expression was
significantly decreased with IL6+IL6RA treatment, similar to our ob-
servations in cancer conditioned medium and coculture experiments
(Fig. 3A–B, 4A-B), but no changes were observed for Cfd or Fasn
(Fig. 7C). No change in any of the measured lipolysis markers was
observed in white adipocytes treated with IL6+IL6RA (Fig. 7D).

These results, especially the lack of increased Ucp1 expression,
contrast the findings of previous studies that implicate IL6 as a direct
causative agent of WAT browning [15]. However, it is important to
recognize the differences in our current study and design limitations
that may account for these discrepancies. IL6's role in WAT browning
was implicated in a model of colon cancer, which is inherently different
than breast cancer and the specific cell lines used in our studies. Other
molecules, such as parathyroid hormone related peptide, have been
implicated in different models of CAC [14], so it is possible that other
pathways may be driving the process of WAT browning in breast
cancer. Whether IL6 exerts its effects directly or indirectly is still con-
tested within the literature [59], so it is entirely possible that IL6's role
in WAT browning in breast cancer may be indirect.

4. Conclusion

In these experiments, we explored whether white adipose tissue
browning occurs in a spontaneous model of murine breast cancer in
vivo, and subsequently investigated the roles of E0771 and 4T1, well-
characterized murine breast cancer cell lines, and IL6, a pleotropic
cytokine, in an in vitro model of WAT browning. We demonstrate that
UCP1 expression is locally increased at the tumor-adipose interface in
vivo, consistent with tumor-induced white to beige adipose tissue
transdifferentiation. In vitro, our results demonstrate that both E0771
and 4T1 breast cancer cells, as well as IL6 treatment, induce changes to
white adipocyte gene expression patterns. However, WAT browning
does not occur via direct E0771 or 4T1 cancer cell mechanisms or via

direct IL6-mediated STAT3 signaling, pointing to other cell types and/
or interactions with cells within the tumor microenvironment as the
potential driver of these thermogenic changes. Further investigations
are needed to understand the mechanisms behind this process, and to
test its impacts on whole body energy expenditure and the development
and progression of cancer-associated cachexia.
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