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Abstract

The QSOX1 protein (Quiescin Sulfhydryl oxidase 1) catalyzes the formation of disulfide bonds and is involved in the folding
and stability of proteins. More recently, QSOX1 has been associated with tumorigenesis and protection against cellular
stress. It has been demonstrated in our laboratory that QSOX1 reduces proliferation, migration and invasion of breast cancer
cells in vitro and reduces tumor growth in vivo. In addition, QSOX1 expression has been shown to be induced by oxidative
or ER stress and to prevent cell death linked to these stressors. Given the function of QSOX1 in these two processes, which
have been previously linked to autophagy, we wondered whether QSOX1 might be regulated by autophagy inducers and
play a role in this catabolic process. To answer this question, we used in vitro models of breast cancer cells in which QSOX1
was overexpressed (MCF-7) or extinguished (MDA-MB-231). We first showed that QSOX1 expression is induced following
amino acid starvation and maintains cellular homeostasis. Our results also indicated that QSOX1 inhibits autophagy through
the inhibition of autophagosome/lysosome fusion. Moreover, we demonstrated that inhibitors of autophagy mimic the
effect of QSOX1 on cell invasion, suggesting that its role in this process is linked to the autophagy pathway. Previously
published data demonstrated that extinction of QSOX1 promotes tumor growth in NOG mice. In this study, we further
demonstrated that QSOX1 null tumors present lower levels of the p62 protein. Altogether, our results demonstrate for the
first time a role of QSOX1 in autophagy in breast cancer cells and tumors.
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Introduction

Quiescin Sulfhydryl Oxidase 1 (QSOX1) was described in our

laboratory as an estrogen-regulated gene in guinea-pig endome-

trial glandular epithelial cells [1]. The human QSOX1 gene,

localized on chromosome 1 (1q24), encodes two major protein

isoforms, QSOX1-S (66 kDa) and QSOX1-L (82 kDa), resulting

from an alternative mRNA splicing process (QSOX1-S:

NM_001004128; QSOX1-L: NM_002826) [2,3]. Immunoelec-

tron microscopy experiments have shown that the QSOX1

protein is linked to the endoplasmic reticulum (ER) membrane,

the Golgi apparatus and to secretory granules [4] and has also

been detected in culture supernatants and extracellular spaces

[1,5], suggesting its extracellular secretion. QSOX1 proteins

belong to the flavin adenine dinucleotide (FAD)-dependent

sulfhydryl oxidase family and catalyze the formation of disulfide

bonds in unfolded proteins [6]. This activity has been proposed to

play an important role for incorporation of laminin in extracellular

matrix (ECM) synthesized by fibroblasts and the adhesion of

cancer cells to the ECM [7].

More recently, QSOX1 has been associated to cancer and

protection against cellular stress. In fact, several studies have

shown a deregulation of QSOX1 expression in cancer cells

[8,9,10] and its involvement in tumorigenesis. Indeed, in our

laboratory, we have demonstrated that QSOX1 reduces prolifer-

ation, migration, invasion in vitro and tumorigenesis in vivo which is

in agreement with our findings, indicating that a high QSOX1

expression is associated with a better survival for breast invasive

ductal carcinomas patients [11]. These results are in agreement

with those previously obtained in vitro regarding the role of

QSOX1 in proliferation and cell adhesion [1,12,13,14,15]. On the

contrary, it has been demonstrated that QSOX1 promotes

invasion and proliferation of pancreatic and breast tumor cells

in vitro and that QSOX1 mRNA is a predictive marker of poor

survival in luminal B tumor [16,17]. Recently, Soloviev and

colleagues have demonstrated that QSOX1 mRNA is overex-

pressed in breast ductal carcinoma and that this increase is

correlated to the tumor grade [18]. Therefore, it is now clear that

the role of QSOX1 in cancer is complex mainly because of the

existence of its different transcripts and that its function seems to

depend on the stage and type of tumor.

Furthermore, we have shown that QSOX1 protects cells against

cellular stressors. Indeed, QSOX1 mRNA and protein levels are

increased following an oxidative or an ER stress and QSOX1

protects against stress-induced-cell death [15] (unpublished data).

Cancer and protection against cellular stressors are two

processes that have previously been linked to autophagy.

Autophagy, a cellular degradation process involved in the

degradation and recycling of damaged proteins, organelles and

other cytoplasmic constituents, occurs at low basal levels in almost

every cell type to maintain cellular homeostasis. Following a

metabolic stress, such as nutrient starvation, oxidative stress or ER

stress, autophagy is induced to provide nutrients and energy
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allowing cell survival [19]. Three types of autophagy have been

described: macroautophagy, microautophagy and chaperone-

mediated autophagy [20]. Macroautophagy (hereafter called

autophagy) is a multi-step process involving initiation, elongation,

maturation and degradation steps. The initiation step is charac-

terized by the induction of a unique double membrane structure

called the phagophore that sequesters part of the cytoplasm,

soluble proteins and/or organelles. The elongation and closure of

this phagophore results in the formation of a double-membrane

organelle called the autophagosome which ultimately fuses with

the lysosome to form the autophagolysosome, leading to the

degradation of its contents [21].

Besides its role in cellular homeostasis, autophagy has been

described to be involved in various cancers such as breast cancer

[22,23,24]. However, the role of autophagy in cancer formation

and growth is complex and context-dependent. During the early

stages of tumorigenesis, autophagy acts as a tumor suppressor

mechanism by preventing cytoplasmic damage, genomic instabil-

ity and inflammation which usually lead to cancer initiation and

development [25,26]. Moreover, expression levels of proteins

involved in autophagy are reduced or lost in several types of

cancers [27,28,29]. For example, Beclin1 gene is deleted in 50% of

breast cancer [27,30]. On the contrary, during the later stages of

cancer growth, autophagy promotes survival of cancer cells under

conditions of metabolic stress. Indeed, the microenvironment of

cancer cells presents reduced levels of nutrients, oxygen and

growth factors leading to decreased oxidative phosphorylation,

decreased ATP production and limited cancer cell proliferation

[31,32]. For example, it has been shown that the inhibition of

autophagy by a fip200 (FAK family-interacting protein of

200 kDa) gene deletion in a mouse model of human breast cancer

leads to reduced tumor initiation and progression by both the

impairment of tumor cell proliferation and the induction of

immune surveillance [33].

Given the function of QSOX1 in cancer and protection against

cellular stressors, two processes linked to autophagy, the purpose

of our study was to determine whether QSOX1 could be regulated

by autophagy inducers and might play a role in this catabolic

process that could explain its function during breast tumor

development. We showed in this study, that QSOX1 expression is

increased following nutrient stress-induced autophagy and main-

tains cellular homeostasis. Our results also indicated that QSOX1

inhibits autophagy through the inhibition of autophagosome/

lysosome fusion in breast cancer cell line. Therefore, we propose

that its inhibitory effect on autophagy might explain its function in

cancer cell invasion and tumor growth.

Materials and Methods

Reagents and Antibodies
Cell culture reagents were purchased from Invitrogen. Earle’s

balanced salt solution (EBSS, E3024), bafilomycin A1 (B1793), 3-

methyladenine (3-MA) (M9281) and wortmannin (W1628) were

purchased from Sigma Aldrich. For the western blotting exper-

iments, the following antibodies were used: polyclonal anti-rat

QSOX1 [5] diluted at 1:7500, polyclonal anti-LC3 (Sigma,

L8918) diluted at 1:3000, monoclonal anti-p62 (Santa Cruz, sc-

28359) diluted at 1:1500, polyclonal anti-actin (Sigma, A5060)

diluted at 1:15000, polyclonal anti-rabbit (P.A.R.I.S, BI2407)

diluted at 1:10000 and polyclonal anti-mouse (P.A.R.I.S, BI24130)

diluted at 1:10000. For the immunofluorescence experiments, the

following antibodies were used: monoclonal anti-p62 antibody

(Santa Cruz, sc-28359) diluted at 1:250, monoclonal anti-mouse

lysosomal-associated membrane protein 1 (LAMP1) (Abcam,

Ab25630) diluted at 1:100, Alexa Fluor 555 goat anti-mouse (Life

technologies, A-21422) diluted at 1:800.

Cell Culture and Treatment
Two breast cancer cell lines were used: MCF-7 in which

QSOX1-S is overexpressed (MCF-7 QSOX1S-1 and QSOX1S-2)

and MDA-MB-231 in which QSOX1 is extinguished (MDA-MB-

231 shQSOX1-1 and shQSOX1-2). In every experience, we

compared these stable cell lines to the control ones (MCF-7 C

transfected with an empty control vector and MDA-MB-231 shC

expressing a control shRNA). These cellular models have

previously been described [11]. MCF-7 QSOX1S-1 and

QSOX1S-2 cells show similar overexpression of QSOX1 whereas

MDA-MB-231 shQSOX1-1 and shQSOX1-2 cells show 55% and

92% of QSOX1 extinction, respectively [11]. MCF-7 cells were

chosen to overexpress QSOX1 since this protein is weakly

expressed in these cells. On the contrary, MDA-MB-231 cells

were selected because they present a high expression of

endogenous QSOX1 [11,14].

Cells were cultured in Dulbecco’s minimum essential medium

(DMEM) (PAA, E15-891) supplemented with 100 mg/ml penicil-

lin/streptomycin (PAA, P11-010) and 5% fetal bovine serum (FBS)

(PAA, A15-101) in a 5% CO2 incubator at 37uC. To inhibit

autophagosome/lysosome fusion, cells were incubated for 8 h in

complete medium supplemented with 100 nM bafilomycin A1. To

induce autophagy, cells were incubated in EBSS for 2 to 8 h at

37uC. To inhibit autophagy, cells were incubated in complete

medium supplemented with 10 mM 3-MA or with 100 nM

wortmannin for 24 h.

Western Blotting
Cells were scraped, harvested and lysed in a RIPA buffer

(50 mM Tris-HCl, pH 8, 150 mM NaCl, 1% Triton X100, 0.5%

DOCA, 0.1% SDS) supplemented with 0.1% protease inhibitors

(104 mM AEBSF, 1.5 mM pepstatin A, 1.4 mM E-64, 4 mM

bestatin, 2 mM leupeptin, 80 mM aprotinin). Protein lysates were

sonicated for 5 s before loading (Sonics and Materials), separated

on a 10–12.5% sodium dodecyl sulfate-polyacrylamide gel

electrophoresis (SDS-PAGE) before being transferred onto a

polyvinylidene difluoride (PVDF) membrane (Bio-Rad, 162–

0177). The membrane was blocked with 5% nonfat milk in Tris-

buffered saline with Tween 20 (TBS-T) (20 mM Tris-HCl,

pH 7.6, 137 mM NaCl, 0.1% Tween 20) and incubated with

primary antibodies at the previously indicated dilutions. Immu-

noreactive bands were detected using goat horseradish peroxidase

(HRP)-coupled secondary anti-mouse or anti-rabbit antibodies

and the p-coumaric acid- enhanced chemiluminescent (PCA-ECL)

solution [34].

Cell Viability
For the MTT assay, cells (1.3 6104 cells/well) were cultured in

a 96-well plate and incubated with EBSS for 4 and 8 h. After the

removal of the supernatant, 100 ml of 100 mM MTT solution

(Sigma, M2128) in Hank’s were added to the cells. After a 2 h

incubation, the formazan crystals were dissolved in dimethyl

sulfoxide (DMSO) (50 ml) and the absorbance was quantified at

549 nm using a microplate reader (Multiskan FC, ThermoScien-

tific). All experiments were performed in 8 replicates, and the

relative cell viability (%) was normalized to the untreated control

cell.

For the trypan blue exclusion assay, cells (7.66104 cells/well)

were seeded in a 24-well plate in duplicate and incubated with

EBSS for 4 and 8 h. Cells were then collected by trypsinization,

stained with trypan blue (0.04%) (Sigma, T8154) and cells were
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counted in triplicate. Data were obtained from two independent

experiments.

Immunofluorescence and Confocal Microscopy
The green fluorescent protein-microtubule-associated protein

light chain 3 (GFP-LC3) plasmid was kindly provided by Dr.

Elazar (Weizmann Institute, Israël). For transient GFP-LC3

transfection, MCF-7 and MDA-MB-231 cells were plated on

coverslips in 6-well plates on coverslips at a density of 4.56105 and

36105 cells/well, respectively. Plasmids were transfected using the

Jetprime reagent (Polyplus transfection, 114-07) according to the

manufacturer’s protocol. After the designated treatments, cells

were washed with phosphate-buffered saline (PBS) and fixed with

4% paraformaldehyde (PFA) (Sigma, P6148) in PBS for 15 min at

room temperature. The cells were then examined and photo-

graphed using a confocal microscope (Olympus Fluoview

FV1000).

For Lysotracker staining, cells were incubated for 1 h in

complete medium supplemented with 500 nM Lysotracker red

DND-99 (Invitrogen, L75-28). Cells were then washed with PBS

and fixed with 4% PFA in PBS for 15 min at room temperature.

Cells were then analyzed by confocal microscopy.

For LAMP1 immunofluorescence, cells were washed with PBS

and fixed with 4% PFA in PBS for 15 min at room temperature.

Cells were then permeabilized with 0.2% Triton-X100 in PBS for

5 min, washed with PBS, blocked with 5% bovine serum albumin

(BSA) (Sigma, A6793) in PBS for 30 min, incubated with an anti-

mouse LAMP1 primary antibody overnight at 4uC and finally with

an Alexa Fluor 555 goat anti-mouse for 1 h at the previously

indicated dilutions. The cells were analyzed using a confocal

microscope. Each picture is representative of a typical cell staining

observed in 10 fields chosen at random.

GFP-LC3 and Lysotracker red or LAMP1 colocalization was

analyzed using the ImageJ software and the Pearson’s coefficient.

For each cell line, 35 cells were randomly selected.

For immunofluorescence staining of tumor tissue sections, the

slides were incubated at 95uC for 40 min in sodium citrate buffer

(10 mM sodium citrate, pH 6). The tissue sections were then

incubated overnight with the previously described p62 antibody

and incubated for 1 h at room temperature with an Alexa Fluor

555 goat anti-mouse secondary antibody at previously indicated

dilutions and with DAPI (1:333) (AAT bioquest, 17510) in PBS for

10 min. After each incubation, the slides were rinsed thrice in 1%

PBS-Triton X-100. After being mounted in PBS-glycerol mount-

ing medium, the slides were observed and analyzed using confocal

microscopy.

Real-time PCR
Total RNAs were extracted as previously described [15]. For

real time RT-PCR analysis, 2 mg of total RNAs were reverse

transcribed using the RevertAid M-MulV Reverse Transcriptase

(Fermentas, EP0441) according to the manufacturer’s protocol.

Quantitative PCR was performed using the Step One Real

Time PCR System (Applied Biosystems) and the SYBER Green

PCR Master Mix (Applied Biosystems, 4309155). The primers

used for QSOX1 (Targeting endogenous QSOX1-S and QSOX1-

L mRNA) were p85r: 59-AATCAAGCATGTGTAAGGCAC-39

and p85s: 59-GACCTGACGAGTTGGT-39 and the ones used

for p62 were p62_F_Hs: 59-ATCGGAGGATCCGAGTGT-39

and p62_R_Hs: 59-TGGCTGTGAGCTGCTCTT-39. The PCR

signals were normalized with the endogenous control (H3.3 like

histone H3B-2) amplified with the primers His-I: 59-

GCTAGCTGGATGTCTTTTGG-39 and His-N: 59-

GTGGTAAAGCACCCAGGAA-39.

Cell Invasion Assay
50 ml of extra cellular matrix (ECM) gel (1 mg/ml) (Sigma,

E6909) were added to the upper chamber and incubated for 5 h at

37uC. 105 cells were subsequently diluted in 250 ml serum-free

medium, added to the upper chamber and incubated for 24 h at

37uC in the presence or absence of an autophagy inhibitor (3-MA

or wortmannin). The cells on the upper surface were removed

using a cotton bud while the remaining invasive cells were fixed

with 100% ethanol, stained with 2% crystal violet and images from

each membrane were taken. Finally, the invasive cells located in

the lower chamber were counted manually in 10 fields of view

(FOV).

Xenograft Experiments
CIEA NOG mice were obtained from Taconic (Germantown,

NY, USA) and maintained in the UMR1098 animal facility

(agreement number #C25-056-7). Approval for animal experi-

mentation and care was received from the Services Vétérinaires de

la Santé et de la Protection Animale delivered by the Ministère de

l’Agriculture, Paris, France and experimental procedures were

approved by a local ethic committee (Comité d’Ethique Bisontin

d’Expérimentation Animale [CEBEA]).

As previously described [11], MDA-MB-231 shC, shQSOX1-1

and shQSOX1-2 cells were subcutaneously inoculated in NOG

mice and tumor growth was monitored twice a week. When

tumors reached a diameter of 1 cm, mice were sacrificed and each

tumor was fixed in formol and photographed.

Statistical Analysis
Statistical analyses were carried out using a Student’s t test. A p

value ,0.05 was considered statistically significant.

Results

QSOX1 is Induced Following Nutrient Stress and Protects
against Cell Death

Our laboratory has previously described that oxidative [15] or

ER stress (unpublished data) induces QSOX1 expression and that

this protein protects cells against these cellular stresses. Since these

stressors can also induce autophagy, we investigated whether

amino acid starvation could induce QSOX1 mRNA and protein

expression. To do so, starvation was induced in MDA-MB-

231 shC cells by an EBSS treatment of 2, 4, 6 or 8 h. An increase

in QSOX1 expression was detected from 2 h of EBSS treatment.

The highest fold increase was observed after 8 h of EBSS

treatment for QSOX1 mRNA expression (2.5) (Figure 1A) and

after 6 h of EBSS treatment for QSOX1 protein expression (2.2)

(Figure 1B). These results demonstrate that nutrient stress can

induce QSOX1 mRNA and protein.

Since amino acid starvation can regulate cell viability, we then

examined whether QSOX1 could protect the cells against such

stress. To do so, we used two breast cancer cell lines: MCF-7 in

which QSOX1-S is overexpressed (MCF-7 QSOX1S-1 and

QSOX1S-2) and MDA-MB-231 in which QSOX1 is extinguished

(MDA-MB-231 shQSOX1-1 and shQSOX1-2) [11]. Overexpres-

sion was induced in MCF-7 because of their initial low expression

of QSOX1 whereas extinction was performed in MDA-MB-231

cells because of their endogenous high expression of QSOX1. The

viability of these cellular models was assessed using a MTT assay

following an 8 h treatment with EBSS. MCF-7 QSOX1S-1 and

QSOX1S-2 cells (65% and 76%, respectively) presented a higher

viability than MCF-7 C cells (52%). On the other hand, MDA-

MB-231 shQSOX1-2 and shQSOX1-1 cells (62% and 63%,
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respectively) showed a lower viability compared to MDA-MB-

231 shC cells (74%) (Figure 1C).

The percentage of living cells was also determined using a

trypan blue exclusion test. The results were similar to those

obtained with the MTT assay. MCF-7 QSOX1S-1 and

QSOX1S-2 cells (75% and 69%, respectively) showed a higher

viability than MCF-7 C cells (50%), while MDA-MB-231

shQSOX1-2 and shQSOX1-1 cells (73% and 81%, respectively)

presented a lower viability compared to MDA-MB-231 shC cells

(88%) (Figure 1D). Similar results were also obtained after a 4 h

treatment with EBSS (Data not shown). Altogether, our data

demonstrate that QSOX1 is induced following amino acid

starvation and protects against a nutrient stress-induced cell death.

QSOX1 Inhibits Autophagic Flux
During autophagy, the microtubule-associated-protein light

chain 3 (LC3) is cleaved to give the cytoplasmic mature form

(LC3-I). During autophagosome elongation, LC3-I is conjugated

to phospholipids to give the membrane-associated form (LC3-II).

Thus, the amount of LC3-II is directly correlated with the number

of autophagosomes and is considered as an autophagosome

marker. The protein p62/SQTM1, which is specifically degraded

during autophagy, has also been described as a marker of the

autophagic flux.

We first investigated whether QSOX1 could regulate autophagy

by studying the changes in p62 and LC3-II protein levels in our

models during basal and induced autophagy. As shown in

Figures 2A and C, overexpression of QSOX1 in MCF-7

QSOX1S-1 and QSOX1S-2 cells leads to an increase in p62

levels compared to the levels observed in MCF-7 C cells (1.4 and

1.8 fold, respectively). On the contrary, knock-down of QSOX1 in

MDA-MB-231 shQSOX1-2 and shQSOX1-1 cells leads to a

decrease of p62 levels compared with those observed in MDA-

MB-231 shC cells (0.8 and 0.2 fold, respectively) (Figures 2B
and D). Moreover, in the MDA-MB-231 shQSOX1-1 and

shQSOX1-2 cells, p62 levels could be correlated to QSOX1

mRNA levels in these different cell lines which are decreased of

55% and 92%, respectively [11]. Since it has been shown that p62

transcription can be regulated by different pathways such as the

NRF2 pathway during oxidative stress [35], the Ras/MAPK

pathway [36] or the JNK/c-Jun pathway [37], we checked

whether p62 protein level variations were due to a transcriptional

regulation. In our cellular models, no significant changes in p62

mRNA levels were observed (Figures 2E and F), confirming that

Figure 1. QSOX1 is induced following a nutrient stress and protects against cell death. (A, B) MDA-MB-231 shC cells were cultured in the
presence or absence of EBSS for 2, 4, 6 and 8 h. (A) After a reverse transcription step, relative QSOX1 mRNA expression was determined by qPCR.
H3B-2 mRNA was used for normalization. Data are means 6 S.D. of two independent experiments performed in triplicate. *P,0.05, compared to the
control. (B) Cells were lysed and total proteins (50 mg) were separated on a 10% SDS-PAGE followed by immunoblotting using anti-QSOX1 and anti-
actin antibodies. QSOX1 levels were quantified using the Image Lab software. NS: Non specific signal. (C, D) MCF-7 C, QSOX1S-1, QSOX1S-2 and
MDA-MB-231 shC, shQSOX1-1, shQSOX1-2 cells were cultured in the presence or absence of EBSS for 8 h. Cell viability was estimated using a MTT
assay (C) or a trypan blue exclusion assay (D). Results were expressed as a ratio between treated and untreated cells. Data are means 6 S.D. of two
independent experiments performed in 8 replicates for the MTT assay and in duplicate for the trypan blue exclusion assay). *P,0.05 compared to the
control.
doi:10.1371/journal.pone.0086641.g001
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the change in p62 protein levels was not due to a transcriptional

regulation of the p62 gene but could be attributed to its

degradation by the autophagic process. These results suggested

that QSOX1 inhibits the autophagic flux. Interestingly, LC3-II

protein levels were increased in both our knockdown and

overexpression models (Figures 2A, B, C, D). Since LC3-II is

degraded after autophagolysosome formation, the amount of LC3-

II protein is not directly linked to the autophagic flux but rather to

the number of autophagosomes at a particular time. An increase in

LC3-II protein levels might therefore represent either an increased

autophagosome formation or a blockade in autophagosomal

maturation and degradation [38].

To study the autophagic flux, we examined the effect of

QSOX1 levels variations on autophagic flux by studying p62 and

LC3-II levels in the presence or absence of an autophagosome/

lysosome fusion inhibitor, bafilomycin A1. In our experiments,

bafilomycin A1 led to an increase in p62 and LC3-II levels in

MCF-7 C cells whereas it induced a limited effect on p62 and

LC3-II levels in MCF-7 QSOX1S-1 and QSOX1S-2 cells

(Figure 3A). Similarly, after treatment with bafilomycin A1,

MDA-MB-231 shQSOX1-2 and shQSOX1-1 cells presented

increased p62 and LC3-II levels whereas MDA-MB-231 shC cells

displayed only a slight change in these proteins levels (Figure 3B).
These results indicate that bafilomycin A1 has little effect on p62

and LC3-II levels in cells expressing QSOX1.

Moreover, we quantified the ratio of LC3-II levels in the

presence of bafilomycin A1 over LC3-II levels in the absence of

bafilomycin A1, a ratio that has been previously used to describe

the overall autophagy flux in cells [39]. Our results, shown in

Figures 3C and D, demonstrated a decreased autophagic flux in

the cells expressing QSOX1. Briefly, the LC3-II ratio was lower in

MCF-7 QSOX1S-1 and QSOX1S-2 cells (2.8 and 1.4, respec-

tively) compared to MCF-7 C cells (6.5) (Figure 3C). Similarly,

this ratio was higher in MDA-MB-231 shQSOX1-2 and

Figure 2. QSOX1 regulates the levels of autophagic markers, p62 and LC3-II. (A) MCF-7 C (lanes 1–3), QSOX1S-1 (lanes 4–6), QSOX1S-2
(lanes 7–9) and (B) MDA-MB-231 shC (lanes 1–3), shQSOX1-2 (lanes 4–6), shQSOX1-1 (lanes 7–9) cells were cultured for 24 h. Cells were then lysed
and total proteins (40 mg) were separated on a 12.5% SDS-PAGE followed by immunoblotting using anti-p62, anti-LC3 and anti-actin antibodies. (C
and D) p62 and LC3-II levels, observed on the western blot in A and B respectively, were quantified using the Image Lab software. Data are means 6
S.D. of one representative experiment performed in triplicate. *P,0.05 compared to the control. (E and F) After reverse transcription, relative p62
mRNA levels in MCF-7 C, QSOX1S-1, QSOX1S-2 (E) and MDA-MB-231 shC, shQSOX1-1, shQSOX1-2 (F) cells were determined by qPCR. H3B-2 mRNA
was used for normalization. Data are means 6 S.D. of one representative experiment performed in triplicate.
doi:10.1371/journal.pone.0086641.g002
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Figure 3. QSOX1 inhibits autophagic flux. (A) MCF-7 C, QSOX1S-1, QSOX1S-2 and (B) MDA-MB-231 shC, shQSOX1-2, shQSOX1-1 cells were
cultured in complete medium with or without 100 nM bafilomycin A1 for 8 h. Cells were then lysed and total proteins (40 mg) were separated on
12.5% SDS-PAGE followed by immunoblotting with anti-p62, anti-LC3 and anti-actin antibodies. p62 and LC3-II levels were quantified using the
Image Lab software. (C and D) The autophagic flux, observed in A and B respectively, was determined as the ratio of LC3-II protein levels in the

QSOX1 Inhibits Autophagic Flux
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shQSOX1-1 cells (10.6 and 9.5, respectively) compared to MDA-

MB-231 shC cells (6.3) (Figure 3D). Moreover, the p62 ratio was

also decreased in the cells expressing QSOX1. This ratio was

lower in MCF-7 QSOX1S-1 and QSOX1S-2 cells (1.6) compared

to MCF-7 C cells (2.7) (Figure 3C) and higher in MDA-MB-231

shQSOX1-2 and shQSOX1-1 cells (3.3 and 2.4, respectively)

compared to MDA-MB-231 shC cells (1.6) (Figure 3D). These

results prove that QSOX1 can inhibit the later stages of

autophagy.

We then quantified the number of autophagosomes by studying

GFP-LC3 fluorescence in our models in the presence or absence of

bafilomycin A1. The results, described in the Figures 3E, F, G,
H, were consistent with those obtained for LC3-II levels in the

western blotting experiments. Indeed, overexpression of QSOX1

in MCF-7 QSOX1S-1 and QSOX1S-2 cells enhanced the

number of GFP-LC3 puncta per cell compared to MCF-7 C cells

(23.7 and 20.4 vs 12.4) (Figures 3E and G). Likewise, knock-

down of QSOX1 in MDA-MB-231 shQSOX1-2 and shQSOX1-

1 cells led to a decrease of GFP-LC3 puncta per cell compared to

MDA-MB-231 shC cells (9 and 8.4 vs 15.6) (Figures 3F and H).
Moreover, treatment with bafilomycin A1 showed none or a

limited effect on the cells expressing QSOX1. In fact, bafilomycin

A1 enhanced the number of GFP-LC3 positive vesicles in MCF-7

C cells to those observed in MCF-7 QSOX1S-1 and QSOX1S-2

cells whereas this compound did not induce a further accumula-

tion in these models. Similarly, bafilomycin A1 increased GFP-

LC3 puncta in MDA-MB-231 shQSOX1-2 and shQSOX1-1 cells

compared to MDA-MB-231 shC cells. These results confirm that

QSOX1, like bafilomycin A1, can inhibit the later stages of

autophagy (autophagosome/lysosome fusion or degradation by

lysosomal proteases).

QSOX1 Inhibits the Autophagosome/Lysosome Fusion
We next investigated which stage of autophagy was targeted

by QSOX1. Functional lysosomes are critical for the maturation

of autophagosomes and the degradation of their content. We

first examined the effect of QSOX1 on lysosomal acidification

using the Lysotracker green marker, a marker of acidic

compartments (including lysosomes) in living cells. Our data

showed that there is no significant difference in Lysotracker

staining in our different cell lines, suggesting that QSOX1 does

not affect lysosomal function (Data not shown). To study

autophagosome and lysosome fusion, we next examined the

colocalization between Lysotracker red and GFP-LC3 fluores-

cence. Overexpression of QSOX1 in MCF-7 QSOX1S-1 and

QSOX1S-2 cells led to a decrease of Lysotracker red/GFP-LC3

colocalization compared to MCF-7 C cells (Figures 4A and
C). On the other hand, a knock-down of QSOX1 in MDA-

MB-231 shQSOX1-2 and shQSOX1-1 cells led to an increase

of Lysotracker red/GFP-LC3 colocalization compared to the

one observed in MDA-MB-231 shC cells (Figures 4B and D).
These results confirm that QSOX1 inhibits autophagosome/

lysosome fusion. In order to further study the lysosome, we

determined the GFP-LC3 colocalization with the lysosomal

marker LAMP1. Our data showed that GFP-LC3 colocalized to

a lesser extent with LAMP1 in the cells expressing QSOX1

compared to the cells that did not express this protein. Indeed,

overexpression of QSOX1 in MCF-7 QSOX1S-1 and

QSOX1S-2 cells led to a decrease of the LAMP1/GFP-LC3

colocalization (Figures 4E and G) and the knock-down of

QSOX1 in MDA-MB-231 shQSOX1-2 and shQSOX1-1 cells

led to an increase of LAMP1/GFP-LC3 colocalization

(Figures 4F and H). Thus, these data confirm that QSOX1

inhibits autophagosome/lysosome fusion.

QSOX1 Function in Cell Invasion is Related to its Role in
Autophagy

We have previously shown in our laboratory that QSOX1

decreased breast cancer cell features such as invasion,

clonogenicity and proliferation [11]. Moreover, several studies

have shown that autophagy can promote cancer cell invasion

[33,40]. According to our results described above, which

showed that QSOX1 inhibits autophagy, we hypothesized that

this protein might inhibit invasion through its function on

autophagy. To address this question, the effect of autophagy

inhibitors on QSOX1 function in invasion assays was investi-

gated. As previously described [11], overexpression of QSOX1

in MCF-7 QSOX1S-1 and QSOX1S-2 cells decreased cell

invasion (Figures 5A and C) whereas knock-down of QSOX1

in MDA-MB-231 shQSOX1-2 and shQSOX1-1 cells increased

this process (Figures 5B and D). After the inhibition of

autophagy, using 3-MA or wortmannin, we no longer detected

a difference in invasive abilities between the different cell lines

expressing or not QSOX1. Indeed, the invasion ability of MCF-

7 C cells was decreased to the levels observed in MCF-7

QSOX1S-1 and QSOX1S-2 cells (Figures 5A and C).
Similarly, invasion ability of MDA-MB-231 shQSOX1-2 and

QSOX1-1 cells were decreased to the levels observed in MDA-

MB-231 shC cells (Figures 5B and D). Therefore, we can

conclude that the inhibition of autophagy by 3-MA or

wortmannin treatment mimics the effect of QSOX1 on cell

invasion. These results suggest that QSOX1 might inhibit

cancer cell invasion via its function in autophagy.

The Extinction of QSOX1 Expression in Tumors Decreases
p62 Levels

We have previously shown that a decreased expression of

QSOX1 in subcutaneous mouse xenografts led to a strong

enhancement of the tumor growth. Indeed, tumors obtained after

inoculation of MDA-MB-231 shQSOX1-1 cells presented a

higher volume than those obtained after inoculation of MDA-

MB-231 shC cells [11]. Similar results were obtained after

inoculation of MDA-MB-231 shQSOX1-2 cells (Figure S1). In

order to investigate the effect of QSOX1 on autophagy in vivo, we

studied whether autophagic marker levels such as LC3 and p62

were altered in these tumors. No significant differences were

observed for LC3 levels (data not shown) but, as shown in

Figures 6A, B and C, MDA-MB-231 shC tumors exhibited

higher levels of p62 puncta per cell and a higher number of p62-

positive cells compared to the levels observed in the MDA-MB-

231 shQSOX1-2 and shQSOX1-1 tumors. Altogether, these data

demonstrate that QSOX1 extinction activates p62 degradation in

presence of bafilomycin A1 versus the levels in the absence of bafilomycin A1. Data are means 6 S.D. of three independent experiments. *P,0.05
compared to the control. (E) MCF-7 C, QSOX1S-1, QSOX1S-2 and (F) MDA-MB-231 shC, shQSOX1-1, shQSOX1-2 cells were transfected with the pGFP-
LC3 vector. 24 h after transfection, cells were incubated with or without 100 nM bafilomycin A1 for 8 h. GFP-LC3 puncta were then analyzed by
confocal microscopy. Each picture is representative of a typical cell staining observed in 10 fields chosen at random. Scale bar represents 20 mm. (G
and H) GFP-LC3 puncta, observed in E and F respectively, were counted using the ImageJ software. For each group, 20 cells were randomly selected.
Data are means 6 S.D. of three independent experiments. *P,0.05 compared to the control.
doi:10.1371/journal.pone.0086641.g003
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breast tumors. These results are in agreement with those described

above at the cellular level and suggest that QSOX1 function in

tumor growth in vivo could be linked to its inhibiting effect on

autophagy.

Discussion

In this study, we demonstrate for the first time that QSOX1

plays a role in autophagy through the inhibition of autophago-

some/lysosome fusion in breast cancer cells.

Figure 4. QSOX1 inhibits autophagosome/lysosome fusion. (A) MCF-7 C, QSOX1S-1, QSOX1S-2 and (B) MDA-MB-231 shC, shQSOX1-1,
shQSOX1-2 cells were transfected with the pGFP-LC3 vector. 24 h after transfection, cells were incubated in complete medium supplemented with
500 nM Lysotracker red for 1 h. Scale bar represents 10 mm. (C and D) Colocalization between Lysotracker-stained acidic vesicles and GFP-LC3-
positive autophagosomes, observed in A and B respectively, was quantified using a confocal microscope and the Pearson’s coefficient using coloc_2
plugin (ImageJ software). The data representative of two independent experiments are shown. *P,0.05 compared to the control. Arrows indicate
colocalization. (E) MCF-7 C, QSOX1S-1, QSOX1S-2 and (F) MDA-MB-231 shC, shQSOX1-1, shQSOX1-2 cells were transfected with the pGFP-LC3 vector
and then immunostained for LAMP1. Arrows indicate colocalization and Scale bar represents 10 mm. (G and H) Colocalization of the autophagosome
marker GFP-LC3 and the lysosomal marker LAMP1 was analyzed using a confocal microscope and the Pearson’s coefficient using coloc_2 (ImageJ
software). A representative image of two independent experiments is shown. *P,0.05 compared to the control.
doi:10.1371/journal.pone.0086641.g004

Figure 5. QSOX1 function in cell invasion is related to its role in autophagy. (A) MCF-7 C, QSOX1S-1, QSOX1S-2 and (B) MDA-MB-231 shC,
shQSOX1-1, shQSOX1-2 cells were seeded on polycarbonate filters coated with Matrigel and incubated for 24 h, in the presence or absence of
autophagy inhibitors 3-MA (10 mM) or wortmannin (100 nM). Inserts were then stained with a 2% crystal violet solution and photographed. A
representative image of ten fields of view (FOV) of each membrane is shown. Scale bar represents 30 mm. (C and D) 10 FOV were randomly selected
and the number of invasive cells, observed in A and B respectively, was determined. Data are means 6 S.D. of two independent experiments
performed in duplicate. *P,0.05 compared to the control.
doi:10.1371/journal.pone.0086641.g005
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While the enzymatic function of QSOX1 is well described, its

biological functions are not fully elucidated. QSOX1 expression is

deregulated in cancer cells and this protein has been described to

be involved in tumorigenesis. We previously demonstrated that

QSOX1 is induced following an oxidative [15] or ER stress

(unpublished data), and protects breast cancer cells against a stress-

induced cell death. Since autophagy is a stress-regulated mecha-

nism involved in cancer progression, we investigated whether

QSOX1 could regulate the autophagic pathway, a regulation that

could explain its role during tumor development. To do so, we

used two models of breast cancer cell lines: a MCF-7 cell line in

which QSOX1 is overexpressed and a MDA-MB-231 cell line in

which QSOX1 is extinguished.

During a nutrient stress-induced autophagy, QSOX1 mRNA

and protein levels were upregulated and cell survival increased, as

it has already been shown for other cellular stresses. Besides its role

in homeostasis and cell survival, autophagy can be associated to a

non-apoptotic form of cell death called autophagic cell death or

type II programmed cell death. Indeed, this type of cell death can

occur when autophagy is excessive or when the cells fail to survive

against cellular stresses [41,42,43,44]. As such, during an extended

amino acid starvation, QSOX1 might prevent excessive autoph-

agy and/or autophagic cell death and allow cell survival by

inhibiting this catabolic process. As such, it would be interesting to

focus future experiments on the study of autophagic cell death in

our different cell models.

Since QSOX1 is upregulated during autophagy induction, its

role in this process was investigated through the study of different

autophagic markers. The results regarding p62 degradation

suggest that QSOX1 inhibits the basal autophagic flux. The

increase in LC3-II protein levels could have represented either an

increase of autophagy induction or a decrease of autophagosome

degradation. To clarify this point, we compared the ratio of LC3-

II in the presence and the absence of the lysosomal inhibitor

bafilomycin A1. Our results showed that QSOX1 overexpression

leads to an increase in p62 and LC3-II levels and an increase in

the number of GFP-LC3 puncta in breast cancer cells. More

interestingly, bafilomycin A1, which is an autophagosome/

lysosome fusion inhibitor, had a limited effect on autophagic flux

in cells overexpressing QSOX1. We also observed that QSOX1

prevents the colocalization of GFP-LC3 (an autophagosome

marker) and Lysotracker (a marker of acidic vesicles) or LAMP1

(a lysosomal marker) staining, suggesting that this protein inhibits

the autophagosome/lysosome fusion. These results are consistent

with those obtained in a genome-wide human siRNA screen

targeting more than 20 000 genes, suggesting that the knock-down

of QSOX1 leads to an increase of GFP-LC3 puncta in the

absence, but not in the presence of a lysosomal protease inhibitor

(E64d) in neuroblastoma cells [45].

Figure 6. The extinction of QSOX1 expression in tumors is correlated with low levels of p62. (A) Tissue sections of MDA-MB-231 shC,
shQSOX1-2 and shQSOX1-1 tumors fixed in formol were subjected to p62 immunostaining. Sections were then analyzed by confocal microscopy and
a representative image of 3 independent experiments performed in duplicate is shown. Scale bar represents 30 mm. (B) The number of p62 puncta
per cell and (C) the number of p62-positive cells were determined using the ImageJ software. To determine the number of p62 puncta, 40 cells per
tumor were randomly counted. To determine the number of p62-positive cells count, 23 fields were randomly chosen. *P,0.05 compared to the
control.
doi:10.1371/journal.pone.0086641.g006
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The mechanism by which QSOX1 inhibits autophagy remains

to be determined. One of the potential QSOX1 interacting

proteins is Ubiquilin4 (UBQLN4), a protein which belongs to the

Ubiquilin family involved in the autophagic process [46]. Indeed,

it has recently been shown that UBQLN4 acts together with

UBQLN1 to induce autophagosome/lysosome fusion through

mediated interaction of UBQNL1 with the autophagic machinery

[47,48]. QSOX1, through its interaction with UBQLN4, could

inhibit the autophagosome/lysosome fusion. Moreover, a genome-

wide targeting more than 200 genes has shown that QSOX1

(QSCN6) could inhibit autophagy in human neuroblastoma cells

by negatively regulating PI3K activity [49]. These results suggest

that QSOX1 could inhibit autophagosome/lysosome fusion by

interfering with the formation of the complex between UV

radiation resistance-associated gene (UVRAG), phosphoinositide

3-kinase (PI3K) and Beclin1.

Several previous studies have shown an involvement of QSOX1

in cancer. However, the role of QSOX1 seems to be complex

mainly because of the existence of its different transcripts. Indeed,

expression of QSOX1 spliced variants present differential

expression patterns depending on the type of cancer and the

specific role of these different transcripts remain elusive. Conse-

quently, QSOX1 has been correlated to a good or a poor

prognosis according to the type of cancer studied and could

promote or reduce cancer cell phenotypes according to the tumor

type or grade [1,11,12,13,14,15,16,17,18].

Autophagy also plays a role in various cancers such as breast

cancer. This process has a ‘‘double-edged sword’’ role in cancer

depending on the cell type, the context or the stage of tumor

development [50,51,52]. As such, we wondered whether the

involvement of QSOX1 in autophagy might explain its function in

tumor progression. Our results suggest that QSOX1, through the

inhibition of autophagy, reduces cell invasion. To confirm this

hypothesis, it will be necessary to genetically inhibit autophagy

using siRNAs against ATG5 or ATG7 and study the effect of this

inhibition on QSOX1 function in invasion. These results also

highlight that autophagy plays a prosurvival role in our cellular

models as previously described in pancreatic or mammary

tumorigenesis [53,54,55].

It has previously been shown in our laboratory that QSOX1

inhibits tumor growth in vivo [11]. Indeed, tumors obtained after

inoculation of MDA-MB-231 shQSOX1 cells in NOG mice

presented a higher volume than those obtained after inoculation of

MDA-MB-231 shC cells. In order to determine whether these

differences could be related to a deregulation of autophagy, we

investigated the expression of autophagic markers (p62 and LC3-

II) in these tumors. Our data showed no significant differences for

LC3 levels between shC and shQSOX1 tumors (Data not shown)

but the presence of QSOX1 in control tumors was associated with

high levels of p62. These results are in agreement with those

observed in our cellular models and suggest that QSOX1 plays a

role during tumor growth in vivo and that this effect could be linked

to its inhibitory effect on autophagy. However, tumors-induced by

MDA-MB-231 shQSOX1-2 cells, which present 92% of QSOX1

extinction, did not present a greater decrease of p62 levels

compared to tumors-induced by MDA-MB-231 shQSOX1-1 cells

which present 55% of QSOX1 extinction, as expected in regard to

the results obtained in vitro with the two cell lines. Previous results

have already demonstrated that tumors obtained after inoculation

of MDA-MB-231 shQSOX1-1 [11] and shQSOX1-2 (Figure S1)

cells show similar growth despite their difference in the level of

QSOX1 extinction. This observation could be explained by the

fact that a tumor tissue is far more complex and heterogeneous

than a cell line in vitro. Moreover, p62 is a multi-domain protein

that interacts with the autophagic machinery and plays a role in

various signaling pathways such as antioxidant response, inflam-

mation, metabolism and cancer [56], we still cannot exclude that

the high p62 levels observed in tumors expressing QSOX1 might

not only be related to the deregulation of autophagy. Moreover,

our results are consistent with those previously reported describing

a pro-survival role of autophagy during tumor establishment and

progression [33,57].

Altogether, our results demonstrate that QSOX1 inhibits the

autophagic pathway through the inhibition of autophagosome/

lysosome fusion and that its inhibitory effect on autophagy might

explain its function in cancer cell invasion and tumor growth

(Figure 7).

Supporting Information

Figure S1 Decreased expression of QSOX1 led to a
strong increase in tumor growth. MDA-MB-231 shC,

shQSOX1-1 and shQSOX1-2 cells were injected subcutaneously

in CIEA NOG mice (n = 5 per group). (A) 21 days after injection,

the evolution of the tumor volume was measured twice a week.

The tumor volume was calculated using the formula: V = K a 6
b2, where a is the longest tumor axis, and b is the shortest tumor

axis. (B) 42 days after injection, tumors were fixed in formol and

photographed. * P,0.05, compared to the control. This

experiment is representative of two independent experiments.

(TIF)

Figure 7. QSOX1 functions in breast cancer cells. Our results
demonstrate that QSOX1 expression is induced following a nutrient
stress-induced autophagy. QSOX1 also inhibits autophagy through the
inhibition of autophagosome/lysosome fusion and its inhibitory effect
on autophagy could explain its function in breast cancer cell invasion
and tumor growth. Dotted arrows and lines represent data which have
already been described whereas solid arrows and lines represent results
obtained in our study.
doi:10.1371/journal.pone.0086641.g007
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