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Absitract

AIM: To investigate the mechanism of action of lipop-
hilic antidepressant fluoxetine (FLX) in representative
molecular subtypes of breast cancer.

METHODS: The anti-proliferative effects and mech-
anistic action of FLX in triple-negative (SUM149PT)
and luminal (T47D and Au565) cancer cells and non-
transformed MCF10A were investigated. Reverse phase
protein microarray (RPPM) was performed with and
without 10 pmol/L FLX for 24 and 48 h to determine
which proteins are significantly changed. Viability and
cell cycle analysis were also performed to determine
drug effects on cell growth. Western blotting was used
to confirm the change in protein expression examined
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by RPPM or pursue other signaling proteins.

RESULTS: The FLX-induced cell growth inhibition in
all cell lines was concentration- and time-dependent
but less pronounced in early passage MCF10A. In
comparison to the other lines, cell growth reduction
in SUM149PT coincided with significant induction of
endoplasmic reticulum (ER) stress and autophagy
after 24 and 48 h of 10 pumol/L FLX, resulting in
decreased translation of proteins along the receptor
tyrosine kinase/Akt/mammalian target of rapamycin
pathways. The increase in autophagy marker, cleaved
microtubule-associated protein 1 light chain 3, in
SUM149PT after 24 h of FLX was likely due to increased
metabolic demands of rapidly dividing cells and ER
stress. Consequently, the unfolded protein response
mediated by double-stranded RNA-dependent protein
kinase-like ER kinase resulted in inhibition of protein
synthesis, growth arrest at the G1 phase, autophagy,
and caspase-7-mediated cell death.

CONCLUSION: Our study suggests a new role for FLX
as an inducer of ER stress and autophagy, resulting
in death of aggressive triple negative breast cancer
SUM149PT.

Key words: Inflammatory breast cancer; Endoplasmic
reticulum stress; Autophagy; Apoptosis; Fluoxetine

© The Author(s) 2015. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: Our study demonstrates for the first time
the complex but selective actions of Food and Drug
Administration-approved, well-tolerated antidepressant
drug known as fluoxetine (FLX) in malignant triple
negative breast cancer (TNBC) cells. The significant
reduction in cell growth of inflammatory TNBC line
SUM149PT was a consequence of unfolded protein
response induced by FLX and subsequent induction of
autophagy and mitochondrial apoptosis, demonstrating
the intricate crosstalk between endoplasmic reticulum
and mitochondria in response to cellular stress.
Combination of low dose FLX with existing regimen
for TNBC may provide dual benefit of alleviating
psychological distress, including depression and
anxiety, and inducing death in aggressive tumor cells.

Bowie M, Pilie P, Wulfkuhle J, Lem S, Hoffman A, Desai S,
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INTRODUCTION

A major roadblock to effective breast cancer therapy is
development of de novo or acquired resistance. Triple-
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negative breast cancer, which lacks the expression of
steroid estrogen and progesterone receptors as well
as overexpressed HER2, accounts for 15%-20% of all
breast cancers. Majority of triple negative breast cancers
(TNBCs) are basal-like, among the most aggressive
types, likely to develop chemotherapy resistance,
and lack suitable targeted therapeutics''. Resistance
to apoptosis is often the mechanism by which these
cancers evade death. Thus, an alternative approach to
trigger cell death is greatly needed.

Autophagy is an example of alternative mechanism
of cell death. However, this evolutionarily conserved
process in response to metabolic stress typically leads to
cell survival. Autophagy is a process in which damaged
or long-lived proteins and organelles are encapsulated
in double-membraned vesicles called autophagosomes,
targeted for lysosomal degradation, and released into
the cytosol as intermediate metabolites for nutrient
recycling and ATP production. While evidence has
been limited, autophagic cell death has been shown in
cells with deficient apoptotic proteins™*, upregulated
mitochondrial cell death protein BNIP3™, and deficient
tumor suppressor Von Hippel-Lindau™®. The pro-death
function of autophagy is believed to be due to prolonged
digestion of cellular components or selective digestion of
survival (over death) factors.

NF«B regulates diverse cellular processes in response
to numerous stimuli, including unfolded protein response
(UPR) as a result of oxidative and metabolic stress!”®,
UPR is induced when there is a buildup of unfolded,
misfolded or damaged proteins within the endoplasmic
reticulum [/i.e., endoplasmic reticulum (ER) stress]. The
goal of UPR is to stop general protein synthesis but allow
selective synthesis of ER chaperones, such as binding
immunoglobulin protein (BiP), to restore balance™. ER
stress can directly induce autophagy through upre-
gulation of BiP, which is required for autophagosome
formation™. The repressive effect of BiP on UPR signal
transducers, such as double-stranded RNA-dependent
protein kinase-like ER kinase (PERK), inositol-requiring
enzyme 1 alpha and activating transcription factor 6, is
released during ER stress™. If proper protein folding
capacity is not restored, then all three arms of UPR
induce CCAAT/enhancer binding protein-homologous
protein (CHOP) and growth arrest and DNA damage 34
(GADD34) to stimulate apoptosis. In some situations,
autophagy is induced to promote cell survival by
removal of accumulated ubiquitinylated proteins and
aggregates!'?, Together, these studies demonstrate the
integration of signals from autophagy, ER stress/UPR,
and apoptosis in regulating cell survival or cell death.

The anti-cancer properties of widely used antide-
pressants, specifically the selective serotonin reuptake
inhibitors (SSRIs), have received attention in the last
two decades. Fluoxetine (FLX) was the first approved
SSRI for depression, and it is still used today across a
diverse population, including in many cancer patients,
for the treatment of anxiety and/or depression. FLX
is a well-tolerated drug with a mild side effect profile,
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safe in overdose, and almost no associated withdrawal
symptoms, even when compared to other SSRIs™,
Like most SSRIs, FLX blocks the reuptake of serotonin
(5-HT) at the pre-synaptic membrane, enhancing the
actions of 5-HT on serotonin receptors at the post-
synaptic neuron!**, But FLX is known to have various
off-target interactions, resulting in modulation of cancer
cell growth. For example, a single study in rodents
suggested that FLX stimulates malignant cell growth™.
However, multiple epidemiological studies have shown
no association between SSRI use and breast cancer
risk!***”), Previous studies have shown FLX-induced
cell death in a variety of malignant cell lines, including
those originating from the prostate, colon, lung, ovary,
breast, brain, and the immune system™®*2%, One
study has implicated the inhibition of the extracellular
signal regulated kinase 1 and 2 (ERK1/2) as a potential
consequence of FLX’'s anti-tumor effect®. However,
the exact role of FLX in modulating ERK1/2 pathway in
breast cancer subtypes is currently unknown.

In this study, distinct molecular subtypes of breast-
derived cell lines, including triple-negative (SUM149PT)
and luminal (T47D and Au565) breast cancer cells as
well as non-transformed MCF10A, were evaluated for
their response to FLX exposure in regards to protein
expression of key components of signaling pathways
that mediate cell growth, survival and death. Our study
demonstrates that the cell growth inhibition in rapidly
dividing TNBC SUM149PT is due to ER and metabolic
stress that leads to decreased translation of proteins
along the RTK/Akt/mTOR and MEK/ERK pathways.
Excessive ER stress and autophagy induced by FLX
in SUM149PT eventually leads to cell death mediated
by executioner caspase-7. Given this proposed anti-
proliferative mechanism and safety profile, FLX may
prove an ideal part of a targeted regimen against TNBC
in future in vivo and clinical studies.

MATERIALS AND METHODS

Reagents

Tissue cell culture media, FBS, horse serum, and 2X
Tris-glycine SDS loading buffer were obtained from Life
Technologies. Insulin, hydrocortisone, epidermal growth
factor (EGF), FLX, MTT [3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide], and bovine serum
albumin were from Sigma. Cholera toxin was obtained
from Calbiochem. Mammary epithelial growth medium
bullet kit was purchased from Lonza. Tissue protein
extraction reagent (T-PER), bicinchoninic acid (BCA)
assay, and SuperSignal West Dura chemiluminescent
substrate were from Thermo Fisher Scientific. The
complete protease and phosphatase (PhosSTOP)
inhibitors were obtained from Roche Applied Science.
Primary antibodies for Western blotting were as follows:
LC3B (ab48394) from Abcam; ERK1/2 T202/Y204
(4370), AMPKa, T172 (2535), p70 S6 Kinase (p70 S6K)
T389 (9234), LC3B (3868), BiP (3177), PERK (5683),
elF2a Ser-51 (3398), PARP (9542), u-Calpain (2556)
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from Cell Signaling Technology; B-actin (sc-47778),
GADD34 (sc-8327), GADD153/CHOP (sc-575) from
Santa Cruz Biotechnology; caspase-12 (PRS3195) from
Sigma-Aldrich.

Cell culture

Most breast cancer cell lines were obtained from
American Type Culture Collection (Manassas, VA). T47D
cells were cultured in alpha MEM prepared as previously
described™!, SUM149PT cells were originally obtained
from Dr. Stephen Ethier (Karmanos Cancer Institute,
Detroit, MI) and are commercially available (Asterand,
Detroit, MI). SUM149PT cells were maintained in Ham’s
F12 supplemented with 5% FBS, 5 mg/mL insulin, and
1 mg/mL hydrocortisone. Au565, BT474, and lapatinib-
resistant BT474 (R-BT474) cell lines were maintained in
RPMI 1640 supplemented with 10% FBS and 2 mmol/L
L-glutamine. R-BT474 cell line was kindly provided by Dr.
Neil Spector (Duke University Medical Center, Durham,
NC). MCF10A lines were cultured in two different
media. MCF10A late passage cells were maintained in
HUMEC complete media, while MCF10A early passage
cells (generous gift of Dr. David Beebe, University of
Wisconsin, Madison, WI) were grown in DMEM-F12
supplemented with 5% horse serum, 20 ng/mL EGF, 0.5
ug/mL hydrocortisone, 100 ng/mL cholera toxin, and
10 pg/mL insulin. Normal human mammary epithelial
cells (HMEC) were obtained from Lonza and grown in
HUMEC complete media. DKAT cell line is unique to our
laboratory and maintained in supplemented MEBM®®, All
cell lines were maintained in a humidified atmosphere of
5% CO:2 at 37 ‘C and have been authenticated by DNA
fingerprinting at the Duke University Cell Culture Facility.

Reverse phase protein microarray analysis

The aforementioned cell lines were grown in 100 mm
dishes for 24 h, followed by addition of FLX at a final
concentration of 10 umol/L and cell harvest after 24 h
and 48 h of treatments. The indicated FLX concentration
was previously tested in another breast cancer cell
line® and served as a starting point for our proteomic
study. Untreated (control) cells were run in parallel. This
experiment was performed at least three different times
Briefly, adherent cells were washed twice in cold 1 x PBS
and lysed directly in dishes on ice with modified T-PER
buffer as previously described®”. Following centrifugation
at 3000 g for 5 min at 4 ‘C, each supernatant was
transferred to clean microcentrifuge tubes. After
determining the total protein content by BCA protein
assay, samples were diluted in 2 x Tris-glycine SDS
sample buffer with 2.5% 2-mercaptoethanol up to 2
mg/mL and boiled for 8 min. Samples were spun briefly
and then stored at -80 C until they were shipped in dry
ice to George Mason University where subsequent lysate
printing in triplicate, immunostaining, and reverse phase
protein microarray (RPPM) analysis were performed.
For this study, we examined the expression of 79
phosphorylated, total, and cleaved proteins that are
thought to play a role in breast cancer cell proliferation,
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survival, apoptosis, and metastasis. Enumerated are
some antibodies used in the experiments: Akt S473
(9271), ERK1/2 T202/Y204 (9101), GSK-30/B S21/S9
(9331), AMPKB1 S108 (4181), mTOR S2448 (2971),
p70 S6K T389 (9205), eukaryotic translation initiation
factor 4G (eIF4G) S1108 (2441), NFkB p65 S536 (3031),
Bax (2772), Bcl-2 S70 (2827), cleaved Casp-7 D198
(9491), cleaved Casp-3 D175 (9661), E-cadherin (4065),
Vimentin (3295), Snail (4719), and SAPK/INK T183/
Y185 (9251) from Cell Signaling Technology; GSK-3a/p
Y279/Y216 (44-604) from BioSource; IxkBa S32/S36
(551818) from BD.

MTT assay

Cell viability or growth was measured by the MTT assay.
Cells were seeded in triplicate at 1.8 x 10* per well in
1 mL complete media in 12-well plates and grown at
37 °C for 24 h. Subsequently, 10 ymol/L FLX was added
in the cell media and incubated at the indicated time
points. Day 0 reading was done at the same time as
treatment was added. The MTT assay was carried out as
follows: MTT solution was added at a final concentration
of 0.5 mg/mL and incubated in the dark at 37 °C for
2 h. The reaction was stopped by adding Solubilization
solution (95% DMSQO/5% 1 x PBS), and absorbance
values were determined at 560 nm on the Modulus
microplate reader (Turner Biosystems). All MTT assays
were performed at least two independent times.

Western blotting

Cell lines were seeded in 100 mm dishes at 2.6 x 10°,
followed by treatment with and without fluoxetine
after 24 h. Cells were grown at the indicated FLX
concentration and time points, harvested and lysed in
radio-immmunoprecipitation assay buffer® containing
phosphatase and protease inhibitor cocktails, and
centrifuged at 14000 rpm for 10 min. The resulting
supernatants (whole cell lysates) were assayed via
BCA to determine total protein content and stored at
-80 C until use. Cell lysates were solubilized in reducing
sample buffer, boiled, electrophoresed on Bis-Tris gel
(Life Technologies), and transferred to polyvinylidene
difluoride membranes (Bio-Rad Laboratories) The
membranes were blocked and incubated with primary
antibodies overnight at 4 ‘C, washed 3 x in TBS with
0.1% Tween 20, incubated with horseradish peroxidase-
conjugated secondary antibody, and detected by
enhanced chemiluminescence.

Cell cycle analysis

Cells were seeded at 2.6 x 10° in 100 mm dishes. After
24 h, FLX was added at a final concentration of 10
umol/L. Cells were harvested at indicated time points
after treatment. Briefly, floating cells were retained
and combined with trypsinized cells. Cells were spun
down, washed with 1 x PBS, fixed in ice-cold 70%
ethanol. Propidium iodide (PI) staining was performed
as follows. Briefly, ethanol was removed and the cell
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pellets were resuspended in 1 x PBS containing 15-25 pg
RNase A (Roche) and incubated for 30 min at 37 C. PI
stain (2 mg/mL) was added to each sample at a final
concentration of 100 ug/mL. Cells were sorted on a BD
FACSCalibur using CellQuest software.

Statistical analysis

Data were analyzed with SAS Enterprise Guide 5.1
software (Cary, NC) and represented as the mean
+ standard error. Two-sample t-test was used when
comparing control and treated groups. To identify which
proteins were differentially expressed in cell lines as a
result of FLX treatment, changes in protein levels due
to treatment were evaluated as percentages relative
to control via 1-way ANOVA with Tukey adjustment for
multiple comparison. P-values < 0.05 were considered
statistically significant. Unsupervised hierarchical
clustering analysis of the log 2-transformed proteomic
data was carried out using the Ward method in JMP
v5.1 (SAS Institute). GraphPad Prism 6 (San Diego, CA)
was used to fit curves to concentration-dependent and
time-dependent cell viability (growth) data, and the ICso
values were determined from these generated curves.

RESULTS

Fluoxetine modulates the RTK/Akt/mTOR and RTK/ERK
pathways

While the anti-proliferative and apoptotic effects of FLX
in various malignant cell lines have been demonstrated,
there appears to be no common signaling pathway(s)
modulated by this drug. Given the heterogeneity of
breast cancer, we hypothesized that the mechanism
of action of FLX would be different for each subtype of
breast cell line. Here, we examined the expression levels
of several proteins encompassing the broad growth
factor-mediated signaling and apoptotic pathways by
high-throughput RPPM. We performed RPPM on basal
normal (HMEC-15 and late passage MCF10A), triple-
negative (SUM149PT and DKAT), luminal A (T47D),
luminal B (BT-474 and R-BT474), and HER2+ (Au565)
cell lines. The unsupervised hierarchical clustering
analysis segregated the samples into distinct clusters of
luminal (R-BT474, BT474, Au565, T47D) and basal-like
cell lines (HMEC, MCF10A, SUM149PT, and DKAT) (Figure
S1), which are consistent with the gene expression
analysis of breast cancer cell lines®. There was also
a distinct clustering of the HER2+ cell lines (R-BT474,
BT474, and Au565) as previously described™. In
contrast, there was no clear partitioning of samples into
treatment groups (i.e., control vs FLX).

Next, we determined the effects of 10 umol/L FLX
treatment on protein expression changes across cell
lines by one-way ANOVA. Here, we limit our statistical
analysis to triple-negative SUM149PT, luminal T47D,
HER2+ Au565, and normal late passage (Late)
MCF10A. Given the mixed population of HMEC-15
(i.e., cobblestone vs large, flattened morphology) that
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we encountered during RPPM lysate preparation, Late
MCF10A data were used in our analysis. As Figure 1A
indicates, the FLX-induced changes in protein levels
of Akt S473, p70 S6K T389, and eIF4G S1108 were
significantly different across cell lines after 24 h. These
proteins are components of the RTK/Akt/mTOR pathway,
which plays a vital role in cell proliferation, growth, and
survival.

The Akt S473 levels in SUM149PT consistently
decreased after 24 h and 48 h of FLX treatment, while
the expression in Late MCF10A cells increased (Figure
1). For both T47D and Au565 cells, treatment resulted
in no change in baseline Akt S473 at 24 h, but a small
decrease in protein levels after 48 h. Interestingly,
SUM149PT showed an increase in activated glycogen
synthase kinase 3 (GSK3)o/p Y279/Y216 after 48 h of
treatment. This effect could be explained by a decrease
in activity of Akt, which would otherwise inactivate
GSK3. In contrast, the increased GSK3o/B Y279/Y216
levels in Late MCF10A may be attributed to some other
mechanism, which remains to be determined.

Downstream of Akt are important regulators of
protein synthesis, namely the p70 S6K and eIF4G. In
all cell lines, FLX induced a decrease in both proteins at
24 h, suggesting inhibition of translation (Figure 1A).
Although not statistically significant, the activation of
master regulator of cell growth, mTOR S2448, was
inhibited by FLX in all cell lines, which is consistent with
decreased p70 S6K activity. The translational inhibition
was sustained up to 48 h as evidenced by a decrease in
elF4G S1108 (Figure 1B) as well as p70 S6K T389 by
Western blot (Figure 1C).

To date, only few studies have shown FLX-mediated
inhibition of ERK, and this effect appears to be cell type-
dependent®3!, Here, we showed that after 48 h, FLX
had different effects on ERK1/2 T202/Y204 level of each
breast cell line (Figure 1B). SUM149PT and T47D showed
inhibition of ERK1/2 after 48 h of treatment, while Late
MCF10A and Au565 showed ERK1/2 activation, which
we also confirmed by Western blot (Figure 1C).

Fluoxetine modulates mammary epithelial cell growth

Several groups have shown that FLX treatment can lead
to growth inhibition or death of cancer cells, although
not much is known about its effect on breast cancer
subtypes. We assessed the effect of FLX on cell viability
or growth of the aforementioned cell lines, using various
concentrations at different times. Although MCF10A
originated from the same mastectomy fibrocystic
diseased tissue, several variation of this cell line exist™?.
Initially, we obtained the Late MCF10A cells, which are
spindle in shape (Figure 2A). A lower passaged MCF10A
cells (Early MCF10A) were also obtained, and the
derived epithelial cells have cobblestone morphology. In
comparison to untreated (control) cells, FLX treatment
reduces cell growth in a time-dependent and dose-
dependent manner, with the biggest changes in ICso
occurring between 24 h and 48 h for most cell lines
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(Figure 2B-F). At 48 h, ICso ranges from 6.8-10.7
umol/L across cell lines. In our subsequent analysis
and experiments, we used a fixed dose of 10 umol/L to
assess the mechanism of action of FLX.

In comparison to control cells, the FLX-treated
SUM149PT and Late MCF10A showed a decreased
ability to reduce MTT to formazan crystals, suggesting
significant cell growth inhibition by 48 h (Figure 3,
red and blue solid lines vs red and blue dotted lines).
In contrast, the treated Early MCF10A continued to
grow albeit at a slower rate than control cells (green
dotted vs solid lines) even after 48 h of treatment. The
FLX-treated T47D and Au565 cells also showed cell
growth reduction, which was greater than treated Early
MCF10A (Figure 3, compare black and purple dotted
lines vs green dotted lines). The effects of FLX on T47D
and Au565 over time suggest that the drug is acting as
a cytostatic rather than cytotoxic agent.

Fluoxetine induces autophagy and ER stress in rapidly
dividing cells

In this study, we showed that both rapidly dividing
SUM149PT and Late MCF10A cells are most sensitive
to FLX-induced cell growth inhibition (Figure 3). The
decreased protein synthesis in both cell lines at 24 h of
FLX treatment (Figure 1, p70 S6K and eIF4G) suggests
altered energy metabolism, which can contribute to cell
growth inhibition and even cell death.

Our RPPM data suggested that mTOR activity was
inhibited by FLX by 24 h (Figure 1A). Inhibition of mTOR
is mediated by adenosine monophosphate kinase (AMPK)
during low cellular energy status or stress, which is then
followed by autophagy'>®**. We confirmed by Western
blot that the central metabolic sensor AMPK was
activated in FLX-treated SUM149PT and Late MCF10A
as early as 2 h and up to 24 h, suggesting metabolic
stress in these cells (Figure 4A). Next, we examined
the expression of cleaved microtubule-associated
protein 1 light chain 3 (LC3-1I), which is required for
autophagosome transport and maturation as well as a
well-accepted monitor of autophagy™®.. After 24 h of
FLX treatment, only SUM149PT showed increased level
of LC3-1I (data not shown). By 48 h, the LC3-1I level in
SUM149PT was significantly elevated compared to Late
MCF10A (Figure 4A). Meanwhile, autophagy was not
induced in Early MFCF10A.

Induced cellular stress results in orchestration of
several processes that dictate whether cells live or
die. These processes include autophagy, ER stress,
and apoptosis. The link between these processes has
been elucidated only in the past 9 years. An important
regulator and sensor of ER stress is BiP, which maintains
proper protein folding and helps restore misfolded
proteins®*, In our study, only SUM149PT showed an
apparent increase in BiP following exposure to FLX
(Figure 4B). But UPR was induced in both FLX-treated
SUM149PT and Late MCF10A, as indicated by an
increase in PERK-mediated activation of translation
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Figure 1 Expression levels of proteins along the phosphoinositide 3-kinase/Aktfmammalian target of rapamcyin, mitogen-activated protein kinase/
extracellular signal-regulated kinase, and apoptosis pathways vary by cell lines. Statistically significant and differentially expressed proteins, following (A) 24
h and (B) 48 h treatment of 10 umol/L FLX, were indicated with stars; (C) Expression of few selected proteins across cell lines after 48 h of 10 umol/L fluoxetine
was confirmed by Western blotting. For detection of p70 S6K and ERK1/2 activation, cell extracts were loaded at 100 ug and 30 pg per lane, respectively. MEK:
Mitogen-activated protein kinase; ERK: Extracellular signal-regulated kinase; FLX: Fluoxetine; p70 S6K: p70 S6 Kinase; GSK3: Glycogen synthase kinase 3; elF4G:

Eukaryotic translation initiation factor 4G.

initiation factor elF2a at S51. Activation of elF2a has
been shown to increase NFkB activity as well as inhibit
protein synthesis®>*®!, Both RPPM and Western blot
data indicated an increase in NF«kB activity in SUM149PT
and Late MCF10A after 48 h of FLX treatment (Figure
1B and 4B). The increased elF2a S51 levels in both cell
lines were also consistent with the inhibition of eIF4G-
mediated protein synthesis (Figure 1B). Meanwhile,
the Early MCF10A did not show further increase in BiP,
PERK, elF20 S51, and NFxB p65 S536 (Figure 4C),
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suggesting no appreciable UPR in these normal cells
with FLX treatment.

Although previous study has linked the activation
of NFkB to autophagy through modulation of essential
autophagy gene Beclin-1%", our study did not show
a change in basal Beclin-1 protein levels with FLX treat-
ment (data not shown). This suggests that Beclin-1
expression in mammary epithelial cells is not dependent
on NF«B activation. However, a plausible link between
UPR and autophagy induction in FLX-treated SUM149PT
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is BiP, which has been shown to be necessary in the maturation step of autophagic vesicle (Figure
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Figure 3 Effect of incubation time on microwave theory and techniques
reduction by cell lines in the absence (solid lines) and presence (dotted
lines) of 10 umoliL fluoxetine. Reduction of MTT by viable Late MCF10A
(diamonds), SUM149PT (squares), Early MCF10A (triangles), T47D (circles),
and Au565 cells (crosses) was monitored at absorbance of 570 nm and
normalized to day 0. The ordinate axis on the right represents the absorbance
values for T47D and Au565 cells. MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide.

5), downstream of Beclin-mediated membrane
nucleation®®*?,

Cells undergoing prolonged autophagy and ER stress
eventually succumb to death. Our RPPM data indicated
an increase in pro-apoptotic Bax in Late MCF10A after
24 h of FLX (Figure 1A) as well as activated caspase-7
at 48 h in both SUM149PT and Late MCF10A (Figure
1B), suggesting that both cell lines undergo apoptosis.
We confirmed caspase-7 activity by monitoring PARP
cleavage, which was significant only in SUM149PT after
48 h of FLX treatment (Figure 4C). The lack of cleaved
PARP in treated Late MCF10A does not necessarily
correlate with inactive caspase-7. Rather;, PARP cleavage
site is either modified in this particular cell line or
inaccessible by the antibody used in the Western blot
analysis. Meanwhile, FLX did not induce apoptosis in
Early MCF10A.

During ER stress, calcium released into the cytoplasm
may enter the mitochondria to induce the intrinsic
pathway to apoptosis®™. Few members of the caspase
family have been implicated in ER stress conditions.
ER-resident procaspase-12 is cleaved or activated by
protease calpain in response to calcium release!®,
Another study suggested that translocation of caspase-7
from the cytoplasm to the ER can cleave caspase-12
and mediate cell death™”, In our study, there were no
significant changes in calpain and cleaved caspase-12
levels in any of the cell lines with FLX treatment (Figure
4C). This data suggests that the observed FLX-induced
cell death in SUM149PT and Late MCF10A is mediated
through the mitochondrial apoptotic pathway.

Persistent UPR and autophagy in SUM149PT promotes
apoptosis

To closely determine the effects of FLX treatment in
the aggressive TNBC line SUM149PT, the protein levels
of the aforementioned regulators of ER stress, UPR,
autophagy, and apoptosis were monitored at different
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times by Western blots. As Figure 4D indicated, the
metabolic sensor AMPK was activated as early as 2 h of
FLX treatment. Modest but increased expression levels of
BiP, elF2a S51, and LC3-1I at 24 h indicated concurrent
induction of UPR and autophagy, which were sustained
up to 48 h. As a consequence of excessive ER stress,
cell death mediated by mitochondrial apoptosis ensues.
The increase in caspase-7 activation, as monitored by
PARP cleavage (Figure 4C), coincided with a decrease
in anti-apoptotic Bcl-2 level (Figure 4D). In FLX-treated
SUM149PT, we would expect that the negative regulation
of Beclin by Bcl-2 at the ER surface would be negligible
and further support autophagy induction, given the role
of Beclin in membrane nucleation®,

Although FLX-treated SUM149PT showed UPR at
48 h (Figure 4D), we could not detect levels of CHOP
and GADD34 that are known to promote apoptosis
as a result of prolonged ER stress (data not shown).
The absence of these proteins suggests instability,
as previously shown in mouse embryonic fibroblasts
(MEFs) that have been treated with classical inducers of
ER stress, such as thapsigargin (TG) and tunicamycin
(TM)“Y, In this study, Rutkowski et al*!! demonstrated
that CHOP was rapidly degraded with a half-life of 4 h or
less, while BiP expression was robust with a half-life of
about 48 h. Lack of CHOP expression in the time points
tested in our study was not surprising. Given the high
dose of FLX (10 pmol/L) used in SUM149PT compared
to the low dose of TG (2.5 nmol/L) or TM (30 nmol/L) in
MEFs suggests that FLX is a less potent inducer of UPR
than either TG or TM. Comparison of CHOP and GADD34
protein levels in an in vivo model treated with either
classical UPR inducers or FLX will be an important future
direction of this study.

Fluoxetine affects cell cycle progression

Cells that undergo UPR are subjected to global translation
repression and cell cycle arrest*?, To determine which
phase of the cell cycle is modulated by 10 pmol/L FLX
treatment, we performed FACS analysis on cells that
undergo significant UPR and apoptosis. T47D cells were
used for comparison, given the cytostatic (vs cytotoxic)
effect of FLX in this cell line (Figure 3). As Table 1
indicates, the proportion of SUM149PT and Late MCF10A
cells entering the DNA synthesis (S) and mitosis (G2/
M) phase decreased significantly with time, along with
an increase in the growth (G1) phase. Meanwhile, FLX
treatment in T47D did not change any phase of the cell
cycle. Together, these results suggest that FLX-induced
UPR in SUM149PT and Late MCF10A is associated with
G1 arrest, which is consistent with previous studies
that described the effect of FLX in colon (HT29), breast
(MDA-MB-231), and cervical (SiHa) cancer cell lines™***,

DISCUSSION

In the present study, we showed that the treatment of
TNBC line SUM149PT with antidepressant fluoxetine
induces autophagy (Figure 4A) with concomitant
decrease in cell growth (Figures 2 and 3). The activation
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Figure 4 Key proteins along the autophagy, unfolded protein response, and apoptosis pathways were examined across cell lines after 10 pmol/L
fluoxetine treatment at various times. A, D: Critical effector of autophagy, AMPK, was activated after 2 h and 24 h of treatment in SUM149PT. Autophagy in cell
lines was detected by the presence of cleaved LC3 (LC3-1I) bands; B, C: The balance, level, and duration of ER stress sensors (B) and effectors of UPR (C) may
ultimately dictate whether a cell lives or dies; D: Protein levels were monitored for up to 48 h in SUM149PT after fluoxetine treatment, showing concurrent induction
of UPR and autophagy by 24 h. Blots shown were representative of at least 3 different experiments. The amounts of total cell extracts loaded for each cell line were
indicated in the bottom panels in (A) for cleaved LC3 detection, while total loading in all cell lines for AMPKo. detection was 100 pg. In panels B, C, and D, the amount
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of AMPK, but a decrease in Akt and ERK activation, are did not induce autophagy (Figure 4A) but reduced
likely to contribute to FLX-mediated cytotoxic autophagy cell growth in Early MCF10A (Figure 2) at a smaller
in this cell line as early as 24 h (Figures 1, 2, and 4A). proportion (40.1%) compared to Late MCF10A (81.3%)
In contrast, the autophagy in Late MCF10A after 48 h and SUM149PT (68.2%).This result is consistent with
of treatment may be dependent on ERK activation as chemical-induced autophagy that is selective for only
previously reported for breast cell linest***!, However, transformed mammary epithelial cells™. In preliminary
unlike those cells with survival advantage, Late MCF10A testing of another TNBC line, MDA-MB-231, we found
growth was significantly inhibited. Whether or not this that the FLX-induced cytotoxicity in these cells was also
growth inhibition is due to nuclear translocation of ERK associated with autophagy induction (data not shown).
to promote p53 upregulation and subsequent apoptosis, To our knowledge, this study is the first report of FLX-

as has been suggested in some models*”, remains to induced autophagy that results in significant growth
be determined. inhibition of aggressive TNBC line.
Both SUM149PT and Late MCF10A are rapidly In addition, the observed FLX-induced autophagy

dividing cells (Figure 3) and have increased metabolic may be the result of ER stress and subsequent induction
demands. The FLX-induced decrease in protein synthesis of UPR, consisting of PERK-dependent phosphorylation of
mediated by p70 S6K or eIF4G is likely to contribute to elF2a (Figure 4B), which can lead to translation inhibition
metabolic stress, thereby promoting autophagy in these  of IxkBa and subsequently NF«B activation™>®, Our RPPM
cells. Given that the spindle-shaped Late MCF10A used data indicated residual IKK activity, as measured by
in our study may have undergone some biochemical IxBa. S32/S36, even after 48 h of FLX treatment (data
and/or genetic changes due to continual passaging, not shown), which promotes proteasomal-mediated
we acquired a different MCF10A line that has not been degradation of IxBa, followed by NFxB translocation
passaged extensively and shows normal cobblestone to the nucleus and subsequent activation. The FLX-
morphology (i.e., Early MCF10A). The 48 h FLX treatment induced NFkB activation in SUM149PT (Figure 1B),
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as determined by post hoc analysis of ANOVA, was
significant compared to slowly dividing T47D and Au565
cells (P < 0.05), but comparable to Late MCF10A (P >
0.05). The elevated NF«B activation during ER stress
is expected to increase selective transcription of stress
response genes'™. The identities of those genes in our
preclinical study have yet to be determined.

The cytotoxic effect of FLX in SUM149PT and Late
MCF10A is associated with cell cycle arrest at the G1
phase as early as 24 h (Table 1). This is consistent with
the inhibition of global protein translation as a result
of ER stress. In an attempt to mitigate such stress,
autophagy is induced in rapidly dividing SUM149PT
and Late MCF10A. When each cell’s basal metabolic
machinery could no longer be maintained for survival,
cell death ensues. In our study, prolonged stress and
sustained autophagy leads to activation of caspase-7
(Figures 1B and 4C), which has been shown in previous
studies to be an effector of ER stress-induced cell
death™. As suggested by others®****! we cannot
rule out that the Ca** release from the ER during UPR
may promote apoptosis, perhaps through activation of
a different calpain isoform and subsequent proteolytic
processing of a caspase other than caspase-12.
Moreover, ER-localized Bcl-2 has been shown to regulate
the amount of Ca®* released from the ER to cytosol
during stress™®., In SUM149PT, the decreased Bdl-2 after
48 h of FLX treatment further supports the activation
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of apoptosis (Figure 4). Taken together, our study
suggests that the FLX-induced UPR and autophagy in
rapidly dividing SUM149PT and Late MCF10A promotes
apoptosis, thus showing the intricate crosstalk between
ER and mitochondria. Despite the network complexity,
observations reported by us and others provide further
evidence how individual components of UPR, autophagy,
and apoptosis coordinately regulate cell fate (Figure 5).
In regards to FLX-induced UPR in SUM149PT after 48 h,
we hypothesized that activation of NFKB may promote
transcription of apoptotic genes (i.e., Bax) over cell
survival genes (i.e., Bcl-2), thereby favoring cell death
through the mitochondrial pathway.

There are several limitations in the present study
that precluded us from making general conclusions
about the effects of FLX in molecular subtypes of
breast cancer. First, each cell type has innate adaptive
response to ER and metabolic stress. The extent
to which cells will either adapt to stress or die will
depend on (1) the genetic/biochemical makeup that
dictates proper cellular response, (2) time of exposure
to external and/or internal stress stimuli, and (3)
the delicate balance between cell survival or death
promoting genes. Second, the extent of cytotoxic
response in basal-like SUM149PT may not be similar
to other subtypes of TNBC that have been recently
described™. Third, comparison of cytotoxic profiles
between FLX and classical inducers of ER stress was
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1 Proportion of cells in each cycle phase in the absence and presence of fluoxetine

SUM149PT Control  SUM149PT 10 pmol/L  Late MCF10A Late MCF10A T47D T47D
FLX Control 10 pmol/L FLX Control 10 pmol/L FLX

24h
Sub G 1.1 1.72 0.66 1.772 1.86 1.63
(0.34)! (0.55) (0.13) (0.2) (0.26) (0.18)
G1 39.6 62.417 60.26 79.89° 56.03 59.21
(0.74) (1.02) (1.59) (0.71) (2.05) (0.55)
S 34.64 20.18 23.78 10.75° 21.14 18.26
(1.28) (1.11) (1.16) (0.43) (1.12) (1.45)
G2/M 25.26 16.12° 15.8 7.86° 21.44 21.39
(0.79) (0.3) (0.65) (0.13) (0.98) (1.32)

48 h
Sub G 1.91 6.67 0.41 10.26 1.7 2.66
(0.42) (2.47) (0.05) (0.52) (0.32) (0.39)
G1 46.79 67.73° 65.48 79.77 57.52 62.35
(1.94) (1.16) (0.93) (1.3) (2.01) (1.31)
S 29.69 14.01° 22.24 6.59° 2233 18.07
(2.79) (0.84) (0.6) (0.72) (1.54) (1.19)
G2/M 22.24 11.90 12.31 3.58° 18.95 17.32
(1.08) (2.64) (0.43) (0.13) (0.24) (0.29)

"Numbers in parentheses represent standard errors; *P-value < 0.05 compared to matching control; *P-value < 0.001 compared to matching control; FLX:

Fluoxetine.

not performed in the present study. Xenograft models
of SUM149PT and another TNBC subtype will be an
important follow-up in vivo study to obtain important
insights to the mechanism of action of FLX and potent
ER stress inducer, thapsigargin.

In summary, our study demonstrated the complex
actions of FDA-approved drug in malignant mammary
epithelial TNBC cells that go beyond the inhibition of
selective serotonin re-uptake. In addition to its utility
for treating clinical depression, FLX has been used to
improve quality of life in cancer patients®. Recently,
FLX has been shown to reverse the multidrug resistance
in cancer cells, enhancing the apoptotic effects of
chemotherapeutics'®. Here, we employed high-
throughput RPPM to monitor FLX-induced changes in the
expression of proteins encompassing the RTK/Akt/mTOR,
MEK/ERK, and apoptotic pathways to complement our
functional data. Our data analysis pointed to few proteins
that play a role in cellular homeostasis and stress res-
ponse. These proteins are components of the highly
integrated autophagy, UPR, and apoptosis in response
to ER and metabolic stress. The apparent sensitivity
of TNBC SUM149PT to stress-mediated apoptosis has
important clinical implications, given the aggressive
biology of the inflammatory breast tumor that the cell
line was originally derived and frequency of therapeutic
resistance. Currently, a multi-modal approach (systemic
chemotherapy, surgery, and radiation) is used to treat
inflammatory breast cancer. Given the safety profile!*?,
potential as a chemosensitizer’®®, and induction of ER
stress-mediated apoptosis (Figure 5), FLX may provide
additional benefit to current treatment modality for
inflammatory TNBC. The anti-proliferative effect of FLX
alone and in combination with chemotherapeutic will
have to be tested in an in vivo model of TNBC in the near
future.
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COMMENTS

Background

The ability of widely prescribed antidepressant fluoxetine to induce cell death or
chemosensitize cancer cells has been described previously, but the mechanism
of action is not well understood and appears to be cell type-dependent. While
the inhibition of extracellular signal regulated kinase pathway and cell cycle
progression has been proposed in two different breast cancer cell lines, the
comparative studies did not employ non-transformed breast epithelial cells
as additional control. Thus, information regarding the selectivity of fluoxetine-
induced growth inhibition in molecular subtypes of breast cancer and normal
breast cells is lacking.

Research frontiers

Given the heterogeneity of breast cancers, including the aggressive triple
negative breast cancer subtypes, efforts to identify targets of therapeutic
intervention are greatly needed to improve clinical outcome and survival of
women diagnosed with such phenotype.

Innovations and breakthroughs

The authors’ study is the first to describe the selective cytotoxicity of fluoxetine
for basal-like inflammatory triple negative breast cancer (TNBC) cells over
non-transformed mammary epithelial cells that involves the unfolded protein
response and autophagy pathways.

Applications

Inflammatory breast cancers have a high likelihood of residual disease and
recurrence. The ability of fluoxetine to promote unfolded protein response,
autophagy, and subsequent death in our preclinical model of inflammatory
breast cancer may not only alleviate psychological stress but also potentially
reverse therapeutic resistance. The utility of FLX as a potential adjuvant to
treatment regimen of inflammatory breast cancer will have to be evaluated in
zenograft models of TNBC.
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Terminology

Unfolded protein response (UPR) and autophagy are both physiological
responses to oxidative and metabolic stress with the goal of restoring balance in
correctly folded proteins and energy sources, respectively. However, prolonged
cellular stress can lead to apoptosis. Because UPR and autophagy promote
survival and death outcomes, mechanistic insights to their inter-dependent
functions may lead to development of new treatment strategies against many
diseases where both processes have been implicated.

Peer-review
The paper is good, it has accomplished with many different cell lines.
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