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Abstract: Previous work has shown that although estrogen (E2) disrupts cellular iron metabolism
and induces oxidative stress in breast and ovarian cancer cells, it fails to induce apoptosis. However,
E2 treatment was reported to enhance the apoptotic effects of doxorubicin in cancer cells. This suggests
that E2 can precipitate anti-growth effects that render cancer cells more susceptible to chemotherapy.
To investigate such anti-growth non-apoptotic, effects of E2 in cancer cells, MDA-MB-231 and
MCF-7 cells were evaluated for the expression of key autophagy and senescence markers and for
mitochondrial damage following E2 treatment. Treated cells experienced mitochondrial membrane
depolarization along with increased expression of LC3-I/II, Pink1 and LAMP2, increased LC3-II
accumulation and increased lysosomal and mitochondrial accumulation and flattening. E2-treated
MCF-7 cells also showed reduced P53 and pRb780 expression and increased Rb and P21 expression.
Increased expression of the autophagy markers ATG3 and Beclin1 along with increased levels of
β-galactosidase activity and IL-6 production were evident in E2-treated MCF-7 cells. These findings
suggest that E2 precipitates a form of mitochondrial damage that leads to cell senescence and
autophagy in breast cancer cells.
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1. Introduction

Numerous studies have shown that estrogen (17β-estradiol; E2) induces tumorigenesis in mammals
and increases the risk of breast and ovarian cancer in humans [1–4]. That said, mounting evidence
suggest that E2 signaling also precipitates anti-cancer effects in E2-responsive cancers of the breast,
ovaries, uterus and liver. High-dose E2 treatment was successfully used against metastatic breast cancer
in postmenopausal women for decades before the introduction of selective estrogen receptor modulators
(SERMs) in the 1970s [5]. Clinical trials that evaluated the efficacy of tamoxifen versus high dose
diethylstilbestrol (DES) against metastatic breast cancer have shown comparable clinical outcomes [6]
with patients receiving DES surviving longer than those receiving tamoxifen [7]. E2 replacement
therapy was also reported to reduce the incidence of invasive breast cancer in postmenopausal women
with prior hysterectomy [8]. Furthermore, differences in the incidence of hepatocellular carcinoma,
being 2–4 times higher in males than in females [9–11], has been attributed to the protective effects
of E2 [12].

The anti-carcinogenic effects of E2 have been attributed mainly to its ability to induce apoptosis via
E2/ER interactions with estrogen response elements (EREs) in genes of the intrinsic apoptotic pathway
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or via CD95-CD95L interactions that engage and activate the extrinsic apoptotic pathway [13]. Several
studies have demonstrated that E2-induced apoptosis occurs in cancer cells that have been previously
sensitized by E2 deprivation [13–15]. However, E2 treatment in unsensitized breast and ovarian cancer
cells has been recently shown to disrupt the cell cycle and precipitate cellular damage without leading
to apoptosis [15,16]. E2 signaling has also been recently shown to enhance the cytotoxic effects of
chemotherapy (doxorubicin) in unsensitized breast and ovarian cancer cells [17]. These observations
suggest that the anti-cancer effects of E2, which render cancer cells more susceptible to chemotherapy,
may manifest in the form of autophagy and/or senescence. In this context, numerous studies over
the last 10 years have elaborated on the intricate relationship between E2 signaling and autophagy in
endocrine-related cancers [18]. Several studies have also reported on the involvement of senescence
in tumorigenesis [19,20] and therapy [21] and on the differential effects of E2 on mitochondrial
function [22–25]; a key driver of autophagy [18] and senescence [19,20]. To address the possibility
that E2 induces senescence and autophagy in breast cancer cells, metastatic (MDA-MB-231) and
non-metastatic (MCF-7) human breast cancer cells were grown in serum-supplemented media not
subjected to charcoal stripping for over 20 generations to rule out E2 deprivation. Cells were then
treated with 20 nM E2 and assessed for the expression of key markers of autophagy and cell senescence
and for mitochondrial damage at different time points post-treatment. The choice to treat cells with
20 nM E2 is based on previous work which addressed the anti-cancer effects of E2 and its ability to
induce oxidative stress, cellular damage and cell cycle arrest [15–17].

2. Materials and Methods

Cell lines and culture conditions: Human breast cancer cell lines MCF-7 (ER+) and MDA-MB-231
(ER-) (American Type Culture Collection (Manassas, VA, USA) were used throughout the study.
Both MCF-7 and MDA-MB-231 cells were maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 2 µg/mL of insulin, 1 mM of sodium pyruvate, 1 mM of nonessential
amino acids, 4 mM of glutamine, 10% fetal calf serum (non-charcoal-stripped) and antibiotics
(penicillin/streptomycin) at 37 ◦C and 5% CO2 for over 20 generations. Freshly-split cells were seeded
at 0.5–1 × 105 cells/mL in 25 cm flasks; at ~70% confluency and treated with 17-β estradiol (estradiol
benzoate; Sigma-Aldrich, St. Louis, Missouri, United States) at 20 nM dissolved in ethanol; control
cells were treated ethanol as vehicle. Where appropriate, cells were treated with bafilomycin (Cat No.
B1793; Sigma-Aldrich) at 20 nM.

Mitochondrial proteins: Isolation of mitochondria from E2-treated and control cells was performed
using a mitochondria isolation kit (Cat No. 89874; Thermo-Scientific, Pierce, USA). Briefly, cells were
centrifuged at 850 XG for 2 min, cell suspension was harvested, 800 µL of mitochondria isolation
reagent A was added and mixed by vortexing at medium speed for 5 s and incubated on ice for
2 min. 10 µL of mitochondria isolation reagent B was added and mixed by vortexing at maximum
speed for 5 s; mixture was then incubated on ice for 5 min and vortexed at maximum speed every
minute. Eight hundred microliters of mitochondria isolation reagent C was added, cells were then
centrifuged at 700 XG for 10 min at 4 ◦C and supernatant was re-centrifuged at 3000 XG for 15 min at
4 ◦C. Supernatant (cytosolic fraction) was transferred to a new tube and stored at −80 ◦C until further
use. Five hundred microliters mitochondria isolation reagent C was added to the pellet, centrifuged at
12,000 XG for 5 min, then the supernatant was discarded. The pellet was lysed with RIPA lysis buffer
and lysate was stored at −80 ◦C prior to Western blotting.

Western blotting: Cells were lysed in ice-cold NP-40 lysis buffer (1.0% NP-40, 150 mM of NaCl,
50 mM of Tris-Cl, pH 8.0) containing protease cocktail inhibitor tablets (Cat. No. S8830; Sigma-Aldrich).
Whole cell lysate protein concentrations were quantified by the Bradford method (Cat. No. 500-0006;
Bio-Rad, Hercules, CA USA). Lysate aliquots containing 30 µg of protein were run on 12% sodium
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE), transferred onto a nitrocellulose
membrane (Cat. No. 1620112; Bio-Rad). Membrane was blocked with 5% skimmed milk powder for
1 h at room temperature, washed with (TBST), and reacted with primary unlabeled antibody (IgG) at
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1:1000 dilution overnight at 4 ◦C. Primary antibody list included: anti-P53 (Cat. No. 2524), anti-P21
(Cat.No. 2947), anti-LC3-I/II (No. 12741), anti-Rb (Cat. No. 9969), anti p-Rb780 (No. 8180), PINK 1
(Cat. No. 6946) and Beclin 1 (Cat. No. 3495) and the autophagy antibody sampler kit (Cat. No. 4445),
which included antibodies against ATG5, ATG12, ATG 16L1, ATG7, and ATG3 (Cell Signaling, Danvers,
MA, USA). Antibodies against was purchased for LAMP-2 (Cat. No. AB125068; Abcam, Cambridge,
UK). Secondary anti-mouse (Cat. No. 7076; Cell Signaling Technology, Anvers, MA, USA) was reacted
with the membrane at 1:1000 dilutions for 1 h at room temperature and the secondary anti-rabbit
antibody (Cat. No. 97040; Abcam) was reacted with the membrane at 1:5000 dilution for 1 h at room
temperature. Chemiluminescence was detected using the ECL kit (Cat. No. 32106; Thermo-Scientific).
Protein band quantification was carried out using the Bio-Rad Image Lab software (ChemiDoc™ Touch
Gel and Western Blot Imaging System; Bio-Rad, Hercules, CA, USA). β-actin was used as a loading
and normalization control. LC3-I-to-/II conversion rate was calculated as densitometry reading of
LC3-II normalized against β-actin / densitometry reading of LC3-I normalized against β-actin.

Flow cytometry analysis: Cells (106) were washed twice and then either directly stained (for cell
surface markers detection) or fixed using Cytofix/Cytoperm Fixation/Permeabilization Solution Kit
(BD, United States) (for intracellular markers detection). Cells were incubated for 20 min with stain
buffer (Becton Dickinson, Franklin Lakes, NJ, USA) containing conjugated antibodies against; TNF-α or
IL-6 (BioLegends, San Diego, CA, USA). Cells were then washed and analyzed using a BD FACS-Aria™
III flow cytometer (Becton-Dickinson, San Jose, CA, USA) at a rate of 1000 events/sec. A minimum of
25,000 events were collected/sample and percentage positive staining was computed to the 99% level of
confidence. Flow cytometry data were analyzed using the FlowJo software with the Watson pragmatic
model (Flowjo, Ashland, Oregon, USA). MFI represents the geometric mean of fluorescence signals.

Measurement of mitochondrial membrane potential (MMP; ∆Ψm): a JC-1 Mitochondrial Membrane
Potential Assay flow cytometry-based Kit (Abcam) was used according to manufacturer’s protocol.
For quantification of JC-1 intensity, cells were seeded in a 96-well black plate with clear bottom.
Ex 488/Em 530 nm and Ex 550/Em 600 nm were used and MMP was calculated as the ratio of
red-to-green fluorescence.

Assessment of mitochondrial and lysosomal accumulation: Cells were seeded at a density of
5 × 105 cells/mL; at around 60% confluency, cells were treated with 20 nM E2 for 24 and 48 h or left
untreated. Cells were then harvested, washed twice with PBS and stained for nuclear DNA with DAPI
along with the Mitotracker or Lysotracker stains according to manufacturer’s instructions (Invitrogen,
Carlsbad, CA, USA). Cells were then stained with anti-LC3-I/II (Cat. No. 12741; Cell Signaling)
at 1:1000 dilution overnight at 4 ◦C. Cells were then washed with 1X PBS and reacted with the
Alexafluor®680-labeled secondary antibody (Abcam) for 1 h at 37 ◦C; excess reagent was rinsed with
1X PBS. Genomic DNA was stained with 4′,6′-diamidino-2-phenylindole (DAPI) (Cat. No. D1306,
Invitrogen) according to manufacturer’s instructions. Slides were visualized by confocal microscopy
using a Nikon Confocal Microscope (Nikon, Tokyo, Japan).

β-Galactosidase cell senescence assay: Accumulation of β-Galactosidase in E2-treated and control
cells was assed using the colorimetric senescence-associated SA-β-Galactosidase (SA-β-Gal) assay kit
according to manufacturer’s instructions (Cell Signaling).

Statistical analysis: Data sets representing protein quantitation, MMP, LIP, and cell count
were analyzed using the online GraphPad Software (https://www.graphpad.com/quickcalcs/ttest2/).
Unpaired student t test was used to generate p values for comparisons between groups in each data
set; p < 0.05 was considered significant.

3. Results

E2 treatment induces mitochondrial accumulation and autophagy in breast cancer cells: Several
previous studies have reported on the ability of E2 to disrupt intracellular iron metabolism and
to induce oxidative stress in breast cancer cells [15,16]. Previous work has also shown that this
associates with cell cycle arrest and plasma membrane damage but not apoptosis [16,26]. In this
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study, we assessed mitochondrial functional integrity, accumulation and flattening along with the
expression of key cell senescence and autophagy-related proteins in E2-treated cells as means of
further understanding the anti-cancer non-apoptotic, effects of E2 in cancer. As shown in Figure 1A,
MCF-7 cells treated with 20 nM E2 showed increased mitochondrial accumulation and increased
expression of the auto-phagosome marker LC3-I/II, especially at 24 h post-treatment. Moreover,
senescence-associated heterochromatin foci (SAHFs; indicated by white arrows in DAPI-stained cells)
were evident in E2-tretaed MCF-7 cells at 24 and 48 h post-treatment. E2-treated MCF-7 cells also
showed reduced expression of P53 and increased expression of P21 and LC3; this was particularly
evident in cells treated with 20 nM E2 for 48 h (Figure 1B,C). Similar, though less pronounced, findings
were observed in E2-treated MDA-MB-231 cells (Figure 2A–C). In that, the expression of P53, P21 and
LC3-I/II increased in MDA-MB-231 cells at 24 h but decreased at 48 h post-treatment.
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Figure 1. Mitochondrial accumulation and autophagy in E2-treated MCF-7 cells. (A) Cells treated
with 20 nM E2 or left untreated for 24 or 48 h were stained for DNA (DAPI; blue), mitochondrial
accumulation (mitotracker; red) and LC3 (green); images were taken at 40X magnification; scale bar
(white) represents 10 µm. Presence of SAHF (senescence-associated heterochromatin foci) in the nuclear
region of senescent cells is indicated by white arrows. (B) Expression of cell senescence and autophagy
markers P53, P21, and LC3-I/II in lysates of cells treated with 20 nM E2 for 24 and 48 h; RQ refer to
LC3-II quantity under different treatment conditions relative to control. (C) Mean + SD fold change in
protein expression in treated and untreated cells based on three separate experiments.
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Figure 2. Mitochondrial accumulation and autophagy in E2-treated MDA-MB-231 cells. (A) Cells
treated with 20 nM E2 or left untreated for 24 or 48 h were stained for DNA (DAPI; blue), mitochondrial
accumulation (mitotracker; red) and LC3 (green); images were taken at 40X magnification; scale bar
(white) represents 10 µm. Presence of SAHF (senescence-associated heterochromatin foci) in the nuclear
region of senescent cells is indicated by white arrows. (B) Expression of cell senescence and autophagy
markers P53, P21 and LC3-I/II in lysates of cells treated with 20 nM E2 for 24 and 48 h; RQ refer to
LC3-II quantity under different treatment conditions relative to control. (C) Mean + SD fold change in
protein expression in treated and untreated cells based on three separate experiments.

Expression pattern of autophagy- and cell cycle-related proteins in MCF-7 cells: To further
investigate the autophagic effects of E2, the expression of several autophagy-related proteins was
investigated in MCF-7 and MDA-MB-231 cells treated with 20 nM E2 for 24 and 48 h. As shown in
Figure 3A, E2-treated MCF-7 cells showed increased expression of ATG3 and beclin, especially at
48 h post treatment. E2-treated MDA-MB-231 cells showed increased expression of ATG5; however,
the expression of ATG3 and beclin1 was only slightly reduced at 24 and 48 h post treatment. Expression
of the autophagy-related protein Rb and its phosphorylated form p-Rb780 was further investigated in
MCF-7 and MDA-MB-231 cells following E2 treatment. As shown in Figure 3B,C, the expression of Rb
was significantly increased in MCF-7 cells treated with 20 nM E2 at 6 and 12 h and then significantly
decreased afterwards. In contrast, the expression of pRb780 was at background levels at 6 and
12 h/20 nM E2 but then significantly decreased. Observed changes in pRb780 expression was less
evident in MDA-MB-231 as compared with that in MCF-7 cells. In that, the expression of Rb protein
was slightly reduced at 20 nM E2/6 and 48 h. Moreover, the expression of pRb780 was significantly
reduced at 6, 24, and 48 h.
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Figure 3. Expression pattern of autophagy-, cell cycle- and senescence-associated proteins in E2-treated
MCF-7 cells. (A) Expression of autophagy related proteins ATG3, ATG5, ATG7, ATG12, ATG16,
and Beclin1 in MCF-7 and MDA-MB-231 cells treated with 20 nM E2 for 24 and 48 hr. Data shown is
representative of two separate experiments. (B) Expression of Rb and its phosphorylated form p-Rb780
was assessed by Western blotting in lysates of MCF-7 and MDA-MB-231 cells treated with 20 nM E2
for 6, 12, 24 or 48 h. (C) Mean + SD fold change in Rb and p-Rb780 expression levels in treated and
untreated cells based on three separate experiments.

E2 induces mitochondrial membrane depolarization and damage: E2 treatment resulted in a
significant mitochondrial membrane depolarization in MCF-7 and MDA-MB-231 cells especially
at 20 nM E2/48 h (Figure 4A). MCF-7 and MDA-MB-231 cells treated with 20 nM E2 also showed
increased expression of the autophagy-related proteins Pink1 and LAMP2, increased LC3-I/II conversion
rate and reduced expression of Beclin1 as compared with control cells or with cells treated with 20 nM
of the autophagy inhibitor bafilomycin (Figure 4B). Bafilomycin treatment increased the expression of
Beclin1 in MCF-7 cells but not in MDA-MB-231 cells; it also did not affect the expression of LAMP2 in
either cell line. Cells co-treated with E2+bafilomycin showed a significant block of the effects of E2
on Pink1 and Beclin1 but not on LC3-I/II expression. E2+bafilomycin co-treatment also resulted in
higher levels of expression of LAMP2 as compared with controls or with bafilomycin alone treated
cells, especially in MDA-MB-231 cells.

To further evaluate the capacity of E2 to induce mitochondrial damage and autophagy,
the expression of markers of mitochondrial damage were evaluated in mitochondrial protein lysates
isolated from MCF-7 and MDA-MB-231 cells following E2 treatment. As shown in Figure 4C,
E2 treatment resulted in a slight increase in LAMP2 expression in MCF-7 cells at 24 h post treatment and
a significant increase in its expression in MDA-MB-231 cells at 48 h post treatment. The expression of
Pink1 increased in MDA-MB-231 cells at 24 h post treatment and in MCF-7 cells at 48 h post treatment.
Upregulated expression of NOX4 was evident in MCF-7 cells at both time points and in MDA-MB-231
cells at 48 h post treatment (Figure 4C).
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Figure 4. Mitochondrial membrane potential (∆ψm) in E2-treated cells. (A) Mean + SD of MMP in
MCF-7 and MDA-MB-231 cells treated with 20 nM E2 for 24 and 48 h. FCCP-treated cells served as a
positive control and untreated cells served as a negative control. Data shown is based on three separate
experiments/cell type. (B) Expression of the autophagy proteins LC3-I/II and Beclin1, the mitochondrial
integrity regulator Pink1, and the lysosome-associated membrane protein 2 (LAMP2) in MCF-7 and
MDA-MB-231 cells treated with 20 nM bafilomycin, 20 nM E2 or both for 24 hr. (C) Expression of
LAMP2, Pink1 and NADPH oxidase 4 (NOX4) in mitochondrial protein lysates isolated from MCF-7
and MDA-MB-231 cells at 24 and 48 h post treatment with E2. Data shown in B and C is representative
of three separate experiments each.

E2 treatment induces lysosomal accumulation and damage: Appearance of senescence-associated
heterochromatin foci (SAHFs) and increased presence of cytoplasmic LC3-I/II+ auto-phagosomes
in E2-treated cells (Figure 1A) suggested cell senescence. To further investigate this possibility,
E2-treated cells were stained with the lysosomal tracker and analyzed for lysosomal accumulation.
As shown in Figure 5A,B, E2 treatment resulted in a significant increase in lysosomal accumulation
in MCF-7 and MDA-MB-231 cells at 24 and 48 h post-treatment. Furthermore, increased activity
of β-galactosidase, an important biomarker of replicative senescence was evident in cells at 20 nM
E2/24 and 48 h post-treatment (Figure 5C,D). MCF-7 cells exhibited much higher levels of SA-β-Gal
activity than MDA-MB-231 cells following treatment with 20 nM E2. The ability of E2-treated cells
to express pro-inflammatory cytokines was also assessed as an additional marker of cell senescence.
As shown in Figure 5E, although the expression of IL-6 significantly decreased in E2-treated MCF-7
and MDA-MB-231 cells at 24 h, it significantly increased in both cell types at 48 h post treatment.
The expression of TNF-α did not significantly change in either cell type at either time point.
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Figure 5. Functional assessment of autophagy in E2-treated cells. MCF-7 (A) and MDA-MB-231 (B) cells
treated with 20 nM E2 or left untreated for 24 or 48 h were stained for DNA (DAPI; blue) or lysosomal
accumulation (lysotracker; red). Data shown is representative of three independent experiments.
(C) Qualitative assessment of senescence in MCF-7 and MDA-MB-231 cells treated with 20 nM E2 for 24
and 48 was done by observing the formation of green-metallic color following the addition of SA-β-Gal
reagent. (D) Mean + SD of manually counted senescent MCF-7 and MDA-MB-231 cells at 24 and 48 h
post E2 treatment in three separate experiments. (E) Cells treated with E2 (20 nM) or left untreated
were assayed for the expression of cytoplasmic IL-6 and TNF-1α at 24 and 48 hr post E2 treatment.
Data shown represent the average + SD of MFI based on three separate experiments.
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4. Discussion

Previous work has reported on the anti-cancer effects of E2 in endocrine-related cancers [5–12].
Recently, E2 was reported to negatively impact cancer cell growth and metabolism by disrupting
cellular iron metabolism, which induces oxidative stress, cell cycle arrest and cellular damage
but not apoptosis [15,16,25]. In line with these observations, data presented here suggest that E2
negatively impacts breast cancer cell growth and metabolism through its ability to induce mitochondrial
dysfunction-associated autophagy and senescence. This is based on the observation that E2 disrupted
mitochondrial function, induced mitochondrial and lysosomal accumulation and flattening, increased
SA-β-Gal activity, upregulated IL-6 production and differentially altered the expression of key cell
cycle- and autophagy-related proteins. The ability of E2 to induce autophagy and senescence in
cancer cells is further evidence of its anti-cancer potential and is in line with a significant body of
evidence that has documented the association between anti-cancer chemotherapy and radiotherapy
and the induction of autophagy [26–30] and/or premature senescence [31]. It is also consistent with
the observation that cancer cells with defective apoptotic potential often respond to chemotherapy by
entering cell cycle arrest and senescence [15,27].

E2, whether synthesized within the mitochondria, diffused across the lipid bilayer [32] or recruited
as an E2/estrogen receptor-alpha (ER-α) or ER-beta (ER-β) complex [33,34], affects mitochondrial
function and structure [35]. E2 has been reported to inhibit mitochondrial inner membrane ion channel
activities and respiration [24]. E2 has also been shown to modulate mitochondrial ROS formation [36]
and alter mitochondrial membrane potential (∆Ψm) by increasing Ca2+ concentration [37]. Treatment
of rat liver cells with high dose E2 (>30µM) was reported to inhibit Ca2+-induced permeability
transition in the mitochondria [24]. While ER-α was shown to associate with E2-mediated increase in
mitochondrial respiratory chain (MRC) and antioxidant proteins [38,39], ER-β was reported to reduce
mRNA expression of nuclear-encoded subunits of the MRC complex in the vasculature [38]. Moreover,
E2 signaling was reported to inhibit radiation-induced cytochrome C release, decrease mitochondrial
membrane potential and apoptotic cell death in MCF-7 cells [40]. Overall, these observations are
consistent with the finding that E2 treatment resulted in mitochondrial membrane depolarization
(Figure 4A).

It is worth noting that previous studies have suggested that E2 signaling associates with
mitochondrial survival and function [15,16,26]. E2 was reported to inhibit cell senescence [41]
in endothelial progenitor cells [42], mammary epithelial cells [20], mesenchymal stem cells,
chondrocytes [43], and brain cells [44]. However, there is evidence to suggest that E2 also induces
senescence in certain cell types. For example, significant levels of cell senescence develop during
the progression of E2-induced pituitary tumors [19]. Several phytoestrogens and phytoestrogen-like
molecules (curcumin, genistein, and quercetin among others) have been shown to induce cell
senescence in cancer cells [45,46] through the nuclear factor erythroid-derived 2 related factor 2
(Nrf2) signaling [47–49]. E2 itself also was reported to induce anti-oncogenic effects in MCF-7 cells by
increasing the activity of Nrf2 through the activation of the PI3K pathway [50].

Our data show that the expression of several autophagy-related proteins (ATG3 and beclin) is
differentially altered in E2-treated MCF-7 cells (Figure 3A). Previous work has established that
cell senescence associates with increased expression of autophagy-related genes ATG2B, LC3B,
and GABARAPL2 and Ulk3 [51–53]. Upregulated expression of the TP53 gene, which promotes
autophagy by acting on targets is consistent with previous work which have reported that engagement
of ER-βwith E2 or ER agonists increases TP53 gene expression [54]. Additionally, while overexpression
of ULK3 was reported to induce autophagy and senescence, inhibition of ATG5/7 was shown to delay
cell senescence [55]. This is further supported by the fact that multiple autophagy related genes
including the MAP1LC3-II are upregulated in E2-treated MCF-7 cells; a finding that is consistent with
several previous studies [reviewed in 18]. Moreover, it has been recently suggested that induction of
autophagy in cancer cells could itself re- or de-regulate the cell cycle by modulating the expression of
cell cycle-related genes as means of cell survival and resistance to chemotherapy and/or preventing
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apoptosis [56]. Hence, the exact implications of increased expression of cell cycle genes following
E2 treatment and whether this could be considered as a trigger or a consequence of autophagy
remain ambiguous.

The general consensus is that the expression and activation of P53 and Rb is critical for the
induction of senescence [57,58]. Our data show that the expression of P53 and Rb expression increased,
mainly in MCF-7 cells early on but then decreased afterwards. Moreover, the data show that pRb
was expressed at the background level when cells were treated with 20 nM E2 at 6 and 12 h, but then
significantly decreased (Figure 3B). At the risk of over interpreting this set of data, it is possible that such
time-dependent changes may reflective a dynamic and complex system that involves opposing players
which employ gene suppression, protein degradation and/or activation/inactivation events [18,57].
Additionally, several studies have shown that while P53 is essential for the initiation of autophagy [57,58],
its expression and/or structural integrity are compromised by the action of ER-α [54]. Additionally,
several studies have suggested that loss or inactivation of Rb [58–61] and P53 [59], as tumor suppressors,
induces degenerative autophagic responses. This may help explain the finding that both proteins were
downregulated in E2-treated MCF-7 and MDA-MB-231 cells. Furthermore, inactivation of P53 or pRb
often associates with cell-cycle re-entry [61,62] and/or re-initiation of DNA synthesis [63,64]. Therefore,
it is possible that E2-induced senescence, as reported here, is reversible [60,62,63] and that suppression
of P53 by autophagy may promote tumor progression and prevents tissue degeneration [60]. This is
more likely to apply to MDA-MB-231 than MCF-7 cells given that the expression of P21, a critical
P53-induced regulator of senescence and inhibitor of cell cycle [64], upregulates early and transiently in
MDA-MB-231 cells. Consistent with this observation is the fact that MDA-MB-231 cells have significant
proliferative and metastatic potential [65], poor responsiveness to anti-growth chemotherapy [66]
and reduced susceptibility to autophagy [67]. Moreover, reversal of senescence occurs more often in
cells like MDA-MB-231 as they are incapable of repressing rRNA transcription [68] due to reduced
expression of the JmjC domain-containing histone demethylase 1B (JHDM1B) [69].

The idea that E2-induced autophagy and senescence precipitates anti-cancer effects is inconsistent
with the observation that E2-induced autophagy enhances tumor progression [47] and that induction of
premature (reversible) senescence generates aggressive variants [27]. Other studies have suggested that
E2 attenuates autophagy and apoptosis following prolonged hypoxia by Hif-1α-dependent blockage
of BNIP3 and IGFBP-3 signaling [70] and that ectopic expression of ERα reverses senescence-like
phenotypes (reduced pRb and increased activity of SA-β-Gal) in immortalized human mammary
epithelial cells [20]. Our idea is also in disagreement with the observation that autophagy leads to tumor
progression [26–29], especially when the cell cycle is irreversibly blocked [26,71] and the observation
that senescent cells often upregulate the expression of tissue remodeling mediators (pro-inflammatory
cytokines, growth factors, and matrix metalloproteases) [72].

5. Conclusions

Data presented here suggest that E2 signaling disrupts mitochondrial function and induces cellular
senescence and autophagy in breast cancer cells. Further work is still needed to investigate whether E2
signaling is capable of precipitating similar effects in other forms of human cancer and whether such
effects can be replicated in vivo.

Author Contributions: Conceptualization, M.H. and K.B.; Methodology, J.S., K.B.; Software, K.B., J.T.; Validation,
J.S., K.B., J.T.; Formal Analysis, M.H.; Investigation, K.B., J.S., J.T.; Resources, M.H.; Data Curation, M.H.;
Writing—Original Draft Preparation, M.H.; Writing—Review and Editing, M.H.; Visualization, K.B., J.T.;
Supervision, M.H.; Project Administration, M.H.; Funding Acquisition, M.H. All authors have read and agreed to
the published version of the manuscript.

Acknowledgments: This work was supported by grant 1701050126-P, University of Sharjah, UAE. The authors
wish to acknowledge the generous support of the Research Institute for Medical and Health Sciences, University
of Sharjah, Sharjah, United Arab Emirates.

Conflicts of Interest: The authors declare no conflict of interest.



Biology 2020, 9, 68 11 of 14

References

1. Liehr, J.G. Is estradiol a genotoxic mutagenic carcinogen? Endocr. Rev. 2000, 21, 40–54. [PubMed]
2. Yager, J.D.; Davidson, N.E. E2 carcinogenesis in breast cancer. N. Engl. J. Med. 2006, 354, 270–282. [CrossRef]

[PubMed]
3. Levenson, A.S.; Jordan, V.C. MCF-7: The first hormone-responsive breast cancer cell line. Cancer Res. 1997,

57, 3071–3078. [PubMed]
4. Jordan, V.C. A century of deciphering the control mechanisms of sex steroid action in breast and prostate

cancer: The origins of targeted therapy and chemoprevention. Cancer Res. 2009, 69, 124–154. [CrossRef]
5. Haddow, A.; Watkinson, J.M.; Paterson, E.; Koller, P.C. Influence of synthetic oE2s on advanced malignant

disease. Br. Med. J. 1944, 2, 393–398. [CrossRef]
6. Ingle, J.N.; Ahmann, D.L.; Green, S.J.; Edmonson, J.H.; Bisel, H.F.; Kvols, L.K.; Nichols, W.C.; Creagan, E.T.;

Hahn, R.G.; Rubin, J.; et al. Randomized clinical trial of diethylstilbestrol versus tamoxifen in postmenopausal
women with advanced breast cancer. N. Engl. J. Med. 1981, 304, 16–21. [CrossRef]

7. Peethambaram, P.P.; Ingle, J.N.; Suman, V.J.; Hartmann, L.C.; Loprinzi, C.L. Randomized trial of
diethylstilbestrol vs. tamoxifen in postmenopausal women with metastatic breast cancer. An updated
analysis. Breast Cancer Res. Treat. 1999, 54, 117–122. [CrossRef]

8. La Croix, A.Z.; Chlebowski, R.T.; Manson, J.E.; Aragaki, A.K.; Johnson, K.C.; Martin, L.; Margolis, K.L.;
Stefanick, M.L.; Brzyski, R.; Curb, J.D.; et al. WHI Investigators, Health outcomes after stopping conjugated
equine E2s among postmenopausal women with prior hysterectomy: A randomized controlled trial. JAMA
2011, 305, 1305–1314. [CrossRef] [PubMed]

9. Wands, J. Hepatocellular carcinoma and sex. N. Engl. J. Med. 2007, 357, 1974–1976. [CrossRef]
10. Sophonnithiprasert, T.; Saelee, P.; Pongtheerat, T. GSTM1 and GSTT1 copy number variants and the risk to

Thai females of hepatocellular carcinoma. J. Gastrointest. Oncol. 2019, 10, 324–329. [CrossRef]
11. Yeh, S.H.; Chen, P.J. Gender disparity of hepatocellular carcinoma: The roles of sex hormones. Oncology 2010,

78, 172–179. [CrossRef] [PubMed]
12. Qiu, S.; Vazquez, J.T.; Boulger, E.; Liu, H.; Xue, P.; Hussain, M.A.; Wolfe, A. Hepatic estrogen receptor α is

critical for regulation of gluconeogenesis and lipid metabolism in males. Sci. Rep. 2017, 7, 1661. [CrossRef]
[PubMed]

13. Jordan, V.C. The 38th David A. Karnofsky Lecture: The paradoxical actions of E2 in breast cancer—Survival
or death? J. Clin. Oncol. 2008, 26, 307–382.

14. Fan, P.; Griffith, O.L.; Agboke, F.A.; Anur, P.; Zou, X.; McDaniel, R.E.; Creswell, K.; Kim, S.H.;
Katzenellenbogen, J.A.; Gray, J.W.; et al. c-Src modulates E2-induced stress and apoptosis in E2-deprived
breast cancer cells. Cancer Res. 2013, 73, 4510–4520. [PubMed]

15. Bajbouj, K.; Shafarin, J.; Abdalla, M.Y.; Ahmad, I.M.; Hamad, M. Estrogen-induced disruption of intracellular
iron metabolism leads to oxidative stress, membrane damage, and cell cycle arrest in MCF-7 cells. Tumour
Biol. 2017, 39. [CrossRef] [PubMed]

16. Shafarin, J.; Bajbouj, K.; El-Serafy, A.; Sandeep, S.; Hamad, M. Estrogen-dependent downregulation of
hepcidin synthesis induces intracellular iron efflux in cancer cells in vitro. Biol. Med. 2016, 8, 356–363.
[CrossRef]

17. Bajbouj, K.; Shafarin, J.; Hamad, M. Estrogen-dependent disruption of intracellular iron metabolism augments
the cytotoxic effects of doxorubicin in select breast and ovarian cancer cells. Cancer Manag. Res. 2019, 11,
4655–4668.

18. Xiang, J.; Liu, X.; Ren, J.; Chen, K.; Wang, H.; Miao, Y.; Qi, M. How does estrogen work on autophagy?
Autophagy 2019, 15, 197–211. [CrossRef]

19. Sabatino, M.E.; Petiti, J.P.; del Valle Sosa, L.; Pe’rez, P.A.; Gutie´rrez, S.; Leimgruber, C.; Latini, A.; Torres, A.I.;
De Paul, A.L. Evidence of cellular senescence during the development of estrogen-induced pituitary tumors.
Endocr. Relat. Cancer 2015, 22, 299–317. [CrossRef]

20. Liu, Z.; Wang, L.; Yang, J.; Bandyopadhyay, A.; Kaklamani, V.; Wang, S.; Sun, L. Estrogen receptor alpha
inhibits senescence-like phenotype and facilitates transformation induced by oncogenic ras in human
mammary epithelial cells. Oncotarget 2016, 28, 39097–39107.

21. Qin, S.; Schulte, B.A.; Wang, G.Y. Role of senescence induction in cancer treatment. World J. Clin. Oncol. 2018,
9, 180–187. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/10696569
http://dx.doi.org/10.1056/NEJMra050776
http://www.ncbi.nlm.nih.gov/pubmed/16421368
http://www.ncbi.nlm.nih.gov/pubmed/9242427
http://dx.doi.org/10.1158/0008-5472.CAN-09-0029
http://dx.doi.org/10.1136/bmj.2.4368.393
http://dx.doi.org/10.1056/NEJM198101013040104
http://dx.doi.org/10.1023/A:1006185805079
http://dx.doi.org/10.1001/jama.2011.382
http://www.ncbi.nlm.nih.gov/pubmed/21467283
http://dx.doi.org/10.1056/NEJMcibr075652
http://dx.doi.org/10.21037/jgo.2018.09.14
http://dx.doi.org/10.1159/000315247
http://www.ncbi.nlm.nih.gov/pubmed/20616601
http://dx.doi.org/10.1038/s41598-017-01937-4
http://www.ncbi.nlm.nih.gov/pubmed/28490809
http://www.ncbi.nlm.nih.gov/pubmed/23704208
http://dx.doi.org/10.1177/1010428317726184
http://www.ncbi.nlm.nih.gov/pubmed/29022497
http://dx.doi.org/10.4172/0974-8369.1000356
http://dx.doi.org/10.1080/15548627.2018.1520549
http://dx.doi.org/10.1530/ERC-14-0333
http://dx.doi.org/10.5306/wjco.v9.i8.180
http://www.ncbi.nlm.nih.gov/pubmed/30622926


Biology 2020, 9, 68 12 of 14

22. Sastre-Serra, J.; Nadal-Serrano, M.; Pons, D.G.; Roca, P.; Oliver, J. Mitochondrial dynamics is affected by
17β-estradiol in the MCF-7 breast cancer cell line. Effects on fusion and fission related genes. Int. J. Biochem.
Cell Biol. 2012, 44, 1901–1905. [CrossRef] [PubMed]

23. Radde, B.N.; Ivanova, M.M.; Mai, H.X.; Salabei, J.K.; Hill, B.G.; Klinge, C.M. Bioenergetic differences between
MCF-7 and T47D breast cancer cells and their regulation by oestradiol and tamoxifen. Biochem. J. 2015, 465,
49–61. [CrossRef] [PubMed]

24. Oo, P.S.; Yamaguchi, Y.; Sawaguchi, A.; Kyaw, M.T.; Choijookhuu, N.; Ali, M.N.; Srisowanna, N.; Hino, S.;
Hishikawa, Y. Estrogen regulates mitochondrial morphology through phosphorylation of dynamin-related
protein 1 in MCF7 human breast cancer cells. Acta Histochem. Cytochem. 2018, 51, 21–31. [CrossRef] [PubMed]

25. Thiede, A.; Gellerich, F.N.; Schönfeld, P.; Siemen, D. Complex effects of 17β-estradiol on mitochondrial
function. Biochim. Biophys. Acta 2012, 1817, 1747–1753. [CrossRef] [PubMed]

26. Kahlem, P.; Dörken, B.; Schmitt, C.A. Cellular senescence in cancer treatment: Friend or foe? J. Clin. Investig.
2004, 113, 169–174. [CrossRef]

27. Yang, L.; Fang, J.; Chen, J. Tumor cell senescence response produces aggressive variants. Cell Death Discov.
2017, 3, 17049. [CrossRef]

28. Kuilman, T.; Michaloglou, C.; Mooi, W.J.; Deeper, P.S. The essence of senescence. Genes Dev. 2010, 24,
2463–2479. [CrossRef]

29. Xue, W.; Zender, L.; Miething, C.; Dickins, R.A.; Hernando, E.; Krizhanovsky, V.; Cordon-Cardo, C.; Lowe, S.W.
Senescence and tumour clearance is triggered by P53 restoration in murine liver carcinomas. Nature 2007,
445, 656–660. [CrossRef]

30. Gewirtzad, D.A.; Holtabcd, S.E.; Elmorecd, L.W. Accelerated senescence: An emerging role in tumor cell
response to chemotherapy and radiation. Biochem. Pharmacol. 2008, 76, 947–957. [CrossRef]

31. Schmitt, C.A. Cellular senescence and cancer treatment. Biochim. Biophys. Acta 2007, 1775, 5–20. [CrossRef]
32. Moats, R.K.; Ramirez, V.D. Rapid uptake and binding of estradiol-17β-6-(O-carboxymethyl) oxime:

125I-labeled BSA by female rat liver. Biol. Reprod. 1998, 58, 531–538. [CrossRef]
33. Moats, R.K.; Ramirez, V.D. Electron microscopic visualization of membrane-mediated uptake and

translocation of estrogen-BSA: Colloidal gold by hep G2 cells. J. Endocrinol. 2000, 166, 631–647. [CrossRef]
[PubMed]

34. Chen, J.Q.; Delannoy, M.; Cooke, C.; Yager, J.D. Mitochondrial localization of ERalpha and ERbeta in human
MCF7 cells. Am. J. Physiol. Endocrinol. Metab. 2004, 286, E1011–E1022. [CrossRef] [PubMed]

35. Felty, Q.; Roy, D. Estrogen, mitochondria, and growth of cancer and non-cancer cells. J. Carcinog. 2005, 4.
[CrossRef] [PubMed]

36. Borrás, C.; Gambini, J.; López-Grueso, R.; Pallardó, F.V.; Viña, J. Direct antioxidant and protective effect of
estradiol on isolated mitochondria. Biochim. Biophys. Acta 2010, 1802, 205–211. [CrossRef] [PubMed]

37. Dykens, J.A.; Simpkins, J.W.; Wang, J.; Gordon, K. Polycyclic phenols, estrogens and neuroprotection:
A proposed mitochondrial mechanism. Exp. Gerontol. 2003, 38, 101–107. [CrossRef]

38. O’Lone, R.; Knorr, K.; Jaffe, I.Z.; Schaffer, M.E.; Martini, G.V.P.; Karas, R.H.; Bienkowska, J.; Mendelsohn, M.E.;
Hansen, U. Estrogen receptors α and βmediate distinct pathways of vascular gene expression, including
genes involved in mitochondrial electron transport and generation of reactive oxygen species. Mol. Endocrinol.
2007, 21, 1281–1296.

39. Chen, J.Q.; Cammarata, P.R.; Baines, C.P.; Yager, J.D. Regulation of mitochondrial respiratory chain biogenesis
by estrogens/estrogen receptors and physiological, pathological and pharmacological implications. Biochim.
Biophys. Acta 2009, 1793, 1540–1570. [CrossRef]

40. Pedram, A.; Razandi, M.; Wallace, D.C.; Levin, E.R. Functional Estrogen Receptors in the Mitochondria of
Breast Cancer Cells. Mol. Biol. Cell 2006, 17, 2125–2137. [CrossRef]

41. Tuttle, R.; Miller, K.R.; Maiorano, J.N.; Termuhlen, P.M.; Gao, Y.; Berberich, S.J. Novel senescence associated
gene, YPEL3, is repressed by estrogen in ER1 mammary tumor cells and required for tamoxifen-induced
cellular senescence. Int. J. Cancer 2012, 130, 2291–2299. [CrossRef] [PubMed]

42. Imanishi, T.; Hano, T.; Nishio, I. Estrogen reduces endothelial progenitor cell senescence through augmentation
of telomerase activity. J. Hypertens. 2005, 23, 1699–1706. [CrossRef]

43. Breu, A.; Sprinzing, B.; Merkl, K.; Bechmann, V.; Kujat, R.; Jenei-Lanzl, Z.; Prantl, L.; Angele, P. Estrogen
reduces cellular aging in human mesenchymal stem cells and chondrocytes. J. Orthop. Res. 2011, 29,
1563–1571. [CrossRef]

http://dx.doi.org/10.1016/j.biocel.2012.07.012
http://www.ncbi.nlm.nih.gov/pubmed/22824300
http://dx.doi.org/10.1042/BJ20131608
http://www.ncbi.nlm.nih.gov/pubmed/25279503
http://dx.doi.org/10.1267/ahc.17034
http://www.ncbi.nlm.nih.gov/pubmed/29622847
http://dx.doi.org/10.1016/j.bbabio.2012.02.034
http://www.ncbi.nlm.nih.gov/pubmed/22414665
http://dx.doi.org/10.1172/JCI20784
http://dx.doi.org/10.1038/cddiscovery.2017.49
http://dx.doi.org/10.1101/gad.1971610
http://dx.doi.org/10.1038/nature05529
http://dx.doi.org/10.1016/j.bcp.2008.06.024
http://dx.doi.org/10.1016/j.bbcan.2006.08.005
http://dx.doi.org/10.1095/biolreprod58.2.531
http://dx.doi.org/10.1677/joe.0.1660631
http://www.ncbi.nlm.nih.gov/pubmed/10974657
http://dx.doi.org/10.1152/ajpendo.00508.2003
http://www.ncbi.nlm.nih.gov/pubmed/14736707
http://dx.doi.org/10.1186/1477-3163-4-1
http://www.ncbi.nlm.nih.gov/pubmed/15651993
http://dx.doi.org/10.1016/j.bbadis.2009.09.007
http://www.ncbi.nlm.nih.gov/pubmed/19751829
http://dx.doi.org/10.1016/S0531-5565(02)00162-6
http://dx.doi.org/10.1016/j.bbamcr.2009.06.001
http://dx.doi.org/10.1091/mbc.e05-11-1013
http://dx.doi.org/10.1002/ijc.26239
http://www.ncbi.nlm.nih.gov/pubmed/21671470
http://dx.doi.org/10.1097/01.hjh.0000176788.12376.20
http://dx.doi.org/10.1002/jor.21424


Biology 2020, 9, 68 13 of 14

44. Lejri, I.; Grimm, A.; Eckert, A. Mitochondria, estrogen and female brain aging. Front. Aging Neurosci. 2018,
10, 124. [CrossRef] [PubMed]

45. Malavolta, M.; Costarelli, L.; Giacconi, R.; Piacenza, F.; Basso, A.; Pierpaoli, E.; Marchegiani, F.; Cardelli, M.;
Provinciali, M.; Mocchegiani, E. Modulators of cellular senescence: Mechanisms, promises, and challenges
from in vitro studies with dietary bioactive compounds. Nutr. Res. 2014, 34, 1017–1035. [CrossRef] [PubMed]

46. Wu, K.C.; McDonald, P.R.; Liu, J.; Klaassen, C.D. Screening of natural compounds as activators of the
keap1-nrf2 pathway. Planta Medica 2014, 80, 97–104. [CrossRef]

47. Costa, G.; Francisco, V.; Lopes, M.C.; Cruz, M.T.; Batista, M.T. Intracellular signaling pathways modulated by
phenolic compounds: Application for new anti-inflammatory drugs discovery. Curr. Med. Chem. 2012, 19,
2876–2900. [CrossRef]

48. Su, P.; Zhang, J.; Wang, S.; Aschner, M.; Cao, Z.; Zhao, F.; Wang, D.; Chen, J.; Luo, W. Genistein alleviates lead
induced neurotoxicity in vitro and in vivo: Involvement of multiple signaling pathways. Neurotoxicology
2016, 53, 153–164. [CrossRef]

49. Giudice, A.; Arra, C.; Turco, M.C. Review of molecular mechanisms involved in the activation of the
Nrf2-ARE signaling pathway by chemopreventive agents. Methods Mol. Biol. 2010, 647, 37–74.

50. Wu, J.; Williams, D.; Walter, G.A.; Thompson, W.E.; Sidell, N. Estrogen increases Nrf2 activity through
activation of the PI3K pathway in MCF-7 breast cancer cells. Exp. Cell Res. 2014, 328, 351–360. [CrossRef]

51. Young, A.R.; Narita, M.; Ferreira, M.; Kirschner, K.; Sadaie, M.; Darot, J.F.; Tavaré, S.; Arakawa, S.; Shimizu, S.;
Watt, F.M.; et al. Autophagy mediates the mitotic senescence transition. Genes Dev. 2009, 23, 798–803.
[CrossRef] [PubMed]

52. Webb, A.E.; Brunet, A. FOXO transcription factors: Key regulators of cellular quality control. Trends Biochem.
Sci. 2014, 39, 159–169. [CrossRef] [PubMed]

53. Mandell, M.A.; Jain, A.; Arko-Mensah, J.; Chauhan, S.; Kimura, T.; Dinkins, C.; Silvestri, G.; Münch, J.;
Kirchhoff, F.; Simonsen, A.; et al. TRIM proteins regulate autophagy and can target autophagic substrates by
direct recognition. Dev. Cell 2014, 30, 394–409. [CrossRef] [PubMed]

54. Lu, W.; Katzenellenbogen, B.S. Estrogen Receptor-β modulation of the ERα-P53 loop regulating gene
expression, proliferation, and apoptosis in breast cancer. Horm. Cancer 2017, 8, 230–242. [CrossRef]

55. Campisi, J. Senescent cells, tumor suppression, and organismal aging: Good citizens, bad neighbors. Cell
2005, 120, 513–522. [CrossRef]

56. Zheng, K.; He1, Z.; Kitazato, K.; Wang, Y. Selective Autophagy Regulates Cell Cycle in Cancer Therapy.
Theranostics 2019, 9, 104–125. [CrossRef]

57. Bernhart, E.; Damm, S.; Heffeter, P.; Wintersperger, A.; Asslaber, M.; Frank, S.; Hammer, A.; Strohmaier, H.;
DeVaney, T.; Mrfka, M.; et al. Silencing of protein kinase D2 induces glioma cell senescence via P53-dependent
and -independent pathways. Neuro Oncol. 2014, 16, 933–945. [CrossRef]

58. Ciavarra, G.; Zacksenhaus, F. Multiple pathways counteract cell death induced by RB1 loss: Implications for
cancer. Cell Cycle 2011, 10, 1533–1539. [CrossRef]

59. White, E. Autophagy and P53, Cold Spring Harb. Perspect. Med. 2016, 6, a026120.
60. Chakradeo, S.; Elmore, L.W.; Gewirtz, D.A. Is senescence reversible? Curr. Drug Targets 2016, 17, 460–466.

[CrossRef]
61. Alexander, K.; Yang, H.S.; Hinds, P.W. pRb inactivation in senescent cells leads to an E2F-dependent apoptosis

requiring p73. Mol. Cancer Res. 2003, 1, 716–728. [PubMed]
62. Takahashi, A.; Ohtani, N.; Hara, E. Irreversibility of cellular senescence: Dual roles of p16INK4a/Rb-pathway

in cell cycle control. Cell Div. 2007, 2, 10–15. [CrossRef] [PubMed]
63. Beauséjour, C.M.; Krtolica, A.; Galimi, F.; Narita, M.; Lowe, S.W.; Yaswen, P.; Campisi, J. Reversal of human

cellular senescence: Roles of the P53 and p16 pathways. EMBO J. 2003, 22, 4212–4222. [CrossRef]
64. Shiloh, Y.; Ziv, Y. The ATM protein kinase: Regulating the cellular response to genotoxic stress and more.

Nat. Rev. Mol. Cell Biol. 2013, 14, 197–210. [CrossRef]
65. Parekh, A.; Das, D.; Das, S.; Dhara, S.; Biswas, K.; Mandal, M.; Das, S. Bioimpedimetric analysis in conjunction

with growth dynamics to differentiate aggressiveness of cancer cells. Sci. Rep. 2018, 8, 783. [CrossRef]
66. Jia, T.; Zhang, L.; Duan, Y.; Zhang, M.; Wang, G.; Zhang, J.; Zhao, Z. The differential susceptibilities of MCF-7

and MDA-MB-231 cells to the cytotoxic effects of curcumin are associated with the PI3K/Akt-SKP2- Cip/Kips
pathway. Cancer Cell Int. 2014, 14, 126. [CrossRef] [PubMed]

http://dx.doi.org/10.3389/fnagi.2018.00124
http://www.ncbi.nlm.nih.gov/pubmed/29755342
http://dx.doi.org/10.1016/j.nutres.2014.02.006
http://www.ncbi.nlm.nih.gov/pubmed/25476190
http://dx.doi.org/10.1055/s-0033-1351097
http://dx.doi.org/10.2174/092986712800672049
http://dx.doi.org/10.1016/j.neuro.2015.12.019
http://dx.doi.org/10.1016/j.yexcr.2014.08.030
http://dx.doi.org/10.1101/gad.519709
http://www.ncbi.nlm.nih.gov/pubmed/19279323
http://dx.doi.org/10.1016/j.tibs.2014.02.003
http://www.ncbi.nlm.nih.gov/pubmed/24630600
http://dx.doi.org/10.1016/j.devcel.2014.06.013
http://www.ncbi.nlm.nih.gov/pubmed/25127057
http://dx.doi.org/10.1007/s12672-017-0298-1
http://dx.doi.org/10.1016/j.cell.2005.02.003
http://dx.doi.org/10.7150/thno.30308
http://dx.doi.org/10.1093/neuonc/not303
http://dx.doi.org/10.4161/cc.10.10.15520
http://dx.doi.org/10.2174/1389450116666150825113500
http://www.ncbi.nlm.nih.gov/pubmed/12939397
http://dx.doi.org/10.1186/1747-1028-2-10
http://www.ncbi.nlm.nih.gov/pubmed/17343761
http://dx.doi.org/10.1093/emboj/cdg417
http://dx.doi.org/10.1038/nrm3546
http://dx.doi.org/10.1038/s41598-017-18965-9
http://dx.doi.org/10.1186/s12935-014-0126-4
http://www.ncbi.nlm.nih.gov/pubmed/25530715


Biology 2020, 9, 68 14 of 14

67. Garbar, C.; Mascaux, C.; Giustiniani, J.; Merrouche, Y.; Bensussan, A. Chemotherapy treatment induces an
increase of autophagy in the luminal breast cancer cell MCF7, but not in the triple-negative MDA-MB231.
Sci. Rep. 2017, 7, 7201. [CrossRef] [PubMed]

68. Yang, L.; Song, T.; Chen, L.; Soliman, H.; Chen, J. Nucleolar repression facilitates initiation and maintenance
of senescence. Cell Cycle 2015, 14, 3613–3623. [CrossRef]

69. Galbiati, A.; Penzo, M.; Bacalini, M.G.; Onofrillo, C.; Guerrieri, A.N.; Garagnani, P.; Franceschi, C.; Treré, D.;
Montanar, L. Epigenetic up-regulation of ribosome biogenesis and more aggressive phenotype triggered by
the lack of the histone demethylase JHDM1B in mammary epithelial cells. Oncotarget 2017, 8, 37091–37103.
[CrossRef]

70. Hsieh, D.H.; Kuo, W.W.; Lai, Y.P. 17β-estradiol and/or estrogen receptor β attenuate the autophagic and
apoptotic effects induced by prolonged hypoxia through HIF-1α-Mediated BNIP3 and IGFBP-3 signaling
blockage. Cell Physiol. Biochem. 2015, 36, 274–284. [CrossRef]

71. Lee, M.; Lee, J.S. Exploiting tumor cell senescence in anticancer therapy. BMB Rep. 2014, 47, 51–59. [CrossRef]
[PubMed]

72. Ruhland, M.; Coussens, L.M.; Stewart, S. Senescence and cancer: An evolving inflammatory paradox.
Biochim. Biophys. Acta 2016, 1865, 14–22. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/s41598-017-07489-x
http://www.ncbi.nlm.nih.gov/pubmed/28775276
http://dx.doi.org/10.1080/15384101.2015.1100777
http://dx.doi.org/10.18632/oncotarget.16181
http://dx.doi.org/10.1159/000374070
http://dx.doi.org/10.5483/BMBRep.2014.47.2.005
http://www.ncbi.nlm.nih.gov/pubmed/24411464
http://dx.doi.org/10.1016/j.bbcan.2015.10.001
http://www.ncbi.nlm.nih.gov/pubmed/26453912
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

