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Obesity, a global health challenge, contributes to various cancers, including breast cancer. Complex
metabolic dysregulation marks the development of both breast cancer and obesity. Here, the
interplay between the obesity-derived adipokine leptin (LEP) and stearoyl-CoA desaturase 1 (SCD), a
critical enzyme in fatty acid (FA) metabolism, was explored. While Search Tool for the Retrieval of
Interacting Genes/Proteins (STRING) database analysis reported a significant protein-protein
interaction between LEP and SCD, functional processing of the differentially expressed genes in
LEP-treated breast cancer cells revealed a critical involvement of SCD in the interactome of
deregulated proteins. Kaplan-Meier analyses linked LEP/SCD expression to poorer recurrence-free
survival in patients with estrogen receptor o luminal A-like breast cancer. Functional studies
demonstrated that LEP up-regulated SCD expression in luminal A-like breast cancer cells through LEP
receptor-mediated signaling. Lipidomic profiling showed that SCD inhibition using MF-438 reduced
LEP-induced FA desaturation, characterized by a shift from saturated to monounsaturated FAs. SCD
inhibition also abolished the LEP-mediated mitochondrial respiration and ATP production. Addi-
tionally, LEP-induced oncogenic features, including enhanced growth and motility, were counter-
acted by pharmacologic/genetic SCD blockade, confirming SCD’s role in leptin’s protumorigenic
effects. This study highlights the LEP-SCD axis as a driver of metabolic/functional alterations in
estrogen receptor a—positive breast cancer, providing insights into the obesity—breast cancer link
and identifying potential therapeutic targets (ie, SCD) to counter obesity-driven cancer progression.
(Am J Pathol 2025, 195: 2492—2511; https://doi.org/10.1016/j.ajpath.2025.08.009)
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Leptin-SCD1 Interplay in Breast Cancer

Breast carcinoma is the most commonly diagnosed ma-
lignant neoplasm in the female population worldwide and
is the most frequent cause of death from neoplastic dis-
ease." A comprehensive overview of breast tumorigenesis
suggests that this process is influenced not only by
intrinsic properties of the tumor cells, but it is also tightly
dependent on the surrounding microenvironmental factors
and on the host characteristics.” Indeed, several studies
have now recognized obesity, a metabolic disorder char-
acterized by an abnormal accumulation of body fat, as a
heavyweight player able to drive development and pro-
gression of breast cancer, especially concerning post-
menopausal status and estrogen receptor (ER) a— and
progesterone receptor—positive tumor subtypes.’

Obesity is associated with an expanded, metabolically
active and reprogrammed adipose tissue that induces altered
secretion of several bioactive molecules.” © These local
changes cooperate with systemic obesity-associated alter-
ations to impact cancer through direct effects on neoplastic
epithelial cells or through indirect effects mediated by ad-
ipocytes within the tumor microenvironment, then deeply
affecting tumor progression, and patient’s outcome.” ° One
of the most important features in obesity—breast cancer link
is represented by the imbalance in adipokine production
and, in this context, leptin (LEP) plays a central role. LEP, a
16-kDa neuroendocrine peptide hormone, beyond being a
key regulator of food intake and energy homeostasis, is able
to orchestrate different pathways involved in breast
tumorogenesis. LEP can influence proliferation, growth,
invasion, and metastasis by binding to its receptor (ObR)
expressed in breast carcinoma cells.”* Additionally, LEP is
a significant factor in metabolism, particularly in lipid
metabolism, because it is involved in various pathophysi-
ological mechanisms that affect lipid absorption, storage,
and utilization.” "'

The profound reprogramming of cellular metabolism, a
fundamental characteristic of oncogenic transformation,
is now considered a hallmark of cancer.'” The main
metabolic characteristics may include the following: 1)
aerobic glycolysis, designated as the Warburg effect, a
major metabolic feature shared by most cancer types; ii)
dependence on glutamine, which replenishes the tricar-
boxylic acid cycle; iii) consumption of acetate and folate,
to support lipid and nucleotide biosynthesis; and iv)
increased fatty acid (FA) biosynthesis, because
neoplastic cells require large amounts of lipids and
cholesterol. Within this broad spectrum of changes, the
enzyme stearoyl-CoA desaturase (SCD) plays an impor-
tant role as activator of de novo lipogenesis and choles-
terol biosynthesis.'3 In humans, two distinct isoforms of
SCD have been identified: SCD1 (hereafter referred to as
SCD), the predominant and ubiquitously expressed iso-
form, and SCD5." Mainly, SCD is an enzyme that cat-
alyzes the conversion of saturated FAs (SFAs) palmitic
and stearic to A9-monounsaturated [monounsaturated
fatty acid (MUFA)] palmitoleic and oleic FAs.'” These
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four specific FAs are major components of all principal
lipid classes, including phospholipids, diacylglycerols,
triglycerides (TGs), cholesteryl esters (CEs), and free
FAs. They serve as basic components of biological
membranes, energy sources, and signaling molecules
crucial for cellular communication.'® SCD over-
expression is associated with poor prognosis in different
cancer types,' ' ”' and strong experimental evidence in-
dicates that increased expression and activity of SCD are
critical in malignant breast behaviors.”” *> SCD can
modulate cancer development and growth through
various signaling pathways, some of which overlap with
LEP’s transduction pathways, including epidermal
growth factor/epidermal growth factor receptor, endo-
plasmic reticulum stress/unfolded protein response,
phosphatidylinositol  3-kinase/AKT, cyclin-dependent
kinases 4 to 6 (cyclinD1/CDK4-6), extracellular signal-
related kinases 1/2—mitogen-activated protein kinase,
phosphatase and tensin homolog/AKT, and AKT/
glycogen synthase kinase 3PB/B—catenin.'® Moreover,
17B-estradiol, which is well known to cross-talk with
LEP signaling,”® " was previously described inducing
cell proliferation and SCD expression via sterol regula-
tory element binding protein 1 (SREBP1) ERa-positive
MCEF-7 and T47D breast cancer cells but not in non-
tumorigenic epithelial cell line MCF-10A cells. Because
tamoxifen reverted this effect, SCD was proposed as a
therapeutic target in ERo-positive breast cancer.”’ An
interplay between LEP and SCD has been suggested in
liver’” and neuronal cells’” during obesity. In hepatocyte
carcinoma cells, which expressed LEP receptor (ObR),34
it was demonstrated that LEP reduced SCD gene tran-
scription,” whereas LEP silencing resulted in SCD
down-regulation through SREBPI inhibition in naso-
pharyngeal carcinoma cells.’®

Here, it has been investigated the potential functional
interaction between LEP and the SCD enzyme in ERa-
positive breast cancer cells and whether this mechanism
could be significant in mediating the protumor effects
mediated by LEP.

Materials and Methods

Antibodies and Reagents

Antibodies against SCD (sc-58420), SREBP-1 (sc-13551),
glyceraldehyde-3-phosphate dehydrogenase (sc-47724),
and B-actin (sc-69879) were acquired from Santa Cruz
Biotechnology (Dallas, TX). Recombinant Human Leptin
Lyophilized (PHP0013) was obtained from Thermo Fisher
Scientific (Waltham, MA). The SCD inhibitor MF-438
(921605-87-0) was acquired from Sigma-Aldrich (Milan,
Italy). Oligomycin A (75351) was acquired from Merck
(Milan, Italy). Bedaquiline (TMC-207) was purchased from
AdooQ Bioscence (Irvine, CA).
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Cell Cultures

Human MCF-7, T47D, MDA-MB-231, and SKBR-3 breast
cancer cells were purchased from ATCC (Manassas, VA)
and cultured following supplier’s instruction. MCF-7 and
MDA-MB-231 cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) F12 medium (Thermo Fisher
Scientific) containing 10% fetal bovine serum (FBS), 1% L-
glutamine, and 1% penicillin-streptomycin (Thermo Fisher
Scientific) at 37°C with 5% CO, air. T47D and SKBR-3
cells were cultured in RPMI 1640 medium (Thermo
Fisher Scientific), supplemented with 10% FBS and 1%
penicillin-streptomycin at 37°C in humidified 5% CO, air.
Cells were authenticated every 6 months at the Sequencing
Core and regularly tested for Mycoplasma negativity
(MycoAlert; Lonza, Basel, Switzerland). The cell lines
were used within 3 months of culture and before the 20th
passage.

Lentiviral Transfection

The establishment of a stable MCF-7 cell line has been
achieved by using control shRNA lentiviral particles
(TR30021V; OriGene Technologies, Rockville, MD) and
SCD shRNA lentiviral particles (TL309631V; OriGene
Technologies) following manufacturer’s instructions. Cells
were selected using 1 pg/mL puromycin over time to
eliminate uninfected cells. SCD protein expression in stable
clones was evaluated by immunoblotting analysis. Previ-
ously generated stable control sh and ObR sh MCF-7 cell
lines, by using control shRNA lentiviral particles-A (num-
ber sc-108080; Santa Cruz Biotechnology) and ObR
shRNA (h) lentiviral particles (number sc-36115-V; Santa
Cruz Biotechnology),”” were also used.

Interactomics Prediction of SCD Involvement in MCF-7
Response to Leptin

Count data from previous work [accession number in
European Bioinformatics Institute (EBI) ArrayExpress data-
base (E-MTAB-3641); https://www.ebi.ac.uk/biostudies/Array
Express/studies/E-MTAB-3641?query=E-MTAB-3641 7% last
accessed December 15, 2024], which investigated LEP effects
on the transcriptome of MCF-7 cells, were log2 transformed,
background corrected, and quantile normalized by DeSeq2
Rpackage version 4.4.%° Transcripts with low expression
levels (exhibiting a count per million value lower than 1) were
excluded from the analysis. After a preliminary comparison
performed, including all the investigated experimental condi-
tions, the analysis was narrowed on the comparison between
LEP-treated and control cells using limma R package version
3.62.2 (https:/fwww.r-project.org,” last accessed December
20, 2024). Transcripts presenting an absolute log, fold change
higher than 1 and a P value < 0.002, as determined by the
Benjamini-Hochberg correction for false discovery rate, were
designated as differentially expressed genes (DEGs) in the
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LEP-treated versus control cell comparison and selected
for the interactomics analysis. Enrichment analysis of
protein-coding DEGs (presenting an unambiguous UniProt
identifier) were obtained through enrichR R package
version 3.2 (htips://www.r-project.org,’’ last accessed
December 20, 2024). Only the enriched terms having at
least five genes of interest and a P value < 0.05 at
Benjamini-Hochberg test of the false discovery rate were
considered as significant.

The MetaCore version 23.3 network building tool
(Clarivate Analytics, Boston, MA) was applied to func-
tionally correlate DEG-coded proteins by using the direct
interaction algorithm and according to the MetaCore
curated database of protein-protein interactions (PPIs).
Only proteins with direct functional correlations entered
into the direct interaction network (DIN), which represents
the interactomic core of the investigated processes. Met-
aCore networks are visualized as nodes (proteins) and
edges (interactions) and named after their top five hubs.
These, being the seed nodes cross-linked to the higher
number of net factors, they are recognized as critical
biomarkers with key roles in defining the system
biochemical properties and for clinical applications, as
previously demonstrated.*”**

PPI Network Construction and Enrichment Analysis

The PPI network of the candidate LEP and SCD proteins
was generated using the Search Tool for the Retrieval of
Interacting Genes/Proteins (STRING) version 12.0 database
(https://string-db.org/cgi/input ?sessionld = bp7GGoXn66Fl
&input_page_show_search=on, last accessed February 10,
2025). The confidence of the interaction was set to medium
confidence (0.4).

Survival Kaplan-Meier Analysis

Kaplan-Meier plots were generated by using the Kaplan-
Meier plotter online tool (https://kmplot.com/analysis, last
accessed January 4, 2025), to evaluate the correlation of
LEP and SCD mean expression levels with recurrence-
free survival in all breast cancer subtypes and in patients
classified, according to the StGallen classification, into
luminal A, luminal B, human epidermal growth factor re-
ceptor 2 (HER2)™", and basal subtypes, with auto select best
cutoff, and the JeSet best probe set, in The Cancer Genome
Atlas, Gene Expression Omnibus, and Metabric data sets.
Hazard ratios with 95% CIs and log-rank P values were
calculated and plotted in R version 3.0.1, as previously
described.*®

Leptin Treatment

Cells were seeded in DMEM F12 medium (MCF-7) or
RPMI 1640 medium (T-47D) without phenol red, sup-
plemented with 5% or 10% FBS, respectively. After 24
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hours, the medium was replaced with DMEM F12 or
RPMI 1640 medium containing charcoal stripped FBS.
Recombinant Human Leptin Lyophilized was adminis-
tered at a final concentration of 500 ng/mL, with the
exact treatment duration varying depending on the
specific experimental protocol. For lipidomic analyses,
cells were seeded in DMEM F12 without phenol red and
supplemented with 5% FBS. After 24 hours, the medium
was replaced with DMEM F12 supplemented with
charcoal stripped FBS. LEP treatment was performed
for 3 days, and for experiments extending to 6 days,
medium containing LEP was refreshed on day 3 to
maintain consistent exposure. Leptin concentrations
applied in in vitro experiments to induce proliferation
might closely mimic the local paracrine environment
present within breast adipose tissue, a major component
of the breast cancer microenvironment.

SREBP1 siRNA Silencing

Cells were transfected with SREBP1 (SREBF1) Human
siRNA Oligo Duplex (locus identifier 6720; OriGene
Technologies) and with Trilencer-27 Universal scrambled
negative control siRNA duplex (SKU SR30004; OriGene
Technologies), used as a negative control, using Lipofect-
amine RNAi/MAX reagent (13778075; Thermo Fisher
Scientific), according to the manual instructions. Specif-
ically, 35 x 10* MCF-7 cells were transfected with 10
nmol/L. of both validated SREBP1 (SREBF1) Human
siRNA Oligo Duplex or Trilencer-27 Universal scrambled
negative control siRNA duplex in 6-well plates. On the
following day, MCF-7 cells were treated as indicated for a
further 24 hours.

Immunoblot Analysis

Cells were lysed in radioimmunoprecipitation assay buffer
(50 mmol/L Tris-HCI, 150 mmol/L NaCl, 1% Nonidet P-
40, 0.5% sodium deoxycholate, 2 mmol/L sodium fluoride,
2 mmol/L EDTA, and 0.1% SDS) containing a mixture of
protease inhibitors (aprotinin, phenylmethylsulfonyl fluo-
ride, and sodium orthovanadate). Equal amounts of cells
extracts were resolved on 11% SDS-polyacrylamide gel, as

described.”” Odyssey FC and Image Studio Lite software
version 5.2.5 (Licor, Lincoln, NE) were used to acquire and
quantify the band of interest.

Quantitative Real-Time RT-PCR Assay

Total RNA from cells was extracted by using the TRIzol
reagent (Thermo Fisher Scientific). A NanoDrop-1000
spectrophotometer (Thermo Fisher Scientific) was used to
evaluate RNA concentration and quality. Two micrograms
of total RNA was reverse transcribed with the RETROscript
Kit (Applied Biosystems, Monza, Italy). Gene expression
has been analyzed by real-time RT-PCR using an SYBR
Green Universal PCR Master Mix (Bio-Rad, Hercules, CA)
in an iCycler iQ Detection System (Bio-Rad). The relative
gene expression levels were assessed and calculated as
previously described.”” Each sample was normalized on
18S mRNA expression. Primers are listed in Table 1.

Immunofluorescence

Cells were fixed using 4% paraformaldehyde, and per-
meabilized with phosphate-buffered saline containing 0.2%
Triton X-100. Blocking was performed with 5% bovine
serum albumin for 1 hour at room temperature. The cells
were then incubated overnight at 4°C with an anti-ObR
primary antibody (sc-8391; dilution 1:100), followed by
incubation with fluorescein isothiocyanate—conjugated
secondary antibody (F3008; Sigma-Aldrich) for 30 mi-
nutes at room temperature. A primary IgG antibody was
used as negative control. Nuclear staining was performed
using DAPI (Sigma-Aldrich). Fluorescent images were
captured using an Olympus BXS51 microscope (Tokyo,
Japan), with a 100x objective.

Immunohistochemistry Analysis of MCF-7 Breast
Tumor Xenografts

In accordance with the 3Rs as reuse, in which all animals
were maintained and managed in accordance with the rec-
ommendations of the Guide for the Care and Use of Lab-
oratory Animals,*®  formalin-fixed, paraffin-embedded
tissues from previous female 45-day—old athymic nude

Table 1  Oligonucleotide Primers Used in This Study
Gene name Gene symbol Species Forward or reverse Primer sequences
Leptin receptor 0bR long Human Forward 5'-GATAGAGGCCCAGGCATTTTTTA-3’
Long isoform Reverse 5'- CACCACTCTCTCTCTTTTTGATTGA-3'
Leptin receptor 0bR short Human Forward 5 -ATTGTGCCAGTAATTATTTCCTCTTCC-3’
Short isoform Reverse 5'-CCACCATATGTTAACTCTCAGAAGTTCAA-3'
Stearoyl-CoA desaturase 1 SCD-1 Human Forward 5'-TGCCCACCACAAGTTTTCAG-3'

Reverse 5'-CATCAGCAAGCCAGGTTTGT-3’
18s rRNA 18s Human Forward 5'-CGGCGACGACCCATTCGAAC-3’

Reverse 5'-GAATCGAACCCTGATTCCCCGTC-3’
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mice injected orthotopically with control sh and ObR sh
MCEF-7 clones were used.”’ Incubations with primary SCD
antibody were performed at room temperature overnight in
a humidified chamber. Normal goat serum was used as
blocking agent. Biotinylated horse anti-mouse/rabbit
(1:100) was used as the secondary antibody and revealed
with a Vectastain ABC Kit Elite (catalog number PK-6200;
Vector Laboratories, Burlingame, CA) and a Peroxidase
Substrate Kit DAB (catalog number SK-4100; Vector
Laboratories). All stained slides were visualized using an
Olympus BX41 microscope, and the images were taken
with CSV version 1.15 software (Olympus, Evident Europe
GmbH, Hamburg, Germany), using a CAM XC-30 for
image acquisition.

Lipidomics

After harvesting, treated and untreated cell samples were
extracted three times by a 2:1 mix of CHCI;/CH30H, KCl
0.05%, and butylated hydroxytoluene as antioxidant. Proper
internal standards (stigmasterol, cholesteryl heptadeca-
noate, and triheptadecanoin) were added to the extraction
mixture to quantify the mass of the lipid subclasses (free,
esterified cholesterol, and triglycerides, respectively).
While total fatty acid (qualitative) profile analysis was
directly performed on aliquots of lipid extract, lipid sub-
classes were first separated onto thin layer chromatography
silica gel 60 plates (Merck, Milan, Italy). After develop-
ment in hexane/diethylether/acetic acid (80:20:1) and
dichlorofluorescein staining, lipid subclasses were identi-
fied by comparison of their spots with those of standards
and scraped off from the silica. Before gas-liquid chroma-
tography analysis, aliquots of whole lipid extract or of silica
gel containing the lipid subclasses were derivatized by
methanolic HCl 3N for 30 to 120 minutes at 80°C; the
obtained methylated FAs were extracted with hexane/water
and injected in a gas-liquid chromatograph (DANI 1000;
DANI, Milan, Italy) equipped with a flame-ionization de-
tector, hydrogen as gas carrier, and an HTA autosampler
(HTA Instruments, Brescia, Italy). For fatty acid profile of
total lipid extract, cholesteryl esters, and triglycerides, a
MEGA-5 capillary column (0.25-mm internal diameter, 30-
m length; MEGA Columns, Legnano, Italy) was used, and
the oven temperature was programmed as follows: 150°C to
190°C at 8°C/minute; from 190°C to 210°C at 4°C/minute
and to 320°C at 12°C/minute, hold for 6 minutes, for a total
run of 25.5 minutes. The identification of each fatty acid
was achieved by comparing the retention times of each peak
with those of a standardized mixture of methylated fatty
acids (FAME MIX 37; Sigma-Aldrich). The relative
amount of each fatty acid was calculated by the Clarity
Software version 8.7 (Clarity, Prague, Czech Republic), by
summing the areas under the curve of each peak and
calculating the relative percentages.”’
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Seahorse XFe96 Metabolic Flux Analysis

The Mito Stress Test was used to evaluate the cellular
metabolic profile by measuring real-time oxygen con-
sumption rates (OCRs) using the Seahorse Extracellular
Flux Analyzer (XFe-96; Agilent Technologies, North Bill-
erica, MA). Briefly, breast cancer cells (104 cells/well) were
seeded in 150 pL of culture medium into XFe-96 cell
culture plates and allowed to adhere for 24 hours. The
following day, cells were treated as indicated. After
washing with prewarmed XF assay medium, supplemented
with 10 mmol/L glucose, 1 mmol/L pyruvate, and 2 mmol/
L L-glutamine, cells were incubated at 37°C in a non-CO,
incubator for 1 hour. For mitochondrial respiration assess-
ments, sequential injections of 1 pmol/L oligomycin (an
ATP synthase inhibitor), 1 pmol/L carbonyl cyanide-p-tri-
fluoromethoxyphenylhydrazone (FCCP; a mitochondrial
uncoupler), and 0.5 pmol/L rotenone/antimycin A mix
(inhibitors of complex I and III of the electron transport
chain) were performed to calculate specific respiratory pa-
rameters. All experiments were performed independently in
duplicate, with each condition tested in quintuplicate. Data
were normalized to cell mass as determined by the sulfo-
rhodamine B assay.

Sulforhodamine B Assay

At the end of the seahorse experiment, 10% trichloroacetic
acid was added to the cells for 1 hour at 4°C, and after that,
sulforhodamine B dye (Acid Red 52; Sigma-Aldrich) was
used for 30 minutes at room temperature. Cells were then
washed twice with 1% acetic acid and air dried for at least 3
hours. Finally, the cells were resuspended in 10 mmol/L
Tris, pH 8.8, solution, and the absorbance was measured at
a wavelength of 565 nm (Multiskan SkyHigh; Thermo
Fisher Scientific).

Cellular ATP Quantification

Intracellular ATP levels were assessed using an ATP Assay
Kit (number ab83355; Abcam, Cambridge, UK) and
following the manufacturer’s protocol. Briefly, 3.5 x 10°
breast cancer cells were plated in medium for 24 hours and
then treated as indicated for a further 48 hours. OD (570
nm) was measured using a microplate reader (Multiskan
SkyHigh).

Wound Healing Assay

Cells were plated (10°/well) in complete medium in 6-well
plates. Confluent monolayers were starved with their
respective phenol red—free culture media supplemented
with 3% charcoal stripped FBS for 24 hours and, at optimal
confluence, a scratch was performed using a pipette tip.
Cells were then treated as indicated for 24 hours. After-
wards cells were fixed and stained with Coomassie Brilliant
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Blue. Images were taken at x10magnification using an
Olympus BX51 microscope, and the percentage of wound
closure was analyzed by using Image] software version
1.52a (NIH, Bethesda, MD; /htps://imagej.net/ij),
quantifying the wound opening area.

Anchorage-Independent Soft Agar Growth Assays

Anchorage-independent growth assays were conducted as
previously described.”” Data represent three independent
experiments performed in triplicate.

Statistical Analysis

Statistical analysis was performed with analysis of variance
using GraphPad Prism 8 (GraphPad Software, Inc., San
Diego, CA) and reported as the means += SEM.

Results

Leptin and SCD Interplay in ERa-Positive Luminal-Like
Breast Cancer Cells

To explore potential interactions between LEP and SCD,
the STRING database was used (https.//string-db.org, last
accessed February 10, 2025). The analysis yielded a
network comprising seven nodes, encompassing a range
of proteins associated with breast cancer biology and lipid
metabolism, including CIDEC,”' >* ELOVL6,™* °
GPAM,”’”® and ADIPOR2.” % Noteworthy, LEP and
SCD exhibited the highest number of connections, each
having six connections (PPI enrichment P = 0.000124)
(Figure 1A). Then, the clinical significance of both LEP and
SCD gene expression in human breast cancers was studied
by using Kaplan-Meier plots. Elevated expression levels of
both LEP and SCD were found to be correlated with poorer
recurrence-free survival in patients with breast cancer
across multiple independent data sets (Figure 1B). A further
analysis of the co-expression of LEP and SCD in different
breast cancer subtypes, classified according to the St.
Gallen criteria, showed that high expression of both genes
significantly correlates with a poorer recurrence-free sur-
vival exclusively in patients with luminal A breast cancer
(Figure 1C). On the basis of these findings, the role of LEP
and SCD was further investigated in ERa-positive luminal
A-like breast cancer cell lines.

Thus, to assess whether LEP may affect SCD gene and
protein expression, the present study used two well-
known ERa-positive luminal A-like breast cancer cell
lines (namely, MCF-7 and T-47D). Cells were treated
with LEP (500 ng/mL) for 6, 12, and 24 hours to inves-
tigate, by quantitative real-time RT-PCR, SCD expres-
sion, and for 12 and 24 hours for immunoblotting
detection of SCD protein abundance. Both cell lines
showed an increase in SCD gene expression, reaching the
zenith at 12 hours in MCF-7 breast cancer cells
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(Figure 2A), and at 6 hours in T47D breast cancer cells
(Figure 2B). Concerning protein expression, the maximal
expression of SCD was reached 12 hours after LEP
administration in both cell lines (Figure 2, C and D).
Moreover, no leptin-mediated up-regulatory effects in
SCD protein expression were detected in triple-negative
basal-like MDA-MB-231 and in ERa-negative/HER2-
overexpressing SKBR-3 breast cancer cell lines, sug-
gesting that the effect of leptin on SCD expression is
depending on the specific cellular background (Figure 2,
E and F). To demonstrate the direct involvement of LEP/
ObR-mediated signaling in the observed SCD up-
regulation, the present study used MCF-7 cells stably
silenced for ObR using lentiviral delivered short hairpin
RNA (ObR sh). Ob mRNA and protein levels, as
measured by quantitative real-time RT-PCR and immu-
nofluorescence, were significantly down-regulated in
ObR sh clones compared with cells stably transfected
with a vector shRNA (Control sh) (Supplemental
Figure S1). As expected, LEP treatment induced a sig-
nificant increase of SCD gene expression in Control sh
MCE-7 cells, whereas LEP effects were reversed in ObR
sh breast cancer cells (Figure 2G). Results were also
confirmed by immunoblotting analysis (Figure 2H),
although at 12 hours, a slight increase in SCD expression
was still observed, which may reflect a transient or partial
regulation by alternative pathways. By using the same
experimental model, a significant reduction in tumor
volume has been previously demonstrated in mice
injected with ObR sh cell lines compared with the control
counterpart, concomitant with a decrease in Ki-67
expression and the mitotic index.’’ Thus, to further
explore the link between LEP and SCD, SCD expression
has been evaluated in formalin-fixed, paraffin-embedded
tissues of the aforementioned mice injected with Control
sh and ObR sh MCF-7 cells. Of particular interest was the
finding of a significant reduction in SCD expression in
formalin-fixed, paraffin-embedded tissues from mice
injected with ObR sh MCF-7 breast cancer cells with
respect to the control counterpart, as revealed by immu-
nohistochemical staining (Figure 2I). These latter results
further support the existence of a cooperative axis be-
tween SCD and LEP signaling, also in animal models.
SCD is abundantly expressed in hepatic and adipose
tissues and is primarily controlled at the transcriptional
level by SREBP-1 through interaction with a sterol
response element within the promoter region of the SDC
gene.” ° Previous studies have demonstrated that several
hormonal factors, including 17B-estradiol and leptin,
impact SCD transcription via SREBP-1 in various
experimental models.”'~° Thus, to explore the potential
mechanism contributing to leptin’s modulation of SCD in
ERa-positive breast cancer cells, the expression levels of
SREBP-1, the master transcription factor orchestrating lipid
metabolism and SCD regulation, have been first assessed. It
has been found that leptin exposure led to a marked increase
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Figure 1  In silico analysis reveals a potential interplay between LEP and SCD. A: Protein-protein interaction (PPI) network of LEP and SCD. Only proteins
with an interaction are shown and gave total seven nodes; there are 16 edges with an average node degree of 4.57 and PPI enrichment P value of 0.000124.
B and C: Kaplan-Meier survival analysis of recurrence-free survival (RFS) rate in all breast cancer subtypes (B), or in patients with breast cancer classified
according to the St. Gallen criteria into the following subtypes: luminal A, luminal B, human epidermal growth factor receptor 2 (HER2) ", and basal subtypes
(C), based on the mean co-expression levels of LEP and SCD. HR, hazard ratio; LEP, leptin; SCD, stearoyl-CoA desaturase.
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in SREBP-1 expression, accompanied by a concomitant
increase in the levels of the SREBP1 downstream target
SCD (Figure 2J). SREBPI genetic silencing by siRNA
impaired the leptin-driven SCD up-regulation (Figure 2J),
indicating how leptin induction of SCD may occur via
SREBP activation.

Effects of Leptin/SCD Axis on Cell Lipid Mass and
Composition

Reminiscent of previous microarray analysis on the role of
LEP in modulating the genome of MCF-7 cells (EBI
ArrayExpress database, accession number: E-MTAB-3641,
https://www.ebi.ac.uk/biostudies/ArrayExpress/studies/E-
MTAB-3641?query=E-MTAB-3641,"®  last  accessed
December 15, 2024), an up-regulation of SCD was revealed
in MCF-7 cells treated with LEP (fold change = 2.14,
P = 0.002). To ensure robust statistical analysis for a next
interactomics investigation, the data set of the detected and
quantified expressed genes has been reprocessed by using
linear Bayesian statistics. Differential expression between
LEP-treated cells and control MCF-7 cells was evaluated
according to the thresholds —1 >log2 fold change > 1 and
false discovery rate < 0.002, and 1003 DEGs were retrieved.
Then, to investigate the potential role of SCD in the core
interactome of DEG-coded proteins, a DIN 2 was generated
by applying the MetaCore network building tool. Of the 965
DEG-coding proteins, reported in Supplemental Table S|
(EBI ArrayExpress database, accession number: E-MTAB-
3641),” 813 DEGs-proteins (representing >80% of the total
DEGs) were integrated into the DIN, hence stressing the
reliability and relevance of the acquired data. Steroid hor-
mone receptor estrogen-related receptor 1 (ERR1) (ESRRA
in the DIN), transcription factor JunB (JunB), POU (Pit-Oct-
Unc) domain, class 2, transcription factor 1 (POU2F1; Oct-1
in the DIN), polycomb protein SUZ12 (SUZI2), and tran-
scription factor p65 [also known as NF-kB p65 subunit
(RELA); RelA (p65 NF-kB subunit) in the DIN] resulted the
main central hubs of the net, as shown in Supplemental
Figure S2A. Remarkably, SCD directly interacts with JunB
and POU2F1 and indirectly i) with ERRI, through its
interactors p300, oxysterols receptor liver X receptor (LXR)-
B (LXR-B in the DIN) and CDKO; ii) with RELA, through
p300, tryptophan-aspartic acid (WD) repeat-containing pro-
tein 5 (WDRS), CDKO9, and heterogeneous nuclear ribonu-
cleoprotein Al; and iii) with SUZI12, through p300 and
WDRS5. As a result, SCD was located in the innermost shell
of the main central hub interactors, according to the organic
hub-centric network layout (Supplemental Figure S2A). This
suggests that the enzyme may exert a critical function, in
coordination with the main central hubs, in the response of
tumor cells to LEP stimulation. Blue bold vectors of
Supplemental Figure S2A show the tight crosstalk among
main central hubs, SCD, and SCD direct interactors (ie,
p300, WDRS5, LXR-B, CDK9, and heterogeneous nuclear
ribonucleoprotein Al). Interestingly, the vast majority of
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these factors are known to play a role in the regulation of
energy metabolism, principally lipid, glucose, and mito-
chondrial metabolism (ERR1; LXR-B; CDK9; RELA; and
p300), as well as in its reprogramming in cancer cells
(ERR1; POU2F1; CDK9; heterogeneous nuclear ribonu-
cleoprotein Al; and p300).°” ** Interactomics analysis
hence highlighted the LEP/SCD axis centered in metabolism
regulation, a finding further stressed by the enrichment
analysis performed on DEG-coded proteins (Supplemental
Figure S2B).

Consistent with these findings, the enrichment analysis
associated to the SCD known interactors, which were
retrieved from the dedicated STRING database and used for
the SCD-PPI network generation via the single protein by
name search, reported in Supplemental Figure S3A,
recognized fatty acid biosynthetic process ranking among
the most relevant biological process (Supplemental
Figure S3B). In addition, acyl-CoA desaturase activity
emerged as one of the most relevant molecular functions
(Supplemental Figure S3C), whereas fatty acid elongase
complex resulted in the main cellular-component enriched
term (Supplemental Figure S3D). Accordingly, the
biosynthesis of unsaturated fatty acids stood out as the most
enriched Kyoto Encyclopedia of Genes and Genomes
pathway (Supplemental Figure S3E).

In reason of the predicted metabolism modulation exerted
by LEP through SCD, a detailed lipidomic analysis was
conducted, primarily focusing on the fatty acid qualitative
composition of diverse cell lipid classes, in MCF-7 breast
cancer cells treated with LEP, with or without the SCD in-
hibitor MF-438.'"* Because SCD catalyzes the desaturation
of SFAs, specifically palmitic acid (C16:0) and stearic acid
(C18:0), into their respective monounsaturated counterparts
(MUFA), palmitoleic acid (C16:1) and oleic acid (C18:1),
the relative percentage of each fatty acid was quantified, as
well as the proportion of fatty acids categorized according to
their degree of unsaturation (SFA, MUFA, and poly-
unsaturated fatty acids), after 3 or 6 days of treatment with
vehicle (—) or LEP (500 ng/mL) and with or without MF-438
(5 umol/L). Treatment with LEP alone or in combination
with MF-438 does not alter free cholesterol, CE, and TG
masses in MCF-7 cells (Figure 3, A—C). The profile of the
fatty acids contained in total lipid extracts was also analyzed,
which also comprise lipid subclasses, such as phospholipids,
diglycerides, and monoglycerides, beyond CE, free FA, and
TG. Fatty acids from total lipid extracts range from C15:0 to
C20:4, with obvious prevalence of C16:0, C18:0, and C18:1.
When analyzing single fatty acids, after 3 days of treatment,
no significant differences were appreciated, except for a
switch in the relative abundance of C16:0 and C18:0, which
decrease and increase, respectively, only after MF-438
treatment (Figure 3D). Because these fatty acids are both
saturated, no differences were seen when fatty acids were
categorized on the basis of their degree of unsaturation
(Figure 3E). On the other hand, the profile was altered after 6
days of incubation with LEP (alone or with MF-438). In
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detail, LEP significantly decreased C16:0 and C18:0, with a
concomitant increase in C18:1 (Figure 3F). Obviously, the
effect was mirrored by a decrease in SFA and an increase in
MUFA (Figure 3G), whereas no differences have been
detected in polyunsaturated fatty acid profile. MF-438 pre-
vented LEP-mediated effects in MUFAs. To further evaluate
which lipid class may be mainly involved in this switch to-
ward a higher degree of unsaturation, the fatty acid profile of
CE and TG was analyzed. After 3 days of incubation, LEP
decreased CE 16:0 and C18:0, whereas it concomitantly
increased C18:1 (Figure 3H). This effect was significantly
prevented by the addition of MF-438. The overall picture
representing the switch toward a more MUFA profile and the
MF-438—induced prevention is well depicted in Figure 3I.
Interestingly, LEP seemed to lose its activity on CE profile
after 6 days of treatment, where the tendency in SFA
decrease and MUFA increase was still present (mainly
because of C18:0 lowering) but not significant (Figure 3, J
and K). Finally, LEP increased TG MUFAs, while it
increased MUFA after 3 days of incubation. This effect was
strongly prevented, or even counterbalanced, by MF-438,
which significantly enhanced CI18:0, with a concomitant
decrease of C18:1 (Figure 3, L and M). As previously
demonstrated for CE, also in TG, these effects were no
longer noticeable after 6 days of treatment (Figure 3, N and
0). In conclusion, lipidomic analysis showed that leptin
promotes a shift toward MUFA production, an effect
reversed by the SCD inhibitor MF-438, thereby confirming
SCD dependency. From a functional point of view, SCD-1
activity may support tumor cell growth by increasing
MUFA levels, which have been highlighted as a common
hallmark of cancer cells.*

SCD Drives Leptin-Induced Mitochondrial
Bioenergetics in ERa-Positive Breast Cancer Cells

In the light of the aforementioned data, it was further
substantiated that SCD is a pivotal enzyme implicated in
the transformation of SFAs, originating from de novo
lipogenesis or dietary sources, into MUFAs. This further
supports the previously reported significance of SCD as a
crucial factor in maintaining metabolic homeostasis, with

particular emphasis on its role in regulating lipid meta-
bolism.' %0683 Moreover, it has been well documented that
LEP is involved in metabolic reprogramming through
consistent use of lipids for energy production. Specifically,
there is mounting evidence that LEP primarily sustains
mitochondrial metabolism in ER™ breast cancer cells.*®*’
Consequently, the potential interplay between LEP and
SCD also in modulating oxidative phosphorylation, the
primary metabolic pathway through which cells produce
energy, was investigated. To this end, it was evaluated
whether inhibition of SCD expression and/or activity by
pharmacologic or genetic approaches may reverse LEP-
mediated effects. First, the specific inhibitor MF-438 was
used, and the effects of LEP on several parameters asso-
ciated with mitochondrial functions (basal and maximal
respiration) were assessed. The OCR was measured
directly in a Seahorse XFe 96 metabolic analyzer via the
sequential injection of various cellular respiration modu-
lators (oligomycin, rotenone/antimycin A, and FCCP). As
expected, LEP treatment resulted in a substantial increase
in mitochondrial respiration in MCF-7 cells, as evidenced
by the elevated OCR in both basal and maximal condi-
tions. Interestingly, the addition of the SCD inhibitor MF-
438 effectively counteracted these changes, reducing OCR
and basal and maximal respiration rates to levels compa-
rable to the control group (Figure 4, A—C). These findings
support the hypothesis that SCD activity is crucial for
mediating the prometabolic effects of LEP. In accordance
with these findings, it was observed that LEP treatment
significantly increased ATP production, whereas these ef-
fects were completely abrogated by MF-438 (Figure 4D).
Moreover, stable silenced SCD MCEF-7 cells were generated
using lentiviral transfection (Figure 5A). SCD silencing
abrogated LEP effects on OCR and basal and maximal
respiration rates (Figure 5, B—D). Consistently, LEP-
mediated induction on ATP production was entirely abol-
ished on SCD knockdown (Figure 5E), reinforcing the
notion that SCD not only contributes to mitochondrial
respiration but it is also required to sustain LEP-induced
bioenergetics in breast cancer cells.

It is well established that increased ATP production is a
key feature of proliferating and migrating cancer cells,

Figure 2

Leptin signaling pathway activation increases SCD expression in estrogen receptor (ER) a—positive MCF-7 and T-47D breast cancer cells. A and

B: Quantitative real-time RT-PCR assay for SCD gene expression in ERa-positive MCF-7 (A) and T-47D (B) breast cancer cells treated with vehicle (—) or LEP
(500 ng/mL) for 6, 12, and 24 hours. C—F: Immunoblotting showing SCD protein expression in MCF-7 (C), T-47D (D), MDA-MB-231 (E), and SKBR-3 (F) breast
cancer cells treated with vehicle (=) or LEP (500 ng/mL) for 12 and 24 hours. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a control for
equal loading and transfer. Italicized numbers below the blot represent the mean of the band 0D expressed as fold over for vehicle-treated-cells. G and H:
Quantitative real-time RT-PCR assay (G) and immunoblotting (H) for SCD mRNA and protein expression in ERa-positive MCF-7 empty vector control (Control
sh) and stably silenced for ObR receptor (ObR sh) and treated with vehicle (—) or LEP (500 ng/mL) for 12 and 24 hours. GAPDH was used as a control for
equal loading and transfer. Italicized numbers below the blot represent the mean of the band 0D expressed as fold. The two images belong to the same blot.
I: Left panels: Immunohistochemical (IHC) staining of SCD in MCF-7 Control sh and ObR sh xenograft tumor sections. Right panel: IHC relative score
obtained by the ImageJ software version 1.52a, calculating the percentage of area occupied by SCD in six different sections of the same slide. The results
were obtained from the mean of these values. J: Immunoblotting for SCD and sterol regulatory element—binding-protein-1 (SREBP1) expression in ERa-
positive MCF-7 empty vector control (Control Sh) breast cancer cells and silenced for SREBP1 (SREBP1 sh) and treated with vehicle (—) or LEP (500 ng/mL)
for 24 hours. GAPDH was used as a control for equal loading and transfer. Italicized numbers below the blot represent the mean of the band 0D expressed as
fold. The images belong to the same blot. *P < 0.05, **P < 0.01, and ****P < 0.0001. Scale bar = 70 um (I, left panels).
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Figure 4  Pharmacologic SCD inhibition counteracts leptin-induced effects on mitochondrial metabolism and energy production in MCF-7 estrogen re-
ceptor a.—positive breast cancer cells. A—C: Seahorse XF-e96 analyzer was used to measure the mitochondrial metabolic activity of MCF-7 cells treated with
vehicle (=) or with LEP (500 ng/mL) in the presence or not of MF-438 (5 umol/L) for 48 hours. Oxygen consumption rate (OCR) flux (A) and histograms of
different mitochondrial respiratory parameters, such as basal (B) and maximal (C) respiration, are shown. Data were represented from five biological
replicates from two independent experiments and normalized to protein content (sulforhodamine B assay). D: ATP production of MCF-7 cells treated with
vehicle (=) or with LEP (500 ng/mL) in the presence or not of MF-438 (5 umol/L) for 24 hours. Data were represented from three biological replicates from
two independent experiments. Data are given as means + SEM (A—D). **P < 0.01, ***P < 0.001, and ****P < 0.0001.

providing the necessary energy to support biosynthetic evidence of the critical role played by SCD in mediating the

processes, cytoskeletal remodeling, and motility.”””" On oncogenic effects of LEP.

the other hand, targeting ATP synthase (ATPase) activity in

cancer cells has been found to sensitize tumors to chemo- SCD Inhibition Reverses Leptin-Induced Effects on

therapeutic agents, enhancing the overall efficacy of treat- Growth and Motility of ERa-Positive Breast Cancer

ment.”>”® The therapeutic efficacy of ATPase inhibitors is Cells

attributed to their ability to disrupt lysosomal acidification,

which is critical for cancer cell metabolism, survival, and Because changes in the metabolism of cancer cells represent

drug resistance. In line with these observations, the ATPase a hallmark feature that is correlated with tumor initiation,

inhibitors bedaquiline and oligomycin were able to reverse progression, and metastases,”* it was explored how the

LEP-induced effects on growth (Supplemental Figure S4A) pharmacologic inhibition of SCD may counteract the well-

and migration (Supplemental Figure S4B) of ERa-positive known LEP-induced effects on breast cancer cell prolifera-

MCEF-7 breast cancer cells. tion and migration. To this end, soft agar and wound healing
Collectively, these results emphasize the functional assays were performed in ERa-positive MCF-7 and T47-D

interaction between LEP and SCD in the metabolic regu- breast cancer cell lines, treated with LEP with or without

lation of ERa-positive breast cancer cells, providing further the SCD inhibitor MF-438. As expected, a significant

Figure 3  Leptin amplifies the effects of SCD on the conversion of saturated fatty acids (SFAs) into monounsaturated fatty acids (MUFAs). A—C: Quantification of
the mass of free (A) and esterified (B) cholesterol and triglycerides (C) of MCF-7 cells treated for 3 and 6 days with vehicle (=), or with LEP (500 ng/mL) in the
presence or not of MF-438 (5 pmol/L). D—G: Fatty acid profile of total lipid extract from MCF-7 cells treated for 3 and 6 days with vehicle (—), or with LEP (500 ng/
mL) in the presence or not of MF-438 (5 umol/L). H—K: Fatty acid profile of cholesteryl ester (CE) extract of MCF-7 cells treated for 3 and 6 days with vehicle (—), or
with LEP (500 ng/mL) in the presence or not of MF-438 (5 umol/L). L—0: Fatty acid profile of triglyceride (TG) extract from MCF-7 cells treated for 3 and 6 days with
vehicle (=), or with LEP (500 ng/mL) in the presence or not of MF-438 (5 pumol/L). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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was used as a control for equal loading and transfer. Seahorse XF-e96 analyzer was used to measure the mitochondrial metabolic activity of Control sh and
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two independent experiments and normalized to protein content (sulforhodamine B assay). E: ATP production of Control sh and SCD sh MCF-7 cells treated
with vehicle (=) or with LEP (500 ng/mL). Data were represented from three biological replicates from two independent experiments. Data are given as
means + SEM (B—E). *P < 0.05, ****P < 0.0001.

increase in colony numbers was found in both MCF-7 and
T47-D cells treated with LEP, whereas treatment with MF-
438 completely abrogated these effects (Figure 6, A and
B). Wound healing assay confirmed anchorage-independent
soft agar growth results, indicating a significant LEP-
mediated induction of cell motility, which is effectively
counteracted by MF-438 treatment (Figure 6, C and D).
Finally, it was found that LEP treatment was not able to
increase cell growth and motility of MCF-7 breast cancer

2504

cells in the presence of SCD silencing (Figure 6, E and F),
further corroborating the role of SDC in mediating LEP
protumorigenic functions.

Discussion

Breast cancer is the most frequently diagnosed malignancy
worldwide and continues to be a major cause of cancer-
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related mortality.' This neoplasm is characterized by sig-
nificant heterogeneity and is primarily categorized into four
distinct classifications based on the expression of specific
receptors: luminal A, luminal B, HER2 enriched, and triple-
negative or basal-like subtypes. Luminal A tumors, defined
by high ER and progesterone receptor expression without
HER?2 amplification, are the most common molecular sub-
type of breast cancer, accounting for 60% to 70% of all
cases.”””® Furthermore, this subtype demonstrates a marked
dependence on hormonal and metabolic pathways for their
growth and progression. Importantly, obesity, one the most
common metabolic diseases and a major global health
concern, has been consistently demonstrated to be a sig-
nificant risk factor for ERa;" breast cancers. The molecular
mechanisms underpinning this association are currently an
important focus of investigation. In the present study, it was
demonstrated that the interaction between the obesity-
derived adipokine leptin and SCD, a critical enzyme in
lipid metabolism often associated with the development of
obesity, supports the growth and migration of luminal A-
like breast cancer cells.

Studies have identified an increased expression of SCD
in human patient tumors, including those of the breast,
prostate, lung, ovary, endometrium, bladder, thyroid,
colon, and kidney, in comparison with the corresponding
normal tissues.”’'** Specifically, SCD was found to be
overexpressed in immunohistochemical sections of breast
cancer tissues in comparison with normal tissues. This
finding was found to correlate with the elevated levels of
MUFAs that were detected by mass spectrometry anal-
ysis in the cancerous area in comparison with the adja-
cent normal area in breast cancer tissue.”’ Interestingly, a
reverse phase protein array revealed elevated levels of
SCD in ER™ breast tumors in comparison to triple-
negative breast cancers. Furthermore, these increased
levels of SCD were found to be associated with signifi-
cantly reduced relapse-free survival and overall survival,
as determined by multivariable analysis.”> In vitro evi-
dence reported that SCD is involved in modulating
growth and progression of breast cancer cells. In fact, it
has been demonstrated that the small-molecule SCD in-
hibitor, CVT-11127, reduced the proliferation of breast
cancer cells.'”? Moreover, it has been documented that
the genomic inhibition of SCD resulted in the impairment
of the Wnt/B-catenin signaling pathway, thereby inter-
fering with the epithelial-to-mesenchymal transition in
breast cancer cells.'”* SCD also confers resistance to
breast cancer cells towards reactive oxygen
species—induced ferroptosis and modulates the stress
response pathways that contribute to their growth and
metastatization.'” It is noteworthy that SCD has been
identified as a possible key signaling axis within the
tumor microenvironment. In particular, it has been hy-
pothesized that a potential interplay exists between
cancer-associated fibroblast—derived soluble factors, such
as hepatocyte growth factor, transforming growth factor-
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B, and basic fibroblast growth factors and SCD in
mediating the migratory capabilities of MCF-7 breast
cancer cells sustained by cancer-associated fibroblasts.'"®
Consistent with these findings, additional data have
shown that SCD expression is modulated by transforming
growth factor-B and other growth factors, such as
platelet-derived growth factor, along with hormones,
including thyroid hormone, insulin, and estro-
gen.3 LI07=H1 Here, it was demonstrated that SCD was
also a target of the obesity-derived hormone leptin in
ERa-positive breast cancer cells. It was found that LEP
induced a time-dependent up-regulation of SCD expres-
sion at both the transcript and protein levels in two
different ERo™ luminal-like breast cancer cells (namely,
MCF-7 and T-47D cells). It is noteworthy that the
integrity of LEP/ODbR signaling is necessary for SCD up-
regulation. Immunoblot and quantitative real-time RT-
PCR analyses revealed that LEP was no longer able to
increase SCD expression in MCF-7 cells in which the
ObR was silenced at the genomic level. Furthermore,
immunohistochemical analysis of xenograft tumor sec-
tions from mice implanted with the same ObR sh stable
clones clearly showed a reduction in SCD expression
compared with the control counterpart. The aforemen-
tioned process may be initiated by the up-regulation of
SREBP-1, a pivotal transcriptional factor that has been
demonstrated to regulate SCD expression, as a conse-
quence of leptin stimulation. The effect of LEP on SCD
expression depends on the specific cellular background,
as SCD expression has not been demonstrated to be up-
regulated in the triple-negative basal-like MDA-MB-231
and ER-negative/HER2-overexpressing SKBR-3 breast
cancer cell lines. More interesting, these findings indicate
that SCD was important in mediating the protumoral
effects of LEP. Indeed, the genetic or pharmacologic
inhibition of SCD using a lentiviral approach or the
specific MF-438 drug, respectively, has been shown to
abrogate the LEP-induced effects on proliferation and
migration of both ERa-positive MCF-7 and T-47D breast
cancer cells. Finally, it was also shown that elevated
expression levels of LEP and SCD correlate with poorer
recurrence-free survival exclusively in patients with
luminal A breast cancer, thus indicating that the interplay
between LEP and SCD could be subtype specific.

The primary function of SCD is to modulate the con-
version of SFAs into MUFAs; thus, the presence of
decreased levels of SFAs and increased levels of MUFAs
is indicative of SCD enzymatic activity.'® Interestingly,
lipidomic analysis revealed that LEP treatment induces a
qualitative shift in FA profiles, by decreasing levels of
SFAs and increasing MUFAs. These effects were abro-
gated by the use of MF-438, thereby confirming the de-
pendency of LEP-induced lipid reprogramming on SCD.
Furthermore, the levels of triglycerides and cholesterol
esters remained largely unaltered, indicating that LEP
exerts its influence predominantly on the composition of
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lipids rather than on their total abundance. It is worthwhile
to underline that SCD inhibition plays a different time-
dependent effect based on the analyzed lipid subclass.
Quicker effects are already evident (3 days) in TG and CE,
whereas those on total lipids (ie, phospholipids) are
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significant only after a 6 days of treatment. This is
consistent with the half-life and with the relative turnover
of these subclasses.

Lipid metabolism (synthesis and enhanced uptake) is a
fundamental process within the context of cancer biology
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supporting membrane biosynthesis, energy storage and
production, and generation of signaling intermediates.’'*'"”
Evidence suggests a correlation between the presence of
saturated and unsaturated lipids and cancer progression.
Indeed, it has been demonstrated that SFAs can trigger an
endoplasmic reticulum stress response, which may inhibit
tumor growth. Conversely, a correlation has been estab-
lished between MUFAs and the development of cancer,
unfavorable  prognoses, and increased mortality
rates.**"'*''> In a molecular point of view, SFAs impact
cellular function via effects on membrane properties, and
also influencing intracellular signaling and gene transcrip-
tion (ie, Wnt signaling pathway, Akt/glycogen synthase
kinase 3f/B-catenin signaling), because they exhibit a
higher rate of esterification with respect to SFAs of similar
chain length because of their major binding affinity to the
cytosolic FA-binding proteins.''® Furthermore, it has been
widely documented that abnormalities in lipid metabolism
are prevalent among obese patients.''” In the context of
obesity-related factors, LEP plays a pivotal role in the
metabolic process, encompassing the processes of lipid
metabolism.®”"""* 7' It has been previously reported that
LEP affects cell metabolism by inducing the secretion of
extracellular vesicles enriched with proteins associated with
metabolic processes. Specifically, it was observed that LEP-
derived extracellular vesicles induced a metabolic shift in
breast cancer cells and macrophages toward oxidative
phosphorylation, thereby contributing to the aggressive
behavior of epithelial cells and the protumoral phenotype of
immune cells.*” Here, it was found that the pharmacologic
inhibition of SCD using MF-438 abrogated the LEP-
induced effects on both basal and maximal respiration, as
evidenced by Seahorse metabolic profile. These findings are
consistent with the ability of MF-438 to restore ATP levels
to baseline conditions, thereby counteracting the effects of
LEP in sustaining energy production in MCF-7 breast
cancer cells. In line with this evidence, it has been deter-
mined that the genetic inhibition of SCD also counteracted
the leptin-induced effects on mitochondrial metabolism and
energy production. Noteworthy, these processes depend on
functional mitochondria and ATPase. In the past two de-
cades, many oxidative phosphorylation complex inhibitors
have been developed as potential treatments and involved in
several clinical trials for cancer therapy.'”'~'** If ATPase is
inhibited (eg, with oligomycin or bedaquiline), leptin-

induced metabolic benefits, like mitochondrial biogenesis
and lipid catabolism, are suppressed, thereby reducing
anchorage-independent growth and migration of MCF-7
breast cancer cells.

The results obtained highlight the pivotal role of SCD in
orchestrating metabolic adaptations induced by LEP,
which facilitate tumor growth. In addition, these findings
suggest that the inhibition of the LEP/SCD axis may result
in the identification of new potential therapeutic targets.
Further validation in patient-derived models or prospective
clinical studies will be essential to confirm the clinical
relevance of these findings, potentially providing evidence
for a causal role of this axis in human breast cancer
progression.

Collectively, these findings suggest that the LEP/SCD
axis could be a key driver of tumor progression and
metabolic reprogramming in ERa-positive breast cancer,
providing a further molecular connection between
obesity-associated factors and breast cancer biology. By
targeting SCD, it may be possible to disrupt this axis,
thereby mitigating the protumorigenic effects of LEP and
addressing the metabolic vulnerabilities of obesity-driven
breast cancer. The elucidation of this novel mechanistic
framework linking obesity to breast cancer progression
identifies potential promising therapeutic targets (ie,
SCD), with the ultimate goal of improving outcomes for
patients experiencing obesity-driven ERa-positive breast
cancer.
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Figure 6

SCD inhibition abrogates leptin-mediated effects on growth and migration of estrogen receptor (ER) a—positive breast cancer cells. A and B:

Anchorage-independent soft agar growth assay in ERa-positive MCF-7 (A) and T-47D (B) breast cancer cells treated with vehicle (—), LEP (500 ng/mL), and/
or MF-438 (5 umol/L). Values are represented as a mean of colonies number >50 pum diameter counted at the end of assay. C and D: Wound healing assay in
ERa-positive MCF-7 (C) and T-47D (D) breast cancer cells treated with vehicle (=), LEP (500 ng/mL), and/or MF-438 (5 umol/L). Left panels: Representative
images. The wound’s perimeter was delineated by the presence of red lines. Right panels: Histograms representing the relative percentage of wound closure
calculated by ImageJd version 1.52a. The values represent the data from two to three different experiments. E: Soft agar growth assay in Control sh and SCD
sh MCF-7 cells treated with vehicle (—) or LEP (500 ng/mL). Values are represented as a mean of colonies number >50 pum diameter counted at the end of
assay. F: Wound healing assay in Control EV and SCD sh MCF-7 cells treated with vehicle (—) or LEP (500 ng/mL). Left panels: Representative images. The
wound'’s perimeter was delineated by the presence of red lines. Right panel: Histograms representing the relative percentage of wound closure calculated by
Imagel. The values represent the data from two to three different experiments. Data are given as means + SEM (A—F). *P < 0.05, **P < 0.01,
***P < 0.001, and ****P < 0.001.
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