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Abstract. Breast cancer cells are heterogeneous in their ability
to invade and fully metastasize, and thus also in their capacity
to survive the numerous stresses encountered throughout the
multiple steps of the metastatic cascade. Considering the role
of autophagy as a survival response to stress, the present study
hypothesized that distinct populations of breast cancer cells
may possess an altered autophagic capacity that influences
their metastatic potential. It was observed that a metastatic
breast cancer cell line, MDA-MB-231, that was sensitive to
autophagic induction additionally possessed the ability to
proliferate following nutrient deprivation. Furthermore, a
selected subpopulation of these cells that survived multiple
exposures to starvation conditions demonstrated a height-
ened response to autophagic induction compared to their
parent cells. Although this subpopulation maintained a more
grape-like pattern in three-dimensional culture compared
to the extended spikes of the parent population, autophagic
induction in this subpopulation elicited an invasive phenotype
with extended spikes. Taken together, these results suggest that
autophagic induction may contribute to the ability of distinct
breast cancer cell populations to survive and invade.

Introduction

It is widely appreciated that cancer cells in a growing tumor
are heterogeneous (1,2). Only a subset of these cells possesses
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invasive qualities that drive their detachment from the primary
tumor and movement through the surrounding microenviron-
ment. Among these invasive cells, an even smaller subset has
the capacity to fully metastasize (3,4). However, it remains to be
elucidated how phenotypic differences between individual cells
or cell populations translate to variations in metastatic ability.

Among the myriad cellular functions that contribute to cell
phenotype is autophagy. Autophagy, here connoting macro-
autophagy, is a catabolic process during which a cell encloses
cytoplasmic components within double-membrane vesicles
(autophagosomes) that subsequently fuse with the lysosomal
compartment, where the autophagosomal cargo is degraded
enzymatically (5). Under normal conditions, a low level of
basal autophagy serves to eliminate invading microorganisms
and unnecessary, old or damaged proteins and organelles (6,7).
During times of stress and starvation, autophagy is upregulated
and the degraded autophagic cargo is recycled, generating
substrates that enable cells to preserve intra- and extracellular
homeostasis. The function of autophagy as a stress response
makes it particularly notable in the framework of metastasis,
an inherently stressful process that requires enhanced survival
capabilities in the very select few cells that complete it (3,8).
A necessary characteristic of invasive cancer cells that metas-
tasize successfully is an exceptional ability to weather stress;
throughout the multi-stage metastatic cascade, these cells must
survive a wide range of factors, including nutrient deprivation,
hypoxia, acidosis, extracellular matrix (ECM) detachment and
shear force in the vasculature (4).

The present study investigated heterogeneity among breast
cancer cell populations in terms of their autophagic capaci-
ties, proposing that perhaps the cancer cells with the most
robust abilities to respond to autophagic induction are those
that have the ability to withstand the pressures associated with
the metastatic process. Thus, the present study hypothesized
that distinct populations of breast cancer cells have increased
autophagic potential that, in turn, leads to increased metastatic
potential. The focus of the present study was the ability of
breast cancer cells to endure nutrient deprivation, which is
one of the pressures encountered throughout the metastatic
process. The present study revealed that the metastatic breast
cancer cell line that was sensitive to autophagic induction
was also the cell line that maintained its ability to proliferate
following nutrient deprivation. Furthermore, a subpopulation
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of this cell line comprised of cells that survived multiple
exposures to nutrient deprivation was more responsive to
autophagic induction compared with its parent population.
The results of the present study suggest that, within a growing
tumor, the autophagic response may contribute to the capacity
of breast cancer cell subpopulations to endure starvation stress
and better weather the metastatic process.

Materials and methods

Cells and cell culture. The human breast metastatic carci-
noma cells lines, MDA-MB-231 (231) and MDA-MB-435
(435) (9); non-metastatic carcinoma cell line, MDA-MB-436
(436) (9); and epithelial cell line, MCF10A (10A) (10) were
cultured as previously described. All cell lines were main-
tained at 37°C with 5% CO, in a humidified atmosphere, and
were tested regularly and confirmed as negative for Myco-
plasma spp. contamination (PlasmoTest kit; InvivoGen, San
Diego, CA).

Cell subpopulation selection. To select a distinct subpopula-
tion of 231 cells that exhibited the capacity to survive nutrient
deprivation, parental 231 cells were cultured to 80-90%
confluency in complete culture medium consisting of a 1:1
(v/v) mixture of Dulbecco's modified Eagle's medium and
Ham's F12 nutrient mixture (Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) supplemented with 5% fetal bovine
serum (Thermo Fisher Scientific, Inc.), 2 mM L-glutamine
(Thermo Fisher Scientific, Inc.), and 0.02 mM non-essential
amino acids (Thermo Fisher Scientific, Inc.). Cells were subse-
quently washed twice with phosphate-buffered saline (PBS;
Thermo Fisher Scientific, Inc.), incubated in Earle's balanced
salt solution (EBSS; Thermo Fisher Scientific, Inc.) for 24 h,
rewashed in PBS and cultured again to 80-90% confluency
in complete culture medium. This procedure was repeated
4 additional times. The final subpopulation (231.EB5) was
comprised of adherent cells that had survived all 5 starvation
rounds.

Proliferation assay. Proliferation assays were performed as
described previously (11). Cells were seeded (5x10? cells/well)
in complete culture medium in a 96-well tissue culture
plate. To assess innate proliferation capacity, fluorescence
was measured after 1, 2, 3, 4 and 6 days with the addition of
AlamarBlue reagent (Thermo Fisher Scientific, Inc.; DAL
1025). To assess proliferation capacity upon nutrient depletion,
the complete medium in each well was replaced with EBSS
24 h after seeding and cells were incubated for 24 h, after
which complete medium was returned to the wells. Prolif-
eration was measured 1, 2, 3, 4 and 6 days following EBSS
treatment. Fluorescence intensity at 570/580 nm excitation/
emission was determined using a Hitachi F-7000 fluorescence
spectrophotometer.

Immunoblot analysis. Cells were seeded in complete medium
and treated for 0.5, 3, 6 and/or 12 h with 100 nM rapamycin
(Sigma-Aldrich, St. Louis, MO, USA) and 50 gm chloroquine
(Sigma-Aldrich), individually or in combination. Whole-cell
lysates were collected with 1X radioimmunoprecipitation
assay lysis buffer (EMD Millipore, Billerica, MA, USA)
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containing 1X Halt™ protease and phosphatase single-use
inhibitor cocktail (Thermo Fisher Scientific, Inc.). Proteins
(30 ug) were separated by SDS-PAGE (4-12% criterion XT
precast gel; Bio-Rad Laboratories, Inc., Hercules, CA, USA)
and transferred to nitrocellulose membranes. Membranes were
blocked for 1 h at room temperature with 5% non-fat milk
in Tris-buffered saline supplemented with 0.05% Tween 20
(TBST; Bio-Rad Laboratories, Inc., Hercules, CA, USA) and
incubated overnight at 4°C with primary antibody. Membranes
were washed in TBST, and incubated with the corresponding
monoclonal donkey anti-rabbit (cat no. NA934V) or sheep
anti-mouse (cat no. NA931V) IgG secondary antibody (GE
Healthcare Life Sciences, Chalfont, UK; dilution, 1:10,000) for
1 h at room temperature, and rewashed before blots were devel-
oped with ECL Western Blotting Substrate (ThermoFisher
Scientific, Inc.) and Supersignal West Dura Extended Dura-
tion Substrate (Thermo Fisher Scientific, Inc.). Results were
quantified with Image Studio version 4.0 software (LI-COR
Biosciences, Lincoln, NE, USA). The following primary anti-
bodies were used: Anti-LC3B (Abcam, Cambridge, MA, USA;
dilution, 1:3,000; cat no. ab51520), anti-f3-actin (Abcam; dilu-
tion, 1:10,000), and anti-GAPDH (Cell Signaling Technology,
Inc., Danvers, MA, USA; dilution, 1:2,000; cat no. 2118S).

Immunofluorescence studies. Cells were seeded and grown to
90% confluence on glass coverslips that were pretreated with
0.01% poly-L-lysine and placed in 6-well culture plates. Cells
were incubated for 3 and 12 h in complete culture medium
containing 100 nM rapamycin individually or in combination
with 50 yM chloroquine. Each condition was performed in
triplicate. Cells were subsequently washed 4 times for 3 min
each in PBS, fixed in 3% formaldehyde in PBS for 45 min
at room temperature, permeabilized with 0.5% Triton X-100
(Sigma-Aldrich) for 3 min at room temperature, blocked with
1% bovine serum albumin in PBS for 1 h and incubated with
rabbit polyclonal anti-human LC3B antibody (Abcam; dilution,
1:2,000; cat no. ab51520) in 1% BSA in PBS at 4°C overnight.
Secondary incubation was performed for 1 h at room tempera-
ture using a goat anti-rabbit immunoglobulin G fluorescein
isothiocyanate-conjugated secondary antibody (Abcam; dilu-
tion, 1:2,000; cat no. ab6717). Vectashield with DAPI H-1200
(Vector Laboratories, Inc., Burlingame, CA, USA) was used
to mount the coverslips on glass slides. Immunofluorescent
images were captured with a Nikon Eclipse TE2000-U fluo-
rescent microscope and archived using QCapture Pro software,
version 5.1.1.14 (QImaging, Surrey, BC, Canada).

Three-dimensional (3D) cell morphology studies. For 3D cell
culture assays, 400 ul/well of reduced growth factor Matrigel
(BD Biosciences, Franklin Lakes, NJ, USA) was placed in
24-well plates and allowed to solidify at 37°C for 40 min.
Cells were plated (2x10° cells/well) in complete culture
medium supplemented with 2% Matrigel and incubated at
37°C. After 4 d, the media was replaced with a fresh layer of
Matrigel-supplemented medium only, or medium containing
100 nM rapamycin or 50 M chloroquine. Media was replaced
every 3 d. Each condition was performed in triplicate. Images
were captured at 10 d with a Nikon Eclipse TE2000-U fluores-
cent microscope and archived using TSView software (Tucsen
photonics Co., Ltd., Fuzhou, China).
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Figure 1. MDA-MB-231 cells are sensitive to autophagic induction. MDA-MB-231, MDA-MB-435 and MDA-MB-436 cells were seeded in complete medium
and treated with 100 nM rapamycin and/or 50 m chloroquine. Levels of LC3B-II were (A) probed by immunoblotting and (B) quantified by densitometry and

comparing LC3B-II levels with the loading control beta-actin.

Results

MDA-MB-231 cells are sensitive to autophagic induction. The
presence of LC3B in autophagosomes and the conversion of
LC3B-Itoitslipidated form,LC3B-II,are used routinely as indi-
cators of autophagic induction (12). The present study evaluated
the levels of LC3B-II in 231, 435 and 436 cells by immu-
noblot (Fig. 1A). Treatment with rapamycin, a well-accepted
autophagy inducer via inhibition of mammalian target of
rapamycin (mTOR), altered LC3B-II levels in 231 cells, but
not 435 and 436 cells. Specifically, in 231 cells, LC3B-II levels
were 74% higher following rapamycin treatment compared
with no treatment, and 120% higher following co-treatment
with rapamycin and chloroquine, an autophagy-blocking agent
(lysosomal inhibitor), compared with chloroquine treatment
alone (Fig. 1B). By contrast, rapamycin did not appreciably
modulate LC3B-II levels in either 435 or 436 cells. Notably,
231 cells exhibited the lowest levels of basal autophagosome
formation, indicated by LC3B-II levels apparent only upon
the addition of chloroquine. By contrast, basal autophagosome
levels were relatively high in 435 and 436 cells. Overall, these
results indicate that 231 cells are most sensitive to autophagic
induction compared with 435 or 436 cells, which suggests that
435 and 436 cells have intrinsically high levels of autophagy
that an additional stimulus may not robustly alter.

MDA-MB-231 cells proliferate following nutrient depletion.
For cells to metastasize successfully, the capacity to survive in
suboptimal environments is essential. To begin investigating
the association between variations in autophagic capacity and
abilities to withstand challenging conditions, the present study
used the same cell lines to test how nutrient deprivation altered
cell proliferation. Cells were grown in complete medium to
determine their innate proliferation rate. As expected, the
metastatic cell lines, 231 and 435, exhibited a distinctly
increased proliferation rate compared with the non-metastatic
436 breast cancer cell line and the immortalized, but other-
wise normal, MCF10A breast epithelial cell line (Fig. 2A).
Proliferation rates following nutrient deprivation were subse-
quently assessed by culturing cells in EBSS for 24 h and then
returning them to complete medium. The 231 cells maintained
their proliferative ability, whereas 435, 436 and MCF10A cells
did not recover from starvation conditions (Fig. 2B). Together

with the results presented in Fig. 1, these results suggest that
the cells that are most responsive to autophagic induction are
also able to best withstand the stress of nutrient deprivation.

Autophagic induction is more efficient in a select
MDA-MB-231 subpopulation. Noting that 231 cells were
unique in both their sensitivity to autophagic induction and
their sustained proliferation following stress, the present study
assessed whether a subpopulation of these cells possessed a
capacity for autophagic induction distinct from parental cells.
It was reasoned that it may be this type of subset of invasive
cells that has the ability to fully metastasize. Parental 231 cells
were subjected to 5 rounds of culture in EBSS for 24 h followed
by 24 h of culture in complete medium. The surviving cells
were selected (231.EB5). The five rounds of selection were
performed to ensure the generation of a distinct cell subpopu-
lation. LC3B-II levels by immunoblot (Fig. 3A) and LC3B
puncta formation by immunofluorescence staining (Fig. 3B)
were subsequently compared between the parental and
selected cell lines. Notably, 231.EB5 cells displayed the most
marked changes in LC3B-II levels in response to rapamycin
treatment compared with untreated conditions, particularly
at 3 and 12 h (Fig. 3A). Supporting the immunoblot results,
the number of LC3B puncta was increased with no treatment
and in response to rapamycin in 231.EBS cells compared with
parent 231 cells (Fig. 3B).

Parent 231 cells grown in 3D Matrigel with complete
medium exhibit spindled branches characteristic of highly
invasive cells (Fig. 3C). Notably, 231.EB5 cells were rounded
with few branched spikes, which is typical of less invasive cells.
However, in response to rapamycin treatment, 231.EB5 cells
became substantially more invasive, developing a phenotype
reminiscent of the parent population. Minimal changes were
observed in parent 231 cells and MCF10A control cells
following rapamycin treatment compared with no treatment.
Chloroquine reduced the invasive nature of both 231 and
231.EBS cells, eliciting smaller and more rounded colonies.
Overall, the results of the present study demonstrate distinct
phenotypic differences between a select population of 231 cells
compared with the parent population following a stimulus of
autophagic induction, and reiterate prior observations that
responsiveness to autophagic induction may be correlated with
the ability to endure nutrient deprivation.
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Figure 2. MDA-MB-231 cells proliferate following nutrient depletion. (A) Relative cell number in complete culture medium of MDA-MB-231, MDA-MB-435,
MDA-MB-436 and MCF10A cell lines was assessed with AlamarBlue and revealed that the metastatic cell lines (MDA-MB-231 and MDA-MB-435) had
higher innate proliferation rates. (B) Relative cell number of MDA-MB-231, MDA-MB-435, MDA-MB-436 and MCFI10A cells following 24 h of culture in
Earle's balanced salt solution indicated that MDA-MB-231 cells were uniquely able to maintain their innate proliferation rate following starvation treatment.

Discussion

It is well-acknowledged that cancer cells within a tumor
vary widely in their functions and attributes, yet how traits
of individual cells or cell populations drive tumor progres-
sion, including invasion and metastasis, remains to be fully
elucidated (1). In the present study, the association between the
response to autophagic induction and the capacity to endure a
type of stress encountered during the metastatic process was
investigated in various breast cancer cell populations.

The role of autophagy is particularly multifarious in the
framework of cancer, in which the matter of whether autophagy
is anti- or protumorigenic is associated with that of whether it is
cytoprotective or cytotoxic (13). It is increasingly appreciated
that autophagic functioning is dependent on numerous factors,
notably cancer stage (14). While it has been demonstrated
that autophagy may act to suppress tumor growth during
tumorigenesis (6,15,16), autophagy is able to promote tumor
growth in transformed cells, which may exploit autophagy as a
protective mechanism against stresses in the tumor microenvi-
ronment, including glucose deprivation and hypoxia, as well as
against therapeutic insult (5,6,17-20). Activation of autophagy
additionally has been observed in response to stresses charac-
teristic of the metastatic cascade (21). For instance, autophagy
is upregulated following loss of ECM contact (22-24), which
typically induces programmed cell death (anoikis) in normal
cells, yet is an essential event for metastasizing tumor cells (3).

The present study observed that 231 cells were sensitive to
autophagic induction (that is, increases in markers of autopha-
gosome formation in response to an agent, rapamycin, known
to induce autophagy were observed), and that autophagic
induction was associated with increased metastatic potential
as assessed by the ability to weather nutrient deprivation
stress. Rapamycin treatment increased LC3B-II levels in
231 cells, but LC3B-II levels did not change appreciably in 435
or 436 cells. Furthermore, 231 cells, but not 435 or 436 cells,
maintained their innate ability to grow following a period of
nutrient deprivation. The use of nutrient deprivation to inves-
tigate whether cells with sensitivity to autophagic induction
are able to overcome difficult conditions is consistent with a
previous study by Wojtkowiak er al (19), who demonstrated

that an acidic environment triggered chronic upregulation of
autophagy as a survival mechanism. While direct links cannot
be made between the autophagic response to rapamycin and the
response to nutrient deprivation, there is logic in juxtaposing
rapamycin treatment with starvation. These conditions may
promote autophagic induction via similar signaling pathways:
Rapamycin by inhibiting mTORCI activity, and starvation by
upregulating 5' AMP-activated protein kinase (AMPK), which
in turn may inhibit mMTORCI activity downstream. Inhibition
of mMTORCI and upregulation of AMPK may promote unc-51
like autophagy activating kinase 1 complexing and thus
autophagy initiation (25-28).

As it cannot be concluded that the presently investigated
cell lines had an identical response to autophagic induction
by nutrient deprivation as they did to that by rapamycin,
there exists an alternative possibility to consider. The
436 cells, followed by 435 cells, had the highest levels of
basal autophagosome formation compared with the lowest
observed in 231 cells; 436 and 435 cells additionally had the
lowest numbers of cells that proliferated following starvation.
Autophagy has been linked not only to cell survival, but also
to cell death (13,29,30). Thus, it cannot be ruled out that the
additional stimulation of nutrient deprivation in the cells
with high basal levels of autophagosome formation resulted
in excessive levels that provoked a cytotoxic response. The
importance of considering basal autophagy was underscored
in an investigation by Maycotte et al (31), although their find-
ings associated autophagy with cell survival, not death. These
investigators reported that breast cell lines differed in their
dependency on autophagy for survival in complete medium
under conditions with no added stress; upon autophagy inhi-
bition with chloroquine and small hairpin RNA knockdown
of autophagy protein 5 (ATGS), ATG7 and Beclin 1, triple
negative breast cancer cell lines (including 231) displayed the
greatest decreases in proliferation and cell viability. Whether
basal dependency on autophagy under normal conditions is
associated with dependency on autophagy for survival under
stress was not assessed.

The results of the present study in 231.EB5 cells, a
subpopulation of 231 cells that survived multiple rounds
of starvation, provide additional evidence in support of the
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Figure 3. Autophagic induction is more efficient in a select subpopulation of MDA-MB-231 cells. (A) MDA-MB-231 and MDA-MB-231.EBS5 cells were seeded
in complete medium and treated for 0.5, 3, 6 and 12 h with 100 nM rapamycin individually and in combination with 50 ym chloroquine. LC3B-I and -II expres-
sion was assayed by immunoblotting and quantified by densitometry. (B) MDA-MB-231 and MDA-MB-231.EBS5 cells were incubated in complete culture
medium containing 100 nM rapamycin individually and in combination with 50 #m chloroquine for 3 and 12 h. Immunofluorescence images of LC3B puncta
were captured in triplicate and representative images are shown. The average number of puncta per cell is indicated for each condition. (C) MDA-MB-231,
MDA-MB-231.EB5 and MCF10A cells were seeded in complete culture medium on Matrigel-coated cell culture plates and treated with 100 nM rapamycin
with or without 50 M chloroquine. All conditions were performed in triplicate. Images were captured 10 d after seeding and representative images are shown.
Scale bar=30 ym. GAPDH, glyceraldehyde-3-phosphate.
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association between sensitivity to autophagic induction and
metastatic potential. While previous studies have reported
the link between autophagy and nutrient deprivation (32-34),
to the best of our knowledge, the present study is the first to
generate a subpopulation through nutrient deprivation and to
investigate differences in autophagic capacity based on this
factor. These 231.EBS5 cells with apparently superior aptitude
for survival exhibited the highest overall ability to respond to
rapamycin, as seen by increases in LC3B-II conversion at 3 h
and particularly at 12 h. The fact that sensitivity to rapamycin
varied by time point may be associated with the observation
that autophagy is regulated through a negative feedback loop
based on the sensitivity of mTORCI to nutrient levels (7).
Yu et al (35) reported that the intracellular nutrients produced
during the autophagic process may reactivate mTORCI1
signaling and inhibit autophagy over time even in the event of
ongoing starvation, a condition that initially inhibits mMTORC1
activity and upregulates autophagy. Similar to starvation,
rapamycin treatment upregulates autophagy through mTORC1
inhibition. Therefore, perhaps the fluctuations in LC3B-II
conversion that were observed following prolonged rapamycin
treatment represent cycles of rapamycin-induced autophagic
upregulation counteracted by the subsequent generation of
nutrients. This requires additional investigation, particularly
considering the fact that consistent changes in LC3B-II
conversion in response to rapamycin were noted in parental
231 cells. However, this observation in itself is in line with
the fact that 231.EBS5 cells were most sensitive to autophagic
induction, which would in turn incite more robust negative
feedback and variation by time point.

The fact that 231.EBS5 cells exhibited a less invasive
phenotype in 3D when cultured in complete medium with
no treatment was unexpected, as it was predicted that these
cells would have heightened invasive qualities based on
their high survival capacity. It was notable that these cells
displayed a markedly more invasive phenotype following
autophagic induction. At this point, the factors responsible for
these observations remain to be elucidated. One key avenue
to be investigated is that cancer stem-like cells (CSCs) may
have been enriched during cell subpopulation selection. That
greater changes were observed in LC3B-II and increased
numbers of LC3B puncta were observed in 231.EBS5 cells is
in line with an observation reported by Gong et al (36), who
identified significantly increased autophagic flux in breast
CSC-enriched MCF-7 breast cancer cells compared with
non-enriched adherent cells in basal and starvation (EBSS
culture) conditions. If the present study did enrich CSCs in the
cell subpopulation, it is possible that this is the reason for the
higher baseline levels of LC3B-II and that the increased invasive
3D morphology that was observed upon autophagic induction
is associated with generation of migrating CSCs (37). Addi-
tional potential explanations include stimulation of quiescence
and triggering of an epithelial-to-mesenchymal switch (5). All
of these have been associated with autophagy but none have
been completely characterized. Additional experiments will
be required to fully elucidate the reasons for the difference in
phenotype between 231.EBS5 and parent 231 cells.

In conclusion, the present study demonstrated that the
populations of metastatic cells that displayed the most robust
reactions to autophagic induction additionally best withstood
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starvation stress. It must be acknowledged that nutrient depri-
vation and autophagy are not the only factors governing the
progression of a growing tumor. It must also be acknowledged
that autophagic induction does not denote completion of the
entire autophagic process, and thus that future studies should
establish the contribution of autophagic flux. However, the
present study is significant, noting that autophagy inducers and
inhibitors are among the developing therapeutic approaches in
breast cancer (38,39). The results of the present study suggest
that these agents may cause differential responses depending
on the properties of the unique cancer cell populations and
their surrounding environments.
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