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Introduction

Estrogen receptor-expressing (ER+) breast carcinoma 
cells require estrogen-driven signals to proliferate. Endo-
crine therapy is based on different approaches that aim at 
suppressing cancer growth (1, 2). Therapeutic approaches 
consist either in the inhibition of estradiol responsiveness 
by blocking or downregulating its receptor or the reduc-
tion of estradiol concentration in serum and mammary tis-
sue. However, the efficacy of endocrine therapy is limited 
by the ability of human breast cancer cells to circumvent 
the resulting growth inhibition. The consequence is the 
emergence of tumor cells that grow even under estrogen 
starvation, resulting in treatment-resistant, and often in-
curable, diseases. Subsequently, ER+ tumor cells, which 
are initially dependent on estrogen for their proliferation, 
continue to respond to different proliferation-stimulating 
factors by growing at a heightened rate (3). 

In laboratory models of ER+ breast cancer, growth ad-
aptation to estrogen starvation can be induced by growing 
cells in a conditioned culture medium depleted of estro-
gen. The Michigan Cancer Foundation-7 (MCF-7) cell 
line, derived from a human breast adenocarcinoma, is the 
most extensively used experimental tool to study ER+ tu-
mor endocrine resistance in vitro (4, 5). Indeed, long-term 
estrogen starvation of MCF-7 cells eventually promotes 
proliferation via estrogen-independent mechanisms, such 

as those under the control of the adipokines leptin (6), 
adiponectin (7, 8)  or resistin (9). Interestingly, a common 
regulatory mechanism of leptin and adiponectin-mediated 
growth of MCF-7 cells is autophagy (10, 11) , an intra-
cellular process leading to the degradation of damaged or 
dysfunctional subcellular organelles (12). Accumulating 
evidence has shown that autophagy plays a prominent role 
in sustaining breast cancer cell survival rather than pro-
moting cell death in the case of established tumors (13). 
Indeed, autophagy has been linked to the restoration of en-
docrine sensitivity and the promotion of breast cell growth 
(14). 

Apelin, another adipokine, is known for its regulatory 
growth in an autophagy-dependent manner in cardiovas-
cular and neurodegenerative diseases (15, 16). However, 
apelin-induced autophagy as a mechanism in promoting 
cancer cell growth remains poorly investigated and has 
been studied only in the four human cell models, the lung 
adenocarcinoma (17), the colon adenocarcinoma (18), the 
cholangiocarcinoma (19) and the hepatoma cell model 
Hepatoma G2 (HepG2) (20). It will be of interest to ex-
amine whether the well-established role of apelin in regu-
lating autophagy in reoxygenation is operational in breast 
cancer disease as well. 

Consistent with this hypothesis, it has been demon-
strated that apelin mediates a proliferative effect under es-
trogen starvation in ERα+ MCF-7 cells (21). In addition, 
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several studies have shown a positive association between 
circulating apelin levels and the risk of developing endo-
crine therapy resistance (22). It will therefore be interest-
ing to address whether apelin regulates MCF-7 cell growth 
in an autophagy-dependent manner in the absence of es-
trogen. 

In the present study, we have addressed the expression 
of APLNR in the MCF-7 cell line and compared the role 
of apelin-13 in their proliferation in short-term culture un-
der estrogen starvation or in the presence of E2. We have 
also investigated whether APLNR activation by apelin 
promotes the autophagy of MCF-7 and affected the Ade-
nosine monophosphate-activated protein kinase (AMPK)-
autophagy pathway.

Materials and Methods

Antibodies and reagents 
Antibodies raised against apelin receptor (APLNR) 

(sc-517300, mouse) were from Santa Cruz Biotechnology 
(Dallas, Texas, USA); antibodies against total AMPKα 
(2532, rabbit), phospho-AMPKα (Thr172) (2535, rabbit) 
were obtained from Cell Signaling Technology (Beverly, 
MA, USA); antibody raised against fluorescein isothio-
cyanate (FITC) conjugated-α-Tubulin (F2168, rabbit) 
was purchased from Sigma-Aldrich (St. Louis, Missouri, 
USA). Horseradish peroxidase (HRP)-conjugated second-
ary antibodies (111-035-003, rabbit) and (115-035-003, 
mouse) were purchased from Cedarlane (Burlington, 
Canada). 17β-estradiol (E2; E2758) was purchased from 
Sigma-Aldrich (St. Louis, Missouri, USA). Apelin-13 
(13523) was obtained from Cayman Chemical, (Michigan, 
USA). Lowry assay was obtained from Bio-Rad (Hercu-
les, CA). Western Blot Chemiluminescence Reagent Plus 
system was obtained from (NEN Life Science Products). 
AlamarBlue assay was purchased from Invitrogen (India-
napolis, USA). The Lysotracker green (L7526) was pur-
chased from Thermofisher (San Diego, California, USA). 

Cell culture
MCF-7 human breast adenocarcinoma cell line and 

HEK293 Cell line were purchased from the American 
Type Culture Collection (ATCC) (Manassas, VA, USA) 
and were regularly tested for mycoplasma contamination. 
MCF-7 cells were maintained in Dulbecco's modified ea-
gle medium (DMEM) (Wisent 310–005 (St-Bruno, Qué-
bec, Canada)) supplemented with 10% (v/v) fetal bovine 
serum (FBS) (FBS, Sigma-Aldrich, F1051, Ontario, Can-
ada), 1% L-glutamine (Wisent 609–065), and 1% penicil-
lin-streptomycin (Wisent 450–201). Three days before ex-
periments, MCF-7 cells were switched to phenol red-free 
DMEM (Wisent 319–050) containing charcoal-stripped 
FBS, 2% L-glutamine, and 1% penicillin-streptomycin. 
Three days before experiments, cells were harvested and 
cultured under starvation in an estrogen-deprived medium, 
composed from the phenol red-free Alpha MEM (Wisent 
310–011 (St-Bruno, Québec, Canada)) supplemented with 
10% dextran-coated charcoal-stripped FBS, 2% L-gluta-
mine, 1% penicillin-streptomycin in different dishes as 
mentioned in each experiment. MCF-7 and HEK293 cell 
lines were washed with Phosphate-Buffered Saline (PBS) 
and then trypsinized until detachment from the bottom of 
the dish, then media specific for each cell line was added 
to inactivate trypsin. Cells and media were collected in a 

15 mL tube and centrifuged at 1000 rotations per minute 
(rpm) for 5 minutes. Cells were trypsinized by adding 2 
mL of trypsin solution to 15-cm Petri dishes followed by 
3 min incubation at 37°C with regular gentle shaking. The 
trypsin reaction was stopped by adding 6 mL of phenol-
free culture medium containing 10% FCS charcoal. The 
number of cells in the suspension was then counted with 
a Fuchs–Rosenthal hemocytometer and brought first to 
a concentration of 1×106 cells/mL Cells were seeded in 
6 well culture dishes at the density 1×106 cells, and after 
reaching log phase, cells were trypsinized as mentioned 
above. The supernatant was dropped, and the cell pellets 
were processed as mentioned in each experiment. HEK-
293 cells were maintained in DMEM supplemented with 
10% FBS and 1% penicillin-streptomycin growing medi-
um in 15-cm Petri dishes culture in a humidified 5% CO2 
atmosphere at 37°C until they reached 80% confluence. 

Preparation of Formalin-Fixed Paraffin-Embedded 
cell pellets 

MCF-7 cells were maintained under estrogen starva-
tion in the growing medium in 15-cm Petri dishes culture 
in a humidified 5% CO2 atmosphere at 37°C until they 
reached 80% confluence. MCF-7 and HEK293 cell lines 
were washed with PBS and then trypsinized until detach-
ment from the bottom of the dish, then media specific for 
each cell line was added to inactivate trypsin. Cells and 
media were collected in a 15 mL tube and centrifuged at 
1000 rotations per minute (rpm) for 5 minutes. The super-
natant was dropped, and the cell pellets were immediately 
used to prepare Formalin-fixed paraffin-embedded (FFPE) 
cell blocks. Briefly, the pellet cells were resuspended in 
10% neutral buffered formalin at room temperature for 
one hour to allow proper fixation. The cells were centri-
fuged at 2000 rpm for 10 minutes, and the supernatant was 
discarded. Richard-Allan Scientific HistoGel Specimen 
Processing Gel (22-110-678, Fisher Scientific) was heated 
at 60°C and converted to a liquid state which is maintained 
at 50°C, and four to five drops of melted HistoGel were 
then added and mixed to each pellet. The mixture was 
placed at room temperature and allowed to solidify. The 
HistoGel was then removed from the Eppendorf tubes and 
placed in embedding cassettes for further fixation in 10% 
buffered formalin for one hour at room temperature. The 
cell blocks included in a cassette were next processed in 
SAKURA Tissue-Tek VIP (Vacuum infiltration processor) 
and recirculated according to the standard paraffin infiltra-
tion schedule. Briefly, the first step of circulation consists 
of getting paraffin into the cells. Next, the cells were de-
hydrated in three alcohol baths with increasing concentra-
tions at 70%, 85% and 90% to altogether remove the wa-
ter from the cells. Three successive baths of 100% toluene 
realized the lightning. Cells were then embedded in hot 
paraffin baths (44˚C to 60˚C) and 4 μm section from each 
block was prepared for further analysis.   

Preparation of Formalin-Fixed Paraffin-Embedded tis-
sue 

FFPE of positive and negative control tissues were pre-
pared as follows. For this, tissue is fixed in 10% neutral 
buffered formalin (Bios Europe, Lancashire, UK) over-
night at room temperature, then processed using a Tissue-
Tek VIP automatic tissue processor (Sakura, Finland) with 
a standard 14 hours protocol and embedded into paraf-



115

Rim Bouchelaghem et al. / MCF-7 cells growth under estrogen starvation by apelin, 2022, 68(9): 113-124

distilled water. Finally, counterstaining was performed for 
the sections with hematoxylin. The sections were mounted 
with cover slides. 

Digital image analysis of immunohistochemistry im-
munostaining 

Quantitative analysis of APLNR IHC staining was 
performed on digital microphotographs obtained from 
representative imaged areas as magnified at x40 of MCF-
7 pellets, HEK297 pellets, ER+ breast adenocarcinoma 
and normal smooth muscle tissue (32 bits RGB images, 
3384 × 2708 pixels, area of 1.267 mm2). Determination 
of the distribution of APLNR staining in tumor cells was 
implemented with the open-source image analysis QuPath 
software developed by Dr. Pete Bankhead and generously 
made available to the biomedical community as freeware 
(23). Briefly, APLNR analysis was performed in anno-
tated areas of enriched cellularity with a density of more 
than 100 cells for MCF-7 cell lines and controls using 
Qupath’s Cell and Membrane command, which identify 
a whole cell, nuclei, cytoplasm, and membrane compart-
ments. Mean measurement detection was carried out by 
Cell: DAB OD mean, Cytoplasm: DAB OD mean, Nuclei: 
DAB OD mean and Membrane: DAB OD mean command 
respectively, and DAB was defined as the presence of any 
discernible DAB positivity in different compartment either 
punctate or diffuse. Intensity thresholds for DAB measure-
ments were applied by Segmentation classifier command 
based on the application of machine learning algorithms 
and dispensed compartments with positive versus nega-
tive decisions per cell, nucleus, cytoplasm, and membrane 
based on immunostaining intensities on a continuous 
scale. The number of positively stained compartments de-
tected was represented as the average number of positive 
compartments per mm2. The results were also shown with 
highlighted images of detected cells, nuclei, membranes, 
and cytoplasm. The percentage of positive data was ex-
tracted from each area and averaged across replicates. 

Fluorescence staining and confocal microscopy
Indirect immunofluorescence staining for APLNR was 

performed in MCF-7 cells cultured under starvation.  MCF-
7 was maintained under estrogen starvation in the growing 
medium in plated a six-well culture plate containing sterile 
coverslips at 0.5 x106 cells per well, culture in a humidi-
fied 5% CO2 atmosphere at 37°C until they reached 80% 
confluence. After three days of culture, cells were washed 
three times with 1x PBS for 5 minutes each and then fixed 
immediately with freshly prepared 4% paraformaldehyde 
(Sigma-Aldrich, 158127), at room temperature for one 
hour.  Cells were permeabilized with 0.2% Triton X-100 
(Fisher Scientific, 9002-93-1) in Phosphate Buffered Sa-
line, for 1 min at room temperature. After three times of 
washes with wash buffer (0.5% BSA, 0.05% Tween 20 
in PBS), nonspecific antigens were blocked with block-
ing buffer (5% BSA, 0.05% Tween 20 in PBS) for two 
hours at room temperature. After 3 more washes in 1x PBS 
at 5 minutes per wash, cells were incubated with 1:100 
primary monoclonal mouse anti-human APLNR antibody 
(Santa Cruz) diluted in antibody buffer (1% BSA, 0.1% 
Tween 20 in PBS) overnight at 4 °C in a moist chamber. 
Three times washes were repeated as mentioned above. 
The cells were incubated with a 1:500 FITC-conjugated 
secondary antibody for one hour at room temperature. 

fin wax (Tissue-Tek). 3–4 μm sections were cut from the 
embedded blocks and floated onto a warm (42°C) water 
bath from where they were picked up onto Superfrost plus 
slides (Cat No 631–0108, VWR International, Lutterworth, 
Leicestershire, UK). Slides were placed in a vertical rack 
and dried overnight at 37°C in a fan-assisted cabinet. The 
next day, slides were dated and placed in a container which 
was then purged with oxygen-free nitrogen gas (BOC gas-
es, Guildford, Surrey, UK). The containers were stored 
at 4°C. To carry out a labelling experiment, the required 
slides were removed and the container with the remain-
ing slides was again purged with oxygen-free nitrogen gas 
before replacing at 4°C. Briefly, FFPE sections of MCF-7, 
HEK293 cells, ER+ breast carcinoma, stomach and muscle 
tissues were cut into 4 μm sections with a microtome (Mi-
com) and were subsequently transferred to charged slides.

Automated immunohistochemistry
Automated IHC was carried out according to manufac-

turer recommendations on an automated immunostainer 
Leica Bond RX (Leica, Concord, Ontario, Canada). The 
Leica Intense R DS9263 kit was applied according to 
proprietary guidelines. Briefly, the sections of MCF-7 or 
HEK293 cells were deparaffinized followed by an Antigen 
retrieval and was performed at 100 ° C for 20 minutes. 
Then the APLNR antibody was applied at 1/100 dilution, 
at room temperature, for 30 minutes. A secondary anti-
mouse antibody coupled to biotin and diluted to 1/100 
(Jackson ImmunoResearch) was then applied to sections 
for 15 minutes at room temperature. 

The Ag-Ac reaction was revealed with a diaminoben-
zidine chromogen which was catalyzed by streptavidin-
Horseradish peroxidase from the kit. Streptavidin-HRP 
and 3,3-DAB were used according to the manufacturer’s 
instructions (DABmap detection kit, Ventana Medical 
Systems). Finally, sections were counterstained with Gill 
hematoxylin and sodium bicarbonate. Each section was 
scanned at a high resolution (40X) using the Nanozoomer 
Digital Pathology equipment (Hamamatsu, Bridgewater, 
NJ).

Manual immunohistochemistry
Manual immunohistochemistry (IHC) visualization 

of APLNR was done using Novolink TM Max Polymer 
Detection System (Leica, RE7280-K) as mentioned in the 
procedure recommended by the manufacturer. Briefly, 4 
μm FFPE sections of MCF-7, HEK293 cells, ER+ breast 
carcinoma, thyroid and muscle tissues were cut and dried 
at 62°C for 30 minutes, deparaffinized in xylene 100 % 
and rehydrated through graded alcohols baths. After a 
wash in deionized water, antigen retrieval for primary an-
tibody use was performed in boiling EDTA buffer (pH 9.0) 
at 97°C for 1 hour. After cooling in de-ionized water, en-
dogenous peroxidase activity was neutralized using a per-
oxidase block solution for 5 minutes with constant double 
washing by Tris Buffer Saline for 5 minutes. Nonspecific 
binding of IgG was blocked using Protein Block solution 
(Novolink TM) for 5 minutes. The sections were incu-
bated with the anti-APLNR primary antibody (Santa Cruz 
Biotechnologies, CA, USA, 3C3-7, sc-517300), for 1 hour 
at room temperature, in a humidified chamber and then, 
they were incubated with Novolink TM Polymer 30 min-
utes. Staining was developed with 3, 3′-diaminobenzidine 
(DAB) working solution for 5 minutes and washed with 
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Control cells without primary antibodies were included 
as a negative control for the nonspecific binding of the 
secondary antibody. After a final triple-washing step, the 
cells were rinsed with PBS. Cells were again washed 3 
times in 1X PBS for 10 minutes per wash, then incubated 
for 20 minutes with a 1:2,000 DAPI nuclear stain, washed 
again, and the coverslips air-dried. A drop of Slowfade 
Light antifade reagent glycerol buffer was added to the 
cells, which were then mounted on glass slides. Fluores-
cent images of samples were captured using a confocal 
microscope (Zeiss confocal microscope LSM 700) at the 
Institute for Research in Immunology and Cancer (IRIC) 
(Université de Montréal, Montréal, Québec), with 63x /1.4 
Plan Apo DIC lens. Photomicrographs were taken with a 
40X magnification objective lens. Images were processed 
with Metamorph.  

AlamarBlue assay
MCF-7 cells cultured, as mentioned in the cell culture 

section, were harvested and subsequently counted for se-
rial dilutions to prepare 160 μL of cell suspension with 
different cell densities, ranging from 1000, 2000, 3000, 
4000 and 5000 cells/well. The resulting cell suspensions 
were seeded into triplicate wells of a 96-well clear flat-
bottom polystyrene TC-treated microplates (Corning Co-
star, Catalog no.: 3596) and cells were kept in a humid 
atmosphere incubator at 37 °C and 5 % CO2. After an ini-
tial 24 h period to allow cell attachment, the cells were 
treated or tested, and consecutive measurements were 
made each day. After exposure, the medium was removed. 
The wells were filled with 160 µL of fresh media, which 
were supplemented with a 4% concentration of resazurin 
at 20 % (v/v) of stock AlamarBlue® solution to medium as 
indicated as mentioned by the manufacturer's protocol. As 
the dye is light-sensitive, all steps were performed under 
light protection, and the plates were wrapped in Alumi-
num foil and were kept for four h in a CO2 incubator in a 
humidified environment at 37 °C under similar conditions 
as used during routine cell growth and maintenance. Con-
trols were performed as mentioned by the manufacturer 
and were added before measurements in triplicate to emp-
ty wells. The negative control was represented by 160 μL 
from the medium exempt from cells, whereas the positive 
control was prepared by incubating a 2 % AB/Medium so-
lution at 95°C until obtaining a 100 % reduced form. After 
a further incubation of the plate for 3 hours at 37°C, the 
fluorescence readings from every well were measured and 
recorded at the indicated times in a 96-microplate reader 
(FlexStation II, molecular devices), the excitation wave-
length was set at 530 nm, emission wavelength was set at 
590 nm, using the SoftMax software (Molecular Devices, 
California, USA). The number of viable cells correlates 
with the magnitude of dye reduction and is expressed as a 
percentage of AB reduction (23-25). The calculation of the 
percentage of AB reduction (%AB reduction) was done 
according to the manufacturer's protocol. The results are 
presented as a growth rate (percent of AlamarBlue signals 
in a given time to percent of AlamarBlue in the vehicle at 
one day zero). 

Lysotracker labeling
MCF-7 cells with or without treatment were loaded with 

50 nM Lyso-Tracker Green (LTG) (L7526, Invitrogen) ac-
cording to the manufacturer’s instructions by incubating 

cells with dye for 1 h at 37°C. Briefly, a cell monolayer 
cultured on a coverslip in 6 well Petri dishes was washed 
with PBS 1X three times. LTG was loaded at 50 nM and 
cells were then washed. MCF-7 cells were incubated in 
400 µL of PBS 1X in the presence of the DNA viability 
dye, 4’,6-diamidino-2-phenylindole (DAPI; 200 ng/mL; 
cat. no. D9542, Sigma Chemicals, Poole, UK). MCF-7 
was fixed by PFA. Confocal images were collected with 
a Zeiss LSM 700 inverted laser scanning confocal micro-
scope (Carl Zeiss; Oberkochen, Germany) using 63X oil 
1,4 N.A. Planapo 63x objective lens. LTG signals were 
excited at 488 nm and data was then analyzed on DAPI 
versus Fluorescence signals. LTG signals from samples 
were then compared by histogram analysis of the mean 
fluorescence image (MFI). LTG MFI upregulation from 
autophagy-induced samples and untreated cells were com-
pared to show the average fold increase and the individual 
data points shown. About 3 independent experiments were 
collected.

Quantitative analysis of immunofluorescence
The Qupath software (University of Edinburgh, https://

qupath.github.io) was used to determine the ration of pix-
els presenting Lysotracker signals and DAPI signals, in the 
image scatter diagram. 

Whole-cell lysis and cytosolic fraction 
Experiments were performed with estrogen-starved 

MCF-7 cells cultured in 6-well plates. For treatment, cells 
were incubated with vehicle (untreated cells), 100 nM of 
apelin-13 alone, or associated with 1 nM of 17β-estradiol 
(E2) for 5, 10, 20, 30, and 60 minutes. After treatment with 
the indicated agents, the medium aspired, and the cells 
were washed 3 times with ice-cold PBS. For whole-cell 
extraction, cells were directly lysed in 100 μL of lysis buf-
fer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM eth-
ylenediaminetetraacetic acid (EDTA), 2% sodium dodecyl 
sulphate (SDS), 0.5% Triton, 1% NP40) containing the 
protease inhibitors, dithiothreitol (1 mM), aprotinin (1 mg/
mL), leupeptin (1 mg/mL), phenylmethylsulfonyl fluoride 
(PMSF) (0.3 mM), NaF (1 mM) and sodium orthovana-
date (1 mM). For the cytosolic fraction, cells were lysed in 
lysis buffer (10 mM PIPES 5 mM, pH 8.0, 2 mM KCl and 
0.5% NP-40), containing protease inhibitors, dithiothreitol 
(DTT) (1 mM), aprotinin (1 mg/ mL), leupeptin (1 mg/
mL), PMSF (0.3 mM) and DTT (1 mM). After resuspen-
sion in lysis buffer, cells were then scraped with a tissue 
culture cell scraper and collected in centrifuge tubes. Cell 
lysates or cytosolic fractions were immediately sonicated 
for 15 minutes at 4°C (Bioruptor, Diagenode).  Then, the 
cells were allowed to lyse for 10 minutes at 4 °C. Lysates 
were then centrifuged in 1000 g for 10 min at 4 °C. Cy-
tosolic fractions were obtained from the supernatant. Ly-
sates were boiled in Laemmli solution 6X (375 mM Tris-
HCl pH 6.8, 9% SDS, 50% glycerol, 10% beta-mercap-
toethanol, 0.03% bromophenol blue) for 5 min at 95°C 
and were centrifuged for 5 min.  Protein concentration in 
whole-cell extracts and cytosolic fractions supernatants 
were determined using the Lowry method, as described in 
the manufacturer recommendations (Biorad, Mississauga, 
ON, Canada).

Immunoblotting analysis  
Whole-cell and cytosolic fractions were subjected to 
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7% sodium dodecyl sulfate-polyacrylamide electropho-
resis (SDS-PAGE, 8% acrylamide) and equal protein 
amounts 30 μg by sample per well. Proteins were sepa-
rated by electrophoresis at 100-150V for 60 minutes and 
transferred to polyvinylidene fluoride (PVDF) membranes 
(EMD Millipore) for 2 hours at 100V using a Trans-blot 
apparatus (Bio-Rad, Mississauga, ON, Canada). The 
membranes were then blocked for 1 hour at room tem-
perature with 5% w/v skimmed milk in 1X Tris-Buffered 
Saline with Tween-20 (TBST; 500 mM NaCl, 20 mM 
Tris–HCl, pH 7.6, 0.05 % (w/v) Tween 20). The mem-
branes were then washed three times in Tris buffer solu-
tion with 5% tween 20 (5 min per wash) prior to being 
incubated overnight at 4°C with the appropriate primary 
antibody under gentle agitation at 4°C in a blocking buf-
fer. Non-conjugated rabbit primary antibodies (AMPK-α, 
phospho-AMPK) were used at 1:200 in a mixture with a 
primary mouse monoclonal-FITC conjugated antibody 
raised against human α-tubulin (1:5000 dilution) as a load-
ing control, whereas APLNR-antibody was used at 1:100. 
These membranes were washed three times for 3 min in 
TBST and incubated with an HRP-conjugated goat anti-
rabbit Ab (Bio-Rad) (1:5000 dilution) in blocking buffer 
for 1 h with gentle agitation at room temperature. Mem-
branes were removed from the primary antibody solution 
and washed three times in PBS-T solution. After washing, 
membranes were incubated with 0.5× blocking solution 
+ 0.1% Tween-20 + 0.01% SDS containing a Goat Anti-
Rabbit HRP-Conjugated Antibody (Jackson ImmunoRe-
search; #111-035-144, 1:10,000) or anti-mouse for 1 hour 
at room temperature. Membranes were removed from the 
secondary antibody solution and washed for 5 minutes in 
25 mL of TBS-T. Membranes were covered with the Clar-
ity western ECL substrate chemiluminescent detection re-
agent (Bio-Rad) for 5 min according to the manufacturer’s 
instructions (Thermo Fisher Scientific) before image ac-
quisition. Imaging was performed using dual chemilumi-
nescent and fluorescent exposures which were captured on 
a ChemiDoc MP Imaging System (Bio-Rad Laboratories 
Inc.); with “Chemi Hi-Resolution” settings (2×2 camera 
binning). Exposure times were set automatically with 
ChemiDoc™ MP Imaging System (Bio-Rad Laboratories 
Inc.) The developed signals of blots were then analyzed by 
the Image Lab software to obtain densitometry values. The 
blots are representative of three independent experiments 
and bar diagrams are included showing the quantification 
of western blot signals.  

Statistical analyses 
All statistical analyses were carried out using Prism 

8.0.1 GraphPad Prism (GraphPad Software Inc, USA). 
Statistical significance was considered, with a p-value less 
than 0.05.

Results

Expression of APLNR by the human breast cancer cell 
line MCF-7  

To validate the specificity of the IHC reaction for the 
APLNR protein using the C3C-7 antibody (Santa Cruz 
Biotechnology), staining was first performed using as 
positive controls an ER+ breast carcinoma tumor (Fig. 1A) 
and normal thyroid tissue (Fig. 1B). Sections from smooth 
muscle chosen as a negative control (26) remained entirely 

negative (Fig. 1C). Similar results were obtained in IHC 
analysis performed using HEK293 cells (Fig. 1D), which 
are known not to express APLNR mRNA and protein (27). 
Paralleled digital image analysis of the same sections by 
QuPath (Fig. 1A, 1B, 1C, and 1D) demonstrated almost no 
APLNR staining in both smooth muscle cells and HEK293 
cells, as well as different expression levels in expressing 
ER+ breast carcinoma and thyroid (mention color code).

IHC was then used to assess the expression of the 
APLNR protein in pellets of freshly harvested MCF-7 
cells (Fig. 2A). Using QuPath, APLNR staining in MCF-7 
cells cultured under estrogen starvation was detected as 
heterogeneous since 74% of the cells failed to demonstrate 
any APLNR reactivity (Fig. 2B). However, a minority 
of MCF-7 cells (26%) cells appeared to stain positively. 
Applied texture-based analysis of the cell staining dem-
onstrated more varied expression levels (Fig. 2B) and 
allowed for their classification as follows: negative cells 
with a complete absence of staining (50%), faint staining 
(+, 20 %), moderate staining (++, 25 %) and intense stain-
ing (+++, 18 %). Indeed, APLNR shows a dotted expres-
sion pattern, present only in the nucleus or the cytoplasm, 
whereas no expression at the cell membrane was detected 
in any of the cells (Fig.2C). APLNR receptor expression 
was also explored in adherent MCF-7 cells using confo-
cal microscopy. MCF-7 cells were subcultured under es-
trogen starvation to form a monolayer and subsequently 
were fixed for imaging. The results from this confocal 
microscopy analysis showed a tight monolayer of MCF-
7 cells with a homogenous expression of actin filaments 

Figure 1. Immunohistochemical validation of the APLNR anti-
body in human tissue and cell line. Typical expression pattern of 
APLNR in ER+ breast carcinoma (epithelial cells) (A) and in epi-
thelial thyroid cells (B). Whereas no APLNR staining was detected 
in smooth muscle cells (C) and HEK293 cell line (D). Scale bars, 
50 μm. (A). IHC analysis by Qupath (Left) of APLNR+ Breast carci-
noma tissue photomicrographs (Right) show heterogenous expression 
of the APLNR receptor with positive “yellow” and negative “blue” 
expressing epithelial cells. Stromal cells and fibroblasts are shown 
with “green” color. Scale bars, 50 μm. (B). IHC analysis by Qupath of 
APLNR+ in thyroid tissue photomicrographs shows the expected pos-
itive expression of the APLNR receptor in follicular cells as indicated 
with “Yellow” for positive APLNR expressing cells. Few cells show 
negative expression “Blue”. Scale bars, 50 μm. (C). IHC analysis by 
Qupath of APLNR+ in smooth muscle tissue photomicrographs show 
the expected negative expression of the APLNR receptor in smooth 
muscle cells as indicated with “Green” for negative APLNR express-
ing cells. Scale bars, 50 μm. (D) Typical negative expression pattern 
of APLNR was detected in HEK293 cell line with no APLNR staining 
“Blue”. Scale bars, 50 μm.
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as shown by phalloidin staining (Fig. 2D). APLNR stain-
ing was detected as continuous and boarding the cell sur-
face in almost all cells, indicating that adherent MCF-7 
cells express APLNR at the plasma membrane. APLNR 
expression was also detected in MCF-7 cells by Western 
blot analysis, yielding a band with an MW of 50 kDa band 
(Fig. 2E). As expected, no band was detected in lysates of 
HEK293 cells, which do not express APLNR (Fig. 2F). 
Together, our results demonstrate that MCF-7 cells ex-
press APLNR, which is located at the cell surface when 
cells form a monolayer in the absence of estrogens.

Apelin-13 induces the proliferation of MCF-7 cells 
under estrogen deprivation which is abolished by E2 
treatment 

To investigate the functionality of APLNR, we ana-

lyzed proliferation rates of MCF-7 cells cultured in the 
presence or absence of apelin-13 using the AlamarBlue 
assay. First, the optimum cell plating density for which a 
linear response relating cell numbers to AlamarBlue re-
duction fluorescence was assessed for a short culture time 
(5 days) in the absence of any treatment. Data shows that 
AlamarBlue readings were precisely proportional to the 
cell seeding numbers with a seeding density ranging from 
1000 to 5000 cells/well (Fig.3A). Using 1000 cells/well as 
a seeding density, cells cultured under estrogen-depleted 
conditions were treated with increasing concentrations of 
apelin-13 (0,1, 1, 10, 100, 1000 nM) and the proliferation 
rate was assessed for the indicated time points (Fig.3B). 
The doubling rate of cells treated with the vehicle only 
was 3 days. In the presence of 0.1 nM, 1 nM, and 10 nM 
apelin-13, no change for the doubling growth rate in com-
parison to the vehicle was achieved. However, the addition 
of apelin-13 at 100 nM and 1000 nM to the estrogen-de-
pleted medium resulted in a marked increase in the MCF-7 
cell proliferation rate.  Alamar blue readings were signifi-
cantly increased from day 2 for cells treated with 100 nM 
apelin-13, and from day 1 for cells treated with 1000 nM 
apelin-13 (Fig.3B). Our data thus indicates that apelin-13 

Figure 2. Expression of the APLNR in MCF-7 cells. (A). IHC 
analysis by Qupath shows the expected expression of the APLNR 
receptor in MCF-7 cells with a heterogeneous pattern of immunore-
activity in these cells. “Blue” indicates negative APLNR expressing 
cells, “yellow” for moderate expressing APLNR cells, and “red” for 
APLNR expressing cells. Scale bars, 50 μm. (B). Statistical measure-
ments detected in (A) allowed classifying MCF-7 on different sub-
population according to the DAB intensity signals in the whole-cell 
and showed as plots of cells scored as 1+, 2+, and 3+ positive cells or 
0, negative cells.  (C). Subcellular localization of APLNR in MCF-7 
cells estimated by Qupath and presented as heat maps for whole-cell, 
membrane, cytoplasmic, and nuclear localization. Whereas no DAB 
signals are detected in the membrane, the detected APLNR seems to 
be distributed in cytoplasmic and nuclear localization. Scale bars, 50 
μm. (D). Dual fluorescence was performed in MCF-7 monolayer as-
sessed in permeabilized cells with mouse APLNR antibody visualized 
with Alexa 488 anti-rabbit secondary antibody (green) and the nuclear 
staining dye DAPI. Images obtained are representative of 50-100 cells 
per experiment repeated three independent times and viewed at 40X 
magnification using a Carl Zeiss LSM 700 laser scanning confocal 
microscope. (E). Confocal microscopy of MCF-7 monolayer cultured 
on the coverslip, stained for phalloidin (red), and DAPI (blue). The 
image shown is representative of 50-100 cells per experiment viewed 
at 20X magnification using a Carl Zeiss LSM 700 laser scanning con-
focal microscope. (F). Western blot analysis of MCF-7 cell extracts 
was performed using antibodies specific for APLNR receptor and 
α-Tubulin. Extracts from HEK293 cells were used as negative control.

Figure 3. MCF-7 cell growth was significantly enhanced following 
apelin-13 treatment in a concentration dependent manner under 
estrogen starvation. A. AlamarBlue reduction was proportional to 
the cell seeding number with a seeding density ranging from 1000 
to 5000 cells/well. The experiments were performed four times and 
each independent experiment consisted of two to three measurements. 
Statistical analysis was performed using one-way repeated measures 
ANOVA followed by Dunnett’s post-test against the smallest cell 
concentration/well, ** P ≤ 0.01, and **** P ≤ 0.0001. B. Increased 
concentrations of apelin-13 were separately applied to MCF-7 cells 
under estrogen free condition. The cells were incubated for 1, 2, or 3 
days. Effects of apelin-13 on MCF-7 cell viability were determined 
using Alamar blue assay. The experiments were performed three times 
and each independent experiment consisted of three to four measure-
ments. Statistical analysis was performed using two-way repeated 
measures ANOVA followed by Dunnett’s post-test against the control 
sample, ** P ≤ 0.01, *** P ≤ 0.001, and **** P ≤ 0.0001. 
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efficiently enhanced MCF-7 cell growth in a concentra-
tion-dependent manner.

We then investigated the effects of co-treatment with 
E2 and apelin-13 on cell proliferation. Consistent with 
the previous results, treatment with apelin-13 increased 
the proliferation rate of MCF-7 cells at one day, three 
days, and five days (100, 200, and 400%, respectively), 
in comparison to the control cells (Fig.4). Similarly, E2 
(1 nM) increased the growth rate of MCF-7 cells at 1, 3, 
and 5 days (100 %, 200 %, 400 %, respectively) in com-
parison to the control cells (Fig.4). However, no difference 
in MCF-7 proliferation rate between control and MCF-7 
cells co-treated with E2 and apelin-13 was observed for 
one day, three days or five days, indicating that the com-
bination of E2 and apelin-13 did not affect the growth rate 
of MCF-7 cells. Thus, our data indicate that apelin-13 ef-
ficiently enhanced MCF-7 cell growth in a time-dependent 
manner and that E2 abrogated the apelin-13-induced effect 
on MCF-7 cell growth rate.

Both apelin-13 and E2 suppress autophagy in MCF-7 
cells under estrogenic deprivation

Autophagy can be monitored by Lysotracker, a specific 

probe for lysosomes, which can be imaged by confocal 
microscopy (28). To assess the basal autophagic flux, the 
accumulation of puncta signals was monitored in estro-
gen-deprived cells treated with the vehicle at three and 24 
hours. The fluorescence of Lysotracker was distributed in 
a punctate pattern in MCF-7 starved cells, corresponding 
to the normal lysosomes’ organelle localization and distri-
bution. Lysotracker signals were quantified. In the absence 
of any treatment, significant enhancements of twenty-fold 
in puncta numbers and signals were detected in the control 
cells at 24 h compared to 3 h (Fig.5A). This data indicate 
that estrogen starvation led to a progressive autophagy in-
crease, as observed between 3h and 24 h. 

As expected, when MCF-7 cells were exposed to ape-
lin-13 for three hours, a drastic decrease in lysotracker sig-
nals and puncta formation was observed, and this effect 
was maintained over 24h. A similar pattern of fluorescence 
in cells treated with E2 was observed. However, consistent 
with the antagonistic action of combined E2 and apelin-13 
treatment, MCF-7 cotreated with E2 and apelin-13 did 
not exhibit a change in puncta signals in comparison to 
vehicle-treated cells. The decrease in the lysotracker sig-
nals is consistent with autophagy inhibition (Fig.5B). Our 

Figure 4. Effect of apelin-13 on MCF-7 viability in the presence or 
absence of Estrogen. A. MCF-7 cells maintained in the absence of 
estrogens for three days were treated with apelin-13 (100 nM), in the 
presence or absence of estradiol (E2, 1 nM). The cells were incubated 
for 1, 3, or 5 days. Effects of apelin-13 and E2 on MCF-7 cell viabil-
ity were determined using Alamar blue assay. Statistical analysis was 
performed using two-way repeated measures ANOVA followed by 
Dunnett’s post-test against the control sample, * P ≤ 0.05, ** P ≤ 0.01, 
and ****   P ≤ 0.0001. B. Trypan blue exclusion assay of MCF-7 cells 
treated with apelin-13, E2 or apelin and E2. The results are presented as 
the number of viable cells counted per well and the percent of viable cells 
relative to untreated control. The viability of untreated control cells was 
taken as 100 %. Results are presented as means compared to the control 
as tested by the Student’s t-test.

Figure 5. Lysotracker in MCF-7 cell lines is decreased by ape-
lin-13. A. Lysosomes in MCF-7 starved cells were visualized by 
confocal microscopy after their labeling with LysoTracker ® (Green 
fluorescence). MCF-7 cells were treated with apelin-13 (100 nM), 1 
nM E2 (1 nM), combination of (100 nM apelin-13 and 1 nM E2) or 
vehicle for 3h or 24 h, then fixed and imaged by confocal microscopy. 
The images are representative of 50 cells from the adherent mono-
layer on the coverslip from three independent experiments. B. The 
intensity of the LysoTracker staining was quantified by Qupath (Mag-
nification: 40×).
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results confirm that the cotreatment of MCF-7 cells with 
apelin-13 and E2 reduces their sensitivity to the inhibi-
tory actions of both molecules on autophagy. Collectively, 
these results indicate that both apelin-13 and E2 abrogate 
autophagy-induced starvation.

Variation in the cellular level of APLNR according to 
the type of activation

Ligand-receptor internalization and trafficking are tra-
ditionally considered part of the cellular desensitization 
after receptor activation, whereby signaling by the acti-
vated receptor are abrogated and the receptor itself is de-
graded or recycled back to the membrane. In the presence 
of apelin-13, a rapid increase of APLNR protein level oc-
curred in cytoplasmic enriched fractions within 5 min fol-
lowed by a consistent decrease in this compartment (Fig. 
6A). It is to be noted that the cytosolic contents of APLNR 
receptor in MCF-7 cells treated by combined E2 and ape-
lin-13 showed a similar transient increase of the amount of 
APLNR after 5 minutes but then regained about the initial 
level and remained approximately constant and no sub-
sequent decrease was documented throughout one-hour 
treatment. This result suggests that APLNR protein levels 
are exposed to a rapid regulation by apelin-13 and that this 
regulation is reversed by E2. Indeed, this result supposes 
that ER is involved in the effects of apelin-13 and indicates 
that crosstalk occurs between APLNR and ER.

Association between APLNR activation and AMPK 
phosphorylation

Apelin-13 decreases the autophagy in MCF-7 under 
estrogen starvation which indicates that a cascade of sig-
naling pathways has been involved beyond APLNR acti-
vation. The AMPK pathway was explored since this path-
way is known to be a common regulator of autophagy and 
cell proliferation in MCF-7 cells and it could be altered by 
apelin-13. Western blotting for phospho-AMPK was per-
formed in MCF-7 cells incubated in serum and estrogen-
free medium with apelin-13 treatment in the presence or 
absence of E2. After serum and estrogen starvation, the 
intensity of the phosphorylated-AMPK was detectable, 
but a significant fraction became dephosphorylated by 
apelin-13 in a time-dependent manner. The phosphoryla-
tion levels of the Thr172 residue, an activator site of the 
AMPKα subunit required for its enzyme activity, were 
rapidly, drastically decreased, reaching 50 % ± 5.2% at 
five min compared to untreated control cells (Fig. 6A) and 
a minimal level at 30 min after treatment (Fig.6A). This 
decrease was stably maintained for over 1 hour. No de-
tectable difference was seen in the total AMPK between 
each of the cell lines (Fig. 6B). Indeed, cotreatment with 
apelin-13 and E2 did not permit to recover of the level of 
phosphorylated AMPK to a basal level and show a similar 
profile of dephosphorylation. Collectively, these results 
suggest that dephosphorylation of AMPK could be impli-
cated in apelin-mediated effects on MCF-7 cell prolifera-
tion regardless of the presence of E2. This result suggests 
that crosstalk between ER and APLNR receptor include at 
least the AMPK pathway.

Discussion

The exploration of the mechanisms of resistance to en-
docrine therapy in ER+ cells has led to the identification 

of several molecules, in particular adipokines that act in 
concert with, or independently from, estrogenic signals 
thereby promoting the growth of tumor cells (29, 30). 
The adipokine apelin has been extensively studied for its 
growth-promoting effects on different tumors, including 
breast cancer cells (20, 31). However, much is still un-
known about the underlying mechanisms of apelin-medi-
ated activation in these cells whereas the expression and 
functional role of apelin and its receptor in normal and 
malignant breast cells remain to be investigated. Recently, 
it has been shown that apelin induces the proliferation of 
the ER+ cell model, and MCF-7 cell lines (21). The re-
sults from the present study demonstrate the expression 
of APLNR in the MCF-7 cell line and explores possible 
underlying mechanisms driven by APLNR activation that 
promote the growth rate of MCF-7 cells under estrogen 
starvation.

Using three independent methods, IHC, confocal mi-
croscopy, and Western blot analysis, the constitutive ex-
pression of APLNR on MCF-7 cells cultured in the pres-
ence of estrogen was confirmed. The specific detection 
of the APLNR by the C3C clone antibody was validated, 

Figure 6. Short-term effects on APLNR signaling in MCF-7 cell 
lines under estrogen starvation were reversed by E2. A. MCF-7 
cell lines were exposed to a concentration of 100 nM of apelin-13, for 
the indicated times, in the presence or absence of 1 nM estrogen-2. 
Western blot analysis of MCF-7 cells extracts was performed using 
antibodies specific for APLNR receptor and α-Tubulin. HEK293 cell 
line extracts were loaded as a negative control for APLNR expres-
sion. Proteins of a mixed three independent experiments was loaded. 
B. MCF-7 cell lines were exposed to a concentration of 100 nM of 
apelin-13, for the indicated times, in the presence or absence of 1 
nM estrogen-2. Western blot analysis of MCF-7 cells extracts was 
performed using antibodies specific for phospho-AMPK-α (Thr172), 
total AMPK-α and α-Tubulin. Detected signals of phospho-AMPK-α 
and AMPK proteins were normalized to α-Tubulin. AMPK activity 
was represented as the ratio of phospho-AMPK-α to total AMPK-α 
normalized to the untreated cells (time 0). Error bars represent means 
± SEM of 3 independent experiments. Statistical analysis was applied 
using one-way ANOVA with Dunnett’s post-test against the untreated 
cells. * P ≤ 0.05, ** P ≤ 0.01.



121

Rim Bouchelaghem et al. / MCF-7 cells growth under estrogen starvation by apelin, 2022, 68(9): 113-124

supporting its suitability for clinical use in IHC tests. Anti-
body specificity was also confirmed by the detection of the 
APLNR protein, despite preanalytical variability that can 
influence the subcellular localization of plasma membrane 
proteins in MCF-7 cells (32). Consequently, the distribu-
tion pattern of APLNR differed according to the technique 
of detection used. Using IHC, APLNR immunoreactivity 
was observed with a punctate aspect in the cytoplasmic 
compartment, whereas no discernible localization at the 
membrane was detected at the cell membrane. In contrast, 
however, with confocal microscopy, APLNR staining was 
homogenously detected at the cell surface, with a stain-
ing pattern typical of GPCRs (33). This discrepancy can 
be explained by the treatment of the cells with trypsin, 
used for harvesting MCF-7 cells. Indeed, trypsinization is 
known to induce modification of cell surface molecules 
implicated in the MCF-7 cell growth. It has been shown 
that the proteolytic activity of trypsin during cell culture 
may cleave the cell surface growth factor receptors or 
membrane proteins (32). Thus, it is possible that subse-
quent internalization of the APLNR had occurred follow-
ing MCF-7 cell trypsinization reminiscent of that observed 
with  GPCRs (33, 34). In contrast, APLNR staining for 
confocal microscopy was performed without trypsin treat-
ment: MCF-7 cells were directly fixed in their adherent 
state, forming a monolayer, thereby conserving their pro-
tein distribution. Our results demonstrate that APLNR is 
constitutively expressed at the cell surface of MCF-7 cells 
and harvesting by trypsin is likely to alter its membrane 
localization, possibly by internalization of the receptor. 
Further experiments should help clarify this hypothesis. 
Nevertheless, to our knowledge, this is the first observa-
tion that reported APLNR expression in ER+ breast cancer 
cells. 

In order to explore the functionality of the APLNR and 
its role in apelin-13-mediated breast cancer cell responses 
under estrogen starvation, changes in AMPK activation 
and autophagy were explored. The growth rates of short-
term MCF-7 starved cells observed in these experiments 
are concordant with the rates reported in the literature (35) 
representing approximately a doubling time of growth at 
three days was found to be effectively enhanced by ape-
lin-13. Those results also highlight that because of the 
constitutive expression of APLNR by MCF-7 cells, the 
growth-promoting effects of apelin-13 can be detected 
within five days.  They furthermore show that estrogen de-
privation does not affect the ability of apelin to maintain 
the growth of MCF-7 previously demonstrated in our re-
sults in the presence of exogenous estrogen. Future reports 
should be carried out to confirm the mitogenic properties 
of apelin-13 is healthy and tumor cells are given its pres-
ence in mammary tissue (36).

The aforementioned results highlight a possible con-
nection between autophagy and cell growth in estrogen-
starved breast cells in the presence of apelin-13. Concomi-
tant inhibition of autophagy and enhanced growth in the 
apelin-13-treated cells suppose that autophagy regulating 
pathways are mobilized in MCF-7 triggering APLNR ac-
tivation at least by controlling the basal autophagic flux. 
AMPK is by far the most studied kinase related to autoph-
agy regulation (29, 37, 38). Although the link between 
AMPK and autophagy is established, upstream regulators 
of AMPK in the context of autophagy response are still 
largely unknown. The Association of decreased activation 

of AMPK and autophagy with enhanced tumor cell viabil-
ity raises several questions regarding the mechanism by 
which apelin-13 can activate tumor growth under estrogen 
starvation. It is essential to characterize upstream signal-
ing pathways implicated in APLNR-mediated activity in 
MCF-7 cells. The observations in this study indicate that 
under estrogen starvation, AMPK is constitutively activat-
ed in MCF-7, which is consistent with numerous studies 
(39, 40). Indeed, the latter kinase becomes rapidly deac-
tivated by apelin-13, which could be attributed to a direct 
consequence of APLNR activation. Thus, the APLNR-
AMPK axis seems to be a short-term mobilized pathway, 
consistent with a GPCR rapid signaling. AMPK deactiva-
tion by apelin-13 may be explained by post-translational 
modifications that lead to dephosphorylation of a threonine 
residue (T172) in the loop of the catalytic α-subunit which 
constitutes a prerequisite for the antiproliferative activity 
of AMPK as reported in the literature (41). The decline in 
AMPK deactivation is strongly associated with the devel-
opment and progression of cancer. Indeed, a large number 
of reports strongly support the anti-proliferative function 
of activated AMPK in MCF-7 (39) which is corroborated 
by the notion that it is activated by many anti-cancer ther-
apy molecules that induce apoptosis and survival inhibi-
tion such as Rhus verniciflua extract (42), Quercetin (43), 
Compound K (44), Metformin (45), AICAR (46), Citrus 
unshiu Peel (47). The results presented here thus are con-
cordant with those pieces of evidence and depict the role 
of apelin-13 that can restore growth in MCF-7 cells by 
downregulating AMPK. 

Moreover, although all evidence published to date 
points to the activation of AMPK by        apelin-13 (48-50), 
we show, for the first time, that apelin-13 can also nega-
tively regulate AMPK signaling, via a decrease of its level 
of phosphorylation.  However, it is essential to consider 
that no previous reports on the interactions between apelin 
and the AMPK pathway have addressed its effect in breast 
cells and that apelin-mediated AMPK activation has benne 
confirmed only in a few studies in human cells, including 
adipocytes (48), myocardiocytes  (49), neural cells (50), 
human and mouse hepatocyte (51) and HUVEC (52). Fur-
thermore, AMPK activation status by the same hormone 
seemed to be tissue-dependent as it was verified only for 
some adipokines, like leptin, adiponectin, and glucocorti-
coids (53).

In this study, the apelin effect on MCF-7 cell growth 
was found to be dichotomous and to depend on the pres-
ence or absence of estrogen. Hence, the cotreatment of 
cells with E2 and apelin-13 was expected to show an 
agonistic effect on the growth rate. However, in contrast, 
they mutually suppress the effect of each treatment. It is of 
note that the results from the Lysotracker assay supported 
identical dichotomy since the association of apelin and es-
tradiol completely abolished the effect of these molecules 
obtained when applied separately and restored basal au-
tophagy in MCF-7 cells under starvation. The observa-
tion that E2 decreased the autophagic flux suggests that 
in MCF-7 cells, autophagy-regulating pathways are shared 
between ER and APLNR. Effectively, dichotomous roles 
of hormones on the growth of breast cancer cell models 
have been revealed in several studies and were suggested 
to be related to crosstalk between their respective recep-
tors and the ER (54). A possible role of the unliganded ER, 
without bound ligand, in modulating responses of other 
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receptors could be depicted. For instance, this was the case 
for the insulin receptor (IR), Adiponectin receptor (Adi-
poR) (10) in a study showing that the AdipoR enhanced 
following its interaction with the ER in the absence of es-
trogen in MCF-7 cells. It will be essential to confirm this 
hypothesis by using a silenced APLNR or ER. Our results 
propose a possible model to speculate on the differential 
role of APLNR in MCF-7 growth and suggest an interplay 
between APLNR and ER (Fig.7). We hypothesize that in 
the absence of estrogen, sustained apelin-13 levels in the 
ER+ breast tumor microenvironment can perpetuate the tu-
mor cell growth. Further experiments are needed to verify 
and complete his model. Finally, the results from the pres-
ent study raise the possibility that targeting the APLNR/
AMPK axis may represent an attractive strategy to poten-
tiate endocrine therapies for the treatment of breast cancer. 
In particular, the establishment of anti-APLNR medication 
for the treatment of hormone-resistant breast cancer is to 
be proposed given that many active therapeutic agents that 
modulate APLNR-related pathways are currently being 
explored for use in clinical trials in different cancer like 
glioblastoma (54), as well as numerous disorders, includ-
ing anxiety disorders, bulimia nervosa, and chronic pain 
(30). More recently, anti-APLNR treatment has been pro-
posed as a nonhormonal therapy for women with meno-
pausal symptoms. Its interest notwithstanding, the use of 
APLNR-targeting drugs for use in anti-cancer therapy re-
mains experimental. A better understanding of the molecu-
lar mechanisms that underlie the role of apelin in breast 
cancer biology is still necessary for the development of an 
efficacious anti-cancer therapy.
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Foundation-7; MFI: Mean fluorescence image; OD: Optic 
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