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Abstract

Objective: Triple-negative breast cancer (TNBC) patients with excess adipose tissue experience poorer disease-free
survival than those with a healthy bodymass index. Adipocytes store and release cholesterol, which can be hydroxylated
to form oxysterols. These cholesterol derivatives activate the liver X receptor (LXR) pathway. This study tested the
hypothesis that adipocytes contribute to an imbalanced tumour microenvironment by exposing cancer cells to elevated
oxysterols, mimicking chemotherapy exposure conditions and priming for chemoresistance.

Methods: Tumour tissue microarray from 148 TNBC patients was assessed using immunohistochemistry for CH25H,
CYP46A1, CYP27A1, P-glycoprotein (Pgp/ ABCB1) expression and survival outcomes were assessed. Gene expression was
compared between tumours frompatients (GSE78958) andmousemodels (GSE151866) with high versus low adiposity. In
vitro, cell lines from lineages found in the tumour microenvironment were evaluated for oxysterol content, secretion,
expression of relevant enzymes, and ability to induce ABCB1 expression and drug resistance in TNBC cells.

Results: In patients, stromal expression of oxysterol-synthesising enzymes correlated with ABCP1 expression in cancer
epithelial cells and was associated with shorter disease-free survival. Adipocytes-conditioned media contained
significantly higher oxysterol levels than that conditioned by other cell types and induced ABCB1 expression and drug
resistance in MDA.MB.468 cells. Obese mice had elevated levels of Abcb1 in tumours compared to lean counterparts.

Conclusion: Adipocytes secrete oxysterols that promote drug resistance in vitro and correlate with oxysterol: Pgp axis
and survival in vivo.

Significance statement

This study reveals a mechanism by which adipose tissue contributes to drug resistance in ER-negative breast cancers,
identifying the oxysterol–Pgp axis as a potential therapeutic target.

Keywords: triple-negative breast cancer; drug resistance; adipose tissue; oxysterols

Introduction
Triple-negative breast cancer (TNBC) is a subtype of
breast cancer defined by the lack of expression of
oestrogen, progesterone and HER2 receptors. The
absence of these receptors, which, when expressed in
other subtypes, can be targeted with systemic hormone
therapy or anti-HER2 therapy, means that these cancers
can only be systemically treated with cytotoxic
chemotherapy and, in some cases, with
immunotherapy (Schmid et al. 2018, Schmid et al.
2020). TNBC drug resistance is a significant challenge,
and disease relapse can occur rapidly (Dent et al. 2007).
The mechanisms of drug resistance in TNBC are complex
and, given disease heterogeneity, remain poorly
understood. Overweight TNBC patients treated with
chemotherapy have shorter disease-free survival (DFS)
and overall survival compared to lean patients (Harborg
et al. 2021), suggesting an interaction between adipose
tissue and systemic chemotherapy.

TNBC is a category of exclusion and is defined when the
tumour lacks expression of three theranostic targets,
namely: oestrogen receptor (ER), progesterone receptor
and human epidermal growth factor receptor (HER2).

Although novel targeted therapies such as
pembrolizumab (PDL1 inhibitor) and talazoparib
(PARPi) are emerging, standard treatment options
remain limited to surgery, radiotherapy and, owing to
lack of therapeutic target expression, systemic cytotoxic
chemotherapy. This cancer of unmet clinical need
relapses frequently (20–50% relapse within 5 years)
and rapidly (median 2.6 years), indicating failure of
systemic chemotherapy to fully eradicate residual
tumour cells (Liedtke et al. 2008). Multiple mechanisms
of chemoresistance have been proposed for TNBC,
including dysregulated cholesterol homeostasis. The
LXR-Pgp pathway, driven by oxysterols, was previously
reported to be associated with poor outcomes for
TNBC patients treated with chemotherapy. Pgp, a
membrane-bound drug efflux pump, can export many
of the chemotherapy agents used in the systemic
treatment of TNBC patients (Hutchinson et al. 2021).

The extensive heterogeneity of the TNBC
microenvironment (TME) and the tumour’s mutational
profiles make predicting which patients will suffer with
drug resistance challenging. A high stroma-to-tumour
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ratio is associated with worse DFS, particularly for TNBC
patients (Kramer et al. 2019, Millar et al. 2020). The TME
typically consists of immune cells and stromal cells such
as fibroblasts, which mount a cytoprotective interferon-b
response to chemotherapy exposure (Millar et al. 2020,
Broad et al. 2021). Adipocytes also comprise a significant
proportion of the breast cancer TME. Adipose tissue
contains up to 25% of the body’s total cholesterol,
rising to as much as 50% in obese individuals
(Krause & Hartman 1984). For this reason, overweight
and obese patients’ breast tumours are particularly
highly exposed to adipocyte cholesterol stores (Krause
& Hartman 1984). Circulating cholesterol is typically
found in dynamic equilibrium with adipose cholesterol
stores, and elevated cholesterol levels at diagnosis are
associated with lower DFS (Rodrigues dos Santos et al.
2014), in a manner that cholesterol metabolism should be
considered as a therapeutic target alongside
chemotherapy.

Oxysterols are endogenous liver x receptor alpha (LXRa)
ligands (Janowski et al. 1996, Janowski et al. 1999), which
are derived from cholesterol by a single enzymatic
hydroxylation reaction on cholesterol’s side chain;
their further metabolism leads to production of bile
acids, seco-steroids, steroid hormones and other
important endocrine or paracrine factors (Slenter et al.
2018). Oxysterols are found in breast cancer-secreted
exosomes (Roberg-Larsen et al. 2017) and in both
ER-negative and ER-positive primary breast tumours at
concentrations that activate LXR signalling (Solheim et al.
2019). ER-negative breast cancers are significantly more
responsive to oxysterol signalling compared to other
subtypes (Hutchinson et al. 2019), and in TNBC,
expression of LXRα splice variants that lack the
oxysterol-binding domain is associated with longer DFS
in TNBC (Lianto et al. 2021). Oxysterol-driven LXRα
activity induces expression and function of the
P-glycoprotein (Pgp) efflux pump and is associated with
chemoresistance in TNBC patients (Hutchinson et al.
2021). However, the association between circulating
oxysterols and breast cancer-specific outcomes still
produces conflicting results (Decker et al. 2023). Here,
we have tested the hypothesis that the proximity and
integration of adipose tissue mean that the TNBC
microenvironment is exposed to elevated levels of
oxysterols, which confer chemotherapy resistance in
TNBC via Pgp.

Methods

Cell lines

All cell lines were routinely maintained at 37°C with 5%
CO2 and tested formycoplasma every 6months. TNBC cell
lines MDA.MB.468 and MDA.MB.453 were obtained
from ATCC and were routinely passaged in Dulbecco’s
Modified Eagle Medium (DMEM) GlutaMAX

(DMEM, Thermo Fisher, UK, Cat: 31966047) and
supplemented with 10% FCS (Thermo Fisher, UK, Cat:
11560636), or when indicated for oxysterol pellet
analysis, were instead cultured in CHUB-S7 media (see
below). Generation and application (Hutchinson et al.
2019) of MDA.MB.468 LXRα luciferase reporter cells has
been described previously. Humanpre-adipocyte CHUB-S7
stem cells, donated by Nestlé Research Centre, were
originally isolated from subcutaneous abdominal
adipose tissue of a 33-year-old obese female patient and
immortalised by overexpressing hTERT as previously
described (Darimont et al. 2003). CHUB-S7 were
maintained in DMEM/Nutrient F12 Hams, supplemented
with 10%FCS and 2mMglutamine (Sigma, UK, Cat: G7513).
CHUB-S7s were differentiated into mature adipocytes
(mAdipo) as previously described (Darimont et al. 2006),
using differentiation medium supplemented with
rosiglitazone (Cayman Chemical, USA, Cat: 71740) and
100 U/mL penicillin/streptomycin (Sigma, UK, Cat:
P0781). Cancer-associated fibroblast (CAF) cell line was
generated by viral-mediated immortalisation through
overexpression of hTERT in fibroblasts extracted from
breast tumours as previously described (Broad et al.
2021) and routinely passaged in Dulbecco’s Modified
Eagle Medium (DMEM) GlutaMAX (DMEM, Thermo
Fisher, UK, Cat: 31966047) and supplemented with 10%
FCS (Thermo Fisher, UK, Cat: 11560636).

Drugs and reagents

Epirubicin (Cayman, USA, Cat: 12091) was diluted in
nuclease-free water and protected from light.
24S-hydroxycholesterol (24OHC), 25-hydroxycholesterol
(25OHC) and 27-hydroxycholesterol (27OHC, also known
as 26-hydroxycholesterol and 25R26-hydroxycholesterol),
together with internal standards (25-hydroxycholesterol-
d6 and 27-hydroxycholesterol-d6), were fromAvanti Polar
Lipids (USA). Stock solutions and calibration solutions
were prepared as described in Solheim et al. (2019).
TaqMan assays (Thermo Fisher, UK, Cat: 4331182):
Pgp/ABCB1 (Hs00184500_m1), ABCA1 (Hs01059137_m1),
CYP27A1 (Hs0016803_m1), CYP46A1 (Hs1042347_m1),
CH25H (Hs04187516_m1) and HPRT1 (Hs02800695_m1).
All stocks were stored at �20°C. Antibodies used for IHC
were: Pgp (Santa CruzBiotech, USA, Cat: sc73354), CYP27A1
(Abcam, UK – Cat: ab126785), CYP46A1 (Abcam, UK – Cat:
ab198889), CH25H (Bioss, USA – Cat: bs6480R) and were
validated previously as described (Hutchinson et al. 2021).

Conditioning of culture media by adipocytes
and cancer-associated fibroblasts

Mature adipocyte-conditioned media (mAdipo-CM) was
generated by adding 15 mL of DMEM/F12 with 10%
charcoal-stripped FBS (CS-FBS) into a confluent T75 and
incubating for 48 h.
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MDA.MB.468 CM (vehicle) was generated by seeding
4.5 × 106 cells/mL into a T75, adding 15 mL of
DMEM/F12 containing CS-FBS, and incubating for 48 h.
CMwas centrifuged upon collection for 5min at 200 g and
used fresh or stored at �80°C until use.

Once CM was collected, 6 × 105 cells/well of MDA.MB.468
cells were seeded in 6-well plates and exposed to vehicle
or mAdipo-CM for 16 h, 24 and 48 h. At the end of each
treatment, cells were suspended in different buffers to
be assessed for luciferase expression, MTT or mRNA
expression.

CAF-CM was generated by adding 10 mL of DMEM
containing 10% FBS into a confluent T75 and
incubating for 44 h. To match CAF-CM pH, MDA.MB.468
CM was generated by seeding 4.5 × 105 cells/mL and
conditioning DMEM containing 10% FBS for 24 h. All
media were centrifuged upon collection for 5 min at
200 g and stored at �80°C until use.

Cell viability assay

For the cell proliferation assay, MDA.MB.468 cells were
treated with vehicle or mAdipo-CM as previously
described. Cells were then trypsinised, washed and
suspended in 200 μL of PBS, and distributed into a
96-well plate (90 μL/well). For the cell drug resistance
assay, 2 × 104/well MDA.MB.468 cells were seeded in a
96-well plate for 4 h and then treated with either vehicle
CM or mAdipo-CM to reach the volume of 200 μL/well for
24 or 48 h, respectively. For the chemoresistance assay,
epirubicin (Cayman Chemical, USA, Cat: 12091) was then
added at different concentrations for 48 h. Cells were
washed, and MTT reagent was added at a final
concentration of 0.5 mg/mL. In all experiments, after 4 h
incubation at 37°C, the MTT solution was removed and
replaced with 100 μL of DMSO/well. Absorbance at 540 nm
was read using a CLARIOstar Plus microplate reader.

Luciferase assay

Luciferase assays were performed by pelleting 100 μL
of MDA.MB.468 cells and suspending them in 100 μL of
Reporter Lysis Buffer (Promega, UK, Cat: E1500). 20 μL of
cell lysate was distributed into white-walled 96-well
plates, and luciferase expression was measured using
the Luciferase Assay System (Promega, UK, Cat: E1500)
through luminescent signal using the CLARIOstar Plus
microplate reader (BMG LABTECH, Germany). Results
were subsequently normalised using cell proliferation
data to eliminate the proliferative effect of mAdipo-CM
on TNBC cells, which could have distorted the
luciferase data.

Analysis of gene expression

Analysis of gene expression was performed as described
previously (Hutchinson et al. 2019). Briefly, ReliaPrep

Minipreps for cell cultures (Promega, UK, Cat: Z6012)
was used to extract mRNA, and GoScriptTM (Promega,
UK, Cat: A5003) was used for cDNA synthesis. TaqMan
Fast Advanced Master Mix (Thermo Fisher, UK, Cat:
4444557) was mixed with TaqMan assays and analysed
in the QuantStudio Flex 7 (Applied Biosystems Life Tech,
Thermo Scientific, UK).

Immunohistochemistry and adipocyte scoring

IHC was performed as previously described (Hutchinson
et al. 2021). Tissue microarray (TMA) block sections were
dewaxed in xylene and dehydrated in ethanol. For Pgp,
CYP46A1 and CH25Hantibodies, antigen retrieval was not
performed. For the CYP27A1 antibody, slides were heated
in citrate buffer. Endogenous peroxidase activity was
blocked with 0.3% H2O2 in methanol, and for Pgp,
CYP46A1 and CH25H, a further blocking step was
carried out using BlockerTM Casein in TBS (37532,
Thermo Fisher Scientific, UK). Slides were incubated
with antibodies for 1 h. Staining was visualised using
secondary antibodies and the SignalStain DAB substrate
kit (Cell Signalling Technology, NL, Cat: 80595). Nuclei
were stained with Mayer’s haematoxylin and washed
with Scott’s tap water. Sections were dehydrated with
ethanol, washed with xylene and mounted onto
coverslips with DePeX Fluka. Immunohistochemical
staining within stromal regions was quantified using
the Positive Pixel Count version 9 algorithm (Aperio
Technologies, USA) for ImageScope. Briefly, positive
staining of Pgp, CYP27A1, CH25H and CYP46A1 was
assessed semi-quantitatively using a weighted
histoscore system. Each tumour was scored in
triplicate, with three cores embedded per tumour.
Histoscores between 0 and 300 were determined, with
this value calculated using the formula: (1 × % of tumour
cells weakly stained) + (2 × % of tumour cells moderately
stained) + (3 × % of tumour cells strongly stained).
Weighted histoscores were calculated for total stroma
of the three enzymes and Pgp. Tumours were ignored
if two or more duplicate cores were missing. For scoring
of TMA sections, whole cores were scored. Accuracy of
primary observer histoscores was previously reported
(Hutchinson et al. 2021).

Stromal proportions of tumour cores were measured
using ImageScope version 12.4.3 (Aperio Technologies,
USA) by drawing around the perimeter of the core,
excluding necrotic regions, and drawing around cancer
regions in the core. Cancer areawas then subtracted from
the total area to find the stromal area of the core. Stromal
area was then divided by total area to find the stromal
proportion of the tumour.

Adipocyte count was performed on each tumour and
scored in triplicate, with three cores embedded per
tumour. Tumours were ignored if two or more
replicate cores were missing. Accuracy of the primary
observer was verified by an independent observer for
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all tumour cores. Intraclass correlation was based on
McGraw & Wong (1996) and the Shrout & Fleiss (1979)
convention, and calculated using the two-way
mixed-effects, consistency and single-rater method.
Presence of adipocytes in each tumour was classified as
0 if none of the cores for that tumour showed adipocytes,
or ≥1 if at least one core for each tumour showed
adipocytes.

Human samples: ethical approval, collection
and processing

Ethical approvals were obtained from Leeds (East) REC
(reference numbers: 06/Q1206/180, 09/H1306/108). The
patient cohort and clinicopathological features have
been described previously (Hutchinson et al. 2021) and
updated for adipocyte count (Supplementary Table1. See
section on Supplementary materials given at the end of
the article). Briefly, selection criteria were: patients with
TNBC/basal-like tumours who had not undergone
neoadjuvant therapy, tumours with sufficient stroma,
absence of heavily necrotic or inflammatory regions,
and availability of resection blocks for normal tissue.
Haematoxylin/eosin stain was used to identify suitable
areas for inclusion in the tissue microarray (TMA).
Tumour cores of 0.6 mm were taken in triplicate from
148 tumour samples and transferred into recipient wax
blocks.

Oxysterol quantification

MDA.MB.468, MDA.MB.453, CHUB-S7 pre-adipocyte,
mature adipocyte and CAF pellets (3 × 105 cells) were
prepared as previously described (Roberg-Larsen et al.
2014), with somemodifications. Cell pellets were added to
100 μL of 1.5 nM internal standard solution of deuterated
24OHC, 25OHC and 26OHC (Avanti Polar Lipids, USA)
in 2-propanol and shaken well before evaporation
to dryness using a speedvac. The pellets were then
re-dissolved in 20 μL 2-propanol before derivatisation
with Girard T reagent. Cell culture media samples
(200 μL) were prepared as previously described
(Kømurcu et al. 2023), with some modifications:
aliquots of 100 or 200 μL were mixed with 100 μL of 1.5
nM internal standard solution of deuterated 24OHC,
25OHC and 26OHC (Avanti Polar Lipids, USA) in
2-propanol and shaken well before evaporation to
dryness using a speedvac. The residues were
re-dissolved in 20 μL isopropanol before derivatisation
with Girard T reagent. All samples had a final internal
standard concentration of 200 pM and were stored at 4°C
before analysis.

All cell and medium samples were analysed within a
week using Dionex Ultimate 3000 UHPLC coupled to a
TSQ Vantage triple quadrupole mass spectrometer

(Thermo Scientific), as previously described
(Solheim et al. 2019). Removal of excess derivatisation
reagents and other particulatematter (sample clean-up)
was performed on-line using an automatic filtration
and filter back-flush (AFFL) solid-phase extraction
system.

Analysis of publicly available datasets

Publicly deposited data were obtained to compare TNBC
tumours between obese and lean mice (Bousquenaud &
Rüegg 2022) (GSE151866) and patients (Toro et al. 2016)
(GSE78958); details of experimental procedures are
available in the corresponding citations. From the
mouse dataset, we extracted gene expression data for
lean (n = 4) and obese (n = 4) mice. For human
samples, we extracted gene expression data and
clinical information to select patients with basal-like
breast cancer (n = 98) and then classified them by body
mass index (BMI) as normal-weight (BMI <25: n = 30),
overweight (BMI 25–29.99: n = 34), or obese
(BMI ≥30: n = 34).

Statistical analysis

For human cohorts and animal data analysis, a normality
test was conducted before subsequent analysis. Analysis
of protein correlations was assessed using Spearman
rank. Kaplan–Meier analysis with 95% confidence
intervals was used for survival curves, and a log-rank
test was performed to assess significance. One-way
ANOVA with multiple comparisons was used to
compare oxysterol content and RNA expression of
oxysterol-synthesising enzymes between mAdipo, CAF
and breast cancer cell pellets, and between mAdipo-
CM, CAF-CM and breast cancer cell CM. One-way
ANOVA with multiple comparisons testing was also
used to compare LXR transactivation and gene
expression. TMA samples containing adipocytes were
compared with samples without adipocytes using an
unpaired parametric one-tailed t-test. Spearman
correlation was used to observe associations between
gene expression and the different BMI groups from
GSE78958. A one-tailed unpaired t-test was used to
compare gene expression between lean and obese mice
from GSE151866 and MDA.MB.468 gene expression
following pre-treatment with mAdipo-CM. A one-tailed
paired t-test was used to analyse MTT assay of
epirubicin dose response following pre-treatment of
MDA.MB.468 with mAdipo-CM. A one-tailed t-test was
used because our hypothesis, informed by prior
analysis, specifically predicted the direction of the
effect, and differences in the opposite direction were
not of theoretical interest.
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Results

Protein level of oxysterol-synthesising
enzymes in non-cancer compartment of the
tumour microenvironment is associated with
Pgp protein expression in cancer cells and with
disease-free survival

To determine whether expression of stromal oxysterol
enzymes was associated with Pgp expression in primary
TNBC tumours andDFS of patients, we analysed 148 TNBC
tumour cores using a tissue microarray (TMA), details of
which have been reported previously (Hutchinson et al.
2021). The proportion of the tumour found to be stromal
correlated weakly, but significantly, with epithelial
expression of Pgp protein (R2 = 0.09; P = 0.0007)
(Fig. 1A, right panel). When patients were dichotomised
into having high or low stroma-epithelial ratios using
receiver operating characteristic (ROC) curves (shown
in SF1), a high stroma-to-cancer-cell ratio was, as
expected, associated with shorter DFS (P = 0.017)
(Fig. 1A). Next, protein levels of the enzymes that
convert cholesterol into 24OHC (CYP46A1), 25OHC
(CH25H), or 27OHC (CYP27A1) were measured in the
non-cancer cell fraction of the tumour (Fig. 1B, C, D).
Non-cancer cell expression of all three enzymes was
positively correlated with cancer cell expression of Pgp
(CYP46A1: R2 = 0.22, P < 0.0001; CH25H: R2 = 0.35,
P < 0.0001; CYP27A1: R2 = 0.07, P = 0.0072). Elevated
protein expression was associated with significantly
shorter DFS for CYP46A1 (P = 0.0075), CH25H (P = 0.0024)
and CYP27A1 (P = 0.0183). These correlations and survival
curves are consistent with the hypothesis that
chemoresistance in TNBC cancer cells could, at least in
part, be driven by oxysterols synthesised and secreted by
the tumour microenvironment.

Oxysterol synthesis and export by cells of the
tumour microenvironment is dominated
by adipocytes

The TME comprises a mixture of tumour cells and non-
tumour ‘host’ cells. To establish if the tumour’s oxysterol
pool, and therefore LXR activity within the cancer cell
compartment, could be shaped by the non-cancer
compartment of the TME, we compared the ability of
TNBC cell lines, CAFs (Verghese et al. 2013) and
adipocyte cell lines to synthesise and secrete oxysterols,
and their ability to activate LXR in cancer cells. First, we
measured mRNA expression of the enzymes that
synthesise the OHCs previously reported to be present
in primary breast tumour samples (Solheim et al. 2019).
Synthesis of CYP46A1, the 24OHC-synthesising enzyme,
was significantly higher inmAdipo cells than all other cell
types (Fig. 2A; P < 0.0001 for all). For CH25H, which
generates 25OHC, expression was also higher in
mAdipo than CAFs, MDA.MB.453 and MDA.MB.468 cell

lines (Fig. 2B; P = 0.0568, P = 0.0863, P = 0.0721,
respectively). Expression of CYP27A1 was similar
between mAdipo and CAFs (Fig. 2C; P > 0.05), but both
had significantly more mRNA than the TNBC cell lines
(P < 0.001 for all). Regarding intracellular OHC
concentrations, mAdipo had significantly higher levels
than the TNBC cell lines for all three OHCs (Fig. 2D, E, F;
P < 0.05 for all), while CAFs had significantly less 24OHC
than mAdipo (P = 0.0035) and were statistically equivocal
to the TNBC cell lines for 25OHC and 27OHC. To establish
if oxysterols were secreted into the TME by the four cell

Figure 1

Expression of stromal proportion and relative oxysterol synthesis
enzymes in the TNBC microenvironment is associated with elevated
Pgp expression and shorter DFS. From left to right, shown are
representative images of tumour sections with 25 mm scale bars (left),
Kaplan–Meier survival curves (middle), and correlation analysis with
cancer epithelial Pgp expression (right). Analyses shown are for
epithelial to stromal proportions (A), CYP46A1 (B), CH25H (C) and CYP27A1
(D). Kaplan–Meier is shownwith 95% confidence intervals, with log-rank
test. Patients at risk of suffering an event are shown beneath. Two-tailed
Spearman’s rank was used to assess correlation.
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types, we sampled cell culture media after conditioning
for 48 h. 27OHC was the most abundant oxysterol
released into the media by an order of magnitude in
mAdipo and CAFs (Fig. 2G). mAdipo-conditioned media
contained significantly more OHC compared to CAFs, for

24OHC (7.8-fold, P < 0.0001), 25OHC (11-fold, P = 0.0134)
and 27OHC (5.3-fold, P < 0.0001) (Fig. 2G). CAF-conditioned
media had significantly less OHCs than mAdipo and
contained either the same or fewer OHCs than
MDA.MB.453 and MDA.MB.468 conditioned media.
Finally, to establish if the conditioned media contained
sufficient oxysterols to activate LXR signalling in TNBC
epithelial cells, we cultured LXR reporter MDA.MB.468
cells in conditioned media. A modest but significant
2.4-fold increase in LXR reporter gene activity was
observed after 24 h culture with 100% mAdipo-CM
(P < 0.0001). At 48 h, LXR reporter gene activity was
induced in a manner dependent on the dose of
conditioned media (75% mAdipo-CM: 2.8-fold; 100%
mAdipo-CM: 3.9-fold; P = 0.0018) (Fig. 2H). From these
data, we concluded that, of the TME components we could
utilise in vitro, mAdipo produce significantly higher levels
of oxysterols than other cell types.

Adiposity is associated with higher Pgp
and CH25H expression in primary tumours

We next hypothesised that if adipocytes could secrete
oxysterols, then adipocyte numbers should be
associated with enhanced expression of LXR target
genes. As we had already measured expression of the
LXR target gene ABCB1/Pgp in the TMA cohort (Fig. 1A),
we reinterrogated these tumour cores by scoring them for
the number of adipocytes present. In tumour cases where
there was at least one visible adipocyte, Pgp expression
was significantly higher (P = 0.0388) compared to cores
where no adipocytes were visible (Fig. 3A). We also found
that there were significantly higher levels of another LXR
target gene, the 25OHC-synthesising enzyme CH25H
(P = 0.039) in cores with at least one adipocyte (SFig. 2A
Supplementary materials). Expression of other OHC-
synthesising enzymes CYP46A1 (SFig. 2B) and CYP27A1
(SFig. 2C) in cancer cells was not significantly different
between adipocyte-containing cores and non-adipocyte-
containing cores, which was expected as neither is a
known LXR target gene and thus serves as an internal
negative control. No significant association was found
between TMA samples with adipocyte presence and
survival outcome (P = 0.1303) (SFig. 3A).

To validate this finding in additional datasets, we
performed the literature review and identified a
publicly available dataset (GSE78958 (Toro et al. 2016))
that contained basal-like cancers (n = 98), which were
annotated with categorical BMI data (<25, 25–29.99, 30+)
and reported expression of LXR target gene ABCB1/Pgp.
ABCB1 mRNA expression was positively correlated with
NR1H3/LXRα (r = 0.46, P = 0.0031), but interestingly, only
in obese patients (Fig. 3B). Notably, this correlation was
not found in Luminal A or Luminal B subtypes from the
same dataset (SFig. 4). NR1H2/LXRβ was positively
correlated with ABCB1 only in normal-weight
and overweight TNBC patients (r = 0.41, P = 0.0112;
r = 0.3, P-0.0418 respectively) (Fig. 3B) and with ABCA1

Figure 2

Mature adipocytes but not CAFs contain and secrete higher
concentrations of oxysterols relative to cancer epithelial cells. mRNA
expression of CYP46A1 (A), CH25H (B) and CYP27A1 (C) from mAdip, CAFs,
MDA.MB.468 andMDA.MB.453 cells. Oxysterol concentrations in pellets
of 1 × 106 cells (D, E, F). Data shown aremeanwith SEMof 2–4 independent
replicates and are analysed with one-way ANOVA. Media
concentrations of 24OHC, 25OHC and 27OHC (G) after conditioning with
mAdipo, CAFs, MDA.MB.468 andMDA.MB.453 cells. Cancer cell data are
shown twice to match the different growth culture media required for
mAdipo cells (charcoal stripped DMEM/F12) and CAFs (10% FBS DMEM).
Data shown are mean with SEM of 3–4 independent replicates with
standard error and are analysed with one-way ANOVA. Conditioned
media from mAdipo drives LXR activity in MDA.MB.468 reporter cells (H).
Data are normalised using cell proliferation and subsequently
normalised to match 0% conditioned media. Data shown are mean with
SEM of 7–9 independent replicates and are analysed with one-way
ANOVA.
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in overweight Luminal A or Luminal B patients
(r = 0.24, P = 0.0205) (SFig. 4). Given the lack of Her2+
samples in the GSE78958 dataset, the analysis on this
subtype was not performed. In addition, we identified a
publicly available transcriptomic dataset from diet-
induced obese mice implanted with the Py230 cell line
model of basal-like breast cancer (GSE151866). In the
Py230 tumours of the obese mice, there were
significantly higher levels of Abcb1b (P < 0.0001) and
Ch25h (P = 0.036) compared to the tumours of lean
mice (Fig. 3C).

Adipocytes induce Pgp expression and confer
chemoresistance in TNBC cells

Next, to determine if adipocytes could cause induction of
Pgp in TNBC cells, mAdipo-CM was again harvested and
added to MDA.MB.468 culture media. Culture of
MDA.MB.468 cells with mAdipo-CM led to significant
induction of ABCB1 gene expression (Fig. 4A and B; 24
h: 1.5-fold, P = 0.012; 48 h: 1.3-fold, P = 0.024) and
enhanced survival in the presence of cytotoxic doses
of epirubicin (Fig. 4C and D; P < 0.05). These data are
consistent with the hypothesis that an adipocyte-
secreted factor(s) drives expression of the Pgp drug
efflux pump in cancer cells and confers
chemoresistance.

Figure 3

Obesity is associatedwith activity of the LXR: Pgp axis in TNBC patients and
animal models. Presence of adipocytes is associated with elevated
protein expression of Pgp (A) in a 148 TNBC patient tissuemicroarray. TMA
samples are categorised as with or without adipocytes according to
presence or absence of adipose cells in respective triplicate cores. Data
shown are mean with SEM of samples with (n = 39) or without (n = 74)
adipocytes with available Pgp staining, and analysed using unpaired
parametric one-tailed t-test, in obese but not overweight or normal-
weight TNBC patients (GSE78958), Pgp is significantly positively correlated
with NR1H3 (B), data shown are from patients with basal-like breast
cancer (n = 98), and grouped according to BMI information (<25: n = 30;
25–29.99: n = 34; ≥30: n = 34), and analysed using one-tailed Spearman
correlation. Gene expression (GSE151866) of Pgp and Ch25h is elevated in
TNBC tumours from obesemice compared to leanmice (C). Data shown
are mean with SEM from obese (n = 4) and lean (n = 4) TNBC mice, and
analysed using one-tailed unpaired t-test.

Figure 4

Adipocyte-conditioned confers resistance to epirubicin. Induction of
ABCA1 and ABCB1 after culture with mAdipo-CM for 24 h (A) and 48 h
(B). Data show mean of 7–9 independent replicates with standard error.
One-tailed t-tests were used to compare means. mAdipo-CM confers
resistance to epirubicin after 24 h (C) and 48 h (D). Data are normalised to
matched 0% conditioned media. Data show mean with SEM of three
independent replicates with standard error. One-tailed t-tests were used
to compare means.
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Discussion
The aim of this study was to test the hypothesis that the
cholesterol store within adipocytes that are proximal to
breast tumour tissue could provide a source of oxysterols
that confer chemoresistance in TNBC. In vitro, adipocytes
were found to contain and secrete relatively high levels of
oxysterols, and when TNBC cancer cells were cultured
with adipocyte-conditioned media, they increased
expression of the LXR target gene Pgp and had greater
resistance to epirubicin. In patients, the expression of
several oxysterol-synthesising enzymes within the non-
tumour component of the tumourmicroenvironmentwas
associated with elevated Pgp expression in the cancer
cells and shorter DFS for the patients. The amount of
adipose cells present in the TME of our TNBC cohort was
also significantly associated with expression of CH25H,
which is not just responsible for synthesising the LXR
ligand 25OHC, but is itself an LXRα target (Liu et al. 2018).
Ch25h gene expression was elevated in the tumours of
obese mice relative to lean, as was Abcb1/Pgp. We were
unable to determine if CH25H expression was correlated
with Pgp because it is synthesising the necessary ligand
for LXR-driven transcription of the Pgp gene or because
CH25H and Pgp are both under similar regulatory
mechanisms; these are not mutually exclusive scenarios.

Notably, Pgp-mediated drug resistance has also been
described in other tumour types, including leukaemia
and brain cancers, where its expression has been
associated with reduced therapeutic efficacy and
poorer patient outcomes (Chan et al. 1991, Zhou et al.
1995, Legrand et al. 1999, Wang et al. 2017). This
underscores the broader relevance of our findings,
suggesting that the mechanisms we describe,
particularly the induction of Pgp through metabolic
cues such as oxysterols, may represent a conserved
chemoresistance pathway.

In addition, 25OHC and 27OHC have molecular targets
beyond LXRα that may contribute to our observations.
27OHC was the most abundant oxysterol detected in our
study, as has been reported previously (Solheim et al.
2019). This is notable given its emerging role in
modulating tumour biology beyond its function as an
LXR agonist. 27OHC can interact with ERβ, which is
expressed in some TNBCs and can promote
invasiveness, a feature also associated with
chemoresistance (Mashat et al. 2022). 27OHC also
induces pro-survival signalling pathways such as IGF
and EGF in TNBC cells, suggesting chemoresistance
may be conferred through growth factor receptor
modulation. 27OHC’s ability to induce changes in the
immune cell complement of the TME in breast cancer
(Baek et al. 2017) suggests another route by which
chemoresistance may be conferred in more
physiologically representative breast cancer TMEs than
was possible in our co-culture model. 25OHC interacts
with proteins such as SREBP2, ROR, GPR183 and several
integrins (Odnoshivkina et al. 2022), which suggests

25OHC can also modulate the local immune
environment within the TNBC TME, thus leading to
differential response to chemotherapy.

In previous work, ER-negative breast cancer was found
to be more responsive to oxysterols and LXR signalling
than ER-positive disease (Hutchinson et al. 2019), despite
similar oxysterol concentrations between breast cancer
subtypes (Solheim et al. 2019). Furthermore, activity of
the LXR–Pgp axis in TNBC is linked to chemotherapy
resistance and reduced patient survival (Hutchinson
et al. 2021). If the OHC–LXR axis contributes to
chemoresistance, attempts to reduce circulating
cholesterol before commencing chemotherapy may
dampen this resistance mechanism. However, this
needs careful evaluation in the clinical trial setting. It
is important to note that our data do not suggest that
overweight/obesity per se exacerbates chemoresistance,
but that conversion of cholesterol to oxysterols can
occur independently of BMI. The proximity and
abundance of adipose tissue in the breast cancer TME,
coupled with TNBC being highly responsive to oxysterol
signalling, may mean that sufficient oxysterols to
contribute to chemoresistance are present in most
triple-negative breast tumours and thus represent an
innate, yet potentially modifiable, form of resistance.
Interventions that decouple the cholesterol–oxysterol
pathway, rather than just weight loss or cholesterol
lowering, at least in the period between diagnosis and
onset of neoadjuvant or adjuvant chemotherapy, may be
most effective.

Our work has several important limitations. First, the
induction of Pgp gene expression observed after culture
with conditioned media was low to moderate, which,
although common for modulation of this efflux pump by
nutritional or metabolic factors (Hutchinson et al. 2021),
may not be sufficient to explain the chemoprotection we
observed, and other drug resistance pathways may have
been induced. Although this induction was moderate, in
the in vivo context, the local tumour cells are exposed for
longer and to higher levels of oxysterols than we
observed in conditioned media experiments. This
could also mean that there are additional cell types
contributing to the oxysterol pools in primary
tumours that we have not recapitulated in our model.
Although we found adipocytes to produce more
oxysterols than CAFs, this is in the context of a single
immortalised (albeit derived from a primary breast
tumour) cell line, and we did not attempt to confirm
thesefindings in the primary setting. Our comparisons of
enzyme expression may therefore not be reproducible
with other adipocyte or CAF sources, including analyses
in primary material. These limitations should be
addressed in future work because CAFs are able to
confer chemoresistance in claudin-low TNBC
(the work showed here is conducted exclusively in
claudin-high TNBC cell lines) in an IFN-β-dependent
manner (Broad et al. 2021), and there is extensive
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cross-talk reported between LXR and IFN pathways in
several tissue types (Hao et al. 2009, Reboldi et al. 2014,
Miao et al. 2016).

Supplementary materials

This is linked to the online version of the paper at
https://doi.org/10.1530/REM-25-0006.
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