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Introduction
!

Cervix cancer is the third most common cancer

among women worldwide [1]. Persistent cervical

infectionwith one of 15 carcinogenic human pap-

illomavirus (HPV) types is responsible for invasive

cervical cancer [2], and the HPV16 and 18 cause at

least 70% of cervical cancer [3,4].

Natural products issued from herbal medicine or

natural food have been tested for anticancer

properties and were successfully introduced as

new anticancer agents [5]. In traditional Chinese

medicine, flavonoids that are ubiquitous in plants

are used to treat many diseases. Among them,

isoliquiritigenin (ILG) (l" Fig. 1) is a chalcone de-

rivative isolated from licorice (Glycyrrhiza inflata

BAT, Leguminosae) and shallots used in Asian,

and are especially present in the Uygur traditional

medicine, exhibiting a wide variety of biological

functions including antioxidant [6], anti-inflam-

matory [7], antiplatelet [8], antiproliferative [9]

and apoptotic effects [10–12].

The antitumor properties of ILG have been shown

on several cell lines derived from prostate [13],

lung [12,14], andmelanoma [15]. ILG has been re-

ported to inhibit proliferation of other cell lines

such as human U87 glioma cells [16], multiple

myeloma [17], or uterine leiomyoma cells [18].

ILG can induce a cell cycle arrest at different

phases in human U87 glioma cells [16], hepatoma

Hep G2 cells [10], colon cancer cells [19], and also

cervical carcinoma HeLa cells [20]. From the stud-

ies performed on the various cell lines, it appears

that ILG can promote apoptosis through a p53-de-

pendent or ‑independent pathway depending on

the cell type [10,15,18], and in a caspase-depen-

dent manner [16]. A key regulator in ILG-induced

apoptosis seems to be the dissipation of the mito-

chondrial membrane potential, which triggers cy-

tochrome c release and caspase activation [11,20,

21].

The ability of ILG tomodulate the growth of cervi-

cal cancer cells and the mechanisms involved

have not yet been characterized in detail. The

aim of the present study was thus to test whether

the compound was similarly efficient in decreas-

ing cell viability on four cervical cancer-derived

cell lines differing by their HPV and p53 status,

and to shed light on its molecular mechanism by
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using Ca Ski cells, a cell line representative of the most common

cervical cancer carcinomas in the world.

Results
!

As shown in l" Fig. 2A, ILG displayed cytotoxic effects on the four

cell lines. The viability of Ca Ski, SiHa, HeLa, and C-33A cells eval-

uated with the MTT assay was markedly decreased after expo-

sure to ILG in a dose- and time-dependent manner with an ob-

vious inhibition of cell growth with the highest dose (80 µM) at

48 h or 72 h compared to 24 h post-exposure. IC50 values of ILG

were 39.09 µM, 53.76 µM, 58.10 µM, and 32.83 µM in inhibiting

viability of Ca Ski, SiHa, HeLa, and C-33A, respectively, at 72 h

post-exposure.

Cell cycle analysis performed on cells treated with 10 to 80 µM

ILG for 24 to 72 h revealed a G2/M phase arrest after treatment

with 80 µM ILG for any period tested in SiHa, HeLa, and C-33A

cells. This arrest was indicated by decreased proportion of cells

in G0/G1 (l" Fig. 2B). In Ca Ski cells, an accumulation of cells in

G2/M phase occurred from 24 to 72 h when treated with 40 µM

ILG, but there was an accumulation of cells in G0/G1 phase when

treated with 80 µM ILG.

ILG induced apoptosis of Ca Ski (HPV16), HeLa (HPV18), and C-

33A (HPV-) cells. Treatment with 80 µM ILG for 48 h resulted in

changes in nuclear morphology evidenced by DAPI staining. Nu-

clei of control cells treated with vehicle were round while nuclei

of treated cells exhibited characteristic features of apoptosis-like

nuclear pyknosis and karyorrhexis and DNA extrusion through

the nuclear envelope (l" Fig. 3A). Apoptosis was also attested by

the appearance of a Sub-G1 DNA peak detected by flow cytome-

try. The percentage of cells with fragmented DNA increased in a

Fig. 2 ILG inhibits the viability of human cervical

cancer cells and induces cell accumulation in G2/M.

Ca Ski, SiHa, HeLa, and C-33A cells were treated

with increasing concentrations of ILG or 300 nM

staurosporine (ST) for 24, 48, and 72 h. A Cell

viability was assessed using MTT assay. Each bar

represents the mean ± SD of six determinations.

* P < 0.05; ** p < 0.01; *** p < 0.001, compared

with vehicle. B The distribution of cell cycle was as-

sessed by flow cytometry after PI staining. Each bar

represents mean ± SD of six determinations. Con-

trols (DMSO groups) correspond to 0 µM ILG.

Fig. 1 Structures of

ILG. A Chemical struc-

ture of ILG. IUPAC

Name: (E)-1-(2,4-dihy-

droxyphenyl)-3-(4-hy-

droxyphenyl)prop-2-

en-1-one. Molecular

formula (MF):

C15H12O4. Molecular

weight (MW): 256.25 g/

mol. B 3D structure of

ILG.
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concentration- and time-dependent manner. No obvious apo-

ptotic or hypodiploid cells were detected in cells treated with

DMSO only (l" Fig. 3B). Apoptosis was further confirmed by anal-

ysis of annexin V/PI-stained cells. As shown in l" Fig. 3C, expo-

sure to 80 µM ILG resulted in an increase of apoptotic cells (30%

and 50% at 24 and 48 h, respectively), whereas the DMSO-con-

taining vehicle did not affect the viability of cells.

ILG stimulated caspase activities in Ca Ski cells. Indeed, 80 µM ILG

induced cleavage of caspase-3 and its downstream substrate

PARP in cells incubated for 24 h (l" Fig. 4A). To investigate

whether a mitochondria- or a death receptor-mediated pathway

was responsible for cell death, we evaluated the levels of caspase-

9 and caspase-8. As shown in l" Fig. 4A, 80 µM ILG induced a

cleavage of both caspases. Pretreatment of cells with 30 µM z-

VAD‑fmk attenuated PARP and caspase-3 cleavages (l" Fig. 4B)

and decreased the percentage of cells with a Sub-G1 DNA content

(l" Fig. 4C), attesting to the involvement of caspase cascade in

ILG-induced apoptosis.

The effect of ILG on the expression of Bcl-2 family proteins and

p53 in Ca Ski cells is shown in l" Fig. 5A and B. When cells were

treated with 80 µM ILG for 24 h, the expression of the apoptotic

protein Bax increased while that of Bcl-2 decreased. The ratio of

Fig. 4 ILG induces apoptosis of Ca Ski cells in a

caspase-dependent manner. A Effects of increasing

concentrations of ILG or 300 nM ST on cleavage of

PARP, caspase-3, caspase-9, and caspase-8 and on

the Bid proform in Ca Ski cells treated for 24 h. Actin

serves as a loading control. The values below the gel

represent the Bid signal intensities after normaliza-

tion to beta actin. B Cells were pretreated with

30 µM z-VAD‑fmk 1 h prior to treatment with 80 µM

ILG for 24 h. Caspase inhibitor z-VAD‑fmk sup-

pressed PARP and caspase-3 cleavage. C z-VAD‑fmk

(30 µM) suppressed apoptosis of cells exposed to

80 µM ILG for 48 h. Each bar represents mean ± SD

of three determinations. Numbers on the right in A

and B indicate molecular weight in kDa.

Fig. 3 ILG induces apoptosis of cervical cancer

cells. A Ca Ski (HPV16), HeLa (HPV18), and C-33A

(HPV-) cells were incubated with vehicle or 80 µM

ILG for 48 h. They were stained with DAPI and ex-

amined with confocal microscopy. B Cells were

treated with increasing concentrations of ILG or

300 nM ST for 24 and 48 h. The percentage of cells

showing hypodiploid DNA content (sub-G1 peak)

was evaluated by flow cytometry after PI staining.

Each bar represents the mean ± SD of six determi-

nations. C Ca Ski cells were treated with vehicle or

80 µM ILG for 24 and 48 h. They were stained with

annexin V and PI and analyzed by flow cytometry.

The left panel represents scatter plots showing

viable (annexin V−/PI−) (B3), early apoptotic (annex-

in V+/PI−) (B4), late apoptotic (annexin V+/PI+) (B2),

and necrotic cells (annexin V−/PI+) (B1). In the right

panel, bar charts show increased proportion of ap-

optotic Ca Ski cells after ILG exposure. Data repre-

sents mean ± SD of three determinations.
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Bax/Bcl-2, which is crucial for the activation of the mitochondrial

pathway, thus increased 14-fold in cells under ILG exposure. ILG

showed no obvious effect on the pro-apoptotic Bak and the anti-

apoptotic Bcl-xL proteins. ILG could also lead to cleavage/activa-

tion of Bid as revealed by the decrease of the 22 kDa Bid proform

in a concentration-dependent manner, in accordance with cas-

pase-8 activation (l" Fig. 4A). The levels of p53 and p21 also in-

creased significantly when cells were treated with increasing

doses of ILG for 24 h (l" Fig. 5B).

Since the loss of Δψm is a characteristic event in the process of

the intrinsic death pathway controlled by Bcl-2 family proteins

and p53, we examined the effect of ILG on Δψm dissipation. The

MitoTracker red-CMXRos fluorescence allowed us to identify

cells with depolarized mitochondrial membranes. As shown in

l" Fig. 5C, the loss of Δψm reached 40% when cells were treated

for 24 h with 80 µM ILG. An increased amount of cytochrome c

in the cytosolic fraction associated with a decreased amount in

the mitochondrial fraction of treated cells was observed at early

times (l" Fig. 5D) confirming the release of cytochrome c from

mitochondrial membranes into cytosol.

In HPV16 cervical cancer cells, p53 is targeted for ubiquitination

after binding to E6 and E6AP. To determine whether treatment

with ILG affected the expression of viral oncoproteins, the ex-

pression of HPV16 E6was assessed by RT-qPCR andWestern blot.

When cells were treated by 80 µM ILG for 24 h, E6 mRNA and E6

protein expressions were significantly decreased (l" Fig. 6).

Therefore it is possible to speculate that the downregulation of

E6 expression enhances p53 stabilization as shown in l" Fig. 5B.

Discussion
!

In 2013, it was demonstrated that ILG triggered mitochondrial-

and endoplasmic reticulum-stress to induce apoptosis in HeLa

cells [21]. Whether ILGwas as efficient on other cervical carcino-

ma-derived cells is not well documented. How the inhibition of

cell proliferation and/or apoptosis was induced by ILG and espe-

cially if ILG could interfere with HPV oncoproteins are unknown.

Cervical carcinogenesis, as well as maintenance of the trans-

formed phenotype of the cervix cancer cells, requires the contin-

uous expression of E6 and E7 oncoproteins [22]. It is known that

E6 oncoprotein encoded by HPV types 16 and 18 accelerates the

proteasomal degradation of p53 [23]. In addition, the HPV16 E6

Fig. 6 ILG induces reduction of HPV16 E6 expression in Ca Ski cells. Ca Ski

cells were treated with vehicle or 80 µM ILG for 24 h. HPV16 E6 RNA

quantification from Ca Ski cells was performed by RT-qPCR as described in

Material and Methods. The histogram (mean ± SD of nine determinations)

represents changes in the RNA expression levels of HPV16 E6.

*** P < 0.001, compared with vehicle. Inset: HPV16 E6 protein expression.

Actin was used as a protein loading control. Numbers in the right indicate

molecular weight in kDa. The values below the gel represent the E6 signal

intensities after normalization to beta actin.

Fig. 5 ILG deregulates expression of Bcl-2 family

proteins and induces mitochondrial membrane dis-

sipation in Ca Ski cells. A Cells were treated with

vehicle, 80 µM ILG or 300 nM ST for 24 h. Bax, Bcl-2,

Bak, and Bcl-xL were analyzed using specific anti-

bodies as described in Material and Methods. Actin

blotting confirms equal protein loading. B Cells

were treated with increasing concentrations of ILG

or 300 nM ST for 24 h. The levels of p53 and p21

were detected by Western blot. C Cells were treat-

ed with increasing concentrations of ILG or 300 nM

ST for 24 h. They were resuspended in Mitotracker

red for analysis by flow cytometry. The upper panel

shows representative flow cytometry plots. In the

lower panel, the percentage of cells with depolar-

ized mitochondrial membranes is indicated. Data

are presented as mean ± SD of nine determinations.

** P < 0.01; *** p < 0.001, compared with vehicle.

D Cells were treated with 80 µM ILG for 3 and 6 h.

Mitochondrial and cytosolic fractions were immu-

noblotted using cytochrome c antibody. Detection

of COX IV and actin confirms equal loading and pu-

rity of protein fractions. Numbers on the right in A,

B, and D indicate molecular weight in kDa. The val-

ues below the gels represent protein signal inten-

sities after normalization to beta actin or to COX IV

for mitochondrial fractions.
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protein protects cells from apoptosis triggered by tumor necrosis

factor R1 and Fas [24,25]. On the other hand, many experiments

have been performed to block the expression of E6 in HPV-posi-

tive cancer cells by inhibiting viral oncogene expression [26], us-

ing RNA interference targeting E6 [27] or transfecting HPV16 E6/

E7 anti-sense RNA [28] that sensitizes cells to senescence or apo-

ptotic signaling. But no information exists about the signaling

pathway and the initiation of apoptosis HPV16-expressing cells

under ILG exposure. This is the reasonwhywe focused our mech-

anistic studies on Ca Ski cells. These cells derived from a meta-

static epidermoid cervical cancer contain 600 copies per cell of

integrated HPV16 [29], an HPVgenotype causing over 50% of cer-

vical cancer cases [30], and continuously express HPV E6 protein.

We have used staurosporine at 300 nM as a positive control in the

majority of the experiments because we largely documented its

capability to induce apoptosis in different models of cervical can-

cer cell lines [31–35]. In the present experiments, ILG markedly

decreased the viability of the four cell lines differing by their

HPV and p53 status and induced apoptosis of HPV16, HPV18,

and HPV negative cells after 48 h, as assessed by the visible dis-

ruption in their nuclear morphology and flow cytometry results

[36]. Our data highly suggest that the induction of apoptosis in

HPV16-positive Ca Ski cells can bemediated by a downregulation

of E6 resulting in a significant increase in the level of p53. This

protein is transcriptionally active as shown by the increase in

the cyclin-dependent kinase inhibitor p21 that likely contributes

to the cell cycle arrest in G2/M or G0/G1 phase depending on the

cell type and on the concentration of ILG. In addition, an in-

creased expression of Bax protein as well as a decreased expres-

sion of Bcl-2 protein correlate with the ability of p53 to suppress

cell growth and to induce intrinsic apoptosis (for review see [37,

38]); p53 transactivates the pro-apoptotic protein Bax [39] and

favors its activation and interaction with mitochondria [40],

while it transrepresses the anti-apoptotic protein Bcl-2 [41]

which acts on mitochondria to prevent MMP [42]. In this study,

no change in Bak and Bcl-xL proteins was found although they

are both key proteins able to interact with p53 at the mitochon-

drial level [43,44] and participate in the regulation of the mito-

chondrial pathway. Our study presents evidence that this path-

way was triggered by the breakdown of the mitochondrial mem-

brane potential. Mitochondria released cytochrome c into cytosol

as early as three hours after Ca Ski cell exposure to ILG, followed

by caspase-9, caspase-3, and PARP cleavage. These results suggest

that a caspase-dependent apoptosis is the major form of cell

death occurring in cells after ILG treatment. This suggestion was

supported by the findings that z-VAD‑fmk, a pan-caspase inhib-

itor, induced a complete blockade of caspase-3 and PARP cleavage

and inhibition of DNA fragmentation.

The release of cytochrome c can also be mediated after transloca-

tion of the truncated Bid to mitochondria. The present data re-

vealed a cleavage of caspase-8 and a decrease of the proform Bid

in favor of the protein truncation. Thus tBid/Bax may be impli-

cated in the changes of mitochondrial membrane permeabiliza-

tion. Garnett et al. provided evidence that HPV16 E6 targets cas-

pase-8 for degradation which results in the inactivation of cas-

pase-8 [45]. In view of these data, it is possible that the significant

reduction of E6 observed in treated cells permits the stabilization

and activation of caspase-8, leading to the cleavage of caspase-8.

This suggests a possible contribution of the extrinsic pathway in

the ILG-induced apoptosis of Ca Ski cells. In Hep-G2 cells, ILG in-

duces programmed cell death through an upregulation of the Fas/

Apo-1 receptor and Fas ligand. Pro-apoptotic proteins, such as

FADD are inactivated by the E6–E6AP complex [25]. In addition,

p53 is able to activate Fas via an effect on Golgi transport, through

a transcription-independent mechanism [46]. Thus, we may as-

sume that by downregulating HPV16 E6 and subsequently up-

regulating p53, ILG also engages Ca Ski cells in apoptosis via the

death receptor pathway. Further research is essential to confirm

this hypothesis.

The two pathways which may execute ILG-induced apoptosis

share the activation of effector caspases. Activated caspase-3

cleaves caspase substrates, such as the DNA fragmentation factor

(DFF45)/inhibitor of caspase-activated DNase (ICAD) which dis-

sociates from DFF40/CAD. Jong et al. [47] showed that HPV16 E6

interacts with DFF40 which blocks DNA cleavage. It is possible

that the downregulation of E6 in ILG-treated Ca Ski cells might

have also facilitated the DNA fragmentation that we observed by

DAPI and flow cytometry analyses.

How the connections between ILG and HPV16 E6 influence the

apoptotic process remains to be established. DNA methylation in

cancer has become a topic of intense investigation. A high fre-

quency of HPV16 promoter methylation that may favor the ex-

pression of E6 was found in human cervical cancers [43–45,48–

51]. Interestingly, Zorko et al. [52] have shown demethylating ef-

fects of ILG on the death-associated protein kinase-1 promoter

region of cancer cell lines. Since we recently studied the methyl-

ation of HPV16 promoter [51], we attempted to determine

whether ILG had the potential to affect this methylation. There

was no evidence that ILG exhibited a demethylating activity in

treated cells. A natural chalcone library has been screened and

evaluated in structure-activity relationships. Among 21 chal-

cones, ILG was reported to inhibit both NF-κB and HDAC activity

[53]. NF-κB is constitutively activated in human cancer, including

cervical cancer [54,55]. Xu et al. [56] provided evidence that

HPV16 E6 is a regulator of the NF-κB signaling pathway. It will

be interesting to determine the crosstalk between the ILG, E6,

and NF-κB pathways to promote the apoptosis of HPV16 Ca Ski

cells. Histone deacetylation is essential to HPV oncoprotein ex-

pression during cellular transformation, and HDAC1 as well as

HDAC2 are overexpressed in Ca Ski cells and cervical cancers

[57]. Again interactions between ILG, E6, and HDAC activity

present an intriguing interplay which is tempting to decipher.

Thus flavonoids such as ILG might serve as chemical inhibitors of

E6 binding to its target proteins in cervical cancer cells in order to

prevent and treat HPV-positive cervical cancers.

Materials and Methods
!

Chemicals
ILG (l" Fig. 1) was synthesized by M. Ablise (Urumqi, Xinjiang,

China) in the Department of Medicinal and Organic Chemistry

of Xinjiang Medical University (Urumqi) as previously described

[58], and its purification was achieved in the laboratory ITODYS

of Paris-7 University (France). Synthetic ILG has the same confor-

mation as the natural ILG isolated from licorice roots of Glycyrrhi-

za inflata. The HPLC purity of ILG was 98%. ILG was dissolved in

DMSO to generate an 80mM stock solution. The stock was di-

luted to the required concentration before use with the growth

medium (the final concentration of DMSO was less than 0.1% of

the medium). Staurosporine (ST) was purchased from Sigmawith

an HPLC purity ≥ 95% and dissolved in DMSO. RPMI 1640, EMEM,

fetal bovine serum (FBS), penicillin, and streptomycin were pur-

chased from Lonza. Cell proliferation kit I (MTT assay) was from
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Roche; Annexin V-FITC kit from BD Biosciences; MitoTracker red-

CMXRos from Fisher;mitochondria/cytosol fractionation kit from

BioVision; anti-Bcl-xL, Bcl-2, Bak, Bax, procaspase-9 and cleaved

fragments, Bid and COX IV from Cell Signaling; anti-p53, cyto-

chrome c, procaspase-8 and cleaved fragments, procaspase-3

and cleaved fragments, PARP and secondary antibodies from

Pharmingen; anti-HPV16 E6 from Euromedex; anti-actin from

Sigma and pan-caspase inhibitor z-VAD‑fmk from Sigma.

Cell culture and treatments
The four cell lines were purchased from the American Type Cul-

ture Collection (ATCC). Ca Ski cells (HPV16, p53wt) were main-

tained in complete RPMI 1640. SiHa (HPV16, p53wt), HeLa

(HPV18, p53wt), and C-33A cells (HPV negative, p53mt) were cul-

tured in complete EMEM. The media were supplemented with

10% FBS, 100 units/mL penicillin and streptomycin. The cells

were incubated at 37°C in a humidified atmosphere of 95% air

and 5% CO2. The cells were treated by ILG (10 to 80 µM) for the

indicated time periods. The cells were also treated by 300 nM ST

serving as a positive control as we previously described [31,33–

35]. Inhibition of apoptosis was performed with z-VAD‑fmk at

30 µM added 1 h prior to ILG.

Cell viability assay
Cells were seeded in 96-well plates at a density of 6000 cells/well

with 100 µL of completemedium/well 24 h prior to ILG treatment

and incubated for 24, 48, and 72 h. Then 10 µL (5mg/mL) of MTT

solution was added to each well. After 4 h, 100 µL of solubiliza-

tion solution (10% SDS in 0.01M HCl) were added to each well,

and cells were incubated overnight. Absorbance was measured

at a wavelength of 570 nm with the reference wavelength of

630 nm using the scanning multiwell spectrofluorimeter EnVi-

sion 2012 Multilabel Reader (Perkin Elmer). The relative cell via-

bility is presented as a percentage of cells treated with vehicle.

DAPI staining
Cells were grown on coverslides in 6-well plates at a density of

15 × 104 cells/well and then treated with 80 µM ILG for 48 h. They

were washed with phosphate buffered saline (PBS) and fixed

with 4% paraformaldehyde for 5min. They were washed again

with PBS and incubated with 5 µg/mL of DAPI for 5min. An ulti-

mate wash with PBSwas performed. The coverslides were finally

examined by fluorescent microscopy using the Olympus Fluo-

View 1000 (Olympus).

Flow cytometry
Cells were seeded in 6-well plates at a density of 15 × 104 cells/

well 24 h prior to ILG treatment and incubated for different time

periods.

For cell cycle and sub-G1 analysis, cells were fixed overnight in

ice-cold ethanol 70%. After having been washed, the cells were

incubated with PI (10 µg/mL) in PBS supplemented with RNase A

DNase-free (1mg/mL) for 15min at room temperature. The intra-

cellular PI fluorescence intensities of 20000 cells were measured

in each sample using the flow cytometer FC500 (Beckman Coul-

ter). The analysis of cell cycle distribution was performed on a

viable gated cell population using Wincycle software (Phoenix

Flox systems).

For the annexin V/IP assay, the cells were stainedwith annexin V-

FITC and PI in darkness for 15min at room temperature, resus-

pendedwith binding buffer and analyzed by flow cytometrywith

FC500.

For mitochondrial membrane potential (Δψm) measurement,

cells were resuspended in 200 nM MitoTracker red-CMXRos di-

luted in the appropriate growth medium and incubated at 37°C

for 45min. Then the cells were washed with PBS, centrifuged

and resuspended in PBS for flow cytometry analysis. The percent-

age of cells with depolarized mitochondrial membranes was de-

termined on the cytometer (Cell Lab Quanta; Beckman Coulter).

A minimum of 10000 events was collected for each sample.

Immunoblotting and antibodies
Proteins from cell lysates were extracted with the radioimmuno-

precipitation assay lysis buffer (50mM Tris/HCl, pH 7.4, 150mM

NaCl, 1% Nonidet P-40, 0.5% Na deoxycholate, 1mM EDTA) with a

mixture of protease inhibitors (30 µg/mL) (Roche). Proteins from

cytosol and mitochondrial fractions were obtained using the

mitochondria/cytosol fractionation kit as we described previ-

ously [35]. The protein concentrations were determined using

the BioRad protein assay. Sixty µg of total proteins and 20 µg of

subcellular fraction proteins were separated by 15% sodium do-

decyl sulfate-polyacrylamide gel electrophoresis and then trans-

ferred to polyvinylidine difluride membranes (Hybond TM‑P

membrane) (GE Healthcare). After transfer, the membranes were

incubated for 60min with appropriate primary antibodies and

further incubated for 1 h with appropriate secondary antibodies

conjugated to horseradish-peroxidase. Specific protein bands

were revealed by the enhanced chemiluminescence (ECL Plus re-

agent) system (GE Healthcare). Densitometric analysis was per-

formed with the software Image J.

RT‑PCR analysis
Total RNAwas extracted from Ca Ski cells according to the manu-

facturerʼs instructions using the QIamp RNA blood mini kit (Qia-

gen). Contaminating genomic DNA was removed with a DNase I

RNase-free treatment (Invitrogen). Five hundred ng of RNAwere

reverse transcribed with 200 units MMLV-reverse transcriptase

(Invitrogen). The real-time PCR was performed as we previously

described [59] and was carried out with a 7500 real-time PCR

system (Applied Biosystems) and Taqman technology on 20 µL

of a reaction mixture containing 1 x gene expression master mix

(Applied Biosystems), 5 µL of cDNA diluted 1:20, 250 nM of

HPV16 E6 (5′BHQ1-CAGGAGCGACCCAGAAAGTTACCACAGTT-

FAM-3′) or 100 nM of β-2-microglobulin (B2M) (5′BHQ1-

CCTCCATGATGCTGCTTACATGTCTCGATCCC‑FAM‑3′) Taqman

probes (Eurogentec), and 500 nM of each primer for E6 (forward

primer: 5′-GAGAACTGCAATGTTTCAGGACC‑3′; reverse primer:

5′-TGTATAGTTGTTTGCAGCTCTGTGC‑3′) and B2M (forward pri-

mer: 5′-GATGAGTATGCCTGCCGTGTG‑3′; reverse primer: 5′-

CAATCCAAATGCGGCATCT‑3′) (Eurogentec). After an initial dena-

turation at 95°C for 10min, 40 amplification cycles were per-

formed (95°C for 15 sec, 60°C for 1min). The relative HPV16 E6

mRNA expression level was calculated by the 2–ΔΔCt method.

Statistical analysis
Data were expressed as means ± SD of at least six measurements

(corresponding to experiments performed independently at least

two times in triplicate). P values were analyzed using theWilcox-

on test. Statistical analysis was done using SPSS statistical soft-

ware. Significant differences between the vehicle and treated

groups are indicated as * p < 0.05, ** p < 0.01, and *** p < 0.001.
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Abstract 42 

Background information. Efficient clearance of apoptotic cells, named efferocytosis, is a 43 

fundamental physiological process for tissue development and homeostasis. The contribution 44 

of non-professional phagocytes like fibroblasts to efferocytosis has been established, although 45 

the underlying mechanisms are not well understood. We recently demonstrated that horizontal 46 

DNA transfer can occur through the uptake of apoptotic human papillomavirus-positive 47 

cancer cells by human primary fibroblasts leading to their transformation. The aim of this 48 

present study was to analyze the cellular and molecular mechanisms that drive the phagocytic 49 

activity of human primary fibroblasts in the context of apoptotic cervical cancer cell removal. 50 

Results. Here we provide evidence that human primary fibroblasts engulf late more 51 

efficiently than early apoptotic cells, but their phagocytic ability remains limited compared to 52 

professional phagocytes such as human monocyte-derived macrophages. The engulfment 53 

occurs in a time-, temperature- and calcium-dependent manner. Remodeling of actin-fibers 54 

contributes to the biogenesis of apoptotic cell containing-macroendocytic vacuoles. Both 55 

morphological analyses and pharmacological approaches confirmed the involvement of actin 56 

driven-phagocytosis and likely macropinocytotic mechanisms in apoptotic target 57 

internalization. The uptake of apoptotic cells requires phosphatidylserine recognition, which 58 

is mainly mediated by phosphatidylserine-receptor brain-specific angiogenesis inhibitor 1. 59 

Confocal microscopy analyses with organelle-specific markers revealed that internalized 60 

apoptotic material traffics into late phagolysosomes and specific features of microtubule-61 

associated protein 1 light chain 3-associated phagocytosis were observed. 62 

Conclusions. Our data show that in vitro fibroblasts contribute to apoptotic tumor cell 63 

removal by phagocytosis and likely macropinocytotic mechanisms. Efferocytosis by 64 

fibroblasts involves phosphatidylserine receptor brain-specific angiogenesis inhibitor 1, which 65 

participates in subsequent uptake orchestration via actin cytoskeleton remodeling. 66 

Significance. Our results highlight the cellular and molecular mechanisms of fibroblast-67 

mediated clearance of apoptotic tumor cells. Consequences regarding alternative mechanism 68 

of carcinogenesis or tumor progression should be addressed. 69 
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Introduction 70 

 Clearance of apoptotic cells (AC), known as efferocytosis, largely contributes to tissue 71 

homeostasis in vivo (Arandjelovic and Ravichandran, 2015). Although this fundamental 72 

physiological process is a property of most cell types, macrophages are the main and most 73 

effective phagocytes for the removal of AC (Savill and Fadok, 2000; Erwig and Henson, 74 

2008; Hochreiter-Hufford and Ravichandran, 2013). They have been widely used to 75 

investigate the molecular mechanisms underlying recognition, uptake, and degradation of AC 76 

(Fadok et al., 2001a; Hochreiter-Hufford and Ravichandran, 2013). 77 

 The recognition of AC by macrophages involves numerous receptors expressed on the 78 

macrophage cell surface that bind to their specific ligands exposed on AC, and which are 79 

referred to as "eat me" signals (Fadok et al., 2001a; Lauber et al., 2004; Hochreiter-Hufford 80 

and Ravichandran, 2013). To date, various "eat me" signals have been described including 81 

altered sugars, lipids and proteins (Hochreiter-Hufford and Ravichandran, 2013), but the best 82 

studied of these signals is phosphatidylserine (PS) (Fadok et al., 1998; Fadok et al., 2001b; 83 

Hoffmann et al., 2001). Previous publications support the importance of PS receptors, 84 

including the T-cell Ig and mucin domain (TIM) family (Kobayashi et al., 2007), brain-85 

specific angiogenesis inhibitor 1 (BAI1) (Park et al., 2007), and stabilin-2 (Park et al., 2008), 86 

in the clearance of AC through direct recognition of externalized PS on the AC surface. TIM-87 

4 is a small transmembrane protein that binds PS via its immunoglobulin domain and is 88 

highly expressed by macrophage cell lines (Kobayashi et al., 2007; Miyanishi et al., 2007). 89 

Bone marrow-derived macrophages from TIM-4
-/-

 mice were recently reported to have a 90 

substantially reduced ability to engulf apoptotic bodies or PS-bearing targets (Martinez et al., 91 

2011; Flannagan et al., 2014). Such observations suggest that TIM-4 is the primary receptor 92 

for PS in professional phagocytosis models. BAI1, another PS receptor, is a seven 93 

transmembrane receptor that belongs to a subfamily of adhesion G-protein-coupled receptors 94 

(Stephenson et al., 2014). The first recognized function of BAI1 was its ability to inhibit 95 

angiogenesis and tumor formation through the proteolytic processing of its N-terminal 96 

domain into secreted vaculostatins (Kaur et al., 2005). BAI1 is expressed in macrophage cell 97 

lines and immunological tissues such as the bone marrow and spleen, and is known to 98 

contribute to AC phagocytosis and myoblast fusion via its thrombospondin (TSP) type 1 99 

repeats (Park et al., 2007; Cork and Van Meir, 2011; Hochreiter-Hufford et al., 2013). Other 100 

receptors (e.g. vitronectin receptor (!v"3 integrin), Mer tyrosine kinase family (MerTK, 101 

Tyro3 and Axl)) are involved in the indirect recognition of PS and require soluble bridging 102 
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proteins (e.g. TSP1 or Milk Fat Globule-EGF factor 8 (MFG-E8), Gas6 or protein S) 103 

(Hochreiter-Hufford and Ravichandran, 2013). 104 

Engagement of the PS receptors initiates signaling events within the phagocyte. The Rho-105 

family GTPases are prominent players in the transmission and integration of signals and 106 

activate actin-related protein-2/3 (Arp2/3) complex, formins and WH2 domain-containing 107 

nucleators (Pollard, 2007; Campellone and Welch, 2010; Kuhn and Geyer, 2014). This leads 108 

to actin cytoskeleton remodeling and engulfment of dead cells into macroendocytic vacuoles 109 

(Park et al., 2007; Swanson, 2008; Hochreiter-Hufford and Ravichandran, 2013). 110 

Regarding the internalization of dead cells by professional phagocytes, different 111 

mechanisms are now being apprehended, although information about their target cell 112 

specificity (apoptotic and necrotic cells) remains sparse. Indeed, several observations indicate 113 

that the interaction of macrophages with dead cells initiates internalization of the targets, and 114 

that internalization can be preceded by phagocytosis "zipper"-like mechanism (i.e. related to 115 

the formation of a close-fitting phagocytic cup) or macropinocytotic mechanism (i.e. related 116 

to the membrane ruffling and the formation of spacious phagosomes in the ingesting 117 

macrophages) (Krysko et al., 2006a; Erwig and Henson, 2008). 118 

During the maturation of macroendocytic vacuoles, their membrane fuses with 119 

intracellular organelles including early endosomes, late endosomes and lysosomes (Kinchen 120 

and Ravichandran, 2008; Fairn and Grinstein, 2012). Recently, Martinez and colleagues 121 

highlighted that efficient clearance of AC by macrophages involves the recruitment and 122 

lipidation of microtubule-associated protein 1 light chain 3 (LC3) to the AC-containing 123 

phagosome membrane, followed by an acidification of the phagocytic vacuole (Martinez et 124 

al., 2011). The authors suggested that during this process, termed LC3-associated 125 

phagocytosis (LAP), LC3 facilitates the phagosome maturation and the subsequent 126 

degradation of cellular corpses. 127 

AC clearance by non-specialized phagocytic cells has been investigated in a limited 128 

number of studies (Hall et al., 1994; Dini et al., 1995; Parnaik et al., 2000; Monks et al., 2005; 129 

Patel et al., 2010; Wagner et al., 2011), the results of which suggest that the mechanisms 130 

underlying prey cell recognition and clearance may differ from those observed in professional 131 

phagocytes (Parnaik et al., 2000; Hochreiter-Hufford and Ravichandran, 2013). 132 

Through the endocytic process, AC can act as a DNA vector that may confer a selective 133 

advantage to the recipient cell (Bergsmedh et al., 2001; Ehnfors et al., 2009). In a previous 134 

study, we provided evidence of engulfment of apoptotic human cervical cancer-derived cells 135 

by human primary fibroblasts (HPFs) (Gaiffe et al., 2012). Apoptotic human papillomavirus 136 
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(HPV)-positive cells enabled horizontal transfer of oncogenes to HPFs revealed by in situ 137 

hybridization and PCR analyses. HPFs subsequently expressed HPV E6 mRNA and exhibited 138 

transformed cell properties, such as increased proliferation, anchorage-independent growth 139 

capacity and aneuploidy. The results highlighted an alternative mechanism of HPV-associated 140 

carcinogenesis from mesenchymal cells that are not natural targets of HPV (Unger et al., 141 

1999; Gaiffe et al., 2012).  142 

 In the present study, we analyzed the mechanisms that drive non-professional phagocytes, 143 

namely HPFs, to clear apoptotic HPV-positive cervical cancer cells. Using flow cytometry, 144 

confocal imaging and functional studies, we show that HPFs are able to phagocytize dead 145 

tumor cell corpses by recognizing and binding PS, thanks to the specific receptor BAI1 146 

expressed by HFP, and that they trigger translocation of LC3 to macroendocytic vacuoles. 147 
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Results 148 

Characterization of apoptotic cell death 149 

The apoptosis of cervical carcinoma donor cells was induced by UV-B exposure followed 150 

by staurosporine (STS) treatment for 6 h and 48 h as previously described (Gaiffe et al., 151 

2012). To ensure that only dying and dead cells were used for endocytosis assays, sloughed 152 

cells were collected and characterized by apoptosis assays. By contrast, viable HeLa and Ca 153 

Ski used as untreated cell controls were harvested by trypsinization. As shown by Sub-G1 154 

analysis, the percentage of cells with fragmented DNA increased in a time-dependent manner 155 

(8.6% ± 1.9 and 60.5% ± 5.1 at 6 and 48 h, respectively, for HeLa; 10.0% ± 2.0 and 51.9% ± 156 

2.3 at 6 and 48 h, respectively, for Ca Ski); no obvious feature of apoptosis or hypodiploid 157 

cells was detected in untreated cells (Figure 1A). Apoptosis was further confirmed by specific 158 

nuclear morphology changes evidenced by DAPI staining (Figure 1B). Flow cytometry 159 

analysis demonstrated that treatment for 6 h resulted in an increase of early apoptotic/dying 160 

cells (EAC) defined as annexin V single-positive (77.4% ± 4.6 for HeLa; 83.1% ± 2.3 for Ca 161 

Ski) and treatment for 48 h resulted in a high rate of late apoptotic/dead cells (LAC) defined 162 

as annexin V and PI double-positive (92.1% ± 5.7 for HeLa; 85.9% ± 4.2 for Ca Ski) (Figure 163 

1C).  164 

 165 

Late apoptotic cells are preferentially engulfed by HPFs 166 

To establish the extent to which HPFs could engulf apoptotic cervical carcinoma HeLa 167 

and Ca Ski cells at various stages of apoptosis, HPFs were co-cultured with PKH67-labeled 168 

EAC or LAC, washed twice to remove the non-ingested AC, fixed in PFA, and labeled with 169 

phalloidin-TRITC and DAPI. Based on confocal microscopy analysis, HPFs having ingested 170 

early or late PKH67-labeled apoptotic HeLa or Ca Ski cells could be clearly distinguished 171 

from unloaded HPFs. Figure 2A is representative of confocal microscopy images of co-172 

culture. The engulfment of EAC (1.2% ± 2.4 and 1.6% ± 2.3 at 2 and 6 h, respectively, for 173 

HeLa; 0.0% and 1.7% ± 3.7 at 2 and 6 h, respectively, for Ca Ski) analyzed by confocal 174 

microscopy was much less efficient than that of LAC (6.7% ± 4.3 and 16.7% ± 4.6 at 2 and 6 175 

h, respectively, for HeLa; 1.9% ± 4.3 and 9.3% ± 5.4 at 2 and 6 h, respectively, for Ca Ski) 176 

(Figures 2A and B). Indeed, although EAC and LAC were co-cultured with HPFs at a similar 177 

ratio (10:1), most of the EAC were released following washing and the remaining cells mostly 178 

displayed cell-cell contact but were not phagocytosed as shown in Figure 2A, left panel. The 179 

6 h co-culture duration was chosen for further experiments in order to maintain the transient 180 
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nature of early apoptotic signature throughout the co-culture period and to avoid LAC 181 

appearance (Silva, 2010). LAC were mostly engulfed by HPFs, starting after only 2 h of co-182 

culture (Figure 2B), as demonstrated by the presence of scattered yellow/green AC within the 183 

red HPFs (Figure 2A, middle panel). This result demonstrates that cell fragments (1 to 15 !m 184 

in diameter) were unequivocally inside the HPFs. Moreover, the human monocyte-derived 185 

macrophages (M"), serving as professional phagocyte controls, exhibited their high capacity 186 

for the uptake of LAC compared to HPFs (Figure 2A, right panel).  187 

 Using the quantitative flow cytometry approach, we assessed the percentage of PKH26-188 

stained HPFs that engulfed PKH67-stained apoptotic cancer cells at early time periods (2 h 189 

and 6 h) of co-culture. As shown by the appearance of PKH26- and PKH67 double positive 190 

populations (Figure 2C), the cytometry analyses confirmed that the rate of LAC uptake (5.7% 191 

± 1.7 and 17.8% ± 1.0 at 2 and 6 h, respectively, for HeLa; 5.4% ± 0.3 and 11.9% ± 0.6 at 2 192 

and 6 h, respectively, for Ca Ski) by HPFs was higher than the rate of EAC uptake (1.2% ± 193 

1.1 and 4.6% ± 0.6 at 2 and 6 h, respectively, for HeLa; 1.7% ± 0.4 and 2.3% ± 0.3 at 2 and 6 194 

h, respectively, for Ca Ski), as observed by microscopy (Figures 2C and D). Taken together, 195 

these results show that HPFs clearly distinguished EAC and LAC, and that their phagocytic 196 

capacity was limited to apoptotic subcellular fragments (LAC), which is consistent with their 197 

non-professional nature. 198 

 We next studied the kinetics of AC internalization by HPFs and M" by varying the 199 

exposure time (2 - 72 h) of LAC to the phagocytic cells. Again, the phagocytic capacity was 200 

defined as the percentage of HPFs and M" that engulf LAC. Figure 2E indicates that HPFs 201 

and M" reached their maximal phagocytic capacity at 24 h post-exposure. Nevertheless, the 202 

percentage of phagocytosing HPFs was lower compared to M" (Figure 2E). Overall, HPFs 203 

engulfed AC with a lower efficiency than M", an observation that further substantiates their 204 

amateur phagocyte nature. 205 

 Moreover, we studied in detail the morphological aspects of dead cell engulfment by 206 

HPFs using confocal microscopy (Figure 2F). The reorganization of the actin cytoskeleton 207 

observed during internalization of double-PKH67/DAPI-labeled LAC suggests both 208 

phagocytosis and macropinocytotic processes. During the initial step of endocytosis, LAC 209 

bound to the plasma membrane. Actin polymerization was localized underneath the plasma 210 

membrane in contact with LAC to be ingested, and a dense network of actin filaments 211 

appeared in this region (Figure 2F(a)). Then, membranous expansions extended around the 212 

dead cell (Figure 2F(b)) to ultimately engulf it in a membrane-bound vacuole (Figure 2F(d)). 213 

Actin-rich membrane ruffles were also observed, suggesting a macropinocytosis-like 214 
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movement-mediated capture of LAC by HPFs (Figure 2F(c)). The ingested LAC was 215 

completely enclosed into HPFs within 6 h (Figure 2F(d)). 216 

 In addition, the monitoring of AC clearance was evaluated by position-referenced 217 

microscopy as previously published (Galeano et al., 2011). By tracking the fluorescent dyes 218 

during co-culture between PKH26-labeled HPFs and CFDA, SE-labeled HeLa LAC at 219 

different time periods, we observed that apoptotic corpses quickly (1 h) adhered to the plasma 220 

membrane of HPFs and were efficiently internalized by HPFs within 6 h after first tethering 221 

(Figure 2G, see Video S1 in the Supplementary Material). These time-lapse events have been 222 

already described for other non-professional phagocytes (Parnaik et al., 2000; Monks et al., 223 

2005). 224 

 225 

Clearance of LAC by HPFs is inhibited by low temperature incubation, 226 

EDTA, cytochalasin D and dimethylamiloride 227 

 As visualized by confocal microscopy, the surface morphology of HPFs revealed 228 

dynamic actin-based membrane protrusions of HPFs that induce phagocytic cup formation 229 

during AC internalization. To better understand the endocytosis mechanisms used by HPFs to 230 

engulf AC, physical and chemical inhibitors were tested. When recipient cells were co-231 

incubated with HeLa and Ca Ski AC at 4¡C or in the presence of 2 mM EDTA, the percentage 232 

of internalization significantly dropped to 4.1-14.8% suggesting that internalization requires 233 

energy and divalent ions (Ca
2+

, Mg
2+

) (Figure 3A). Cytochalasin D (an F-actin 234 

depolymerizing agent) or 5-(N,N-dimethyl) amiloride hydrochloride (DMA; an inhibitor of 235 

Na
+
/H

+
 exchange that prevents membrane ruffling and macropinocytosis) were used to treat 236 

HPFs prior to the addition of LAC (Swanson and Watts, 1995; Ivanov, 2008). These 237 

treatments resulted in significant decreases of LAC uptake by HPFs in a dose-dependent 238 

manner, suggesting the involvement of phagocytosis and/or macropinocytosis in the 239 

internalization process (Figure 3A). Partial inhibition of LAC uptake was seen using 240 

chlorpromazine (an inhibitor of clathrin-dependent endocytosis) at a concentration of 20 !M 241 

(Ivanov, 2008). By contrast nystatin (an inhibitor of caveolin-dependent endocytosis) had no 242 

effect on the uptake of LAC whatever the concentration used (Ivanov, 2008) (Figure 3A). 243 

Taken together, these data suggest that phagocytosis and macropinocytotic mechanisms 244 

contribute to AC clearance.  245 

 It is noteworthy that 6 h treatment with high concentrations of EDTA (> 2 mM), 246 

cytochalasin D (> 4 !M), chlorpromazine (> 20 !M) and nystatin (> 20 !M) interfered with 247 
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HPFs viability, as monitored by MTT test (see Figure S1 in the Supplementary Material), and 248 

were not considered for internalization assays. 249 

 250 

Efferocytosis of LAC by HPFs is partially mediated by phosphatidylserine 251 

and BAI1 252 

 PS exposure is widely considered as a canonical marker of apoptosis. The contribution of 253 

PS recognition by HPFs in AC clearance was evaluated by measuring the ability of HPFs to 254 

engulf PKH67-AC incubated with an excess of annexin V. Pretreatment with 40 and 160 255 

!g/mL of annexin V efficiently blocked PS recognition by annexin V-PE (Figure 3B) and 256 

resulted in a dose-dependent decrease of LAC uptake by HPFs (Figure 3C). Four main PS 257 

receptors have been shown to be involved in the uptake of AC by professional phagocytes, 258 

namely BAI1, TIM-1, TIM-4 and stabilin-2 (Kobayashi et al., 2007; Park et al., 2007; Park et 259 

al., 2008). Among these 4 different PS receptors, we noted that 2 were expressed by M", 260 

namely BAI1 and TIM-4 as shown by quantitative reverse transcription PCR (RT-qPCR) 261 

analysis (Figure 3D). The receptors involved in endocytosis of AC by amateur phagocytes 262 

have not been clearly identified. Here, HPFs expressed only BAI1 and displayed lower levels 263 

of mRNA compared to M" (Figure 3D). Moreover, immuno-localization studies with the 264 

H270 antibody indicated that BAI1 was not uniformly distributed but showed variable and 265 

patchy membrane staining in HPFs, as well as in M", in the absence of AC (Figure 3E). 266 

During co-culture between HPFs and AC, BAI1 showed a tendency to accumulate within the 267 

phagocytic cup (Figure 3F). We hypothesized that BAI1 may subserve an engulfment 268 

function of apoptotic corpses by HPFs. To assess the function of BAI1 in this system, short 269 

interference RNA (siRNA) against BAI1 were transfected in HPFs prior to co-culture as 270 

described in detail in the Materials and Methods section. Compared to a siRNA negative 271 

control, this resulted in a significant decrease of BAI1 mRNA levels (Figure 3G) and a lower 272 

ability to internalize PKH67-labeled LAC, either HeLa or Ca Ski LAC (Figure 3H). Thus, we 273 

believe BAI1 to be a surrogate molecule to engulf apoptotic targets. 274 

 275 

Recruitment of LC3 onto the macroendocytic vacuoles occurs after LAC 276 

efferocytosis by HPFs 277 

 Since some components of the autophagy machinery are involved in the maturation of 278 

macroendocytic vacuoles (Sanjuan et al., 2007; Florey et al., 2011; Martinez et al., 2011), we 279 

further sought to assess the recruitment of LC3 and lysosomal-associated membrane protein 1 280 
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(LAMP-1) to macroendocytic vacuoles after AC engulfment by HPFs. Western blotting 281 

analyses revealed that HPFs co-cultured with LAC contained higher levels of the lipidated 282 

LC3 form (LC3-II) compared to control cells, suggesting that LAC uptake led to LC3-II 283 

conversion in HPFs (Figure 4A). Confocal microscopy analyses of LC3 immunostaining after 284 

cell fixation showed that LC3 could be recruited to AC-containing vacuoles (Figure 4B). 285 

Thus, LC3-II conversion after AC uptake might be at least partly associated with direct LC3 286 

lipidation onto macroendocytic vacuoles. Taken together, these results indicate that AC 287 

uptake by HPFs can initiate LAP as previously described in macrophages (Sanjuan et al., 288 

2007; Florey et al., 2011; Martinez et al., 2011). Furthermore, positive staining of some 289 

macroendocytic vacuoles with LAMP-1, a classical marker of lysosomal compartments 290 

(Tjelle et al., 2000), suggests a fusion of AC-containing vacuoles with lysosomes (Figure 4B). 291 
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Discussion 292 

In vivo, the rapid and efficient clearance of dying cells is fundamental for tissue 293 

development and homeostasis, as well as for protection against chronic inflammation and 294 

autoimmunity. As typical professional phagocytes, macrophages play a central role in the 295 

efferocytosis process. Over the last few decades, it has become clear that epithelial cells 296 

(Parnaik et al., 2000; Monks et al., 2005; Patel et al., 2010), endothelial cells (Dini et al., 297 

1995), and fibroblasts (Hall et al., 1994; Parnaik et al., 2000), collectively known as non-298 

professional or amateur phagocytes, may contribute to dead cell clearance. With regard to 299 

fibroblasts, they are known to be involved in a variety of physiological (e.g. deposition of 300 

extracellular matrix, regulation of epithelial differentiation) or pathological processes (e.g. 301 

regulation of inflammation, engagement in wound healing) (Tomasek et al., 2002; Parsonage 302 

et al., 2005; Bainbridge, 2013; Chiarugi, 2013). They are also able to remove apoptotic 303 

corpses (Hall et al., 1994; Holmgren et al., 1999; Gaiffe et al., 2012). Professional phagocytes 304 

possess a battery of apoptotic-cell surface ligands and intermediate molecules that can lead to 305 

uptake of apoptotic cells (AC) (Hochreiter-Hufford and Ravichandran, 2013). Although 306 

amateur phagocytes like fibroblasts contribute to AC efferocytosis, the mechanisms of this 307 

process are not well understood. 308 

We recently demonstrated that horizontal DNA transfer can occur through the uptake of 309 

apoptotic HPV-positive cancer cells by human primary fibroblasts (HPFs) leading to their 310 

transformation (Gaiffe et al., 2012). In the current study, by using the same in vitro co-culture 311 

approach, we confirm that HPFs take up late apoptotic cancer cells and we demonstrate that 312 

internalization depends to a significant extent on BAI1. Interestingly, HPFs discriminate 313 

precisely between dying apoptotic targets (EAC) and dead cells (LAC) and mainly engulf 314 

LAC (Figures 2A-D), and not dying whole cells, in contrast to professional phagocytes such 315 

as macrophages (Cocco and Ucker, 2001; Xu et al., 2006). This is in line with observations 316 

reporting that other amateur phagocytes also preferentially engulf apoptotic corpses (Parnaik 317 

et al., 2000; Patel et al., 2010). Moreover, LAC uptake by HPFs phagocytes occurs more 318 

slowly and less efficiently than by professional phagocyte macrophages (Figure 2E). These 319 

data corroborate those obtained with epithelial, endothelial and peritoneal mesothelial cells, as 320 

non-professional phagocytes, exhibiting a limited internalization potential compared to 321 

macrophages (Monks et al., 2005; Patel et al., 2010; Wagner et al., 2011). In addition, the 322 

relatively long-time sequential events observed using position-referenced microscopy (Figure 323 

2G, see Video S1 in the Supplementary Material) suggest that upon first tethering, LAC 324 
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uptake by HPFs requires a critical extended recognition and transduction period that triggers 325 

actin cytoskeleton remodeling for efferocytosis. This is in agreement with previous 326 

observations (Parnaik et al., 2000; Monks et al., 2005). To the best of our knowledge, the 327 

molecular mechanisms underlying this delay remain elusive. 328 

Confocal microscopy analyses reveal that the internalization process involves the typical 329 

sequence of phagosome formation (cup-shaped invaginations of the plasma membrane that 330 

subsequently close at their distal margins to form intracellular membrane-bounded organelles) 331 

largely mediated by active actin cytoskeleton remodeling (Swanson, 2008) (Figure 2F). 332 

Engulfment by typical macropinocytotic mechanism cannot be excluded, as observed by 333 

specific restructuring of the actin cytoskeleton, such as membrane ruffles (Figure 2F(c)) 334 

(Erwig and Henson, 2008; Swanson, 2008). Indeed, the partial inhibition of LAC uptake by 335 

the macropinocytosis inhibitor dimethylamiloride (Swanson and Watts, 1995; Ivanov, 2008) 336 

(Figure 3A), suggests that macropinocytosis-like mechanisms might proceed to LAC 337 

clearance, in line with reports from several authors (Hoffmann et al., 2001; Ogden et al., 338 

2001; Xu et al., 2006). In addition, the data obtained with cytochalasin D, a cell permeable 339 

myotoxin that inhibits both phagocytosis and macropinocytosis through the depolymerization 340 

of actin filaments (Ivanov, 2008), confirm the involvement of actin driven-phagocytosis and 341 

likely macropinocytotic mechanisms in LAC internalization (Figure 3A). In macrophages 342 

typically driving phagocytosis of apoptotic bodies, it has been demonstrated that 343 

macropinocytosis could participate in dead cell uptake in a PS-dependent manner (Hoffmann 344 

et al., 2001; Krysko et al., 2006b). Thus, in our model, two engulfment mechanisms, namely 345 

phagocytosis and macropinocytosis, might interplay for the removal of apoptotic material. 346 

Participation of clathrin-mediated endocytosis might also contribute to LAC uptake, as 347 

documented by the results of chlorpromazine experiments. However, the reduction of LAC 348 

internalization might be explained by side effects of that chemical on other endocytic 349 

pathways. Indeed, chlorpromazine can interfere with the formation of phagosomes or 350 

macropinosomes (Dutta and Donaldson, 2012), likely because of the clathrin-actin crosstalk 351 

(Shen et al., 2013). 352 

The first step to removing AC calls for distinction of viable cells from dying cells. The 353 

flipping of membrane lipids that occurs during the early stages of apoptosis results in their 354 

exposure on the outer leaflet of the plasma membrane, where they can be recognized by 355 

phagocytes (Fadok et al., 1998). Here, the use of annexin V, an inhibitor for PS-mediated 356 

efferocytosis, demonstrates that the exposure of PS on the outer leaflet of the LAC-plasma 357 

membrane is a key event for LAC recognition and subsequent uptake by HPFs (Figures 3B 358 
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and C). Nevertheless, EAC, which also expose PS (Figure 1C) remain weakly engulfed 359 

(Figures 2A-D). It seems clear that PS exposure is required but not sufficient for the target 360 

cells to be engulfed by macrophages (Cocco and Ucker, 2001; Segawa et al., 2011). As 361 

suggested by Borisenko et al., levels of exposed PS above the phagocyte sensitivity threshold 362 

might be necessary to allow efficient AC engulfment (Borisenko et al., 2003). When the 363 

plasma membrane of AC becomes permeabilized (i.e., in late apoptotic cells), additional 364 

molecules are revealed to shape a new combination of "eat-me" and "donÕt-eat-me" signals 365 

(Poon et al., 2010), which might favor optimal AC engulfment by HPFs. 366 

Our data also demonstrate that engulfment of apoptotic cancer cells is Ca
2+

/Mg
2+

-367 

dependent, since this process is inhibited following the chelation of extracellular Ca
2+

/Mg
2+

 368 

by EDTA (Figure 3A). Our findings also indicate that engulfment is significantly inhibited at 369 

4¡C (Figure 3A). It is noteworthy that these two conditions were reported to inhibit the AC-370 

tethering step that subsequently prevents AC uptake by macrophages (Dransfield et al., 2015). 371 

Since integrins are known to be inactive at 4¡C, we may suggest a role for these cell adhesion 372 

receptors in the tethering of AC by our amateur phagocytes, likely by the MFG-E8-TSP1-373 

!v"3 or !v"5 through indirect interaction with PS (Hall et al., 1994; Hanayama et al., 2002; 374 

Borisenko et al., 2004). 375 

In 2007, TIM-4 and BAI1 were first identified in macrophages as direct phagocytic 376 

receptors for PS-exposing apoptotic corpses (Kobayashi et al., 2007; Park et al., 2007). 377 

Interestingly, our data demonstrate here that the BAI1 receptor is expressed by both HPFs and 378 

macrophages (Figures 3D and E), contrary to TIM-4, whose expression is restricted to 379 

macrophages (Figure 3D). Moreover, siRNA-mediated knockdown of BAI1 in HPFs caused a 380 

significant reduction of BAI1 mRNA associated with a reduction of efferocytosis capacity 381 

(Figures 3G and H), as already shown in a model of astrocytes (Park et al., 2007). Together, 382 

the present results highlight the involvement of PS recognition in AC efferocytosis and the 383 

role of BAI1 as a key PS receptor in our amateur phagocytes. The actin cytoskeletal 384 

remodeling observed by confocal microscopy during LAC engulfment (Figure 2F) is likely 385 

the consequence of an activation of the ELMO/Dock180/Rac1 pathway by interaction with 386 

the intracellular domain of BAI1 (Park et al., 2007). However, our experiments highlight that 387 

both PS-masking and BAI1 siRNA lead to partial reduction of AC clearance (Figures 3C and 388 

H), suggesting that other molecules may also trigger recognition and subsequent uptake of 389 

AC by HPFs. One of the molecules potentially involved may be the fibroblast vitronectin 390 

receptor (Hall et al., 1994). While the vitronectin receptor is defined as an integrin receptor 391 

triggering TSP-mediated clearance of AC (Savill et al., 1992; Hall et al., 1994), it has also 392 
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been reported that this phagocytic receptor is attracted to PS through indirect interactions via 393 

the bridge molecules MFG-E8 (Hanayama et al., 2002; Borisenko et al., 2004). The protein 394 

complex thus formed has been shown to bind the ELMO/Dock180/Rac1 signaling complex 395 

(Albert et al., 2000). Thus, BAI1 and vitronectin receptor signaling could be intimately 396 

interconnected. This apparent redundancy supports the idea of a complex recognition network 397 

that may explain why the identification of cell surface proteins involved in the removal of AC 398 

by non-professional phagocytes is challenging. 399 

Ingested cellular material can be degraded following maturation of macroendocytic 400 

vacuoles through fusion of early endosomes, late endosomes and lysosomes (Kinchen and 401 

Ravichandran, 2008; Fairn and Grinstein, 2012). Here, we provide further evidence that 402 

maturation of AC-containing vacuoles is associated with changes in the composition of their 403 

membranes, as shown by the detection of LAMP-1, a specific marker of lysosomes (Figure 404 

4B). Interestingly, LAMP-1 colocalizes with the key autophagy-related protein LC3 (Figure 405 

4B). Florey et al. recently uncovered a non-canonical activity of this autophagy protein that is 406 

associated with macroendocytic engulfment (Florey et al., 2011; Florey and Overholtzer, 407 

2012). During this process, so-called LC3-associated phagocytosis (LAP), LC3 is directly 408 

lipidated onto a variety of single-membrane compartments such as AC-containing vacuoles 409 

(Florey et al., 2011; Martinez et al., 2011). In professional phagocytes, Martinez et al. have 410 

suggested that direct LC3 recruitment onto the phagosome membrane promotes phagosome 411 

maturation and subsequent degradation of the engulfed AC (Martinez et al., 2011). To the 412 

best of our knowledge, this is the first time that LAP is observed in amateur phagocytes. 413 

However, its significance in the clearance of LAC and possible altered intracellular 414 

processing, especially in the context of horizontal gene transfer, remains to be clarified. The 415 

identification of other elements of the engulfment machinery expressed by HPFs and the 416 

characterization of their function in clearance of AC are within the scope of our future 417 

investigations. Fibroblasts are known to secrete chemokines and cytokines involved in 418 

leukocyte recruitment and/or activation, and there is accumulating data for a role of cancer-419 

associated fibroblasts in cancer progression through paracrine pressure (Karagiannis et al., 420 

2012; Harper and Sainson, 2014). Thus, studies are necessary to clarify how far cancer-421 

associated fibroblast-mediated efferocytosis might influence the antitumor-immune response 422 

and tumor progression. 423 
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Materials and Methods 424 

Cell culture 425 

HeLa (HPV18 DNA-positive) and Ca Ski (HPV16 DNA-positive) cervical cancer cell 426 

lines were obtained from American Type Culture Collection (Rockville, MD, USA) and used 427 

to generate early (EAC) or late (LAC) apoptotic cells. They were maintained as previously 428 

described (Hirchaud et al., 2013). 429 

HPFs were isolated from surgical residues of adult healthy human skin as previously 430 

described (Gaiffe et al., 2012). The surgical residues were anonymized by Prof. Philippe 431 

Humbert (Laboratory of engineering and cutaneous biology, UMR 1098, University Hospital, 432 

Besan�on, France). HPFs are not subject to validation from an ethics committee in accordance 433 

with law L.1245-2 of the "Code de la Sant� Publique" applicable in France. However, the 434 

laboratory (Prof. Philippe Humbert) that provided HPFs has documents stating the patient's 435 

non-opposition to the use of surgical residues for medical research in accordance with law 436 

L.1211-2. None of the authors had any interaction with patients from whom the surgical 437 

residues were collected. HPFs were grown at 37¡C (5% CO2) in complete DMEM L-438 

glutamine (Lonza, Basel, Switzerland) supplemented with 10% fetal bovine serum (Lonza) 439 

and 10 ! 10
4
 U/L penicillin/streptomycin (Lonza). 440 

Blood samples were collected from healthy donors after regulatory approval of the local 441 

ethics committee of Franche-Comt� (CPP Est II, Besan�on, France) and the French Ministry 442 

of Higher Education and Research (Minist�re de lÕEnseignement Sup�rieur et de la 443 

Recherche, agreement number # AC-2015-2408, May 22 2015). Signed informed consent was 444 

obtained from these healthy donors (Etablissement Fran�ais du Sang Bourgogne Franche-445 

Comt�, Besan�on, France). Human monocytes were isolated and purified from peripheral 446 

blood mononuclear cells of buffy coat using Ficoll-Hypaque (GE Healthcare, Orsay, France). 447 

After isolation from peripheral blood mononuclear cells using a CD14+ selection kit 448 

(Miltenyi Biotech, Paris, France), monocytes were differentiated into human monocyte-449 

derived macrophages (M") by culturing cells at 1 ! 10
6
 cells/mL in a 24-well plate for 7 days 450 

in RPMI (Gibco, Life Technologies) supplemented with 10% fetal bovine serum (Gibco) and 451 

50 ng/mL macrophage colony-stimulating factor (Miltenyi Biotech). Non-adherent cells were 452 

removed by washing prior experiments. 453 

Cells were routinely checked for mycoplasm contamination. 454 
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Generation of apoptotic cells 455 

Twenty-four hours prior to apoptosis induction, cancer cells were seeded at 5 ! 10
4
 456 

cells/cm
2
 and apoptosis was induced with UV-B irradiation (UV cross-linker, Ultra-Violet 457 

Products Ltd., Cambridge, UK) (20 mJ/cm") followed by 300 nM staurosporine (STS; Sigma-458 

Aldrich, St. Quentin Fallavier, France) treatment for the indicated time periods. Cells (viable 459 

and apoptotic) were then washed twice thoroughly with PBS (Lonza) before apoptosis assays 460 

and endocytosis assays described hereafter. 461 

 462 

Confocal microscopy 463 

Apoptosis detection 464 

For imaging analysis, apoptotic cells (AC) were dropped on polysine¨ microscope slides 465 

(ThermoScientific, Illkirch, France), washed with PBS and fixed with 3.7% (w/v) 466 

paraformaldehyde (PFA; Sigma-Aldrich) for 10 min at room temperature (RT). DNA from 467 

AC was stained with 300 nM 4«,6-diamidino-2-phenylindole, dihydrochloride (DAPI; 468 

Invitrogen, Life Technologies, St. Aubin, France) for 5 min at RT. After a last wash with 469 

PBS, glass coverslips of 1.9 cm
2
 (Dutscher, Brumath, France) were mounted on slides in 470 

Vectashield Mounting Media for Fluorescence (VectorLabs, Burlingame, California, USA). 471 

Cells were examined by fluorescent confocal microscopy using the Olympus FluoView 1000 472 

(Olympus, Tokyo, Japan) with appropriate filter settings and 40X/1.0 or 100X/1.0 numeric 473 

aperture oil objectives. Images were captured and data were generated using the Olympus 474 

FluoView10-ASW (Version 4.2) software. 475 

Endocytosis assay 476 

HeLa and Ca Ski cells were fluorescently labeled with PKH67 (green) prior to apoptosis 477 

induction according to the manufacturer's instructions (PKH67-Fluorescent Cell Linker Kits 478 

for General Cell Membrane Labeling; Sigma-Aldrich). In brief, 10
7
 HeLa or Ca Ski cells/mL 479 

were washed in serum-free culture medium and resuspended in 2 mL PKH67-containing 480 

Diluent C (2 ! 10
-6

 M) for 4 min at RT. Non-labeled HPFs and M# (10
4
 and 10

5
 cells/cm

2
 481 

respectively) were seeded on coverslips of 1.9 cm
2
 in a 24-well plate. Then PKH67-labeled 482 

AC were co-cultured with HPFs or M# at a 10:1 ratio for different time periods at 37¡C in 483 

500 $L DMEM according to our previous data (Gaiffe et al., 2012). Coverslips were washed 484 

twice with PBS to remove the non-ingested AC. HPFs or M# were fixed with 3.7% (w/v) 485 

PFA. F-actin was stained with phalloidin-tetramethylrhodamine-B-isothiocyanate (TRITC) 486 

(Sigma-Aldrich) (2.5 ! 10
-2

 g/L) for 30 min at 4¡C and DNA was stained with 300 nM DAPI 487 
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for 5 min at RT. Cells were finally examined and images captured as described above. For 488 

each condition, more than 200 HPFs or M! were randomly observed and scored by two 489 

independent blinded observers. The percentages of HPFs or M! having ingested AC were 490 

calculated. 491 

Uptake of AC by HPFs was also investigated by position-referenced microscopy to track 492 

the fate of HPFs exposed to AC, as previously described (Galeano et al., 2011). Briefly, 5-493 

(and-6)-carboxyfluorescein diacetate, succinimidyl ester- (CFDA, SE; Invitrogen) labeled AC 494 

were incubated with PKH26-labeled HPFs for 11 h with an observation every hour. Images 495 

recorded at different time points are superimposed in a common coordinate system with 496 

subpixel accuracy. 497 

Fluorescent staining 498 

Fluorescence analyses were performed as described above using Cell Proliferation Dye 499 

eFluor¨ 450 (eBioscience, San Diego, CA, USA), phalloidin-TRITC, rabbit monoclonal anti-500 

BAI1 (SC-66815 Anti-Mouse, Rat, Human, BAI-1 (H270), Santa Cruz Biotechnology, Inc., 501 

Dallas, Texas, USA), rabbit polyclonal anti-LC3A/B (#4108, Cell Signalling Technology, 502 

Danvers, MA, USA), mouse anti-LAMP1 (CD107a, BD Pharmingen, BD Biosciences, Le 503 

Pont de Claix, France) primary antibodies, and DAPI according to the manufacturerÕs 504 

recommendations. For immunostaining, primary antibodies and goat-anti-rabbit-Alexa 488- 505 

and donkey-anti-mouse-Cyª3- (Jackson ImmunoResearch Laboratories, Inc, West Grove, 506 

PA, USA) conjugated secondary antibodies were used diluted at 1:100 and 1:250 507 

respectively. 508 

 509 

Flow cytometry 510 

Apoptosis detection 511 

For Sub-G1 analysis, cells were fixed overnight in ice-cold 70% ethanol. After washing 512 

with PBS, cells were incubated with propidium iodide (PI; BD Pharmingen) (10 µg/mL) in 513 

PBS supplemented with DNase-free RNaseA (Thermo Fisher Scientific, Waltham, USA) (1 514 

mg/mL) in darkness for 15 min at RT. The intracellular PI fluorescence intensities of 20,000 515 

cells were measured for each sample using the FC500 flow cytometer (Beckman Coulter, 516 

Orange County, CA, USA). The cytometry analyses were performed using CXP software 517 

(Beckman Coulter). For the annexin V/PI apoptosis assay, the cells were stained with FITC 518 

annexin V from Apoptosis Detection Kit I (BD Pharmingen) and PI in darkness for 15 min at 519 
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RT, resuspended in binding buffer and analyzed by flow cytometry according to the 520 

manufacturer's instructions. 521 

Endocytosis assay 522 

HeLa and Ca Ski cells were labeled with PKH67 (green) prior to apoptosis and HPFs 523 

were labeled with PKH26 (red) according to the manufacturer's instructions (PKH26-524 

Fluorescent Cell Linker Kits for General Cell Membrane Labeling; Sigma-Aldrich). HPFs 525 

were seeded at 10
4
 cells/cm

2
 in a 24-well plate. Then PKH67-labeled HeLa or Ca Ski were 526 

co-cultured with 20,000 PKH26-labeled adherent HPFs at a 10:1 ratio for different time 527 

periods in the conditions described previously (Gaiffe et al., 2012). HPFs incubated with AC 528 

were harvested by trypsinization and engulfment was assayed using 2-color flow cytometry. 529 

The percentage of PKH26-positive cells stained positive for PKH67 was considered as the 530 

proportion of HPFs having ingested AC. Appropriate controls were performed to set the 531 

cytometer for each color. When indicated, culture or co-culture conditions were modified 532 

prior to endocytosis assays. A PS masking assay was performed to assess the contribution of 533 

the PS exposed by late apoptotic cells (LAC) in their uptake by HPFs. Briefly, LAC were pre-534 

incubated in binding buffer with 40 or 160 !g/mL unlabeled purified recombinant annexin V 535 

(BD Pharmingen) at RT for 30 min, before being used in flow cytometry endocytosis assays. 536 

To quantify the saturation rate of annexin V specific binding sites, a fraction of pre-incubated 537 

cells were incubated with phycoerythrin (PE) annexin V (BD Pharmingen) at RT for 30 min. 538 

Titration of blocked annexin V binding sites was performed by flow cytometry analysis. 539 

HPFs were pre-incubated with EDTA (Lonza) (up to 2 mM), cytochalasin D (Sigma-Aldrich) 540 

(up to 4 !M), DMA (Sigma-Aldrich) (up to 80 !M), chlorpromazine (Sigma-Aldrich) (up to 541 

20 !M) and nystatin (Sigma-Aldrich) (up to 20 !M) at 37¡C for 1 h before performing flow 542 

cytometry endocytosis assays at 37¡C (Ivanov, 2008). In additional experiments, HPFs were 543 

co-incubated with apoptotic targets at 4¡C. Moreover, BAI1 siRNA (On-TargetPlus SMART 544 

pool; Dharmacon, Lafayette, CO, USA) and siRNA negative control (Eurogentec, Angers, 545 

France) were introduced into HPFs by transfection (Lipofectamine¨ 2000; Life 546 

Technologies) 48 h before exposure to LAC. In brief, 50 !M siRNA were added to 2 " 10
4
 547 

cells incubated in Opti-MEM (Life Technologies). RNA was prepared to assess the level of 548 

BAI1 expression by RT-qPCR analysis. 549 
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RNA isolation and RT-qPCR analysis 550 

RNA was extracted from 10
6
 cells using the QIAamp¨ RNA Blood Mini Kit (Qiagen, 551 

Courtaboeuf, France) according to the manufacturerÕs recommendations. Contaminant 552 

genomic DNA was removed by treatment with 0.2 U/µL of DNase I Amplification Grade 553 

(Invitrogen, Cergy Pontoise, France) before reverse transcription with 500 ng of RNA using 554 

the Superscript VILO cDNA Synthesis Kit (Life Technologies). 555 

Quantitation of BAI1, TIM-4, and human !-2-microglobulin (B2M) transcripts was 556 

performed with a 7500 Real Time PCR System (Applied Biosystems, Life Technologies) in 557 

the 1X TaqMan Gene Expression Master Mix (Applied Biosystems), using respectively the 558 

Hs01105174_m1 and Hs00293316_m1 Assays-on-Demandª (Applied Biosystems) or 500 559 

nM of each primer (forward primer: 5'-GATGAGTATGCCTGCCGTGTG-3'; reverse primer: 560 

5'-CAATCCAAATGCGGCATCT-3', Eurogentec) and 200 nM of probe (5'-6-FAM-561 

CCTCCATGATGCTGCTTACATGTCTCGATCCC-BHQ-1-3', Eurogentec) targeting the 562 

B2M. RT-qPCR were performed in 20 "L of a reaction mixture containing 4 "L of diluted 563 

cDNA (1:5) with 45 amplification cycles (95¡C for 15 sec, 60¡C for 1 min). Relative 564 

quantitation of mRNA was performed according to the 2
Ð##Ct

 method algorithm with B2M 565 

serving as housekeeping control and 5 serial dilutions (1:10) cDNA from M$ as calibrator. 566 

 567 

Western blotting 568 

Western blotting was performed as described previously (Gaiffe et al., 2012). Cells were 569 

collected in RIPA lysis buffer (50 mM Tris/HCl, pH 7.4, 150 mM NaCl, 1% Nonidet P-40, 570 

0.5% Na deoxycholate, 1 mM EDTA) containing anti-proteases (30 µg/mL) (Roche) and 571 

proteins were extracted from whole cells. Protein concentrations were quantified using the 572 

Biorad Protein Assay¨ (BioRad Laboratories, Hercules, CA, USA) according to the 573 

manufacturerÕs instructions. Thirty µg of proteins were boiled in LaemmliÕs buffer (BioRad 574 

Laboratories) supplemented with 5% !-mercaptoethanol and run on 15% SDS-575 

polyacrylamide gel. Proteins were then electrotransferred onto Hybondª-P polyvinylidene 576 

difluoride membranes (Amersham Pharmacia Biotech Europe GmbH, Saclay, France), probed 577 

overnight with rabbit polyclonal anti-LC3A/B (#4108) and mouse monoclonal anti-!-actin 578 

(clone AC15, Sigma-Aldrich) diluted at 1:1000 or 1:10,000 respectively according to the 579 

manufacturerÕs instructions. After washing, immune complexes were revealed with 580 

horseradish peroxidase-conjugated- goat-anti-rabbit Ig and goat-anti-mouse Ig antibodies (BD 581 

Biosciences) for 1 h diluted at 1:8000 or 1:20,000 respectively. The reaction was visualized 582 
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using ECL reagents (Pierce ECL2 Western Blotting Substrate, ThermoScientific) and images 583 

were captured with a charge-coupled device camera of the imaging system Chemidoc XRS+ 584 

(Bio-Rad Laboratories). Band density was quantified by Image Lab software (Bio-Rad 585 

Laboratories) and normalized to the loading control (!-actin). The values resulting from three 586 

different experiments were expressed as LC3II/LC3I ratio normalized to the control value and 587 

reported under the western blotting as mean values ± standard deviation (SD).  588 

 589 

Statistical analysis 590 

Data are expressed as means ± SD of at least nine measurements (corresponding to 591 

experiments performed independently at least 3 times in triplicate). Data analysis was 592 

performed using GraphPad Prism 5.0 software (GraphPad, San Diego, CA). Statistical 593 

analysis was carried out using the Wilcoxon test. Significant differences between groups are 594 

indicated as * p < 0.05, ** p < 0.01 and *** p < 0.001. 595 
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Figures 786 

 787 

Figure 1. Generation of early and late apoptotic cancer cells. 788 

(A) Sub-G1 analysis of HeLa (left panel) and Ca Ski (right panel) cells treated by UV 789 

irradiation and staurosporine (STS). The percentages of cells showing hypodiploid DNA 790 

content (Sub-G1 peak) are indicated. The graphs are representative of 3 independent 791 

experiments in triplicate. (B) Nuclear fragmentation observed by fluorescent microscopy after 792 

DAPI staining. Images are representative of 3 independent assays. Bar = 30 !m. (C) Early 793 

apoptosis and late apoptosis were respectively assessed by single cell staining with annexin V 794 

and double cell staining with annexin V and PI. The dot plots are representative of 3 795 

independent assays in triplicate.  796 
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 797 

Figure 2. Uptake of apoptotic cells by HPFs occurs in a time- and stage-dependent 798 

manner. 799 

(A) The binding and uptake of PKH67-labeled HeLa EAC and LAC (green) by HPFs (left 800 

and middle panel respectively) or M! (right panel) were investigated by confocal microscopy. 801 

The nuclei and actin cytoskeleton were respectively stained with DAPI (blue) and TRITC-802 

conjugated phalloidin (red). Images are representative of 3 independent assays. Bar = 60 "m. 803 

(B) Quantitative assessments (means ± SD) of HeLa (left panel) or Ca Ski (right panel) EAC- 804 

and LAC-engulfment by HPFs based on confocal microscopy analyses (3 independent 805 

assays). * p < 0.05, ** p < 0.01, *** p < 0.001. (C) Representative dot plots for HPFs, HeLa 806 
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EAC, HeLa LAC and HeLa AC-phagocytosing HPFs. The percentages of phagocytosing 807 

HPFs (PKH26
+
/PKH67

+
) and non-phagocytosing HPFs (PKH26

+
/PKH67

-
) indicated in their 808 

respective quadrants were determined by flow cytometry as described in Materials and 809 

Methods. (D) Quantitative analyses (means ± SD) of HeLa (left panel) or Ca Ski (right panel) 810 

EAC- and LAC-engulfment by HPFs based on flow cytometry analyses (3 independent assays 811 

in triplicate). ** p < 0.01. (E) Uptake kinetics of HeLa (left panel) or Ca Ski (right panel) 812 

LAC by HPFs and M! based on confocal microscopy analyses. (F) Morphological analysis of 813 

the uptake of PKH67-labeled (green) HeLa LAC by HPFs. Arrowheads point to the 814 

remodeling of the actin cytoskeleton labeled with TRITC-conjugated phalloidin (red). Bar = 815 

10 "m. (G) Sequence of images obtained by position-referenced microscopy illustrating 816 

engulfment of a HeLa LAC (arrow) stained with CFDA, SE (green) by PKH26-labeled (red) 817 

adherent HPFs. A time-lapse version of G is given in Video S1.  818 
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 819 

Figure 3. Involvement of phosphatidylserine and BAI1 receptor in the uptake of late 820 

apoptotic cells by HPFs. 821 

(A) Uptake of HeLa LAC (left panel) or Ca Ski LAC (right panel) by HPFs preincubated at 822 

4¡C or with EDTA, cytochalasin D (CytoD), DMA, chlorpromazine (Chlor) and nystatin 823 

(Nyst). Data were obtained by flow cytometry and are means ± SD of 3 independent assays in 824 

triplicate. ** p < 0.01; compared to control. (B) Dose-dependent PS masking of HeLa (left 825 
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panel) or Ca Ski (right panel) LAC by preincubation with unlabeled annexin V (Anx V). The 826 

graphs are representative of 3 independent experiments in triplicate. (C) Uptake of PKH67-827 

labeled HeLa (left panel) or Ca Ski (right panel) LAC preincubated with or without (Ctrl) 828 

unlabeled annexin V (Anx V). Data were obtained by flow cytometry and are means ± SD of 829 

3 independent assays in triplicate. ** p < 0.01; compared to control. (D) Expression of BAI1 830 

and TIM-4 mRNA in HPFs and M!. Data are normalized to M! and are means ± SD of 3 831 

independent assays in triplicate. (E) BAI1 subcellular localization (Alexa Fluor 488 signal, 832 

green) in HPFs and in M!. Bar = 50 "m. (F) BAI1 accumulation (Cy3 signal, red) within the 833 

phagocytic cup (arrows) containing PKH67-labeled HeLa LAC (green). Bar = 30 "m. Images 834 

are representative of 3 independent assays. (G) BAI1 mRNA quantitation in siRNA BAI1 and 835 

siRNA control (Ctrl) transfected HPFs. Data are means ± SD of 3 independent assays in 836 

triplicate. ** p < 0.01. (H) Uptake of PKH67-labeled HeLa (left panel) or Ca Ski (right panel) 837 

LAC by siRNA BAI1 and siRNA control (Ctrl) transfected HPFs. Data were obtained by flow 838 

cytometry and are means ± SD of 3 independent assays in triplicate. ** p < 0.01; compared to 839 

control.  840 
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 841 

Figure 4. Uptake of late apoptotic cells by HPFs induces LC3 lipidation onto the 842 

macroendocytic vacuoles. 843 

(A) Immunoblots of LC3 and !-actin were performed to evaluate LC3 lipidation in HPFs and 844 

in HPFs co-cultured with HeLa and Ca Ski LAC. The values of the densitometric analysis 845 

were normalized and expressed as fold increase. In the lower panel, bar charts represent the 846 

mean ± SD of 6 determinations. * p < 0.05; compared to HPFs. (B) Colocalization of LC3 847 

(Alexa Fluor 488 signal, green) and LAMP-1 (Cy3 signal, red) to the membrane of Cell 848 

Proliferation Dye eFluor¨ 450-labeled (purple) HeLa LAC-containing vacuoles (arrows) in 849 

HPFs. Images are representative of 3 independent assays. Bar = 20 "m.  850 
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Supplementary Material 851 

Video S1. The HPF delays ingestion of an apoptotic corpse for hours after recognizing it. 852 

The video combines a sequence of images - obtained by confocal fluorescence microscopy 853 

and phase contrast imaging - obtained from a co-culture between CFDA, SE -labeled (green) 854 

HeLa LAC and PKH26-labeled (red) adherent HPFs observed at time intervals of one hour 855 

over a period of 11 h. 856 

 857 

 858 

Figure S1. Viability of HPFs. 859 

Viability of HPFs treated or not (Ctrl) with increasing concentrations of EDTA, cytochalasin 860 

D (CytoD), DMA, chlorpromazine (Chlor) and nystatin (Nyst) was assessed using MTT 861 

assay. Data are means ± SD of 3 independent assays in triplicate. * p < 0.05, ** p < 0.01; 862 

compared to control. 863 

 864 

Method S1. Cell viability assay. 865 

HPFs were seeded in 96-well plates (3000 cells/well) with 100 !L of complete medium/well 866 

24 h prior to EDTA or chemical inhibitors of endocytosis treatment and incubated for 6 h at 867 

37¡C. Then 10 µL (5 mg/mL) of MTT (Cell Proliferation Kit I, Roche Diagnostics, Meylan, 868 

France) solution was added to each well. After 4 h, 100 !L of solubilization solution (10% 869 

SDS in 0.01 M HCl) were added to each well, and cells were incubated overnight. 870 

Absorbance at 572 nm wavelength was measured with a 650 nm reference wavelength using 871 

the scanning multiwall spectrofluorimeter EnVision 2012 Multilabel Reader.  872 
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Graphical Abstract: The underlying mechanisms of fibroblast-mediated efferocytosis are 873 

not well understood. Here we demonstrate that non-professional phagocytes engulf 874 

subcellular fragments rather than dying whole cells requiring the recognition of 875 

phosphatidylserine (PS) by receptor Brain-specific Angiogenesis Inhibitor 1 (BAI1) and actin 876 

cytoskeleton remodeling. Lysosomal-associated membrane protein-1 (LAMP-1) and 877 

microtubule-associated protein 1 light chain 3 (LC3) colocalise on apoptotic cell-containing 878 

phagosomes. 879 

 880 
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High expression of QSOX1 reduces
tumorogenesis, and is associated with a better
outcome for breast cancer patients
Nicolas Pernodet1, François Hermetet1, Pascale Adami1, Anne Vejux1,2, Françoise Descotes3, Christophe Borg4,

Marjorie Adams3, Jean-René Pallandre4, Gabriel Viennet1, Frédéric Esnard5, Michèle Jouvenot1 and Gilles Despouy1*

Abstract

Introduction: The gene quiescin/sulfhydryl oxidase 1, QSOX1, encodes an enzyme directed to the secretory

pathway and excreted into the extracellular space. QSOX1 participates in the folding and stability of proteins and

thus could regulate the biological activity of its substrates in the secretory pathway and/or outside the cell. The

involvement of QSOX1 in oncogenesis has been studied primarily in terms of its differential expression in systemic

studies. QSOX1 is overexpressed in prostate cancers and in pancreatic adenocarcinoma. In contrast, QSOX1 gene

expression is repressed in endothelial tumors. In the present study, we investigated the role of QSOX1 in breast

cancer.

Methods: We analyzed QSOX1 mRNA expression in a cohort of 217 invasive ductal carcinomas of the breast.

Moreover, we investigated QSOX1’s potential role in regulating tumor growth and metastasis using cellular models

in which we overexpressed or extinguished QSOX1 and xenograft experiments.

Results: We showed that the QSOX1 expression level is inversely correlated to the aggressiveness of breast tumors.

Our results show that QSOX1 leads to a decrease in cell proliferation, clonogenic capacities and promotes adhesion

to the extracellular matrix. QSOX1 also reduces the invasive potential of cells by reducing cell migration and

decreases the activity of the matrix metalloproteinase, MMP-2, involved in these mechanisms. Moreover, in vivo

experiments show that QSOX1 drastically reduces the tumor development.

Conclusions: Together, these results suggest that QSOX1 could be posited as a new biomarker of good prognosis

in breast cancer and demonstrate that QSOX1 inhibits human breast cancer tumorogenesis.

Introduction

The Quiescin Sulfhydryl Oxidase 1 (QSOX1) gene was

identified by our group in primary culture of guinea pig

endometrial glandular epithelial cells [1]. The human

gene is located on chromosome 1 (1q24) and encodes

two major isoforms by alternative RNA splicing:

QSOX1S (66 kDa) and QSOX1L (82 kDa) [2]. The short

transcript appears to be ubiquitous, whereas the expres-

sion of the longer form seems to be tissue specific [3].

The longer form of the QSOX1 protein retains a poten-

tial transmembrane segment that could allow for

anchorage to the membrane. The QSOX1 N-terminus

contains a sequence targeting the nascent protein to the

endoplasmic reticulum. Moreover, no signal for perma-

nent retention in the endoplasmic reticulum (KDEL

sequence) was identified, suggesting an extracellular des-

tination [4]. In addition, QSOX1 proteins have been

detected in the endoplasmic reticulum, the Golgi appara-

tus and the secretion vesicles [5]. These proteins can also

be found in culture supernatant and in extracellular

spaces, confirming that they are secreted [1].

QSOX1 is the product of an ancient fusion between

thioredoxin domains and Flavin Adenine Dinucleotide

(FAD) -binding module, ERV/ALR. A first CXXC motif

is located in N-terminus and can act as a reducer or an

oxidant. The other CXXC motif is located in a FAD
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domain within C-terminus [6]. The QSOX1 protein

belongs to a family of FAD sulfhydryl oxidases and cat-

alyzes the oxidation of thiols to disulfides. In vitro,

enzymatic studies on avian QSOX1 have demonstrated

that this enzyme is able to both catalyze disulfide

bridges of a large array of monothiol substrates (such

as glutathione) and reduce proteins and peptides [7,8].

Moreover, it seems that QSOX1 is not a disulfide iso-

merase but instead assists the Protein Disulfide Isomer-

ase (PDI) by establishing disulfide links in mature

proteins [9,10].

Previous reports showed that serum depletion-induced

quiescence, as well as cell contact inhibition, led to a

QSOX1 mRNA accumulation in guinea pig endometrial

glandular epithelial cells [1] and in human lung fibro-

blasts [3]. These experimental data suggest that QSOX1

could be involved in the negative control of the cell cycle.

Furthermore, in our laboratory it was demonstrated that

over-expression of guinea pig QSOX1-S in MCF-7 cells

decreased the cellular proliferation and protected cells

against oxidative stress [11]. It is now known that cellular

damage due to an accumulation of Reactive Oxygen Spe-

cies (ROS) leads to tumorogenesis [12,13]. By the redu-

cing activity of its first CXXC motif, QSOX1 could

prevent tumorogenesis by down-regulating ROS levels in

cells.

Another study suggested that QSOX1 could take part

in the cell anchorage mechanism. Indeed, increased

mRNA levels have been detected in human lung fibro-

blast when cell/plate or cell/cell adhesion was disturbed

by a mechanical or chemical action [14].

Several systemic studies have demonstrated an altera-

tion of QSOX1 expression in cancer cell models. In fact,

one study demonstrated the presence of peptide frag-

ments of QSOX1 at highly significant rates in plasma

from patients suffering from pancreatic cancer [15].

Moreover, very recently, it was reported that QSOX1

could promote invasion of pancreatic tumor cell lines by

activating matrix metalloproteinase [16]. In another, a

correlation was observed between the overexpression of

QSOX1 and the initiation of prostate tumor growth [17].

On the other hand, QSOX1 expression is repressed by

epigenetic regulation, especially by histone deacetylation

in a cell model of endothelial tumors. Moreover, this

down-regulation seems to be necessary for angiogenesis,

an essential phenomenon for metastasis development

[18]. These data suggest an involvement of QSOX1 in the

mechanisms of carcinogenesis.

In the present study, QSOX1 mRNA expression was

investigated in a retrospective cohort of 217 invasive ductal

carcinomas (IDC) of the breast. The impact of the QSOX1

expression on characteristic phenotypes of breast cancer

cells and tumor growth was subsequently determined.

Materials and methods

Clinical analysis

Patients and tumor characteristics (Table 1)

The study included a retrospective cohort of 217

patients with invasive ductal carcinomas of the breast.

This cohort was derived from the population described

previously [19]. Estrogen receptor (ER) and progesterone

receptor (PgR) were assayed in cytosol using the radioli-

gand reference method [20]. PAI-1 (Plasminogen activa-

tor inhibitor-1) was measured in Triton extract by the

enzyme-linked immunoassay (PAI-1, Imubind #821,

American Diagnostica, Stamford, CT, USA) as elsewhere

described [21]. Studies involving human primary breast

tumors were performed according to the principles

embodied in the Declaration of Helsinki. Tissue biopsies

were obtained as part of surgical treatments for the hor-

mone receptor content determination. Remaining sam-

ples were included anonymously in this study. Ethical

approval and consent were not required due to the rou-

tine nature of the procedure.

Reverse Transcriptase Quantitative PCR (RT-qPCR) analysis

Detailed information on RNA extraction and RTqPCR has

been previously described [19]. The QSOX1 primers used

were: forward, 5’-GGAAGCTT CTGGAAGTCGTG-3’ and

reverse, 5’-CAAAAGACCAGGCTCAGAGG-3’ for ampli-

fication of a 211 bp fragment (GenBank NM_002826). The

QSOX1 target concentration was expressed relative to the

concentration of the GAPDH housekeeping gene [19].

Statistical analysis

The median follow-up at the time of analysis was 54

months (range: 2 to 109). Patients were followed up for

metastasis relapse (nodal or distant metastasis and local

recurrence were relapse). Analysis of the distribution of

QSOX1 RNA expression in relation to usual prognostic

parameters was performed using the Mann-Whitney or

Kruskall Wallis test. Metastasis free survival probabilities

were estimated using Kaplan Meier estimators and were

compared using the log-rank test. These analyses were

performed with the SPSS software version 17.0 (IBM,

Armonk, NY, USA).

Experimental analysis

Reagents and antibodies

Cell culture reagents were purchased from Invitrogen

(Cergy Pontoise, France). Miscellaneous reagents were

purchased from Sigma Aldrich (L’Isle d’Abeau Chesnes,

France). Specific inhibitor of matrix metalloproteinase

(MMP)2 was purchased from Millipore (Molsheim,

France). The following antibodies were used: for Western

blotting, polyclonal anti-rat QSOX1 [4] diluted at 1:7,500,

for immunohistochemistry, polyclonal anti-human

QSOX1 (Proteintech Group, Inc., Chicago, IL, USA)

diluted at 1:100, polyclonal anti-MMP-2 (Cell Signaling
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Technology, Danvers, MA, USA) diluted at 1:2,000, poly-

clonal anti-actin (Sigma Aldrich) diluted at 1:5,000 and

polyclonal anti-rabbit (P.A.R.I.S, Compiègne, France)

diluted at 1:10,000.

Cell culture

Cells were cultured in DMEM (Dulbecco’s Minimum

Essential Medium) supplemented with 2 mM L-Glutamine,

100 μg/ml penicillin, 100 μg/ml streptomycin and 5% fetal

calf serum (FCS) and kept in a humidified 5% CO2water

saturated atmosphere. Cell viability was estimated by

counting Trypan blue excluding cells.

Plasmid construction, small-hairpinRNA (shRNA)

experiments and transfection

The pcDNA3.1-QSOX1S plasmid was constructed by

cloning the coding sequence of QSOX1-S splice var-

iant 2 (AF361868) between the EcoRV and BamHI

sites of pcDNA™3.1/Hygro(-) (Invitrogen). MCF-7

cells were transfected with the pcDNA3.1 and the

pcDNA3.1-QSOX1S expression plasmids using Lipo-

fectamine 2000 (Invitrogen), according to the manufac-

turer’s instructions. Then, cells were selected with

200 μg/ml Hygromycin B (PAA, Les Mureaux, France).

shRNA vectors from the Mission human shRNA

hQSOX1 clone sets (Sigma Aldrich) were used:

shQSOX1-1 (TRCN0000064183), shQSOX1-2 (TRCN-

0000064185), and appropriate control vector: shC

(SHGLYNM_001004128). Lipofectamine LTX (Invitro-

gen) was used to stably transfect MDA-MB 231 cells,

according to the manufacturer’s recommendations.

Clones were selected with 1 μg/ml Puromycin (Sigma

Aldrich).

QSOX1 mRNA detection and level analysis

Total RNAs were extracted as previously described [11].

RTqPCR was performed with the Step One Real Time

PCR System (Applied Biosystems, Carlsbard, CA, USA),

using the SYBER Green PCR Master Mix (Applied Biosys-

tems). Target (endogenous and plasmid encoded QSOX1

mRNA) and endogenous control (H3.3 like histone H3B-2

(H3B-2)) amplifications exhibited 100 ± 5% efficiency (R2

>99% for the standard curve); QSOX1 primer sequences

were: hQSOXE+Ts1: 5’-GCCACCCTCAACTTCCT-

CAAG-3’, hQSOXE+Trev1: 5’-ACCCAGCTGCAGGG

AAGTC-3’; H3B-2 primer sequences were: HisI: 5’-GCT

AGCTGGATGTCTTTTGG-3’, HisN: 5’-GTGGTAAAG-

CACCCAGGAA-3’). Each sample was analyzed in tripli-

cate and then differences in the expression of each gene

were quantified using the ∆∆Ct approach using endogen-

ous control.

Immunoblotting

SDS-polyacrylamide gel electrophoresis and transfer

of proteins onto PVDF membranes (Bio-Rad, Marnes-la-

Coquette, France) were performed using standard proto-

cols. The antibodies were used at the previously indicated

dilution. Immunoreactive bands were detected using goat

horseradish peroxidase (HRP)-coupled secondary anti-

rabbit antibodies (1:10,000 in antibody blocking buffer)

and ECL Plus reagent (GE Healthcare Life Sciences,

Saclay, France), according to the manufacturer’s protocol.

Blots were stripped by incubation in stripping buffer

(62.5 mM Tris, pH 6.7, 100 mM b-mercaptoethanol and

2% SDS) for 30 minutes at 50°C, blocked again in TBST

buffer containing 5% non-fat milk and then probed a

second time with polyclonal anti-actin.

Immunohistochemistry (IHC)

Formalin-fixed, paraffin-embedded tissue blocks from

patients whom underwent surgical resection for invasive

ductal carcinoma and normal breast tissue were sec-

tioned at 5 μm thickness using water flotation for tissue

section transfer and dried overnight at room tempera-

ture. The slides were de-waxed, rehydrated and subjected

to heat induced epitope retrieval using a proprietary

citrate based retrieval solution for 40 minutes. Endogen-

ous peroxidases were blocked. QSOX1 detection was per-

formed as described in Antwi et al. [15]. QSOX1 location

analysis was performed by Dr. Viennet, a board-certified

pathologist.

Cell-Matrix Adhesion Assay

Cells were incubated at 37°C for 60 minutes at a density

of 4 × 105 cells/well in serum-free DMEM on non-coated

well plates (three wells/cell line: one well to control the

number of seeded cells and the two others for technical

duplicates). After washing, adherent cells were collected

and pelleted down. Then, cells were counted with Malas-

sez cell. Results were expressed as the ratio between plate

adhering cells and total seeded cells and reported as

mean ± SD of triplicate determinations.

Colony formation assay

Cells were plated in six-well tissue culture plates at a

density of 50 cells/cm². After 28 days, colonies were fixed

with ethanol and stained with 2% crystal violet, washed

with water to remove the excess dye, and imaged by a

scanner. Quantitative changes in clonogenicity were

determined by counting the colonies, using Bio-Rad

Vision-Capt software.

Anchorage independent cell proliferation

Cells were seeded at a density of 6 × 104 cells per 35-mm

cell culture dish in 0.3% agar. After 28 days, the top agar

cell layers were covered with culture medium containing

5% FCS. Images from four representative fields of each

well were taken and analyzed.

Cell migration and invasion assay

For the migration assay, 105 cells were suspended in 300

μL serum-free medium and added into the upper cham-

ber of the Boyden modified chamber™ (SPL Life

Sciences, Pocheon-si, Korea). For the invasion assay, 105

cells in 200 μL serum-free medium, in the presence or

absence of 10 μM of a MMP-2 specific inhibitor, cis-9-

Octadecenoyl-N-hydroxylamide (OA-Hy) [22,23], were
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added into the upper chamber. Five hours before cell seed-

ing, 50 μL of extra cellular matrix (ECM) gel (1 mg/ml)

were added to the upper chamber. Thereafter, the cells

were incubated 24 h for migration or invasion assay. The

cells on the upper surface were removed using a cotton

bud. The remaining invading cells were fixed, stained with

2% crystal violet and the images from four representative

fields of view (FOV) of each membrane were taken. The

invasive cells in the lower chamber were counted.

Zymography assay

The gelatinase activity of MMPs in the serum-free media

was analyzed by gelatin-zymography. A total of 105 cells

suspended in 250 μl were plated onto a 24-well plate.

The serum-free medium was collected after 12 h of incu-

bation for MCF-7 cells and 24 h for MDA-MB-231 cells.

HT-1080 conditioned media was used as positive control.

The proteins from the conditioned media were 100-fold

concentrated by acetone precipitation and solubilized in

Laemmli Buffer (without b-mercaptoethanol). Then, pro-

teins were separated by SDS PAGE electrophoresis using

10% (w/v) acrylamide gels containing 1% (w/v) gelatin at

20 mA. Gels were rinsed in Triton X-100 (2.5%, v/w) and

incubated in 50 mM Tris-HCl, 150 mM CaCl2 and 5 μM

ZnCl2 (pH 8.0) at 37°C for 16 h. Gels were stained with

0.25% (w/v) Coomassie brilliant blue. Digested areas

appeared clear on a blue background, indicating the loca-

tion of active MMPs.

Xenograft experiments

CIEA NOG mice were obtained from Taconic (German-

town, NY, USA) and maintained in the UMR1098 animal

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

animal experimentation and care was received from the

Services Vétérinaires de la Santé et de la Protection Ani-

male delivered by the Ministère de l’Agriculture, Paris,

France and experimental procedures were approved by a

local ethic committee.

A total of 2 × 106 cells of different cell lines (MDA-MB-

231 shC and MDA-MB-231 shQSOX1-1) resuspended in

100 μL of PBS per mouse were inoculated subcutaneously

in NOG mice (n = 5 per group) and tumor growth was

monitored biweekly in each group. Tumor volume was

calculated by the formula V = ½ a × b2, where a is the

longest tumor axis and b is the shortest tumor axis. When

tumors reached 1 cm in diameter, mice were sacrified and

each tumor was fixed in formol and photographed. During

the sacrifice, photos have been taken in order to keep

proof of where tumors developed.

Results

QSOX1 localization in normal and in breast cancer tissues

IHC experiments were performed on sections of normal

mammary gland and invasive ductal carcinoma (IDC).

Results in Figure 1 show a QSOX1 expression in human

normal breast tissue: QSOX1 is localized at the level of

milk ducts and channels of the ductulo-lobular units

(Figure 1A); the labelling is perinuclear and at the apex

of the constituent cells of these histological structures

(Figure 1B), suggesting a localization in different com-

partments of the secretory pathway. In the tissues from

IDC, a diffuse cytoplasmic labelling of QSOX1 was

observed in tumor cells (Figure 1C, D). In non-cancer-

ous cells from IDC tissues section, QSOX1 labelling

appeared as a punctate perinuclear and apical staining

in the ductulo-lobular units (Figure 1E), as observed in

normal mammary glands. A lack of labelling was noted

in stromal cells and adipocytes, whether observing sec-

tions from normal or pathological tissue (Figure 1A, C).

QSOX1 mRNA expression in breast cancer

We investigated QSOX1 mRNA expression in a cohort of

217 invasive ductal carcinomas of the breast. The mean

QSOX1 value measured by RTqPCR was 3.56 and the

median was 2.84 (range: 0.25 to 19.89). Table 1 shows

the median value of QSOX1 in relation to tumor charac-

teristics that are usually linked to the prognosis. Indeed,

the median QSOX1 expression value was significantly

lower in the patients with pejorative prognostic factors:

premenopausal status, SBR grade III, negative ER or PgR,

and/or high PAI1 level (Figure 2A, Kruskall Wallis test,

P-value <0.001).

The Kaplan Meier curves were constructed after seg-

mentation into two groups on the basis of the QSOX1

expression cut-off equal to the upper threshold of the

first tertile. This cut-off, that is, 2.11, allowed the discri-

mination between high and low QSOX1 status. It was

observed that high values of QSOX1 expression were

related to a good prognosis (Figure 2B, P-value = 0.007).

Expression of hQSOX1 in breast cancer cell lines

Coppock and coworkers have previously observed, by

Northern blotting, that QSOX1 is expressed at a low level

in MCF-7 and MDA-MB-453 cells and at a high rate in

MDA-MB-231 breast cancer cell lines [3]. First, we ana-

lyzed expression of the QSOX1 gene by RTqPCR in these

cell lines. Our results indicate that the relative fold of

QSOX1 expression in MDA-MB-231 and MCF-7 cells was

253.5 ± 1 (mean ± SD) and 4.2 ± 0.5, respectively com-

pared to MDA-MB-453 cells (Figure 3A). These results

were confirmed at the protein level. In fact, QSOX1S

expression is very weak in MDA-MB-453 and MCF-7 cells

and high in MDA-MB-231 cell lines (Figure 3B).

To investigate the function of hQSOX1S in the breast

cancer cell line, we established stably transfected mono-

clonal MCF-7 cells overexpressing hQSOX1S (MCF-7

QSOX1S-1 and MCF-7 QSOX1S-2 lines). We then mea-

sured the level of QSOX1S expression in MCF-7 Con-

trol (MCF-7 C) and MCF-7 QSOX1S-1 and MCF-7
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QSOX1S-2 lines under standard culture conditions. The

relative fold of QSOX1 expression was determined by

RTqPCR. MCF-7 QSOX1S-1 and MCF-7 QSOX1S-2

lines showed an increase of 186% ± 11 (mean ± SD) and

180% ± 11, respectively, compared to MCF-7 C cells

(Figure 3C). QSOX1 overexpression was also assessed at

the protein level. The signal corresponding to hQSOX1S

was strongly increased in MCF-7 QSOX1S-1 and MCF-

7 QSOX1S-2 lines as compared to MCF7 C (Figure 3D).

Our second approach to studying the function of

QSOX1 consisted of silencing QSOX1 expression. A

series of RNA interference experiments using shRNA

vectors were then performed in MDA-MB-231 cells.

After RTqPCR analysis, two shRNA QSOX1 vectors

(shQSOX1-1 and shQSOX1-2), inducing 55% ± 4 (mean

± SD) and 92% ± 1 decreases of the QSOX1 expression,

respectively, were selected (Figure 3E). Results obtained

by Western blotting showed a decrease in the signal

corresponding to QSOX1S in the knock-down cell lines

compared to the control (Figure 3F). MDA-MB-231

shQSOX1-2 harbors a higher extinction of the protein

than MDA-MB-231 shQSOX1-1, as observed at the

mRNA level.

QSOX1 decreased cell proliferation and colony formation

Cancer is characterized by an enhancement of cell pro-

liferation. To determine the involvement of QSOX1 in

cell proliferation, 104 cells were initially seeded and then

the live cell number was measured. MCF-7 QSOX1S-1

and MCF-7 QSOX1S-2 proliferated less than MCF-7 C.

Indeed, after five days of culture, living cell number

increased 3.6-fold for MCF-7 C, 1.9 for MCF-7

Figure 1 QSOX1 localization in normal and breast cancer tissues. Anti-QSOX1 IHC on normal mammary gland section (A, B) and on

invasive ductal carcinoma (IDC) section (C, D, E). (A) The first arrow (1) indicates the presence of labelling in normal breast ductulo-lobular units.

(B) Perinuclear and apical staining in ductulo-lobular unit cells. (C) The second arrow (2) indicates a labelling in tumor cells from IDC and the

third arrow (3) shows the absence of labelling in stroma cells. (D) Diffuse cytoplasmic staining in tumors cells. (E) Perinuclear and apical labelling

in non cancerous cells from IDC.
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QSOX1S-1 and 1.8 for MCF-7 QSOX1S-2 (Figure 4A).

After one week of culture, the number of MDA-MB-231

shQSOX1-1 or shQSOX1-2 living cells was strongly

increased compared to MDA-MB-231 shC (Figure 4B). In

fact, the living cell number increased 19.6-fold for MDA-

MB-231 shC, 34.3-fold for MDA-MB-231 shQSOX1-1

and 39.8-fold for MDA-MB-231 shQSOX1-2.

While over-expression of hQSOX1S reduced cell growth

by about two-fold compared to control, knock down of

QSOX1 increased cell growth by about two- fold.

The enhancement of clonogenic capacities is a specific

characteristic to cancer cells. In order to evaluate the

survival, proliferation capacities and self-renewal of our

cell models, we performed clonogenicity tests [24]. After

21 days of standard culture conditions, QSOX1 overex-

pression led to 3.2-fold and 3-fold decreases of MCF-7

QSOX1S-1 and MCF-7 QSOX1S-2 colonies, respec-

tively, compared to MCF-7 C (Figure 4C). In contrast,

QSOX1 down expression enhanced the number of new

colonies by 1.7- and 2-fold compared to MDA-MB-231

control cells (Figure 4D).

Inhibition of colony formation was correlated with the

overexpression of QSOX1S while an enhancement of

newly-formed clones was associated with QSOX1 knock

down.

Another mechanism of tumor aggressiveness is the

anchorage independent cell growth [25]. As such, we

studied the role of QSOX1 on anchorage-independent

growth. MCF-7 or MDA-MB-231 cell lines were plated

in soft agar and incubated for two weeks before deter-

mining the size and number of colonies. The number of

colonies decreased by 62.1% ± 7.2 (means ± SD) for

QSOX1-1 and 64.4% ± 10.3 for QSOX1S-2 compared to

the control (Figure 4E). Inversely, there was an enhance-

ment of 158% ± 14.5 and 270% ± 8.5 colony number

compared to shC for shQSOX1-1 and shQSOX1-2,

respectively (Figure 4F). QSOX1 seems to play a role

in the negative control of cell growth, anchorage

Table 1 QSOX1 mRNA expression in relation to the usual

prognostic factors in 217 breast IDC

Characteristics n % median P-value

Menopausal status Pre 71 32.7 2.56

Post 146 67.3 3.31 0.003

Tumor size (mm) <20 90 41.5 3.08

≥20 120 55.3 2.62 0.229

ND 7 3.2 3.38

Lymph node status pN0 101 46.5 3.18

pN+ 116 53.5 2.64 0.444

SBR Grade I 30 13.8 4.25

II 115 53.0 3.14

III 58 26.7 1.74 <0.001

ND 14 6.5 2.42

ER status Positive 179 82.5 3.17

Negative 38 17.5 1.51 <0.001

PgR status Positive 169 77.9 3.17

Negative 48 22.1 1.97 <0.001

PAI-1 status* Low 153 70.5 3.18

High 44 20.3 1.46 <0.001

ND 20 9.2 2.77

P-values correspond to Mann-Whitney test or Kruskall Wallis test. ER, estrogen

receptor; ND, Not Determined; PgR, Progesteron receptor; SBR, Scarff Bloom

Richardson. *Low: ≤75% quartile; High: >75% quartile.

Figure 2 Expression of QSOX1 mRNA in a cohort of 217

invasive ductal carcinomas of the breast. (A) Box plots of QSOX1

expression in relation to the histological grade (Kruskall Wallis test, P

<0.001); (B) Kaplan-Meier curves for metastasis-free survival

probabilities according to QSOX1 expression categorized with a cut-

off equal to the upper threshold of the first tertile. Low: < first

tertile, High: ≥ second tertile. SBR: Scraff Bloom Richardson;
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independent cell proliferation and in the capacity to

form new colonies.

QSOX1 increased cell/matrix adhesion

Loss of cell adhesion to the matrix is often associated

with tumor aggressiveness. We then tested cell adhesion

to extracellular matrix by determining the number of

adherent cells and cells remaining in the supernatant

one hour after seeding. Figure 5 indicates the ratio

between adherent cells and total seeded cells. Overex-

pression of QSOX1-S in MCF-7 cells led to a higher

number of adherent cells, compared to MCF-7 C, one

hour after seeding: 76% ± 2 (means ± SD), 93% ± 3 and

28% ± 4 of adherent cells in MCF-7 hQSOX1S-1, MCF-

7 hQSOX1-2 and MCF-7 control, respectively (Figure

5A). Conversely, numbers of MDA-MB-231 shQSOX1-1

and shQSOX1-2 adherent cells were lower, compared to

control: 52.4% ± 1, 44% ± 7 and 81.5% ± 1 of adherent,

MDA-MB-231 shQSOX1-1, shQSOX1-2 cells, and shC

respectively (Figure 5B). Interestingly, 24 h after seeding,

no difference between the numbers of adherent cells in

overexpressing or knock down models compared to

Figure 3 Analysis of QSOX1 expression in breast cancer cell lines. (A, C, E) After reverse transcription, relative QSOX1 mRNA expressions

were determined by qPCR (C: MCF-7; E: MDA-MB-231). H3B-2 mRNA was used for normalization. Data are means ± S.D. of three independent

experiments. *P <0.05, compared to control (Wilcoxon test). (B, D, F) Western blot analysis of QSOX1 expression. Total proteins (50 μg) were

separated on SDS-PAGE and transferred to PVDF membranes (D: MCF-7; F: MDA-MB-231). Proteins were detected using anti-QSOX1 and anti-

actin antibodies. NS, Non Specific.
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Figure 4 Effect of QSOX1 on cell proliferation and colony formation. (A, B) Cells were plated at 5,000 cells/cm². Cell viability was estimated

by counting Trypan blue excluding cells. Data are expressed relative to the living cell number at day 0. Values are expressed as mean ± SD for

three experiments. (C, D) For a colony formation assay, 500 cells were plated and 28 days later, cells were fixed and stained with 2% crystal

violet. Quantitative changes were evaluated by counting using Vision Capt software. (E, F) Colony assays in soft agar were done to evaluate the

effects of QSOX1 on anchorage independent cell proliferation. Cells were embedded in 0.3% agar and the agar cell layers were covered with 1

ml medium containing 5% FCS. After 28 days of growth, the colonies were photographed. Pictures of colonies were superposed with a Malassez

cell picture in order to determine colony size. Results indicated number and colony size from four representative fields of each well. * P <0.05,

compared to control (Wilcoxon test). These experiments are representative of three separate assays.
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their respective controls was observed (data not shown).

These results suggested that QSOX1 could increase the

speed of adhesion of cells to the extracellular matrix.

QSOX1 decreased invasion

Since invasion is one of the key steps in tumor and

metastasis development [26], it was studied with the

modified “Boyden chamber” technique in the presence

of Matrigel [27]. One day after seeding, 32 ± 3.1 (means

± SD) MCF-7 C cells were detected on the membrane’s

inferior face whereas only 7 ± 2 MCF-7 hQSOX1S-1

cells and 9 ± 3 MCF-7 hQSOX1S-2 cells were counted

(Figure 6A). As regards the MDA-MB-231 model, only

4 ± 0.6 shC cells invaded the lower chamber compared

to 19 ± 3 shQSOX1-1 cells and 25 cells ± 3 shQSOX1-2

cells through the membrane (Figure 6B). Thus, overex-

pression of QSOX1 in MCF-7 cells decreased cell inva-

sion, whereas QSOX1 knock-down in MDA-MB-231

increased this cellular process. We also observed that

invading cells with high QSOX1 expression were

rounded, whereas those with low QSOX1 expression

presented a stellate morphology (Figure 6A, B).

As degradation of the extracellular matrix by matrix

metallo proteinases (MMPs) is characteristic of the inva-

sion process [28], we studied the activity and secretion of

MMP-2 and MMP-9, enzymes involved in the mechan-

ism of invasion [29], by a zymography test and western

blotting. Results in Figure 6C show the presence of pro

and active MMP-2 in the MCF-7 C culture medium and

an important decrease of intensity of the two bands in

the MCF-7 QSOX1S-1 and MCF-7 QSOX1S-2 culture

media (Figure 6CZY). Conversely, the bands correspond-

ing to the pro and active MMP-2 were more intense in

MDA-MB-231 shQSOX1-1 and shQSOX1-2 than in the

control (Figure 6DZY). These results suggest that QSOX1

decreased both pro and active MMP-2 level in extracellu-

lar medium and thus the rate of MMP-2 activity. It is

noteworthy to mention that MMP-9 activity was less

intense in our models but the same activity variations as

for MMP-2 were observed (data not shown). To deter-

mine if MMP-2 activity variations were due to a modula-

tion of MMP-2 activation or to an increase in their

expression or secretion, we analyzed the presence of this

protein in the different culture media. As shown in Wes-

tern blotting, Figure 6C, MMP-2 protein was detected in

MCF-7 C conditioned medium extract but not in that of

MCF-7 QSOX1S-1 and QSOX1S-2. Moreover, a very low

level of MMP-2 was detected in MDA-MB-231 shC cul-

ture medium (Figure 6DWB) whereas it was greatly

increased in those of MDA-MB-231 shQSOX1-1 and

MDA-MB-231 shQSOX1-2. Quantification of MMP-2

mRNA by RTqPCR was performed but neither the over-

expression or knock-down of QSOX1 influenced MMP-2

mRNA level (data not shown). Thus, QSOX1 could

attenuate MMP-2 extracellular activity by probably acting

on its stability and/or its secretion.

In order to examine if the observed differences in inva-

sion assays were associated with a modulated activity of

Figure 5 Effect of QSOX1 cell/matrix adhesion. MCF-7 (A) or MDA-MB-231 (B) cells were incubated at 37°C for 60 minutes at a density of 4 ×

105 cells/well in serum-free DMEM. One hour later, adherent cell numbers were determined by counting Trypan blue excluding cells. Results

were expressed as the ratio between cells adhered on the plate and total seeded cells and reported as the mean ± S.D. of triplicate

determinations. * P <0.05, compared to control (Wilcoxon test). This experiment is representative of three separate assays.
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Figure 6 Effect of QSOX1 on invasiveness. (A, B) Cells were seeded on polycarbonate filter coated with Matrigel, in the presence/or not of a

specific inhibitor of MMP-2 (OA-Hy) at 10 μM and incubated for 24 h and analyzed as described in Materials and Methods. Inserts were stained

with 2% crystal violet and photographed. * P <0.05, compared to control (Wilcoxon test). (C, D)ZY Gelatin Zymography of matrix-

metalloproteinase in conditioned medium. Cells were seeded and the media were collected after 24 h and 12 h of serum starvation for the

MCF-7 and MDA-MB-231 cell lines respectively. Conditioned medium from HT-1080 cell line was used as positive control. Vertical line has been

inserted to indicate a repositioned gel lane. (C, D)WB Blotting identification of MMP-2 in protein extracts from conditioned culture medium. (E, F)

Cells were seeded on polycarbonate filters coated without ECM and incubated for 24 h and analyzed as described in (A). * P <0.05, compared to

control (Wilcoxon test). These experiments are representative of three separate assays.
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MMP-2, we performed invasion assays in the presence of

a specific inhibitor of MMP-2. One day after seeding, 1.5

± 0.6 (means ± SD) MCF-7 C cells were detected on the

membrane’s inferior face and, as MCF-7 C, only 1.25 ±

0.5 MCF-7 hQSOX1S-1 cells and 1.25 ± 0.5 MCF-7

hQSOX1S-2 cells were counted (Figure 6A). With

respect to the knock-down model, 1.3 ± 0.6 shC cells

invaded the lower chamber and 3.7 ± 0.6 shQSOX1-1

cells and 3.3 cells ± 0.6 shQSOX1-2 cells passed through

the membrane (Figure 6B). Inhibition of MMP-2 results

in a loss of all differences in variations of invasion

between different cancer cell models. These results show

that QSOX1 down-regulates invasion, probably in part

by negatively regulating MMP-2 activity.

Since the capacity of cells to migrate through a physio-

logical membrane is also a component of invasion, cell

migration was studied using the modified “Boyden

Chamber”. Cells were seeded in a Boyden chamber lack-

ing the Matrigel layer and cells able to cross the mem-

brane were counted 24 h later. Cell number was 40 ± 6

(means ± SD) for MCF-7 C, and 9 ± 3 and 11 ± 4 for

MCF-7 hQSOX1S-1 and MCF-7 hQSOX1S-2, respec-

tively (Figure 6E). In our knock-down model, there were

only 108 ± 2 shC cells that passed through the mem-

brane, whereas 147 ± 1 shQSOX1-1 cells and 226 ± 3

shQSOX1-2 cells were counted. QSOX1 knock-down in

MDA-MB-231 cells increases the cellular motility (Figure

6F). Interestingly, the extent of the phenotypes observed

in our knock-down models was inversely related to

QSOX1 expression levels. Thus, it appears that QSOX1

also reduced cell migration.

QSOX1 suppressed tumor development in vivo

Tumorigenic properties of the QSOX1 knock-down

models were analyzed in CIEA NOG mice. Tumor size

was monitored for two months after inoculation. Results

showed that decreased expression of QSOX1 led to a

strong enhancement of the size (Figure 7A) and growth

of the tumors (Figure 7B). In fact, 42 days after inocula-

tion, the mean volume of MDA-MB-231 shQSOX1-1

tumors was 2.65 times higher than the mean volume of

tumors obtained in the CIEA NOG control mice. Thus,

in vivo, QSOX1 drastically reduced tumor growth. In

addition, during the excision of tumors produced from

the cell line MDA-MB-231 shC, we observed that

tumors had developed just under the skin of animals

while tumors from the MDA-MB-231 shQSOX1-1 cell

line had developed in the subjacent muscle tissue (Addi-

tional file 1). This suggests that QSOX1 could be unfa-

vorable for tumor invasion.

Discussion

In this study, we provide, for the first time, an insight

into the QSOX1 expression level in breast tumors

and into its role in breast cancer cells and tumor

development.

Even if the enzymatic function of QSOX1 is well

described in the literature, its biological function is not

clearly established. In fact, QSOX1 expression is differ-

entially modulated in some cancers. It turns out that

QSOX1 is overexpressed during the early stages of pros-

tate cancer, and in pancreatic tumor cells [15-17]. How-

ever, it has also been shown that QSOX1 is down-

regulated in an endothelial cancer cell model [18]. As

such, we decided to investigate the QSOX1 expression

in normal and cancerous human breast tissues.

Prior to our study, it was not previously reported

where QSOX1 was expressed in breast tissues. IHC

results showed that the protein was expressed in the

endomembranous system in epithelial cells, but not in

stroma cells and in adipocytes. Results were consistent

with the fact that QSOX1 is a protein specifically

expressed in epithelial cells and secreted [1,30]. The dif-

ferential localization of QSOX1 in normal and cancer

cells could be due to post-translational modifications

and/or a differential regulation of the expression of

Figure 7 QSOX1 reduces breast cancer xenograft formation.

2.106 MDA-MB-231 shC and MDA-MB-231 shQSOX1-1 cells were

injected subcutaneously in CIEA NOG mice (n = 5 per group).

Tumor volume was calculated by the formula V = ½ a × b2, where

a is the longest tumor axis, and b is the shortest tumor axis. (A) 42

days after injection, tumors were fixed in formol and photographed,

(B) 21 days after injection, the evolution of the tumor volume was

measured biweekly. * P <0.05, compared to control (Wilcoxon test).

This experiment is representative of two separate assays.
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QSOX1 isoforms. The signal surrounding tumor cells

could also be due to an epithelial cell depolarization,

causing a loss of punctuate labeling and the appearance

of a diffuse staining. Moreover, QSOX1 is expressed in

pancreatic tumor cells and not in non-cancerous periph-

eral cells [16]. Together, these results indicate that

QSOX1 is not constitutively expressed in different tis-

sues, suggesting that the cellular role for this protein

may also be tissue-dependent.

As QSOX1 was expressed in breast cancer tissues, we

assessed if its expression level could be correlated to the

outcome of breast cancer patients. Thus, we studied the

QSOX1 mRNA expression in a retrospective cohort of

217 invasive ductal carcinomas of the breast. It appears

that breast tumors presenting good prognostic criteria,

such as low histological grade and steroid receptor-posi-

tive status, express a high level of QSOX1 mRNA (Figure

1A and Table 1). Furthermore, Kaplan-Meier curves

(Figure 1B) showed that patients with high QSOX1 levels

presented a significantly better metastasis-free survival

compared to patients with low QSOX1 mRNA levels.

These data suggest that the QSOX1 expression level

could negatively correlate with the aggressiveness of

breast tumors.

To determine the extent of association between

QSOX1 expression and breast cancer patient outcome,

we investigated the roles of QSOX1 on characteristic

cancer cell phenotypes in MCF-7 overexpressing

QSOX1 and MDA-MB-231, in which QSOX1 expres-

sion is knocked down. It must be underlined that

QSOX1 levels are higher in the invasive MDA-MB-231

cells compared to the more indolent MCF7 cells. Differ-

ences between these two cell lines are not limited to

basal QSOX1 expression but also include the expression

of several genes, such as steroid hormone receptors and

the receptor 2 of the epidermal growth factor [31].

Therefore, QSOX1 expression could not be responsible

in itself for the difference in aggressiveness of these cell

lines.

After validation of our cellular models, we investigated

the role of QSOX1 on proliferation, clonogenic capaci-

ties and invasion. Above all, it is interesting to note that

all observed phenotypes obtained with the overexpres-

sion of QSOX1 were opposite of those obtained with

the QSOX1 knocked-down model. Moreover, in the lat-

ter cell model, the intensity of the effect was correlated

to the extent of QSOX1 knock-down.

We report in this study that QSOX1 inhibits breast

cancer cell proliferation. These data are in accordance

with previous studies showing that QSOX1 decreased

epithelial and endothelial cell proliferation [11,18]. The

fact that QSOX1 was induced in quiescent WI38 fibro-

blasts, but not in cycling lung fibroblasts, suggests that

it could act in the negative control of the cell cycle and

reinforces the idea that it could downregulate cell prolif-

eration [3]. Conversely, Katchman and coworkers sug-

gested that a QSOX1 knock-down in different pancreatic

cancer cells decreased proliferation. But, cell cycle ana-

lyses did not give clear conclusions about QSOX1 role

on cell cycle control [16]. All these results suggested that

QSOX1 role on proliferation and cell cycle could be cell

type or tumor stage dependent.

The study of cancer cell proliferation is generally per-

formed in parallel with the study of the cell clonogenic

capacity, often associated with tumor development

and establishment of metastases [32]. Thus, the fact

that QSOX1 reduced cell clonogenicity and anchorage-

independent growth is in accordance with our observa-

tions on proliferation. In addition, we studied the effect of

QSOX1 on cell-matrix adhesion, which is often disrupted

in breast cancer. Our findings demonstrate that QSOX1

increased cell adhesion to the extracellular matrix but

more specifically early in the adhesion process. Since

QSOX1 is implicated in protein folding, we can hypothe-

size that QSOX1 could enhance the folding or the addres-

sing of newly synthesized proteins implicated in cell

adhesion to the matrix. In fact, it is already known that

integrin activation can be mediated by thiol disulfide

exchanges within the extracellular domain of the beta sub-

unit [33,34], a process often performed by the Protein Dis-

ulfide Isomerase (PDI) [35,36]. QSOX1 could activate

integrins directly by creating a thiol-disulfide bond or

indirectly via an oxidation of PDI [9].

We showed in our retrospective cohort of invasive duc-

tal carcinomas of the breast that a high QSOX1 expression

is associated with low expression of a well-established

marker of migration and invasion phenotype in breast can-

cer: PAI1 (Table 1) [37]. In fact, the tumor cell must first

degrade basement membrane components before being

able to migrate and establish itself in another organ [38].

We demonstrated that QSOX1 decreased the ability of

cells to invade the Matrigel. Furthermore, a low QSOX1

expression level confers to the invading cells this stellate

morphology described as characteristic of a high meta-

static potential [39].

Considering that QSOX1 decreased cellular invasion,

we studied the activity of MMP-2 and MMP-9, enzymes

widely described to be involved in the mechanism of

invasion [29]. QSOX1 decreased both pro and active

MMP-2 level in extracellular medium and thus the rate

of MMP-2 activity. QSOX1 has also a lesser effect on

MMP-9 activity. Nevertheless, QSOX1 had no effect on

other MMPs implicated in the basal membrane degrada-

tion process, such as MMP-3 and MMP-7 [29] (data not

shown). It seems that QSOX1 reduced invasion by down-

regulating MMP-2 activity, since the effect of QSOX1 on
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invasion was no longer observable in the presence of a

specific MMP-2 inhibitor. The involvement of MMP-2 in

cell proliferation [40] could account for our results on

this cellular process.

The MMP-2 regulation is very complex and the role

of QSOX1 on this MMP remains to be determined. Our

results suggest that QSOX1 could attenuate MMP-2

extracellular activity by probably acting on MMP-2

secretion and/or stability without modifying the mRNA

level.

Thus, QSOX1 could inhibit MMP-2 activation by pro-

moting cell matrix adhesion. In fact, when cells do not

adhere to the matrix, integrin avb3 interacts with

MMP-2 and so participates to its activation [29]. The

TIMPs (Tissue Inhibitors of MetalloProteinases), present

six conserved disulfide bonds involved in their interac-

tion domains with MMPs [41]. QSOX1 could promote

disulfide bond formation in TIMPs, and thus their inter-

action with MMP-2, leading to its inhibition.

Interestingly, the activation and secretion of MMP-2

could also be positively regulated by oxidative stress

through the oxidation of its pro-peptide [41]. Since

QSOX1 protected cell against oxidative stress [11], it

could eventually prevent oxidation of the pro-peptide

and so MMP-2 secretion and activation.

Conversely, it has been shown in pancreatic cancer

cells that QSOX1 favored the activities but not the

secretion of MMP-2 and MMP-9; whereas, QSOX1, in

our breast cancer cell models, decreases both the activ-

ity and secretion of these MMPs. The discrepancies

between our results on breast cancer cells and Katch-

man’s results on pancreatic cells could be explained by

differential expression of QSOX1 isoforms and its sub-

strates availability. Furthermore, QSOX1 participates to

the redox state control together with a network of pro-

teins like PDI, Ero1, Gluthatione reductase or thioredox-

ins. It would be interesting to know the expression level

of all these actors to understand how QSOX1 could

generate opposite effects.

Given these conflicting results between the role of

QSOX1 in the breast and pancreas cancer cell models,

we performed an in vivo study. We demonstrated that

QSOX1 drastically inhibited tumor growth. Moreover, it

should be noted that during the tumor resection, we

observed that QSOX1 was unfavorable for tumor inva-

sion in subjacent muscle tissue. By inhibiting MMP-2,

an enzyme involved in tumor development, angiogenesis

and metastasis [42], QSOX1 could disfavor breast tumor

development and aggressiveness. Indeed, it has been

demonstrated in endothelial cancer cell models that

QSOX1 could inhibit angiogenesis [18]. It would conse-

quently also be interesting to study angiogenesis to bet-

ter understand the effect of QSOX1 on tumor growth

through MMP-2 activity regulation.

Conclusion

In our study, we demonstrate that QSOX1 could inhibit

breast tumor development and aggressiveness, which is

in agreement with our findings, indicating that a high

QSOX1 expression is associated with a better survival for

breast cancer patients. QSOX1 could be regarded as a

new marker of good prognosis. All our data provide new

insights into the role of QSOX1 in cancer cell biology.

Additional material

Additional file 1: Tumor localization during their excision. During

the excision of tumors (white arrow), tumors from the cell line MDA-MB-

231 shC developed just under the skin of animals while tumors from

MDA-MB-231 shQSOX1-1 developed in the subjacent muscle tissue.
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