
Vol.:(0123456789)1 3

https://doi.org/10.1007/s10911-022-09515-9

ORIGINAL PAPER

Chronic Leptin Treatment Induces Epithelial‑Mesenchymal Transition 
in MCF10A Mammary Epithelial Cells

Juan Carlos Juárez‑Cruz1 · Michal Okoniewski2 · Mónica Ramírez3 · Carlos Ortuño‑Pineda4 · Napoleón Navarro‑Tito1 · 
Eduardo Castañeda‑Saucedo1 

Received: 4 July 2021 / Accepted: 8 February 2022 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2022

Abstract
Leptin is a cytokine-like hormone that functions as a link between obesity and breast cancer (BC). Leptin treatment induces 
Epithelial to Mesenchymal Transition (EMT) in BC cell lines. In non-tumoral breast epithelial MCF10A cells, acute leptin 
treatment induces partial EMT. However, the effect of chronic leptin treatment on EMT in non-tumorigenic breast cells 
has not been fully explored. This study aimed to evaluate the effect of chronic leptin treatment on the induction of EMT 
in MCF10A cells. We found that chronic leptin treatment induces a switch from an epithelial to a mesenchymal morphol-
ogy, partial loss of E-cadherin and gain of vimentin expression. Immunolocalization experiments showed a partial loss of 
E-cadherin at cell junctions and increased cytoplasmic localization of vimentin in leptin-treated cells. Moreover, chronic 
leptin treatment increased collective cell migration and invasion. Furthermore, when cultured in non-adherent conditions 
leptin treated cells exhibited reduced cell aggregation, increased survival, and decreased apoptosis, which correlates with 
increased FAK and AKT phosphorylation. Finally, bioinformatic analysis in two publicly available RNAseq datasets from 
normal breast tissue shows that high levels of leptin mRNA correlate positively with the expression of mesenchymal markers, 
and negatively with epithelial markers. Thus, our results demonstrate that chronic leptin treatment induces EMT in non-
tumorigenic MCF10A cells and suggest that high leptin expression in normal breast tissue may induce EMT and contribute 
to increased risk of breast cancer.
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Introduction

Breast cancer (BC) is the most common type of invasive 
cancer and the leading cause of death from malignant neo-
plasia in women worldwide (https://​gco.​iarc.​fr/). Further-
more, epidemiological studies show that obesity is a relevant 

risk factor for the development and progression of BC [1–3]. 
The adipose tissue functions as an endocrine organ, secret-
ing proinflammatory cytokines, steroid hormones, and adi-
pokines that activate essential signaling pathways involved 
in BC progression [4, 5].

 *	 Eduardo Castañeda‑Saucedo 
	 ecastaneda@uagro.mx

	 Juan Carlos Juárez‑Cruz 
	 jcjuarezc91@gmail.com

	 Michal Okoniewski 
	 michal.okoniewski@id.ethz.ch

	 Mónica Ramírez 
	 mramirezru@conacyt.mx

	 Carlos Ortuño‑Pineda 
	 carlos2pineda@hotmail.com

	 Napoleón Navarro‑Tito 
	 nnavarro@uagro.mx

1	 Laboratorio de Biología Celular del Cáncer. Facultad de 
Ciencias Químico‑Biológicas, Universidad Autónoma de 
Guerrero. Av. Lázaro Cárdenas S/N Ciudad Universitaria. 
C.P, 39087, Chilpancingo de los Bravo, Guerrero, México

2	 Scientific IT Services ETH Zurich, ETH Zurich, Zürich, 
Switzerland

3	 CONACYT​, Universidad Autónoma de Guerrero, 
Chilpancingo de los Bravo, Guerrero, México

4	 Laboratorio de Ácidos Nucleicos y Proteínas. Facultad de 
Ciencias Químico‑Biológicas, Universidad Autónoma de 
Guerrero, Chilpancingo de los Bravo, Guerrero, México

/ Published online: 23 February 2022

Journal of Mammary Gland Biology and Neoplasia (2022) 27:19–36

http://orcid.org/0000-0002-0669-4408
https://gco.iarc.fr/
http://crossmark.crossref.org/dialog/?doi=10.1007/s10911-022-09515-9&domain=pdf


1 3

Leptin is a non-glycosylated 16 kDa protein encoded by 
the LEP gene. It is a cytokine-like hormone that is recog-
nized as a link between obesity and BC [6, 7]. Adipose tissue 
is the primary source for leptin production, and increased 
expression/secretion of leptin by adipose tissue is positively 
associated with overweight and obesity [8, 9]. Interestingly, 
it has been shown that serum leptin levels are higher in 
patients with BC than in individuals without BC [10–12]. 
Moreover, both leptin and leptin receptor protein levels are 
higher in breast tumors than in non-tumor tissue [13, 14]. 
These data suggest that high circulating levels of leptin, and 
high levels of leptin produced locally in the tumor microen-
vironment may play a key role in the pathogenesis of BC.

In vitro studies demonstrated that leptin is a promoter 
of proliferation, migration and invasion, resistance to apop-
tosis and an inducer of epithelial-mesenchymal transition 
in several cancer-derived cell lines, including BC [15–18]. 
Epithelial-mesenchymal transition (EMT) is a process of 
transdifferentiation by which epithelial cells acquire a mes-
enchymal phenotype, characterized by a high migratory and 
invasive capacity, the progressive loss of epithelial markers 
such as E-cadherin, occludins, claudins, and gain of mesen-
chymal markers such as vimentin, N-cadherin, matrix met-
alloproteases, and transcription factors such as Snail, Slug, 
Twist and Zeb [19, 20].

It has been shown that acute leptin treatment induces 
EMT in several breast cancer-derived cell lines [17, 18, 21]. 
Moreover, acute leptin treatment induces partial EMT in 
MCF10A mammary epithelial cells through FAK and ERK 
signaling [22]. Leptin-induced partial EMT is characterized 
by a mesenchymal phenotype without the loss of cell–cell 
junctions, and at the molecular level by an increased expres-
sion of mesenchymal markers but without loss of E-cadherin 
[22, 23]. Chronic exposure of breast epithelial cells to high 
circulating levels of leptin and high leptin levels in the mam-
mary gland in women with overweight or obesity could pro-
mote activation of cellular transformation processes such as 
EMT [12, 24–26]. Thus, in this study we aimed to investi-
gate the effect of chronic leptin treatment on EMT in non-
tumorigenic mammary epithelial cells.

Material and Methods

Materials

Human recombinant leptin (L4146), Cytosine arabino-
side (Ara C, C1768), and anti-Mouse IgG (A9044) were 
obtained from Sigma-Aldrich (St Louis, MO, USA). Anti-
bodies against E-cadherin (sc-8426 and sc-7870), vimen-
tin (sc-6260), and FAK (sc-558) antibodies were obtained 
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). 
Antibodies against pERK (9101S), ERK (9107S), pAKT 

(4060S), and AKT (9272S) were obtained from Cell Sign-
aling Technology (Danvers, MA, USA). Antibodies against 
GAPDH (AC027) and Bax (A0207) were obtained from 
ABclonal Technology (Woburn, MA, USA). Antibody 
against α-tubulin (05–829) was obtained from Merck Mil-
lipore. Antibody against pFAK (44-624G), anti-Rabbit IgG 
(65–6120), anti-Mouse IgG Alexa Fluor 488 (A-11001) were 
obtained from Invitrogen. Rhodamine-Phalloidin (R415) 
was obtained from Thermo Scientific. Matrigel (356234) 
was obtained from Corning (Kennebunk, ME, USA).

Cell Culture and Stimulation

The non-tumorigenic mammary epithelial cell line MCF10A 
(ATCC, Manassas, VA, USA) was cultured in DMEM/F12 
medium (D8900, Sigma-Aldrich) supplemented with 5% 
fetal bovine serum (FBS) (By Productos, Guadalajara, Jal, 
Mexico), 10 μg/mL insulin (Humulin R, Lilly), 0.5 μg/mL 
hydrocortisone (H0888, Sigma-Aldrich), 20 ng/mL EGF 
(E5036, Sigma-Aldrich) and antibiotic–antimycotic (15240, 
Gibco) at 37 °C in a humidified atmosphere containing 5% 
CO2. The non-tumorigenic mouse mammary epithelial cell 
line EpH4-Ev (kindly provided by Paola Maycotte, CIBIOR-
IMSS) was cultured in DMEM/F12 medium supplemented 
with 5% FBS at 37 °C in a humidified atmosphere containing 
5% CO2. For chronic leptin treatment MCF10A and EpH4-
Ev cells were cultivated with complete medium for 12 h. 
Then, the medium was replaced by complete medium plus 
200 ng/mL or 400 ng/mL leptin, using 1% BSA (vehicle) 
as a control. Medium (containing vehicle or leptin) was 
changed every third day and cells were sub-cultured when 
reaching a confluence of 70–80%. Leptin treatment was con-
tinued for 28 days. Cell cultures were used between passages 
2–15.

Western Blot

Total protein extracts were obtained using Triton lysis buffer 
(50 mM Tris–HCl, 160 mM NaCl, 0.5 mM EDTA, 0.5 mM 
EGTA, 1% Triton X-100, 10% Glycerol) containing pro-
tease and phosphatase inhibitors (10 mM NaF, 1 mM PMSF, 
1 mM Na3VO4). The total protein concentration was quanti-
fied using the Bradford protein assay (5000205, Bio-Rad). 
30 µg of total protein were separated by 10% SDS-PAGE 
and electrotransferred to a nitrocellulose membrane. After 
blocking in a TBS solution containing 3% BSA and 0.05% 
Tween-20 for 2 h, the membranes were incubated for 12 h 
at 4 °C with the primary antibodies: anti-GAPDH and anti-
α-tubulin, 1:5000 dilution; all the other primary antibodies, 
1:1000 dilution. The membranes were incubated with HRP-
conjugated secondary antibody (anti-Mouse and anti-Rabbit) 
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at 1:5000 dilution for 2 h at room temperature (RT), and 
protein bands were detected using a chemiluminescent kit 
(34577, Thermo Fisher Scientific) and autoradiography films 
(Carestream/Kodak). The relative protein level was deter-
mined by densitometric analysis of the bands using Image J 
software (NIH, Bethesda, MD, USA).

Immunofluorescence and F‑actin Staining

MCF10A cells were seeded on glass coverslips and grown 
to 70% confluence. Cells were fixed and permeabilized with 
a 4% formaldehyde/0.5% Triton X-100 solution for 15 min 
at 37 °C. For immunofluorescence (IF) assays, cells were 
blocked with 3% BSA in PBS 1X for 12 h at 4 °C. Then, 
the cells were incubated with the primary antibody at a 
1:200 dilution for 2 h at RT, followed by incubation with 
anti-mouse Alexa 488 secondary antibody at 1:400 dilu-
tion for 2 h at RT. For F-actin staining, cells were incu-
bated with Rhodamine-Phalloidin at 1:1000 dilution for 
30 min at 37 °C. Nuclei were counterstained with DAPI 
using Fluoroshield™ mounting medium (F6057, Sigma-
Aldrich). Images were captured with an Olympus BX43 
microscope (Olympus Corporation; Allentown, PA, USA) 
using a 40 × objective and analyzed with Image J software.

Wound Healing Migration Assay

MCF10A cells were grown on 60-mm culture dishes until 
they reached 100% confluence. Cells were starved for 
4 h in DMEM/F12 without FBS and treated for 2 h with 
10 μM AraC, to inhibit proliferation. After treatment, the 
cell monolayer was scratch wounded using a sterile 200 μL 
pipette tip, washed twice to remove detached cells, re-fed 
with DMEM/F12 in the presence or absence of leptin. Cells 
were incubated for 48 h at 37 °C in a 5% CO2 atmosphere. 
Following incubation, the cells were fixed with 4% formal-
dehyde. Phase-contrast images were acquired in an EVOs FL 
auto microscope (Life Technologies Corporation; Carlsbad, 
CA, USA) using a 10 × objective and analyzed with Image 
J software.

Matrigel Invasion Assay

Matrigel invasion assays were performed following the 
Transwell chamber method, in 24 well plates containing 
8 μm pore size inserts (3464, Corning). Briefly, 100 μL of 
Matrigel were added to the top side of the inserts and kept 
at 37 °C for 1 h to form a semisolid matrix. MCF10A cells 
were treated for 2 h with 10 μM AraC, and 5 × 105 cells per 
insert were seeded on the top chamber in 200 μL serum-free 

medium. The lower chamber was filled with 700 μL DMEM/
F12 supplemented with 10% FBS. Cells were incubated for 
48 h at 37 °C in a 5% CO2 atmosphere. After 48 h, the cells 
and Matrigel on the upper surface of the Transwell mem-
brane were gently removed with cotton swabs. Invading 
cells on the lower surface of the membrane were washed, 
fixed with 4% formaldehyde, and stained with 0.1% crys-
tal violet diluted in PBS 1X. Images of the invading cells 
were acquired with an EVOs FL auto microscope using a 
40 × objective, and the number of invading cells was counted 
using Image J software.

Hanging Drop Assay

For the hanging drop assay, MCF10A cells were trypsinized 
and resuspended in DMEM/F12 containing 10% FBS (plus 
insulin, hydrocortisone, EGF and antibiotic–antimycotic) at 
a density of 3500 cells/30 μL. Drops of 30 μL each, were 
placed on the inner part of a lid from a 60-mm culture dish. 
The lid containing the drops was inverted and placed on top 
of the dish containing sterile PBS 1X to maintain humidity 
and prevent evaporation of the hanging drops. Cells were 
maintained in non-adherent conditions (hanging-drops) 
for 48 h at 37 o C in a 5% CO2 atmosphere. Then, phase-
contrast photographs were acquired using an EVOs FL 
auto microscope with 20 × objective. Cellular aggregation 
was analyzed by measuring the perimeter of the individual 
aggregates formed (size range 50–200 μm) within the drop 
using Image J software.

Replating Efficiency

To determine the ability of cells recovered from the hanging 
drops to grow under adherent conditions, cells from 9 drops 
per condition were recovered, homogenized by repeated 
pipetting, and seeded in 60-mm culture dishes in complete 
medium with 10% FBS (plus insulin, hydrocortisone, EGF 
and antibiotic–antimycotic). Cell growth and morphology 
were monitored under an inverted microscope for 15 days. 
After 15 days of growing in adherent conditions, the num-
ber of viable cells was determined using trypan blue. The 
growth of leptin-treated cells was normalized to the number 
of control cells.

Apoptosis Staining

To measure apoptosis on cells growing in non-adherent 
conditions (hanging drop) we used the Apoptosis Detection 
Kit (ab176749; Abcam) according to manufacturer's instruc-
tions. Briefly, MCF10A cells recovered from 9 hanging 
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drops were trypsinized and resuspended in a fixative solution 
(PBS 1X with 2% formaldehyde). The cells were washed 
with PBS 1X, centrifuged at 500 × g for 5 min at 4 °C, resus-
pended in 50 µL of Assay Buffer and 0.5 µL of Apopxin 
Green Indicator (100X) and incubated at RT for 60 min 
in the dark. Cells were centrifuged at 500 × g for 5 min at 
4 °C, washed with 50 µL Assay Buffer and counterstained 
with DAPI using Fluoroshield™ mounting medium. Images 
were captured with an Olympus BX43 microscope using a 
40 × objective, and the quantification of green-fluorescent 
signal per cell was analyzed with Image J software. The 
procedure for the quantitative analysis of apoptotic cells is 
described in Fig S1.

Bioinformatic Analysis

We selected two publicly available RNAseq datasets includ-
ing samples from normal breast tissue obtained from women 
without breast cancer. The first dataset “Adipocyte and Active 
transcriptome in normal, healthy breast tissue from Komen 
Tissue Bank” generated by Kang et al. [27] (Available at Xena 
Platform [28]) contains RNAseq data from normal breast 
samples from 145 healthy, parous, non-obese women. A table 
with count for the genes of interest was obtained directly from 
Xena platform. The second dataset (GSE164694) includes 
RNAseq data from disease-free breast tissue from 187 women 
at either high- or average risk for breast cancer. The study was 
downloaded from GEO repository (GSE164641) in the form 
of files containing number of reads per gene. The files for 
187 patient samples were integrated into a count table. For 
plotting, the numbers have been log2-transformed. Plots have 
been created using the pheatmap library. The data were ana-
lyzed with the clinical information available with GSE164641, 
using the edgeR package. Data analysis was done based on a 
list of 24 genes related to the leptin signaling pathway (LEP, 
LEPR, JAK2, STAT3, STAT5A, SOCS-3), epithelial EMT-
related markers (CDH1, EPCAM, CLDN3, CLDN4, OCLN), 
and mesenchymal EMT-related genes (VIM, CDH2, CTNNB1, 
TWIST1, SNAI1, SNAI2, ZEB1, ZEB2, MMP2, MMP9, FN1, 
TGFB1, TGFBR1).

Statistical Analysis

Data are presented as the mean ± standard deviation (SD). 
Statistical comparisons between groups were assessed 
with Student´s t-test or one-way ANOVA, followed by 
the Dunnett´s or Newman-Keuls test. For all experiments, 
p < 0.05 was considered statistically significant. All analyses 
were performed using GraphPad Prism 6.0.

Results

Chronic Leptin Treatment Induces Changes in Cell 
Morphology and the Expression of EMT Markers 
in MCF10A Cells

Several studies show that acute and chronic leptin treatment 
induces EMT in BC cell lines [17, 18, 25]. Moreover, in nor-
mal breast MCF10A epithelial cells, acute leptin treatment 
induces partial EMT [22, 23]. However, chronic leptin treat-
ment in non-tumoral breast epithelium-derived cell lines has 
not been explored. To establish the optimal conditions for 
chronic leptin treatment, MCF10A cells were treated with 
400 ng/mL for 14 or 28 days, in serum-free medium or with 
2% or 5% FBS (Fig. S2). Cells growing in serum-free condi-
tions exhibited a low proliferation rate and an increase in the 
number of apoptotic cells compared to cells growing in the 
presence of FBS. Moreover, no changes in EMT markers 
were observed in these cells after leptin treatment (Fig. S2a, 
c-e). Cells grown in medium supplemented with 2% or 5% 
FBS had a similar growth rate, but changes in EMT mark-
ers (increased vimentin and reduction of E-cadherin levels) 
in response to leptin treatment were observed only in cells 
growing in 5% FBS (Fig. S2b-e); therefore, all further experi-
ments were performed in medium supplemented with 5% 
FBS. To evaluate the effect of chronic-leptin treatment on 
the human mammary epithelial cell line MCF10A, cells were 
cultivated in the presence of 200 ng/mL or 400 ng/mL leptin, 
for 14 or 28 days. To determine the effect of chronic leptin  
treatment on the morphology of MCF10A cells, phase- 
contrast microscopy images were acquired after 14 and 
28 days of leptin treatment (Fig. 1a). The cell aspect ratio was 
calculated as the ratio of the longitudinal axis (longer side) to  
the transversal axis (shorter side) (Fig. 1b). Vehicle-treated 
cells exhibited an epithelial morphology with a mean aspect 
ratio of 2.4. In contrast, cells treated with 200 or 400 ng/mL 
leptin exhibited an enlarged mesenchymal morphology with 
a significant increase in the mean aspect ratio (2.8 and 3.1, 
respectively). Similar results were observed in cells treated 
for 14 days (Fig. 1c) or 28 days (Fig. 1d). Interestingly, the 
increase in the mean aspect ratio in leptin-treated cells cor-
related with a dose-dependent increase in the percentage 
of cells with aspect ratio 4–8 and a decrease in cells with 
aspect ratio 1–2 (Fig. 1e). Although cells treated with 200 ng/
mL or 400 ng/mL leptin for 14 or 28 days exhibited a slight 
decrease in E-cadherin protein levels, a statistically signifi-
cant decrease in E-cadherin protein levels was observed only 
in cells treated with 400 ng/mL for 28 days (Fig. 1f, g). In 
addition, leptin-treated MCF10A cells show a significant 
dose-dependent increase in the protein levels of vimentin at 
14 or 28 days of treatment (Fig. 1f, g).
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Fig. 1   Chronic leptin treatment induces changes in cell morphology 
and in the expression of EMT markers in MCF10A cells. (a) Rep-
resentative photographs of MCF10A cells treated with leptin for 14 
or 28  days. Cells were cultured in complete medium with 200  ng/
mL or 400 ng/mL leptin, or with vehicle (1% BSA as control) for 14 
or 28 days. (b) Criteria used for determining the aspect ratio of each 
cell, defined as the ratio of the longitudinal axis to the transversal 
axis. (c, d) Distribution of individual cells according to their aspect 
ratio after 14  days (c) or 28  days (d) of leptin treatment. 150 cells 

were counted in each group. Data are presented as the mean ± SD. 
*p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA (Newman-
Keuls test). (e) Percentage of cells with aspect ratio 1–2, 2–4 or > 4. 
(f) Relative levels of E-cadherin, vimentin, α-tubulin, and GAPDH in 
MCF10A cells treated with 200 ng/mL or 400 ng/mL leptin, or with 
vehicle for 14 or 28  days. (g) The graphs show the fold change on 
protein levels, determined by the ratio to GAPDH and normalized 
to vehicle-treated cells. Data are presented as the mean ± SD (n = 3). 
*p < 0.05, **p < 0.01, by one-way ANOVA (Dunnett´s test)
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Chronic Leptin Treatment Induces 
Loss of E‑cadherin at Cell Junctions 
and Cytoplasmic Redistribution of Vimentin 
in MCF10A Cells

Loss of E-cadherin expression is a well-established event 
during EMT [29–31]. It has been reported that in MCF10A 
cells, acute leptin treatment induces changes in the sub-
cellular localization of E-cadherin, with a reduction in 
its plasma membrane localization and an increase in the 
cytoplasmic pool of E-cadherin [22]. We analyzed the 
effect of chronic leptin treatment on E-cadherin subcellu-
lar localization in MCF10A cells. In vehicle-treated cells, 
a strong E-cadherin signal was observed at cell junctions, 
whereas in cells treated with leptin for 14 or 28 days there 
was a decrease in E-cadherin levels at the cell junctions 
(Fig. 2a). Quantification of E-cadherin signal showed a 
significant decrease of E-cadherin at cell junctions in cells 
treated with 200 ng/mL or 400 ng/mL leptin, compared to 
control cells (Fig. 2b), and a significant decrease in total 
E-cadherin signal intensity in cells treated with 400 ng/
mL leptin, but not in cells treated with 200 ng/mL leptin 
(Fig. 2c). Overall, these results indicate that chronic leptin 
induces a decrease in E-cadherin protein levels and its 
localization at cell junctions in MCF10A cells.

Vimentin expression during EMT is associated with 
changes in cell shape, adhesion, and motility [32–34]. 
We analyzed the effect of chronic leptin treatment on the 
subcellular localization of vimentin in MCF10A cells. 
In vehicle-treated cells, approximately 50% of the cells 
exhibited vimentin filaments that were confined to the 
perinuclear area, and 50% of the cells show a dense, dis-
persed, and elongated distribution of vimentin filaments 
in the cytoplasm (Fig. 2d, e). A dose-dependent increase 
in the percentage of cells with cytoplasmic distribution 
of vimentin was observed in cells treated with 200 ng/mL 
or 400 ng/mL leptin (Fig. 2f). These results suggest that 
chronic leptin treatment promotes changes in the subcel-
lular distribution in vimentin filaments in MCF10A epi-
thelial cells.

Chronic Leptin Treatment Increases 
Collective Cell Migration and Cell Invasion 
in MCF10A Cells

During EMT, epithelial cells may exhibit increased collec-
tive or individual migration capacity and acquire invasive 
properties [35–37]. We found that MCF10A cells treated 
with 200 ng/mL or 400 ng/mL leptin for 28 days, exhib-
ited a significant increase in cell migration, compared to 

vehicle-treated control cells, while maintaining their col-
lective migration phenotype (Fig. 3a, b). Moreover, using 
Transwell Matrigel invasion assays, we found a significant 
dose-dependent increase in the invasion of MCF10A cells 
treated for 28 days with 200 ng/mL or 400 ng/mL leptin 
compared to vehicle-treated cells (Fig. 3c, d).

Chronic Leptin Treatment Decreases Cell 
Aggregation of MCF10A Cells Growing 
in Suspension

EMT is characterized by decreased cell–cell adhesion and 
a loss of the cells ability to form aggregates [38, 39]. It 
has been shown that leptin treatment reduces cell aggre-
gation of BC epithelial cells growing in suspension [25]. 
We performed hanging drop assays to assess the effect of 
chronic leptin treatment on the cell aggregation ability 
of MCF10A cells (Fig. 4a). Vehicle-treated cells formed 
spherical aggregates with well-defined edges and a com-
pact distribution of the cells within the aggregate. In con-
trast, cells treated with leptin for 14 or 28 days, formed 
irregular aggregates showing a dispersed distribution of 
cells (Fig. 4b). Quantification of the cell aggregates perim-
eter showed a significant increase in the dispersion of the 
cells in the aggregates formed by leptin-treated cells com-
pared to control cells (Fig. 4c). Interestingly, the decrease 
in cell aggregation was not observed in cells treated with 
leptin for 24 h (Fig. 4b, c).

Chronic Leptin Treatment Induces Anoikis 
Resistance in MCF10A Cells

Previously, it has been reported that induction of EMT 
promotes resistance to anoikis, a type of apoptotic cell 
death induced by the loss of cell–cell and ECM-cell inter-
actions [29, 40, 41]. To determine the effect of chronic 
leptin treatment on the viability of MCF10A cells grow-
ing in suspension, cells recovered from the hanging drops 
were stained with trypan blue. As shown in Fig. 5a, there 
was a significant increase in cell viability when the cells 
were treated with leptin for 14 or 28 days, but not when 
the cells were treated with leptin for 24 h. To determine 
if the increased viability in leptin-treated cells growing 
in suspension was due to a reduction in apoptosis, cell 
aggregates were collected and stained with the phosphati-
dylserine sensor Apopxin. We found that chronic leptin 
treatment induces a dose-dependent decrease in the num-
ber of Apopxin positive cells in the aggregates compared 
to vehicle-treated cells (Fig. 5b, c). In addition, chronic 
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Fig. 2   Chronic leptin treatment induced a decrease in E-cadherin 
at cell junctions and cytoplasmic redistribution of vimentin in 
MCF10A cells. (a) Representative fluorescence microscopy images 
of MCF10A cells treated with leptin or vehicle for 28 days showing 
E-cadherin (green) at cell junctions. Nuclei were stained with DAPI 
(blue). The images were captured with a 40 × objective. (b) Quanti-
fication and statistical analyses of the presence of E-cadherin at cell 
junctions. 60 cells per category were counted. (c) Quantification and 
statistical analyses of E-cadherin florescence intensity per cell. 10 
cells per condition were counted. **p < 0.01, ***p < 0.001 by one-

way ANOVA (Newman-Keuls test). (d) Representative fluorescence 
microscopy images of MCF10A cells treated with leptin or vehicle 
for 28 days showing vimentin (green) and F-actin (red) distribution. 
Nuclei were stained with DAPI (blue). The images were captured 
using a 40 × objective. Insets in (a) and (d): enlarged images show-
ing representative areas of E-cadherin (a) or vimentin (d) subcellular 
localization. (e) Representative images showing the perinuclear and 
cytoplasmic distribution of vimentin filaments. (f) The graph shows 
the percentage of cells with perinuclear (PN) or cytoplasmic (Cyt) 
vimentin signal. 100 cells per condition were analyzed

25Journal of Mammary Gland Biology and Neoplasia (2022) 27:19–36
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leptin treatment also induced a significant reduction in 
the expression of the pro-apoptotic protein Bax in the cell 
aggregates (Fig. 5d).

Leptin Treated Cells Recovered After 
Growing in Suspension Exhibit Increased 
Mesenchymal Phenotype

To determine the effect of chronic leptin treatment on the 
phenotype of the cells that survived in the hanging drop, 
cell aggregates were recovered and replated on adherent 
conditions (Fig. 6a). After 24 h growing on adherent con-
ditions, vehicle-treated cells formed colonies with well-
defined edges, with cells showing an epithelial morphol-
ogy. In contrast, leptin-treated cells recovered from the 
hanging drops formed colonies with elongated cells at the 
edges. Similar results were obtained with cells treated with 
leptin for 24 h, 14 or 28 days (Fig. 6b). However, when 
the hanging drop-recovered cells were allowed to grow 
for 15 days under adherent conditions, leptin-treated cells 

for 14 or 28 days exhibited a spindle-shaped phenotype 
and increased formation of stress fibers, compared to con-
trol cells (Fig. 6c). Moreover, a significant increase in the 
number of viable cells was observed in leptin-treated cells 
compared to control cells, after 15 days of growing under 
adherent conditions (Fig. 6d). This increase in the number 
of viable cells was not observed in cells treated with leptin 
for 24 h. To determine if the increased number of viable 
cells observed in leptin-treated cells after 15 days in adher-
ent conditions was related to an increase in cell prolif-
eration, cell aggregates recovered from the hanging drops 
were disaggregated and 5 × 105 cells were seeded under 
adherent conditions, allowed to grow for 96 h, and cell 
viability was evaluated by trypan blue staining. No signifi-
cant difference in the number of viable cells was observed 
between leptin-treated cells and control cells after 96 h 
growing in adherent conditions (Fig. 6e). Furthermore, 
leptin-treated cells recovered from the hanging drops 
exhibited a significant increase in the cell aspect ratio 
compared to vehicle-treated cells (Fig. 6f, g). As shown 
in Fig. 6h, leptin treatment induced a dose-dependent 

Fig. 3   Chronic leptin treatment induces migration and invasion in 
MCF10A cells. (a) Representative phase-contrast microscopy images 
of wound healing experiments. MCF10A cells were treated with lep-
tin or vehicle for 28  days until they reached 100% confluency, and 
a scratch wound was created on the cell monolayer. Images of the 
wound were acquired at 0 h and after 48 h with a 10 × objective. (b) 
The graph shows the percentage of wound closure for each experi-
mental condition determined at 48 h. (c) Representative light micros-

copy images of invasion assays. MCF10A cells were treated with lep-
tin or vehicle for 28 days, then seeded on Matrigel-coated Transwell 
inserts. After 48 h, the invaded cells were stained with crystal violet, 
and images acquired using a light microscope with a 40 × objective. 
(d) Quantitative analyses of the invasion assay showing the number 
of invading cells per category. Data in b and d are presented as the 
mean ± SD (n = 3). *p < 0.05, **p < 0.01, by one-way ANOVA (Dun-
nett’s test)
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increase in the percentage of cells with mesenchymal mor-
phology (Aspect ratio > 4), and a decrease in the percent-
age of cells with epithelial morphology (Aspect ratio 1–2).

Chronic Leptin Treatment Increases FAK 
and AKT Activation in MCF10A Cells

It has been shown that the acquisition of mesenchymal char-
acteristics such as increased migration, invasion and anoikis 
resistance is orchestrated through the action of various “master 
regulators” such as FAK, Src, PI3K/AKT, and ERK kinases 
[42–44]. To evaluate the effect of chronic leptin treatment in 
the activation of FAK, AKT and ERK in MCF10A cells, the 
phosphorylation levels of these kinases were determined by 
Western blot. As shown in Fig. 7, a significant increase in the 
levels of pFAKY397 was observed in cells treated with 200 ng/
mL or 400 ng/mL of leptin for 24 h or 28 days (Fig. 7a, d). 
Moreover, increased levels of pAKTS473 were observed in cells 
treated with 200 ng/mL or 400 ng/mL of leptin for 28 days, but 
not in cells treated for 24 h (Fig. 7b, e). In contrast, an increase 
in pERK1/2T202/Y204 was observed in cells treated with 200 ng/
mL of leptin for 24 h when compared to vehicle-treated cells, 
whereas a significant decrease was observed in cells treated for 
28 days with 400 ng/mL of leptin (Fig. 7c, f).

High Levels of Leptin Expression in Normal 
Breast Tissue Correlate with High Expression 
of Mesenchymal Genes and Low Expression 
of Epithelial Genes

Our results suggest that exposure of normal epithelial cells 
to high leptin levels may induce EMT in vivo. To explore if 
the leptin expression in normal breast tissue correlates with 
the expression of EMT-markers, we performed bioinfor-
matic re-analysis of a publicly available dataset containing 
RNAseq data from normal breast biopsies from 145 healthy, 
parous, non-obese women [27]. We selected 6 genes from 
the leptin signaling pathway (LEP, LEPR, JAK2, STAT3, 
STAT5A, SOCS-3), 5 epithelial EMT-related markers 
(CDH1, EPCAM, CLDN3, CLDN4, OCLN), and 11 mes-
enchymal EMT-related markers (VIM, CDH2, CTNNB1, 
TWIST1, SNAI1, SNAI2, ZEB1, ZEB2, MMP2, MMP9, 
FN1, TGFB1, TGFBR1) to perform subsetting of the full 
expression table for just the 24 selected genes. As shown 
in Fig. 8a, unsupervised clustering based on the 24 selected 
genes, revealed the presence of two main clusters, including 
a small cluster (cluster 1) containing samples with high lev-
els of leptin and mesenchymal EMT-related genes, and low 
levels of epithelial EMT-related genes. Pearson´s correlation 
analysis shows the presence of three gene clusters, cluster 1 

Fig. 4   Chronic leptin treatment decreases cell aggregation of 
MCF10A. (a) Schematic representation of the hanging drop experi-
ments. Nine drops containing 3500 cells in 30 μL medium each were 
placed on the lid of a 60-mm culture dish. The lid was inverted on the 
culture dish containing 3 mL PBS 1X to maintain humidity and pre-
vent evaporation of the hanging drops on the lid. The hanging drop 
culture was incubated for 48 h. (b) Representative microscopy images 
of cell aggregates from the hanging drop experiments. MCF10A cells 

were treated with vehicle, with 200 ng/mL or 400 ng/mL leptin for 
24 h, 14 days or 28 days, followed by 48 h in suspension condition. 
Cell aggregates were photographed using an inverted phase-contrast 
microscope with a 20 × objective. (c) The graph shows the average 
perimeter of the cellular aggregates in the hanging drop. Data are 
presented as the mean ± SD (n = 3). **p < 0.01, ***p < 0.001, by one-
way ANOVA (Newman–Keuls test)
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contains epithelial genes, cluster 2 includes genes from the 
leptin signaling pathway and mesenchymal genes. Interest-
ingly, leptin is grouped with mesenchymal-related markers 
in cluster 3. Leptin showed a positive correlation with mes-
enchymal EMT-related markers, and a negative correlation 
with epithelial EMT-related genes (Fig. 8b). To further vali-
date these observations, we performed a similar analysis on 
a second publicly available dataset (GSE164694), includ-
ing RNAseq data from disease-free breast tissue from 187 
women at either high- or average risk for breast cancer. As 
shown in Fig. 8c, unsupervised clustering of the samples 
based in the 24 selected genes identified a cluster including 
samples with high expression of leptin and mesenchymal 
EMT-related genes and low expression of epithelial EMT-
related genes (cluster 1). Pearson´s correlation showed a 
positive correlation between leptin and mesenchymal and 
leptin signaling genes (clusters 2 and 3) and a negative 

correlation with epithelial genes (cluster 1) in this second 
dataset (Fig. 8d).

Discussion

Leptin is a cytokine-like hormone that has been identified 
as a link between obesity and BC [6]. Obese people have 
high concentrations of circulating leptin and high leptin 
levels in the mammary gland, which can both promote 
the transformation of breast epithelial cells [11, 12, 24]. 
It has been shown that acute leptin treatment (24–96 h) 
induces EMT in BC cell lines and non-tumorigenic breast 
epithelial cell lines [17, 18, 21–23]. Leptin-induced EMT 
has also been demonstrated under chronic treatment con-
ditions (14 days) in breast cancer cell lines (MCF7) and 
in Ha-Ras transformed MCF10A cells [25]. However, the 

Fig. 5   Chronic leptin treatment increases cell viability and reduces 
apoptosis under non-adherent conditions. (a) Cell viability in 
MCF10A growing in suspension. MCF10A cells were treated with 
leptin for 24 h, 14 days or 28 days and then grown in suspension for 
48  h. The cell aggregates were trypsinized and stained with trypan 
blue. Data are presented as the mean ± SD (n = 3). **p < 0.01, 
***p < 0.001, by one-way ANOVA (Newman–Keuls test). (b) Quan-
tification of apoptotic cells after 48 h in suspension conditions. After 

48 h growing in suspension the cells were recovered from the drops, 
disaggregated, and stained with Apopxin. The number of Apopxin 
positive cells was determined by counting the cells under a fluores-
cence microscopy with a 40 × objective. (c) The graph shows the per-
centage of apoptotic cells. (d) Bax protein levels in MCF10A cells 
growing in suspension. Cell aggregates were lysed with Triton lysis 
buffer and Bax protein levels were evaluated by WB. (c, d) *p < 0.05, 
by one-way ANOVA (Dunnett´s test)
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effect of chronic leptin treatment in the induction of EMT 
has not been evaluated in a non-tumorigenic background. 
Here, we assessed the effect of chronic leptin treatment 
on classical EMT markers and cellular characteristics in 
non-tumorigenic MCF10A cells.

EMT is characterized by a morphological transition 
from a polygonal/columnar phenotype (epithelial cells) to 
an elongated and spindle-shaped phenotype (mesenchymal 
cells). Here we found that chronic leptin treatment (14 and 
28 days) induced a switch from epithelial to mesenchymal 
morphology. Vehicle-treated MCF10A cells could be classi-
fied into two major morphological groups, 45% of the cells 
exhibited a typical epithelial morphology (Aspect ratio 1–2), 
and ~ 50% of the cells showed a moderate mesenchymal 
morphology (Aspect ratio 2–4). Only a few cells showed 
a marked mesenchymal morphology (Aspect ratio > 4) 
(Fig. 1e). These observations are consistent with previous 
reports showing that MCF10A cells exhibit phenotypic het-
erogeneity, with some cells expressing epithelial markers 
(E-cadherin) and others expressing mesenchymal markers 
such as vimentin and N-cadherin [45–47]. Moreover, Gould 
et al. [47] demonstrated that under low serum conditions, 
TGFβ induces a mesenchymal phenotype, whereas stimu-
lation with VEGF-A induces an epithelial phenotype in 
MCF10A. Interestingly, the co-stimulation with TGFβ and 
VEGF-A resulted in a heterogeneous population contain-
ing mesenchymal and epithelial cells [47]. Our experiments 
were performed in the presence of 5% FBS, which may 
contain TGFβ and VEGF-A, contributing to the phenotypic 
heterogeneity observed in the control cells. We found that 
chronic leptin treatment induced a dose-dependent reduc-
tion in the percentage of cells with epithelial morphology 
(Aspect ratio 1–2) and an increase in the number of cells 
with mesenchymal morphology (Aspect ratio > 4) (Fig. 1e).  
We observed similar results in EpH4-Ev cells, a non- 
tumorigenic cell line derived from spontaneously immortal-
ized mouse mammary gland epithelial cells. In EpH4-Ev cells,  
leptin treatment induced an increase in the percentage of 
cells with mesenchymal morphology (Fig. S3a-c). Further-
more, a decrease in E-cadherin protein levels and a loss of 
E-cadherin at cell–cell contacts were observed in leptin-
treated MCF10A cells (Fig. 1f, 2a). However, many cells 
still maintain E-cadherin expression at cell–cell junctions, 
which correlates with the observation that many cells show 
epithelial (20–40%) or intermediate (50–58%) morphology. 
Several studies have demonstrated similar changes in cell 
morphology and expression of E-cadherin in breast cancer 
cells lines in response to leptin [17, 18, 21].

Previous reports show that MCF10A cells treated with 
leptin for 24–72 h exhibited an elongated morphology and a 
membrane to cytoplasm relocalization of E-cadherin, with-
out reduction of the total levels of E-cadherin [22, 48]. Here, 
we found that leptin treatment for 14 or 28 days resulted 

in a membrane to cytoplasm relocalization of E-cadherin, 
and a decrease in the total E-cadherin levels (Fig. 2a, b). 
These data suggest that the relocalization of E-cadherin to 
the cytoplasm precedes the reduction of E-cadherin protein 
levels, and that the decrease in E-cadherin protein levels is a 
late event during leptin-induced EMT in MCF10A cells. The 
progressive loss of E-cadherin in response to EMT induc-
ers such as TGFβ and cadmium has been described in vari-
ous cell types, including MCF10A cells [49–51]. The loss 
of E-cadherin can be regulated by its internalization and 
degradation mediated by interaction with proteins such as 
p120 and the E3 ubiquitin ligase Hakai [52], or through tran-
scriptional repression at the promoter region by transcription 
factors such as β-catenin, Twist, Snail, and Zeb [53, 54]. 
Interestingly, acute leptin treatment induces a transient over-
expression of β-catenin and Twist in MCF10A [23], which 
is not sufficient to induce a reduction of E-cadherin protein 
levels. Chronic leptin treatment may induce a sustained over-
expression of these transcription factors in MCF10A cells, 
contributing to the observed decrease in E-cadherin levels 
during chronic leptin treatment.

Gain of vimentin expression is another hallmark of EMT. 
We found that chronic leptin treatment induced an increase 
of vimentin protein levels (Fig. 1f, g). Similar results were 
observed during acute leptin treatment [22]. In addition, 
leptin treatment induced a dose-dependent increase in the 
percentage of cells with cytoplasmic distribution of vimentin 
(Fig. 2f). These results correlated with the morphological 
observations showing that vehicle-treated cells are a mixture 
of epithelial/mesenchymal cells, and that leptin treatment 
increases the percentage of cells with mesenchymal mor-
phology (Fig. 1e).

The increase in the migratory capacity of the cells during 
EMT occurs either as single cells, in a mesenchymal manner, 
or collectively retaining cell–cell contacts [20]. Our results 
show that chronic leptin treatment induces an increase in col-
lective cell migration in MCF10A cells (Fig. 3a, b), which 
is characterized by the movement of cells interconnected by 
stable cell–cell junctions mediated mainly by cadherins [55]. 
Increased collective cell migration in response to chronic 
leptin was also observed in EpH4-Ev cells (Fig. S3d, e). 
Similar results were observed in MCF10A in which EMT 
was induced by Snail overexpression, where a combination 
of collective and individual migration could be observed 
[36]. Moreover, collective cell migration was also observed 
in MCF10A E-cadherin KO cells [56]. These data suggest 
that the loss of E-cadherin in non-tumorigenic breast cells 
during EMT, is not sufficient to induce a complete mes-
enchymal phenotype, and that a compensatory mechanism 
may be activated to maintain cell–cell adhesions during cell 
migration.

Interestingly, when MCF10A cells treated with leptin for 
14 or 28 days were cultured in suspension (hanging drops) 

29Journal of Mammary Gland Biology and Neoplasia (2022) 27:19–36



1 3

30 Journal of Mammary Gland Biology and Neoplasia (2022) 27:19–36



1 3

they exhibited a significant decrease in cell aggregation. 
Control cells formed compact spherical aggregates, whereas 
leptin-treated cells formed irregular aggregates (Fig. 4b, c). 
These effects were not observed in cells exposed to acute 
leptin treatment (24 h). In a recent report, Acheva et al. [48] 
demonstrated that leptin treatment for 14 days interferes with 
the formation of MCF10A 3D spheroids. They cultivated 
MCF10A cells in Matrigel for 14 days in the presence or 
not of leptin, and they found that, in contrast to control cells 
that formed well-organized spheroids, leptin-treated cells 
formed irregular structures [48]. Similarly, Mishra et al. 
[25] showed that chronic leptin treatment in MCF7 cells 
decreases cell aggregation in non-adherent conditions [25]. 
These data suggest that chronic exposure to leptin may affect 
the 3D organization of normal breast cells and breast cancer 
cells in vivo, contributing to the acquisition of migratory and 
invasive capacities.

It has been shown that leptin induces the activation of 
FAK, AKT and ERK pathways in non-tumorigenic breast 
epithelial cell lines and cancer cell lines [17, 22, 57]. The 
constitutive activation of FAK and AKT kinases has been 
associated with the acquisition of mesenchymal characteris-
tics during TGFβ-induced EMT [58–60]. On the other hand, 
the activation of ERK kinase is essential for cell migration 
and anoikis resistance in MCF10A cells [22, 61, 62]. Here, 
we found that chronic leptin treatment induces the activa-
tion of FAK and AKT, but not of ERK in MCF10A cells 
(Fig. 7). Interestingly, we observed a significant decrease in 
ERK activation during chronic leptin treatment (Fig. 7c, f). 
These data suggest that induction of EMT by chronic leptin 
treatment in MCF10A cells is dependent on FAK and AKT 
activation but not on ERK activation.

Walker et  al. [63] demonstrated that the constitutive 
activation of FAK in MCF10A cells resulted in enlarged 

morphology, reduction of E-cadherin expression, increased 
migration, and suppression of apoptosis in 3D culture [63]. 
Here, we found that both acute and chronic leptin treatment 
increases FAK activation in MCF10A cells (Fig. 7a, d). How-
ever, leptin-induced survival in suspension was observed only 
in cells subjected to chronic leptin treatment (Fig. 5), sug-
gesting that leptin-induced FAK activation is not sufficient 
to promote anoikis resistance in MCF10A cells. Interestingly, 
leptin treatment induced a dose-dependent increase in AKT 
phosphorylation in cells treated for 28 days but not in cells 
treated for 24 h (Fig. 7b, e). It has been shown that AKT can 
be activated either by integrin signaling which involves FAK 
and Src activation, or by an integrin-dependent pathway in 
response to growth factors [42, 64]. Moreover, it has been 
described that AKT activation by TGFβ1 is independent of 
FAK signaling [65]. Because we found that FAK is activated 
during both chronic and acute leptin treatment, but AKT is 
activated only during chronic treatment, we suggest that AKT 
activation in response to leptin may occur by two independ-
ent pathways, being the FAK independent pathway the one 
involved in the acquisition anoikis resistance, which is only 
observed during chronic leptin treatment. In contrast, activa-
tion of both FAK and AKT pathways may be required for 
the EMT-related morphological changes induced by leptin 
and for the acquisition of migratory and invasive capacities. 
Further studies are required to elucidate the participation of 
FAK, AKT and ERK pathways in the leptin-induced acquisi-
tion of mesenchymal characteristics in MCF10A cells.

Recently, a gene expression signature in cancer-adjacent 
and histologically normal epithelium from breast can-
cer patients that correlates with poor overall survival in 
ER + breast cancer has been identified [66]. This active 
transcriptome phenotype is characterized by overexpres-
sion of genes related to cell movement, and downregula-
tion of cell adhesion genes. Furthermore, samples with the 
active phenotype had more adipose tissue, suggesting that 
increase adiposity in the breast microenvironment could 
contribute to the active phenotype and increased risk of 
progression [67]. Recently, Kang et al. [27] demonstrated 
that this active transcriptome phenotype is present in normal 
breast tissue from healthy women without breast disease. 
Moreover, they found that samples with the active phenotype 
had increased adipose tissue as determined histologically 
(percentage of adipocyte nuclei and average adipocyte area). 
They also found that there is overexpression of leptin and 
leptin receptor in samples with active phenotype. Interest-
ingly, when we performed unsupervised clustering of the 
RNA seq dataset from Kang et al. [27] based on a 24 gene 
signature, including EMT-related genes and leptin signaling 
genes, we found a cluster of samples with high expression of 
leptin and mesenchymal EMT-related gene, and low expres-
sion of epithelial EMT-related genes. Similar results were  

Fig. 6   Leptin-treated cells recovered after growing in suspension 
exhibit an enhanced mesenchymal phenotype. (a) Schematic repre-
sentation of the hanging drop recovery experiments. After 48 h grow-
ing in suspension conditions the cells from 9 hanging-drops (HDs) 
were recovered and plated under adherent conditions for 15 days. (b) 
Phase-contrast microscopy images from HDs-recovered cells after 
24  h growing in adherent conditions. (c) Fluorescence microscopy 
images from HDs-recovered cells after 15 days growing in adherent 
conditions. Actin fibers were stained with Phalloidin (red) and nuclei 
stained with DAPI (blue). (d) Cell viability of HD-recovered cells 
after 15  days growing in adherent conditions. (e) After 48  h grow-
ing in suspension the cells from the HDs were disaggregated with 
trypsin, and 5 × 105 cells per well were seeded on adherent conditions 
and grown for 96  h. Cell viability was determined by trypan blue. 
(f) Representative phase-contrast microscopy images of cells recov-
ered from the HDs grown on adherent conditions for 12 days. (g, h)  
The graphs show the distribution of cell aspect ratio of HDs-recovered 
cells grown on adherent conditions for 12  days. Data are presented 
as the mean ± SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, by one-
way ANOVA (Newman–Keuls test) 

◂

31Journal of Mammary Gland Biology and Neoplasia (2022) 27:19–36



1 3

observed by analyzing a second publicly available dataset 
including 187 normal breast samples (Fig. 8a, c). Pearson´s 
correlation shows a clear correlation between leptin expres-
sion and EMT-related genes in both datasets (Fig. 8b, d), 
including vimentin and E-cadherin (Fig. S4) which were 
found to be upregulated and downregulated after leptin treat-
ment in MCF10A cells, respectively.

Recently, Delort et  al. [68]  demonstrated that  
co-culture of breast myoepithelial cells with preadipocytes  
or mature adipocytes results in a decrease in viability of 
breast myoepithelial cells (MECs) and suggest that this 
may play a role in cancer progression in vivo as MECs 
are considered to play a tumor suppressor role in BC. 
Interestingly, they found that MECs co-cultured with  
adipose cells had increased leptin expression. In line with  
these observations, using breast epithelial cells cocultured  
with adipose tissue explants derived from breast reduc-
tion mammoplasties, or exposed to leptin treatment, 
Tenvooren et  al. [69] demonstrated that adipocytes 
or leptin treatment induced a loss in cell polarity of 
breast cells in 3D cultures. Here we show that chronic 
leptin treatment increases the proportion of cells with  

mesenchymal morphology and the migratory properties  
of two non-tumorigenic breast cell lines (MCF10A  
and EpH4-Ev). Moreover, chronic leptin treatment 
increases vimentin expression and reduces E-cadherin 
expression in MCF10A cells, reduces cell aggregation  
and increases survival when the cells are grown in non-
adherent conditions. Altogether, experimental data 
from non-tumorigenic breast epithelial cells and gene  
expression analysis in normal breast tissues strongly  
suggest that high levels of leptin production in the normal  
breast microenvironment by adipocytes, may induce 
the production of leptin by other non-fat cells such as  
myoepithelial or stromal cells [69, 70], further increasing  
the levels of leptin in the breast microenvironment. These  
high levels of leptin may contribute to establishing 
a pre-neoplastic microenvironment through several 
mechanisms including the establishment of an Active 
high-risk transcriptome phenotype, the disruption of 
MECs homeostasis and the induction of EMT in luminal  
epithelial cells. In the presence of carcinogenic events, 
this pre-neoplastic microenvironment may contribute to 
the development of breast tumors with increased invasive  

Fig. 7   Chronic leptin treatment induces FAK and AKT phosphoryla-
tion in MCF10A cells. Relative phosphorylation of pFAKY397 (a), 
pAKTS473 (b) and pERK1/2T202/pY204 (c) determined by Western blot. 
MCF10A cells were treated with 200 ng/mL or 400 ng/mL leptin, or 
vehicle for 24 h or 28 days. Graphs show the fold change on the phos-

phorylation of pFAKY397 (d), pAKTS473 (e) and pERK1/2T202/pY204 
(f) determined by the ratio to total FAK, AKT, or ERK1/2 levels, 
respectively and normalized to control cells (vehicle-treated cells). 
Data are presented as the mean ± SD (n = 3). *p < 0.05, **p < 0.01, 
***p < 0.001, by one-way ANOVA (Dunnett´s test)
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and metastatic potential. Finally, several lines of evidence  
demonstrate that leptin can also increase in the stem cell 
population in breast tumors and or cell lines [26, 68, 70, 
71]. On the other hand, it has been shown that induction 
of EMT in normal breast epithelial cells results in the 

acquisition of stem cell properties [72]. Whether leptin-
induced EMT in non-tumorigenic normal breast cells  
can contribute to increasing stem cell population needs 
further investigation.

Fig. 8   Leptin expression correlates positively with expression of mes-
enchymal EMT-related genes and negatively with epithelial genes in 
normal breast tissue. We explored two publicly available gene expres-
sion datasets containing RNA seq data from normal breast tissues 
(“Normal Breast” available at xena.uscs.edu) (a, b) and GSE164694. 
(c,d). Unsupervised clustering Heatmap of expression values (a, c) 
showing the presence of two main clusters. Cluster 1 is associated 
with high expression of leptin and mesenchymal-related genes, and 

low expression of epithelial-related genes. (b, d) Heatmap of all the 
Pearson correlations were build based in the expression of 25 genes 
related to EMT and leptin signaling (b, d). heat map (red = increased 
gene expression, blue = decreased gene expression). In both datasets, 
genes are grouped into three clusters. Leptin shows a clear negative 
correlation with epithelial genes and positive correlation with mesen-
chymal and leptin-signaling genes
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Conclusions

In summary, this study shows that chronic leptin treatment 
induces EMT in MCF10A cells. Chronic leptin treatment 
increases the percentage of cells with mesenchymal morphol-
ogy, induces collective cell migration and invasion, promotes 
survival, and reduces apoptosis of MCF10A cells growing in 
suspension. Moreover, in normal breast tissues, leptin expres-
sion correlates positively with mesenchymal markers and neg-
atively with epithelial markers. Further studies are required to 
clarify the signaling pathways and biological implications of 
this chronic leptin-induced EMT in MCF10A cells and the 
biological relevance in vivo. Thus, our data suggest that the 
chronic exposure to elevated leptin levels present in normal 
breast tissue microenvironment may induce alterations in the 
normal mammary gland epithelium, that could predispose 
women to develop more aggressive breast tumors.
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