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Fluoxetine, one of the latest clinical antidepressants, is reported to have the anti-
proliferative effect on cancer cells via immune-related pathways. However, the
mechanism is still not known. This study mainly focused on the discovery of the
molecular basis of the inhibitory effect of fluoxetine in lung cancer. The specific anti-
proliferation effect and autophagy induced by fluoxetine on lung cancer cell were shown in
CCK8 and immunofluorescence. The RNA sequence hinted that the endoplasmic
reticulum (ER) stress-related protein and mTOR pathway were enriched after fluoxetine
treatment. Western blot results revealed that the ER stress pathway was activated by
fluoxetine, including PERK, ATF4, and CHOP, while the AKT/mTOR pathway was
inhibited. In addition, the transfection of ATF4 siRNA further discovered that ER stress
participated in the inhibition of AKT/mTOR pathway and the induction of anti-proliferation
and autophagy in the fluoxetine-treated cells. More importantly, fluoxetine was
demonstrated to play cytotoxic activity in cancer cells without affecting normal cells.
Our results showed that fluoxetine triggered the ATF4-AKT-mTOR signaling pathway to
induce cell cycle arrest and autophagy restraining cancer cells’ growth in lung cancer. This
study found fluoxetine unaffected the proliferation of normal lung epithelial cells, providing
safe clinical therapeutic strategies for lung cancer patients with depression.
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INTRODUCTION

Lung cancer is a highly prevalent cancer worldwide with severe lethality, accounting for 30% of
cancer-related death in China (Chen et al., 2016). Cancer patients suffer a high probability of getting
depression, whose incidence is approximately 15% (Mitchell et al., 2011). To make the situation
worse, the prevalence of depression in lung cancer, ranging from 16 to 29% (Hopwood and Stephens,
2000; Walker et al., 2006), is larger than the average of other cancers. The status of cancer will
influence the process of depression and be influenced by the depression in turn. Specifically, long-
lasting suffering and unhelpful effectiveness of anticancer treatment will boost depression and
eventually speed up patients’ death (Akechi et al., 2008). Meanwhile, the influence of depression is
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multifaceted. Depression in cancer will accelerate the
dysfunctional activation of the hypothalamic-pituitary axis;
oxidative stress and inflammation; and a weakened
immunosurveillance (Bortolato et al., 2017). Thus,
therapeutical approaches that can simultaneously treat cancer
and depression are valuable in clinic.

Antidepressants are widely used to cure depression. In the
recent years, the tricycle antidepressants (TCA) were replaced by
the newer generation antidepressants, because of the serious side
effects. Fluoxetine, a selective serotonin reuptake inhibitor (SSRI),
is one of the latest clinical antidepressants (Ginsburg, 2008).
Reports demonstrated that fluoxetine also had an inhibitory effect
on cancer progression in ovarian cancer (Lee et al., 2010), colon
cancer, and breast cancer (Stepulak et al., 2008). However, in lung
cancer the role that fluoxetine plays in cell death is still
ambiguous.

The endoplasmic reticulum (ER) is an organelle that involves
protein folding, calcium storage, and biosynthesis (Janssens et al.,
2014). ER has a robust homeostasis system, but various factors
can still destroy the balance, such as radiotherapy and
chemotherapy. Under the stressed condition, the accumulation
of misfolded or unfolded protein exceeds the ER protein folding
capacity threshold, which will trigger ER stress (Bettigole and
Glimcher, 2015). The ER stress can activate the HSP70-type BiP/
GRP78, which dissociates from luminal domains to activate three
related sensors (Bertolotti et al., 2000). PKR-like ER kinase
(PERK), inositol-requiring enzyme 1α (IRE1α), and activating
transcription factor 6α (ATF6α) are the main intraluminal ER
proteins, and the activation of these proteins can trigger Unfolded
Protein Responses (UPR) to maintain the homeostasis of ER
(Bettigole and Glimcher, 2015). The role of ER stress is dual,
either triggering cell death or cell survival, depending on the stress
conditions and cell types (Jang et al., 2015; Shen et al., 2015).
When the activation of UPR fails to cope with unfolded proteins
to remain ER stability, it will trigger cell apoptosis, and in
different malignancies, it can also cause autophagy to re-use
the organelles (Lin et al., 2019). Accumulating evidences
suggested that both ER stress and UPR are related to
pathological processes, like cancer and depression (Lebovitz
et al., 2015).

Here, we explore the anti-tumor potential of fluoxetine in lung
cancer cells in vitro. We find that fluoxetine exerts an inhibitory
role on cancer cells growth by inducing cell cycle arrest and
autophagy without influencing normal cells. In addition, the ER
stress-related pathway is involved in the anticancer treatment of
fluoxetine. These results provide a new strategy of fluoxetine in
the treatment of lung cancer patients with depression.

METHODS AND MATERIALS

Cell Culture and Reagents
Paroxetine, fluoxetine, 3-MA, CQ were purchased by Sigma-
Aldrich (Shanghai, China). The human lung cancer cell lines
(H460 and A549) and normal lung epithelial cell (BEAS-2B) were
supplied by Cell Bank (Shanghai, China). The human hepatoma
cell line (Huh7) and normal liver cell line (L02) were gifted by

Prof. Duo-Jiao Wu (Zhongshan Hospital, Shanghai, China).
Primary antibody including p21 (2947), p27 (3686), CDK2
(18048), p62 (5114), LC3 (12741), PERK (5683), BIP (3177),
ATF4 (11815), CHOP (2895), p-AKT (4060), AKT (9272),
p-mTOR (2974), mTOR (2972), p-p70S6K (9234), p70S6K
(97596), β-actin (3700), and GAPDH (5174) were bought
from Cell Signaling Technology (Danvers, MA, United States).
The cells were cultured in complete RPMI-1640 medium (Sigma,
Louis, Missouri, United States) with 10% fetal bovine serum
(FBS) (Biological Industries, Israel) at 37°C under 5% CO2.

Cell Counting Kit-8 Assay
The cells were seeded in the 96-well plates (5000 cells/well). After
24 h of incubation, the cells were treated with fluoxetine for 24 h.
Then, add 10ul/well CCK8 solution (Do jindo, Laboratories,
Kumamoto, Japan) after changing the medium to FBS-free
RPMI-1640 in the dark room. The cells were incubated at
37°C for 1 h. The OD value was gathered at 450 nm.

Analysis of Cell Cycle
The cells were seeded in the 6-well plates (20 × 104 cells/well).
After 24 h of incubation, the cells were treated with the
corresponding concentration of a drug. After 24 h, the cells
were trypsinized and washed with PBS, and then, the cells
were suspended with 70% ethyl alcohol at −20°C. The next
day, the cells were stained with PI/RNase Staining Buffer (BD
Bioscience) for 15 min after discarding the ethyl alcohol. Flow
cytometer (Beckman Coulter) and ModFit LT 5.0 software were
used to collect and analyze the results, respectively.

Analysis of Cell Apoptosis
The cells were seeded in the 6-well plates (20 × 104 cells/well).
After 24 h of incubation, the cells were treated with the
corresponding concentration of a drug. After 24 h, the cells
were digested with EDTA-free trypsin and washed with
Binding Buffer, and then, the cells were incubated with PI-
FITC antibody (BD Biosciences) following the manufacturer’s
instructions for 15 min. Flow cytometer (Beckman Coulter) was
used to collect and analyze the results.

Immunofluorescence
The cells were seeded in the 96-well plates (5000 cells/well). After
24 h of incubation, the cells were treated with the corresponding
concentration of the drug for the next 24 h. After discarding the
solution, the cells were fixed with 4% paraformaldehyde, then, the
cells were permeabilized with 0.1% Triton X-100 and blocked
with 5% BSA. The cells were incubated with LC3 antibody at 4°C
overnight. On the next day, the cells were incubated with
fluorophore-labeled secondary antibody for 1 h and washed
with PBST, DAPI was used to stain the nucleus before
observation. All of these steps were produced under dark
condition.

RNA-Sequencing Experiment
The cells were seeded in the 6-well plates (20 × 104 cells/well).
After 24 h of incubation, the cells were treated with the
corresponding concentration of the drug for the next 24 h.
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After trypsining and washing, the total RNA was extracted from
cells using TRIzol (Invitrogen). Library construction and
sequencing were performed by HaploX Genomics Center
(Jiangxi, China). The Cluster Analysis was processed with edge
R (version 3.20.9) following manufacturer’s instructions. The
libraries were sequenced on an Illumina PE150 platform and
paired-end reads were generated. The Volcano Plot was achieved
by DESeq2 (version 1.18.1). The analysis of Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway was performed by the
cluster Profiler (version 4.0.1).

Small Interfering RNA Experiment
The siRNA sequences against ATF4 were synthesized by Gima
Company: ATF4-siRNA, 5′-TCCCTCAGTGCATAAAGGA-3′.
NC-siRNA, 5′- UUCUCCGAACGUGUCACG A-3′.
Transfecting cells with 5ul siRNA plasmid using 8 ul
X-tremeGENE, based on the manufacturer’s instruction, and
treating cells with the mentioned drugs after transfection.

Western Blot
The cells were extracted with a mixture of SDS and PMSF. The
protein samples were measured with a BCA assay kit
(ThermoFisher, United States). Then, SDS-PAGE gel was used
to distinguish the protein, PVDF membrane to transfer protein,
and 5% milk to block protein. After that, the membrane was
trimmed according to the marker and incubated with
corresponding primary antibodies at 4°C overnight. On the
next day, the membrane was washed with TBST and
incubated with a secondary antibody. ECL (Millipore, Billerica,
MA) was applied to detect the band which was needed.

Statistical Analysis
Statistical differences between the compared groups were
determined by one-way ANOVA analysis and Tukey’s test in
GraphPad Prism 7.0. Transcriptome data together with clinical
characteristics were downloaded from TCGA database and
processed with R version 4.0.1. Independent t-tests were used
to assess the difference of gene expression between tumor tissues
and adjacent normal tissues. Kaplan–Meier curve and log-rank
test were usually performed to analyze the survival probability
between groups based on differences in gene expression. All
values were expressed as mean ± SD. p values <0.05 indicate
statistically significant.

RESULTS

The Comparison of Anti-Proliferative Effect
Between Paroxetine and Fluoxetine in
Multiple Cell Lines
To explore the beneficial therapeutic strategies for cancer patients
with depression, we used antidepressants as a breakthrough to
evaluate the therapeutic potential of different drugs. The anti-
proliferative activities of paroxetine and fluoxetine inmultiple cell
types were assessed by CCK8. For NSCLC (non–small cell lung
cancer) cell lines (H460 and A549), the results showed that both

paroxetine and fluoxetine inhibited the cell viability in a
concentration-dependent way (Figures 1A, B, F, G). Then, we
compared the cytotoxicity of drugs in the human hepatoma cell
line (Huh7). The data showed that paroxetine inhibited the
growth of Huh7, while fluoxetine had a slightly inhibitory
effect (Figures 1D, I). The results of normal lung epithelial
cells (BEAS-2B) and normal liver cell line (L02) indicated that
paroxetine had a greater effect on normal cells than fluoxetine
(Figures 1C, E, H, J). Based on these data, we thought that the
protective effect of fluoxetine on normal cells made it safer in
clinical therapies, although the inhibitory effect of fluoxetine on
tumor cells was not as significant as that of paroxetine, so we
chose fluoxetine for further study.

Fluoxetine Induced Apoptosis and Arrested
Cell Cycle at G0/G1
To clarify the inhibitory mechanism of fluoxetine, we then
focused on the cell apoptosis and cell cycle. Flow cytometry
was used to evaluate the percentage of apoptosis and the
distribution of the cell cycle. Firstly, we found that fluoxetine
could induce apoptosis (Figure 2A). The results of flow
cytometry showed that an increase in the percentage of
apoptotic cells after fluoxetine treatment (Figure 2B). Then,
we observed that the percentage of the G0/G1 phase was
increased with the drug concentration, these results indicated
that fluoxetine could arrest the cell cycle in G0/G1 phase, and this
ability was in a concentration-dependent manner (Figure 2C).
Meanwhile, we used western blot to evaluate the expression of
cyclin-dependent kinases (CDKs) and p21, p27, the proteins
related to the G1 phase. CDKs are the main regulator of the
cell cycle, and CDK2 is an essential kinase for the G1/S transition
(Du et al., 2016). p21 and p27 are well-known inhibitors of CDK2
(Levkau et al., 1998), which can cause cell cycle arrest at the G0/
G1 phase. Our research found that fluoxetine could increase the
expression of p21 and p27 and decrease CDK2 in a dose-
dependent manner both in the H460 cells and A549 cells
(Figure 2D). These results were consistent with the flow
cytometry analysis. Therefore, we speculated that fluoxetine
might arrest the cell cycle. Altogether, the fluoxetine induced
inhibitory influence on cell proliferation was demonstrated from
these results.

Fluoxetine Induced Autophagy
Then, we shone a light on autophagy to discover the underlying
mechanism of fluoxetine in regressing cell proliferation.
Immunofluorescence was used to observe the autophagosome.
We found that the intensity of the fluorescence increased with the
drug concentration. The same phenomena could be detected in
A549 cells as well (Figure 3A). Then, the western blot was used to
measure the expression of autophagy-related proteins. p62 and
LC3 are the two markers of autophagy; therefore, these proteins
can represent autophagy to some extent. We found that as the
drug concentration increased, the expression of p62 and LC3B
continued to increase, while the level of LC3A decreased
(Figure 3B). Another obvious phenomenon that could be
observed was that the induction of autophagy flux gradually
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became more significant over time. Compared with control
group, the level of LC3B changed from 3 h and gradually
became obvious, reaching the maximum at 24 h (Figures 3C,
D). Therefore, we thought autophagy could be induced by
fluoxetine in a dose-dependent and time-dependent fashion.

3-methyladenine (3-MA) and chloroquine (CQ) are the well-
known inhibitors of autophagy, which can prevent the formation
of autophagy. Therefore, we used 3-MA and CQ to further
investigate the function of fluoxetine to autophagy. The image
of immunofluorescence showed that the treatment of CQ did
produce the autophagic flux, and when combined with fluoxetine,
the phenomenon was more obvious. In contrast, using 3-MA for
24 h led to decreased fluoxetine-induced LC3B formation
(Figure 4A). Then, we applied western blot to further confirm
this result. The data demonstrated that fluoxetine or CQ alone
increased the expression of LC3B and p62, and the co-treatment

of fluoxetine and CQ could produce higher expression. When
using 3-MA, the expression of LC3B and p62 were low. Both
effects occurred on H460 and A549 cells (Figure 4B). These
results confirmed that fluoxetine had a role in the induction of
autophagy.

Fluoxetine had a ConnectionWith ER Stress
and the mTOR Signaling Pathway
In order to investigate the specific mechanism of fluoxetine, we
chose H460 cells that were more sensitive to the drug. RNA
sequencing (RNA-seq) was used to study the transcriptome of
cells treated with fluoxetine and analyze the difference with
control treatment. In this result, 166 differentially expressed
genes (p < 0.05, fold change ≥2) were identified, of which 12
genes were downregulated, and 154 genes were upregulated

FIGURE 1 |Comparison of paroxetine and fluoxetine for anti-proliferation effect in multiple cell lines. (A–E) Lung cancer cells (H460 and A549), normal lung epithelial
cells (BEAS-2B), human hepatoma cell line (Huh7), and normal liver cell line (L02) were treated with paroxetine (0, 5, 10, 20, 30, and 40 μM) for 24 h. CCK8 was used to
measure cell viability. (F–J) H460, A549, BEAS-2B, Huh7, L02 cells were treated with fluoxetine (0, 5, 10, 20, 30, and 40 μM) for 24 h, CCK8 was used to measure cell
viability. Data are presented as mean ± SD; *p < 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 2 | Fluoxetine arrested cell cycle at G0/G1. (A) Cells were treated with fluoxetine (0–40 μM) for 24 h, performed PI/FITC staining, and analyzed with flow
cytometry. (B) Percentage of apoptosis cells was analyzed. (C) Distribution of the cell cycle was analyzed by ModFit LT 5.0 software and the result of the Western blot of
CDK2, p27, and p21. The images were collected from different parts of the same gel. (D) Quantitative analysis of optical band densitometry. Data are presented as
mean ± SD; *p < 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 3 | Fluoxetine induced autophagy in a dose and time-dependent way (A) Cells were treated with fluoxetine (0–40 μM) for 24 h. Immunofluorescence of
LC3 (green) and nuclear (blue) were used to observe autophagy. Scale bars were 50 μm. (B) The Western blot result of p62 and LC3. Cells were treated with fluoxetine
(0–40 μM) for 24 h. The images were collected from different parts of the same gel. (C)Western blot result of LC3 in control and fluoxetine groups. Cells were treated with
fluoxetine (20 μM) for 3, 6, 12, and 24 h. The images were collected from different parts of the same gel. (D)Quantitative analysis of optical band densitometry. Data
are presented as mean ± SD; *p < 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 4 | Fluoxetine induced autophagy in a dose and time-dependent way (A) immunofluorescence of LC3 (green) and DAPI (blue) was used to observe the
autophagy. Cells were treated with 20 μM fluoxetine (F), 1 mM 3-MA, 40 μMCQ, the combination of fluoxetine plus rapamycin, and fluoxetine plus chloroquine for 24 h.
Scale bars 50 μm. (B) Result of the Western blot of LC3 and p62. The treatment of drugs was used as described previously. Quantitative analysis of optical band
densitometry was conducted. Data are presented as mean ± SD; *p < 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 5 | Fluoxetine had a connection with ER stress and mTOR signaling pathway. (A) Autophagy-related genes were analyzed in a gene set. (B) Top 8
enriched KEGG pathways. (C)Western blot was used to analyze the expression ER stress related proteins, including BIP, PERK, ATF4, and CHOP. The images were
collected from different parts of the same gel. (D)Western blot was used to analyze the expression of p-AKT, AKT, p-mTOR,mTOR, p-p70s6k, and p70s6k. The images
were collected from different parts of the same gel. Data are presented as mean ± SD; *p < 0.05, **p < 0.01, ***p < 0.001.
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(Supplementary Figure S1). We further analyzed the autophagy-
related genes in the gene pool, and four genes proved to be
significantly different. Interestingly, we found DDIT3, also
known as C/EBP homologous protein (CHOP), was
upregulated after fluoxetine treatment (Figure 5A). CHOP is a
characteristic biomarker of ER stress (Senft and Ronai, 2015). A
plethora of studies has been conducted to investigate the
relationship between ER stress and autophagy (Song et al.,

2018). Taking these into consideration, we wanted to explore
the connection between autophagy and ER stress after fluoxetine
treatment. Western blot was used to detect the ER stress-related
markers. BIP expression was detected firstly, and it was found
that fluoxetine induced an up-regulation of BIP levels. The
activation of BIP can trigger the downstream sensors and the
PERK pathway involved in autophagy is one of these sensors
(Kouroku et al., 2007). The result of western blot showed that

FIGURE 6 | AKT/mTOR signaling pathway was regulated through ATF4 in fluoxetine treatment. (A,D) Expression of ATF4 in normal and tumor tissues was
detected in the TCGA database. The blue spots on the left were the normal group, and the red spots on the right were the tumor group. [(B,C), (E,F)] Survival analysis
comparing high to low expression of ATF4 in lung cancer. (G) Expression of PERK, p-AKT/AKT and p-mTOR/mTOR in lung cancer cells transfected with ATF4 siRNA for
48 h followed by exposure to fluoxetine (20 μM) for another 24 h was tested by Western blot. The images were collected from different parts of the same gel. Data
are presented as mean ± SD; *p < 0.05, **p < 0.01, ***p < 0.001.
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fluoxetine increased the content of PERK, activating transcription
factor 4 (ATF4), and CHOP in a dose-dependent way
(Figure 5C). All these results indicate that fluoxetine had a
close relationship with ER stress.

The analysis of the KEGG showed that the genes were
enriched in 8 pathways which included biosynthesis,
metabolism, mechanistic target of rapamycin kinase (mTOR)
signaling pathway, lysosome, and AMPK signaling pathway
(Figure 5B). AKT serine/threonine kinase (AKT)/mTOR
signaling pathway has been proved to play a critical role in
regulating the process of autophagy (Heras-Sandoval et al.,
2014). Hence, we detected the expression of AKT and mTOR.
In our results, the fluoxetine could down-regulate the p-AKT/
AKT, p-mTOR/mTOR, and p-p70s6k/p70s6k in a dose-
dependent way (Figure 5D). Based on these results, we
thought that the ER stress and AKT/mTOR signaling pathway
might play a significant role in fluoxetine-treated cells.

AKT/mTOR Signaling Pathway was
Regulated Through ATF4 in Fluoxetine
Treatment
A recent study has demonstrated that ER stress can regulate the
mTOR signaling pathway to exert anti-cancer effect (Yao et al.,
2020). Thus, we further investigated the regulation of ER stress
and AKT/mTOR signaling pathway induced by fluoxetine. The
role of CHOP and ATF4 were identified first. The bioinformatic
analysis showed that ATF4 had a higher expression in the tissues
of patients with lung squamous cell carcinoma (LUSC) and lung
adenocarcinoma (LUAD) (Figures 6A, D), and the higher
expression of ATF4 was significantly related to longer overall
survival (OS) and disease-specific survival (DSS) of NSCLC
patients (Figures 6B, C, E, F). The role of CHOP in
expression and prognosis is not obvious (data not shown).
Therefore, we chose ATF4 for further experimental validation.
To clarify whether the downregulation of AKT/mTOR signaling
pathway was induced by ATF4, the cells were transfected with
ATF4 siRNA and the western blot was used to examine the
efficiency of siRNA (Supplementary Figure S2). We then
investigated whether fluoxetine-mediated inhibition of AKT/
mTOR occurred through increased ATF4. The cells were
transfected with ATF4 siRNA, and levels of PERK and
p-AKT/AKT and p-mTOR/mTOR were assessed after
fluoxetine treatment. Compared with NC-siRNA, the
expression of p-AKT/AKT and p-mTOR/mTOR recovered in
ATF4-knockdown cells, and the expression was reduced after
fluoxetine treatment. The expression of PERK was unchanged
with transfected with ATF4 siRNA. (Figure 6G).

The Fluoxetine-Induced Anticancer Effect
Through the ATF4-AKT-mTOR Signaling
Pathway
To analyze whether the fluoxetine induced anticancer effect
through the ATF4-AKT-mTOR signaling pathway, cell
proliferation, apoptosis, cell cycle, and autophagy were
measured after ATF4 siRNA treatment. The CCK8 assay

showed that the cell viability recovered after ATF4 knockdown
(Figure 7A). The analysis of cell cycle results found that the
proportion of G0/G1 phase and the expression of G0/G1 related
proteins were reduced after ATF4 knockdown (Figures 7B, C, E).
Moreover, the results of immunofluorescence and protein level of
LC3B further confirmed that the treatment with ATF4 siRNA
decreased the induction of autophagy after fluoxetine treatment
(Figures 7D, E). All these data indicated that the ATF4-AKT-
mTOR signaling pathway exerted a significant role in the
fluoxetine-induced anticancer effect. Surprisingly, the results of
apoptosis showed that the percentage of apoptosis after ATF4
knockdown were not statistically significant. This phenomenon
means that fluoxetine induced apoptosis might not be through
ATF4-AKT-mTOR signaling pathway (Supplementary
Figure S3).

Fluoxetine Exerted Anti-Tumor Effects
While Not Damaging Normal Cells
The previous result showed that fluoxetine had no inhibitory
effect on normal lung epithelial cells. To confirm this result
further, we used flow cytometry and immunofluorescence to
analyze. The results demonstrated that fluoxetine was unacted
on the cell cycle and autophagy (Figures 8A–C). Western blot
also revealed that the protein levels of cell cycle and autophagy
were slightly changed after fluoxetine treatment (Figures 8D, E).

DISCUSSION

Depression is frequently found in the cancer patients, with higher
prevalence than general population (Bortolato et al., 2017).
Antidepressants are the common drugs to cure depression and
also have the anticancer effect (Hsu et al., 2020). However,
different antidepressants may have different impact on tumors.
In our research, we discovered that fluoxetine inhibited the cell
proliferation and induced autophagy of lung cancer cells H460
and A549 cells. Compared with paroxetine, we found that
fluoxetine specifically inhibited the proliferation of H460 and
A549 cells without influencing liver cancer cell Huh7. Then, we
found that fluoxetine upregulated the proportion of G0/G1 phase
and affected cell cycle-related proteins, which were consistent
with the previous findings (Chen et al., 2019; Marcinkute et al.,
2019).

In general, the existing anticancer drugs not only target at
cancer cells but also normal cells, which will cause serious side
effects, including hair loss, neurotoxicity, and cardiotoxicity
(Singh et al., 2016). Therefore, developing ideal anticancer
drugs that specifically target cancer cells is of great
significance. More interestingly and importantly, we first
found that fluoxetine hardly affected BEAS-2B. In our results,
fluoxetine has less toxicity in normal lung epithelial cell.

Autophagy is a conserved catabolic process that is induced by
stresses and cellular signals. The process of autophagy contains
the production of double-membraned vesicles, which engulf the
cellular components, forming the complex called
autophagosomes (Lebovitz et al., 2015). To get further insights
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FIGURE 7 | Fluoxetine-induced anticancer effect through the ATF4-AKT-mTOR signaling pathway (A) the cell viability in lung cancer cells transfected with ATF4
siRNA for 48 h followed by exposure to fluoxetine (20 μM) for another 24 h was assessed by CCK8. Left and right indicate H460 cells and A549 cells, respectively. (B,C)
The distribution of the cell cycle in lung cancer cells transfected with ATF4 siRNA for 48 h followed by exposure to fluoxetine (20 μM) for another 24 h was analyzed by
flow cytometry. (D) The autophagy in lung cancer cells transfected with ATF4 siRNA for 48 h followed by exposure to fluoxetine (20 μM) for another 24 h was
observed by immunofluorescence of LC3 (green). Scale bars were 50 μm. (E) The expression of CDK2, p27, p21, and LC3 in lung cancer cells transfected with ATF4
siRNA for 48 h followed by exposure to fluoxetine (20 μM) for another 24 h was tested by Western blot. Left and right indicate H460 cells and A549 cells, respectively.
The images were collected from different parts of the same gel. Data are presented as mean ± SD; *p < 0.05, **p < 0.01, ***p < 0.001.
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into the mechanisms and targets of the fluoxetine anti-tumor
activity in lung cancer cells, we found that fluoxetine induced
autophagy. For the first time paying attention to the autophagy
induced by fluoxetine in lung cancer cells, we further detect the
expression of autophagy-related proteins. P62, also called
sequestosome-1 (SQSTM1), is a crucial regulator in autophagy
(Liu et al., 2016). p62 interacts with LC3 to form autophagosome,
ultimately fusing with lysosome and degradation (Pankiv et al.,

2007). Therefore, the level of p62 can reflect the activity of
lysosomes. In our study, both p62 and LC3B increased with
fluoxetine concentrations. We further explored the effect of
fluoxetine on autophagy. The results of Immunofluorescence
and western blot showed that CQ increased the level of LC3B
and p62 after combined with fluoxetine, and 3-MA decreased the
expression. Autophagy can be regulated by affecting the
formation of autophagosome and subsequent degradation.

FIGURE 8 | Fluoxetine exerted anti-tumor effects while not damaging normal cells. (A–B) Distribution of the cell cycle in normal lung epithelial cells treated with
fluoxetine (0–40 μM) was analyzed by flow cytometry. (C) Immunofluorescence of LC3 (green) and DAPI (blue) was used to observe the autophagy. Scale bars were
50 μm. (D–E) Expression of p27, p21, p62, and LC3 was tested by Western blot. The images were collected from different parts of the same gel. Data are presented as
mean ± SD; *p < 0.05, **p < 0.01, ***p < 0.001.
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Therefore, the accumulation of autophagy may represent the
induction of autophagy or inhibition of degradation. LC3 turn
over assay demonstrated that the change in the amount of LC3
between the absence and presence of lysosome inhibitor indicates
the amount of LC3 degradation in the lysosome (Mizushima
et al., 2010). In the present study, the significant accumulation of
LC3B in the CQ and fluoxetine group meant that fluoxetine had a
role in the induction of autophagy. The increased expression of
p62 in the CQ combined with fluoxetine group reflected that the
presence of autophagy-dependent degradation of p62 in the
fluoxetine treatment. Thus, in our study, we speculated that
fluoxetine could induce autophagy, but it also destroyed the
function of lysosomes to a certain extent, which led to an
abnormal increase of p62.

The result of RNA-seq hinted that the CHOP had a
connection with autophagy. CHOP is a marker of UPR, and
UPR is an adaptive response to ER stress. Previous studies
showed that some drugs can continuously induce ER stress
through the UPR pathway to exert anticancer effects, which
makes UPR a potential target for anti-cancer therapy (Lin
et al., 2019). There are points of similarity between UPR and
autophagy in cancer treatment, with low levels of activation being
protective and high levels of inducing cell death. A link between
UPR and autophagy has been clarified. Under ER stress, the
induction of autophagy relied on the PERK–eIF2α pathway
(B’Chir et al., 2013). PERK is an essential sensor for
translation regulation, which increases the expression of ATF4
and CHOP during the URP (Harding et al., 2000). Moreover, the
PERK-ATF4 signaling pathway was found to be activated in some
cancers and the PERK-induced autophagy decreased the damage
of ROS accumulation (Atkins et al., 2013). The activation of ATF4
and CHOP further induces the autophagy-related protein such as

Atg5, Atg12, and Atg16L. The formation of the Atg5 complex
participates in the elongation process of autophagy (B’Chir et al.,
2013). We analyzed the ER stress in fluoxetine-treated cells. The
UPR-related proteins such as BIP, PERK, ATF4, and CHOP were
detected, the levels of these proteins all increased with the
increasing concentration, indicting the activation of PERK
pathway. Coupled with the result of inhibitors on autophagy-
related proteins, we speculate that fluoxetine affects the expansion
of autophagy by activating ATF4-CHOP pathway, and the higher
expression of LC3B with CQ treatment further confirm this
hypothesis. Previous research found that fluoxetine reversed
depressive-like behavior in mice through PI3K/Akt/mTOR/
p-ERK1/2 signaling pathways (Amin et al., 2020). Coupled
with the result of KEGG, we wonder whether AKT/mTOR
signaling pathway participated in the fluoxetine treatment. The
activation of signaling pathway is a cascade reaction. PI3K
phosphorylates AKT, and the activated AKT further
phosphorylates mTOR. The results of western blot showed
that the levels of p-AKT/AKT, p-mTOR/mTOR were
significantly decreased, indicating the involvement of the
AKT/mTOR pathway. Remarkably, the AKT/mTOR pathway
was also related to the activation of ER stress. We now have
confirmed that fluoxetine induced ER stress which increased
ATF4, this upregulation further inhibited AKT/mTOR
signaling pathway.

To our knowledge, there is no report on the study of the
relationship between fluoxetine with ER stress and anticancer
effect in lung cancer cells. So, it is of great importance to discover
the involvement of the ATF4-AKT-mTOR signaling pathway in
the anti-tumor activity of fluoxetine in lung cancer cells. By
regulating p21 and p27, the AKT/mTOR influenced the cell
cycle to change cell proliferation. In addition, mTOR has been

FIGURE 9 | Fluoxetine induced cell cycle arrest and autophagy by triggering ATF4-AKT-mTOR signaling pathway in lung cancer cells. Briefly, fluoxetine activated
the ER stress related proteins and the increased ATF4 inactivated the AKT/mTOR signaling pathway, thus leading to the cell cycle arrest at G0/G1 phase and autophagy.
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recognized as a critical regulator of autophagy (Shi et al., 2019),
and the AKT/mTOR pathway has also been widely reported to be
related to autophagy in neurodegeneration (Heras-Sandoval
et al., 2014) and cancer treatment (Xu et al., 2020). In line
with these results, we further confirmed that the fluoxetine
could activate the ATF4-AKT-mTOR pathway to induce cell
cycle arrest and autophagy to restraint cancer cells’ growth
without affecting normal cells (Figure 9).

Although it has been confirmed that fluoxetine has a
potential anticancer effect, its molecular targets in certain
cancers are quite unclear. Compared with previous reports,
our results elaborate the molecular mechanism of fluoxetine in
lung cancer. However, this study only proved the limited
phenotypes induced by the ATF4-AKT-mTOR pathway
after fluoxetine treatment, and further researches need to
explore the broader functions of fluoxetine and investigate
the influence of fluoxetine on multiple cell types, such as
immunocytes. And based on the different effect of
fluoxetine between normal cells and cancer cells, our future
work will focus on the early tumor prevention with the use of
fluoxetine and explore whether timely use of fluoxetine can
alleviate the development of tumors in patients with
depression.

CONCLUSION

In conclusion, we discovered that fluoxetine exerted an anti-
proliferation role in non–small lung cancer cells and induced cell
cycle arrest, ER stress and autophagy by triggering ATF4-AKT-
mTOR signaling pathway. More importantly, the cell-killing
effect of fluoxetine had no influence on normal cells, which
made it safer in the clinical therapy of lung cancer patients
with depression.
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