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Abstract Chemotherapy is the mainstay of systemic

treatment for triple negative breast cancer (TNBC); how-

ever, the development of drug resistance limits its effec-

tiveness. Therefore, we investigated the underlying

mechanism for drug resistance and potential approaches to

overcome it for a more effective treatment for TNBCs.

Using a pulse-stimulated selection strategy to mimic che-

motherapy administration in the clinic, we developed a

new paclitaxel-resistant MDA-MB-231 cell line and ana-

lyzed these cells for changes in autophagy activity, and the

role and mechanisms of the increased autophagy in pro-

moting drug resistance were determined. We found that the

pulse-stimulated selection strategy with paclitaxel resulted

in MDA-MB-231 variant cells with enhanced resistance to

paclitaxel. These resistant cells were found to have

enhanced basal autophagy activity, which confers a cyto-

protective function under paclitaxel treatment stress. Inhi-

bition of autophagy enhanced paclitaxel-induced cell death

in these paclitaxel-resistant cells. We further revealed that

up-regulated autophagy in resistant cells enhanced the

clearance of damaged mitochondria. Last, we showed that

the paclitaxel-resistant cancer cells acquired cross resis-

tance to epirubicin and cisplatin. Together, these results

suggest that combining autophagy inhibition with chemo-

therapy may be an effective strategy to improve treatment

outcome in paclitaxel-resistant TNBC patients.
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Introduction

Breast cancer is one of the most common cancers in

women worldwide [1–4]. With encouraging developments

in systemic therapies such as chemotherapy, hormone

therapy, and targeted therapy, the outcomes of breast

cancer patients have improved significantly [5]. Triple-

negative breast cancer (TNBC) is a subgroup of breast

cancers that lacks the expression of estrogen receptor (ER),

progesterone receptor (PR), and human epidermal growth

factor receptor 2 (HER2) [6, 7]. This subgroup of breast

cancer responds poorly to hormone therapy and HER2-

targeted therapy. Therefore, chemotherapy is still the

mainstay of systemic treatment for TNBC [6]. Paclitaxel is

a mitotic inhibitor-based chemotherapeutic drug [8, 9], due

to its high efficiency, and is widely used to treat TNBC.

Unfortunately, drug resistance is still a major hurdle in the

use of paclitaxel and limits its effectiveness. Accordingly,

it is crucial to understand the mechanisms that drive the

resistance of TNBC cancer cells to paclitaxel, in order to

develop strategies that can limit resistance and improve the

outcomes of TNBC patients.

Autophagy is an essential cellular process that can clear

and recycle damaged cellular organelles and components

and provide macromolecules in times of scarce nutrient

availability [10–12]. In the autophagic process, cytoplas-

mic regions are sequestrated within double-membrane

vesicles known as autophagosomes and delivered to
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lysosomes for degradation [13, 14]. Recently, the functions

of autophagy have been widely studied in a variety of

human diseases, including cancer [15]. Increasing evidence

indicates a cytoprotective role of autophagy during breast

cancer development and anticancer therapy. Dysfunctional

autophagy has been shown to impair breast cancer tumor-

igenesis and growth [16, 17]. It was also reported that

autophagy inhibition synergized with chemotherapy drug

epirubicin to induce apoptosis of breast cancer cells

selected for resistance to the drug by a stepwise treatment

strategy [18, 19]. Nevertheless, the underlying mechanisms

for autophagy inhibition to augment the anticancer effect of

epirubicin are not well understood. Also importantly, the

more commonly used stepwise selection used in these

previous studies might not be the best option for studying

the development of chemotherapy resistance [20]. This is

partly because in the clinic, patients receive several cycles

of treatment with chemotherapy at the same concentration

each time, rather than in increasing amounts as the step-

wise selection strategy.

In this study, we used a pulse stimulated strategy to

mimic the clinical effects of chemotherapy to generate

triple negative MDA-MB-231 cells that are resistant to

paclitaxel relative to parental cells. We showed that the

increased basal autophagy and ability to remove damaged

mitochondria in these cells contributed to their resistance

and that genetic inhibition of autophagy re-sensitized the

resistant MDA-MB-231 cells to paclitaxel. These findings

provide significant new insights into the mechanism of

TNBC resistance to paclitaxel and suggest that combining

autophagy inhibition with chemotherapy may enhance the

effectiveness of treatment in paclitaxel-resistant TNBCs.

Results

MDA-MB-231 cells acquired resistance to paclitaxel

after pulse-stimulated selection

To study the mechanism of TNBC resistance to paclitaxel

treatment, we performed a pulse-stimulated selection with

fixed doses of paclitaxel to generate paclitaxel-resistant

MDA-MB-231 cells. To mimic chemotherapy administra-

tion in the clinic, MDA-MB-231 cells were treated with

only 10 cycles of paclitaxel treatment. The resulting cells

are termed MDA-MB-231-P cells (231P cells), and their

acquired resistance was tested by SRB assay to determine

the IC50 relative to parental MDA-MB-231 cells (231N

cells). 231P cells showed about six times higher IC50

compared with 231N cells (Fig. 1a). Next, cell viabilities

Fig. 1 Development of paclitaxel-resistant MDA-MB-231 cells with

pulse stimulated strategy. a Dose-dependent growth impairment of

231N and 231P cells was identified by sulphorhodamine B assay. The

cells were treated in six replicates with pacltaxel for 96 h. b Cell

viabilities after 24 h 25 nM paclitaxel treatment compared with

vehicle in 231N and 231P cells by trypan blue viability assay

(Mean ± SE are shown, n = 3). *p \ 0.05. c Cell proliferations after

24 h 25 nM paclitaxel or vehicle treatment in 231N and 231P cells by

BrdU incorporation assay (Mean ± SE are shown, n = 3). *p \ 0.05.

d Cell apoptosis after treatment with 25 nM paclitaxel for 24 h was

compared with vehicle in 231N and 231P cells by Annexin V assay

(Mean ± SE are shown, n = 3). *p \ 0.05. e–g expression of pro-

apoptotic markers were analyzed after 24 h 25 nM paclitaxel

treatment compared with vehicle in 231N and 231P cells by Western

blot. Representative results are shown in (e). Intensity of the protein

bands were determined from three independent experiments by

densitometry. Mean ± SE of the relative protein level (normalized to

actin) are shown in (f) and (g). *p \ 0.05
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were tested by trypan blue viability assay after both 231N

and 231P cells were treated with 25 nM paclitaxel for 24 h.

231P cells showed significantly increased viability when

compared with the parental cells (Fig. 1b). Apart from the

increased viability in the 231P cells, we also investigated

whether there was a difference in the growth inhibitory

effect by paclitaxel between 231P and 231N cells. We

found that 231P cells had slightly lower proliferation than

231N cells without treatment with paclitaxel, and paclit-

axel treatment significantly reduced proliferation of both

cells to comparable levels (Fig. 1c), suggesting that the

increased paclitaxel resistance of 231P cells was not caused

by altered proliferation.

Paclitaxel acts as a mitotic inhibitor, inducing mitotic

arrest and triggering cell apoptosis [21]. Therefore, we next

tested the apoptotic levels in 231N and 231P cells after

paclitaxel treatment by annexin V staining followed by

flow cytometric analysis (Fig. 1d). We found that paclit-

axel treatment induced apoptosis in 231P cells at a reduced

level compared to 231N cells. The reduced extent of

apoptosis induction by paclitaxel in 231P cells was further

confirmed by Western blot analysis of cleaved caspase 3

and cleaved poly(ADP-ribose) polymerase (PARP) in these

cells (Figs. 1e–g). Collectively, these results indicate that

231P cells have developed resistance to paclitaxel by

reducing treatment-triggered apoptosis.

Basal autophagy is enhanced after cycles of paclitaxel

treatment in MDA-MB-231 cells

A previous report suggested increased levels of autophagy

in chemotherapy-treated breast cancer patient samples

[22]. To determine whether our pulse stimulation of

paclitaxel affected autophagy, we compared basal

autophagy levels of 231N and 231P cells. Western blot

analysis showed that the autophagy marker protein LC3 II

levels were increased in 231P cells compared with 231N

cells (Fig. 2a). After treatment with autophagy inhibitor

bafilomycin A1, we observed increased LC3 II levels in

both 231N and 231P cells, indicating that autophagy flux

was not blocked. Quantitation of LC3 II/actin showed a

greater increase of LC3 II in 231P cells compared with

231N cells after bafilomycin A1 treatment, indicating that

231P cells had a higher basal autophagy level (Fig. 2b).

To confirm this observation, LC3 II puncta in both 231N

and 231P cells were analyzed by immunofluorescence

(Fig. 2c). We observed increased numbers of LC3 II

puncta in 231P cells in the absence of bafilomycin A1

treatment. After bafilomycin A1 treatment, 231P cells

showed a greater increase of LC3 II puncta compared to

231N cells (Fig. 2d), which is in agreement with Western

blot analysis. Together, these results suggest that the basal

autophagy level was increased in 231P cells compared to

parental 231N cells, after being subjected to paclitaxel

pulse-stimulation treatment.

Up-regulated basal autophagy confers a cytoprotective

function under paclitaxel stress

To determine whether the up-regulated basal autophagy

plays a cytoprotective role and facilitates the resistance to

paclitaxel in 231P cells, we examined the effect of

autophagy inhibition on these cells in response to paclit-

axel. Spautin-1 is a recently described autophagy inhibitor

which acts through promoting the degradation of Vps34

required for autophagy initiation [23]. We performed clo-

nogenic assays for both 231N and 231P cells with paclit-

axel treatment in the absence or presence of spautin-1. We

found that while paclitaxel treatment suppressed colony

formation in both 231N and 231P cells, the 231P cells

showed only a moderate decrease, consistent with their

resistance to the drug (Figs. 3a and b). Treatment with

spautin-1 alone had little effect on colony formation of

either 231N or 231P cells. However, the presence of

spautin-1 significantly reduced the remaining colony for-

mation ability of 231P cells in the presence of paclitaxel,

suggesting that the increased autophagy in these cells is at

least partially responsible for their resistance to paclitaxel.

Next, we further investigated the role of the increased

autophagy of 231P cells using genetic inhibition of

autophagy by shRNA against autophagy genes FIP200 and

Atg13. FIP200 and Atg13 form a complex with ULK1,

which is essential for the initiation of the autophagy pro-

cess [13]. As shown in Fig. 3c, treatment of the cells with

shRNA against FIP200 or Atg13 reduced the expression of

the corresponding proteins efficiently and specifically. As

expected, shRNA knockdown of FIP200 or Atg13 signifi-

cantly decreased autophagy in these cells, as evidenced by

the decreased LC3 II levels compared to that in cells

treated with control shRNA (Fig. 3d). Consistent with

results using pharmacological inhibitors, autophagy inhi-

bition by FIP200 or Atg13 knockdown significantly

decreased viability of 231P cells under paclitaxel treatment

(Fig. 3e). To further validate the cytoprotective effect of

autophagy in 231P cells, paclitaxel-induced apoptosis was

assessed. Annexin V assay shows significantly higher

levels of apoptosis in 231P cells with FIP200 or Atg13

knockdown compared to that with control shRNA (Fig. 3f).

Western blot analysis further confirmed these findings,

showing increased amount of cleaved caspase 3 and PARP

in 231P cells with FIP200 or Atg13 knockdown (Figs. 3g–

i). These results indicate that up-regulated basal autophagy

in 231P cells plays a cytoprotective function under paclit-

axel stress. They also indicate that autophagy inhibition

can attenuate paclitaxel resistance by enhancing paclitaxel-

induced apoptosis in 231P cells.
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Up-regulated basal autophagy enhances the clearance

of dysfunctional mitochondria in paclitaxel-resistant

cancer cells

Having established that up-regulated autophagy reduces

apoptosis in 231P cells treated with paclitaxel, we sought to

delineate the mechanism by which autophagy plays a cy-

toprotective function in 231P cells. It is well established that

multiple apoptotic pathways can be activated by damaged

mitochondria [24, 25]. Autophagy is responsible for the

clearance of damaged mitochondria [26]. Our previous

research has shown that inhibition of autophagy by FIP200

ablation causes accumulation of mitochondria with abnor-

mal morphology [16]. We posited that up-regulated

autophagy in 231P cells contributes to the enhanced clear-

ance of damaged mitochondria, protecting 231P cells from

apoptosis induced by damaged mitochondria. To test this

hypothesis, we used MitoTracker Green FX and Mito-

Tracker Red CMXRos to analyze mitochondrial function in

231N and 231P cells. MitoTracker Green FX staining rep-

resents the total mitochondrial mass, while MitoTracker

Red CMXRos indicate the amount of respiring mitochon-

dria [27]. Therefore, a 1:1 ratio of labeling for these two

indicates that all mitochondria are functional in a cell,

whereas a reduced value for MitoTracker Red CMXRos

staining compared to MitoTracker Green FX staining

indicates cells with damaged mitochondria [28]. Flow

cytometry analyses showed that 231P cells have a lower

level of damaged mitochondria (i.e., fraction of cells below

the 1:1 diagonal line for labeling of the two trackers)

compared with 231N cells (Figs. 4a and b, vehicle treated

cells), which is consistent with their increased basal

autophagy activity. Treatment with the autophagy inhibitor

spautin-1 increased mitochondrial damage to comparably

higher levels for both 231N and 231P cells, providing fur-

ther support that the reduced level of damaged mitochondria

in 231P cells was due to their increased autophagy.

As expected, treatment of the cells with paclitaxel

increased damaged mitochondria in both cells, but 231P

cells still exhibited a lower level compared to that in 231N

cells. Similar to vehicle controls, addition of spautin-1

increased the damaged mitochondria to higher and com-

parable levels for these two cells. The results from phar-

macological inhibition of autophagy with spautin-1 were

corroborated with genetic inhibition of autophagy-related

genes. After knockdown of FIP200 or Atg13, mitochon-

drial damage was increased in both 231N and 231P cells

after treatment with vehicle or paclitaxel (Figs. 4c and d).

These results are consistent with that enhanced basal

autophagy improved the ability of 231P cells to maintain

mitochondrial homeostasis by increasing the clearance of

damaged mitochondria.

Fig. 2 MDA-MB-231

paclitaxel-resistant cells show

up-regulated basal autophagy.

a LC3 II levels were evaluated

by Western blot. 231N and 231P

cells were cultured under

normal condition treated with

vehicle (-), 200 nM

bafilomycin A1 (?) for 2 h.

b Based on above Western blot

results, normalized LC3 II was

evaluated by densitometry

quantitation of LC3 II/actin in

the presence of bafilomycin A1

compared with vehicle in 231N

and 231P cells (Mean ± SE are

shown, n = 3). *p \ 0.05.

c Cells were treated with

vehicle, 200 nM bafilomycin

A1 for 2 h and analyzed by

immunofluorescence using

LC3B antibody and DAPI to

stain nuclei. Scale

bars = 10 lm. d Autophagy

level (measured by green

puncta) was quantified

(Mean ± SE are shown, n = 3).

*p \ 0.05
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Fig. 3 Up-regulated basal autophagy plays a cytoprotective function

under paclitaxel stress. (a, b) 10 days clonogenic assays for 231N and

231P cells. Cells were plated in triplicate and treated with vehicle or

10 lM spautin-1 for 24 h. 25 nM paclitaxel were added into the

medium for the last 4 h. Medium were replaced with fresh complete

medium without drugs and cultured. Representative results are shown

in (a). Colony numbers were counted and Mean ± SE of the numbers

from three experiments are shown in (b). *p \ 0.05. c Expressions of

FIP200 and Atg13 were analyzed by Western blot in 231PshCtrl,

231PshFIP200 and 231PshAtg13 cells under normal culture condi-

tion. d LC3 II level was evaluated by Western blot. 231PshCtrl,

231PshFIP200 and 231PshAtg13 cells were cultured under normal

condition treated with vehicle, 200 nM bafilomycin A1 for 2 h. e Cell

viabilities after 24 h 25 nM paclitaxel treatment compared with

vehicle in 231PshCtrl, 231PshFIP200 and 231PshAtg13 cells by

trypan blue viability assay (Mean ± SE are shown, n = 3).

*p \ 0.05. f Cell apoptosis after 24 h 25 nM paclitaxel treatment

compared with vehicle in 231N and 231P cells by Annexin V assay

(Mean ± SE are shown, n = 3). *p \ 0.05. g–i Expressions of pro-

apoptotic markers were analyzed after 24 h 25 nM paclitaxel

treatment compared with vehicle in 231PshCtrl, 231PshFIP200 and

231PshAtg13 cells by Western blot. Representative results are shown

in (g). Intensity of the protein bands were determined from three

independent experiments by densitometry. Mean ± SE of the relative

protein level (normalized to actin) are shown in (h and i). *p \ 0.05
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Paclitaxel-resistant cancer cells show cross resistance

to epirubicin and cisplatin

Besides the increased resistance to paclitaxel, we investi-

gated whether up-regulated autophagy in 231P cells also

facilitates cross resistance to other chemotherapy drugs.

Epirubicin and cisplatin are two drugs which are also

widely used in breast cancer chemotherapy. When 231N

and 231P cells were treated with epirubicin or cisplatin for

24 h, 231P cells show significantly increased viabilities

compared to 231 N cells (Figs. 5a and b). Annexin V assay

showed a significant decrease in apoptotic events in 231P

cells with epirubicin or cisplatin treatment (Figs. 5c and d).

Additionally, Western blot analysis showed decreased

levels of cleaved caspase 3 and PARP in 231P cells com-

pared with 231N cells after treatment with epirubicin

(Figs. 5e–g) or cisplatin (Figs. 5h–j). These results suggest

that paclitaxel-resistant 231P cells also develop a level of

resistance to other chemotherapy drugs.

Discussion

The role of autophagy in cancer is thought to be context

dependent. Although there are still conflicting data on the

role of autophagy in tumor initiation, most of the cur-

rently available evidence supports a protective role for

autophagy in the survival of established tumors [29, 30].

Fig. 4 Up-regulated basal autophagy enhances the clearance of

dysfunctional mitochondria in paclitaxel-resistant cancer cells.

a Mitochondrial functions of 231N and 231P cells were analyzed

by flow cytometry, stained with 25 nM Mitotracker Green and 25 nM

Mitotracker Red. 231N and 231P cells were treated with vehicle,

25 nM paclitaxel, 10 lM spautin-1, or the combination for 24 h.

b Mitochondria damage results were evaluated based on flow

cytometry results above (Mean ± SE are shown, n = 3). *p \ 0.05.

c Mitochondrial damage results were evaluated based on

mitochondrial function analysis by flow cytomety for 231NshCtrl,

231NshFIP200 and 231NshAtg13 cells. Cells were treated with

vehicle, 25nM paclitaxel, 10 lM spautin-1, or the combination for

24 h (Mean ± SE are shown, n = 3). *p \ 0.05. d Mitochondrial

damage results were evaluated based on mitochondrial function

analysis by flow cytomety for 231PshCtrl, 231PshFIP200 and

231PshAtg13 cells. Cells were treated with vehicle, 25 nM paclitaxel,

10 lM spautin-1, or the combination for 24 h (Mean ± SE are

shown, n = 3). *p \ 0.05
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Periods of extensive growth coupled with insufficient

blood supply expose cancer cells to nutritional deprivation

and hypoxic stresses, which may inhibit proliferation and

cause cell death. The capability of autophagy to degrade

intracellular constituents provides cells with energy and

recycles damaged cellular organelles to maintain intra-

cellular homeostasis and promote survival [31–35]. In

addition to the important cytoprotective role during can-

cer growth, autophagy also seems to impart a survival

advantage to cancer cells under therapeutic stress and to

facilitate drug resistance in several types of cancer,

including breast cancer [36–47]. Recent studies have

suggested that breast cancer patients with higher expres-

sion of the autophagy marker LC3B have a worse

outcome [48–50]. Additionally, the levels of autophagy in

breast cancer tumor cells can be regulated in response to

drug treatment. Elevated autophagy has been reported in

drug resistant breast cancers and has been shown to

contribute to acquired resistance [51, 52]. Another recent

study showed higher autophagy levels in epirubicin-

resistant TNBCs [19]. Here, we used a different strategy

than that used in many studies, namely pulse-stimulated

selection that better mimics chemotherapy in human

patients, and developed a new TNBC MDA-MB-231 cell

line with resistance to paclitaxel. We observed elevated

basal autophagy in these cells and showed that enhanced

autophagy plays a cytoprotective role during paclitaxel

treatment and participates in paclitaxel resistance

Fig. 5 231P cells show cross-resistance to epirubicin and cisplatin.

a and b Cell viabilities after 24 h of 25 lM epirubicin (a) or 5 lM

cisplatin (b) treatment compared with vehicle in 231N and 231P cells

by Trypan blue viability assay (Mean ± SE are shown, n = 3).

*p \ 0.05. c and d Cell apoptosis after 24 h 25 lM epirubicin (c) or

5 lM cisplatin (d) treatment compared with vehicle in 231N and

231P cells by Annexin V assay (Mean ± SE are shown, n = 3).

*p \ 0.05. e–j Expression of proapoptotic markers were analyzed

after 24 h of 25 lM epirubicin (e–g) or 5 lM cisplatin (h–j) treatment

compared with vehicle in 231N and 231P cells by Western blot.

Representative results are shown in (e and h). Intensity of the protein

bands were determined from three independent experiments by

densitometry. Mean ± SE of the relative protein level (normalized to

actin) are shown in (f and g), and (i and j), respectively. *p \ 0.05
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development. Therefore, our results provide further sup-

port that combined autophagy inhibition with paclitaxel

treatment can be a more effective treatment by promoting

cell death in resistant TNBCs.

Based on the encouraging research results of autophagy

inhibition therapy, the autophagy inhibitor chloroquine is

being studied in two clinic trials for breast cancer therapy

(in the Study of the Efficacy of Chloroquine in the Treat-

ment of Ductal Carcinoma in Situ [ClinicalTrials.gov,

NCT01023477], and Chloroquine With Taxane Chemo-

therapy for Advanced or Metastatic Breast Cancer Patients

Who Have Failed an Anthracycline [NCT01446016]).

Notably, a recent study, based on a panel of breast cancer

cell lines, shows that TNBC cells are more autophagy

addicted and more sensitive to autophagy inhibition [53].

Although various factors contribute to chemotherapy

resistance in cancer cells, these results highlight the

importance of autophagy in chemo-resistant TNBC, and

indicate TNBC patients may receive more benefit from

autophagy inhibition therapy.

Although the mechanisms causing cytotoxicity vary

among the different classes of chemotherapy drugs, in

general, the cytotoxic effect perturbs cellular homeostasis

and induces cancer cell death through activation of mul-

tiple apoptotic pathways. There is much evidence sup-

porting the notion that damaged mitochondria are the most

significant trigger of apoptosis [24, 25]. Anticancer drugs

including paclitaxel can cause mitochondria damage,

leading to permeabilization of the mitochondrial outer

membrane and release of cytochrome c into the cytoplasm

[54, 55]. Cytochrome c in the cytoplasm activates the

caspase cascade and leads to apoptosis. Autophagy is

involved in recycling of damaged cellular organelles,

including mitochondria. It is the primary mechanism for

removing damaged mitochondria and plays an important

role in maintaining mitochondrial homeostasis in cells

[56–58]. Reports show that inhibition of autophagy results

in accumulation of damaged mitochondria [31–33]. These

findings are consistent with our previous data, which

shows inhibition of autophagy by FIP200 ablation causes

accumulation of mitochondria with abnormal morphology

[16]. In this study, we also observe an accumulation of

damaged mitochondria following pharmacological

autophagy inhibition with spautin-1 or knockdown of

FIP200 and Atg13 genes in MDA-MB-231 cells. Our

findings also showed that there were fewer cells with

damaged mitochondria in paclitaxel-resistant MDA-MB-

231 cells under both normal and paclitaxel-treated condi-

tions compared with the parental cells. Paclitaxel in

combination with autophagy inhibition can increase the

number of cells with damaged mitochondria to a level that

becomes comparable in both the resistant and parental

cells. These results indicate that up-regulated autophagy in

resistant MDA-MB-231 cells enhances the clearance of

damaged mitochondria caused by the cytotoxic effect of

paclitaxel, and protects cancer cells from mitochondrial-

mediated apoptosis.

Next, we speculated that up-regulated autophagy in

paclitaxel-resistant TNBC cells may confer them with

cross resistance to other types of chemotherapy drugs.

Therefore, we decided to investigate the chemotherapeutic

drugs epirubicin and cisplatin. Epirubicin is an anthracy-

cline drug which acts by intercalating with DNA, pro-

moting complex formations, and subsequently inhibiting

DNA and RNA synthesis [59]. Cisplatin is a platinum-

based drug which binds with DNA to form intra-strand

crosslinks and adducts, leading to conformational changes

and ultimately affecting replication [60]. We observe that

paclitaxel-resistant MDA-MB-231 cells also show resis-

tance to both epirubicin and cisplatin treatment, with

similarly reduced levels of apoptosis. These findings indi-

cate that the cytoprotective function of elevated autophagy

is not specific to paclitaxel resistance, but also to other

chemotherapy drugs. This evidence illustrates the potential

for cancer cells to develop not only resistance to the che-

motherapy it was exposed to, but also cross resistance to

other kinds of chemotherapy drugs with the help of

enhanced autophagy. Our findings suggest that the com-

bination of autophagy inhibition therapy with chemother-

apy may help to prevent cancer cells from developing

resistance.

Although further studies will be required to clarify the

mechanisms that elevate the basal autophagy level in

resistant cancer cells, our results provide evidence and

rationale for autophagy inhibition in combination with

chemotherapy drugs to treat primary or resistant TNBC.

Materials and methods

Antibodies and reagents

The following antibodies were used: cleaved caspase-3

(Cell Signaling Technology), cleaved PARP (Cell Signal-

ing Technology), LC3B (Cell Signaling Technology), b-

actin (Sigma-Aldrich), FIP200 (ProteinTech Group), Atg13

(Cell Signaling Technology), BrdU (Developmental Stud-

ies Hybridoma Bank), goat anti-rabbit FITC (Jackson

ImmunoResearch Laboratories). The following reagents

were used: bafilomycin A1, spautin-1, paclitaxel, epirubi-

cin, cisplatin, puromycin, BrdU, trichloroacetic acid, sul-

phorhodamine B, protease inhibitor cocktails, DAPI were

from Sigma-Aldrich. MitoTracker Green FX (Invitrogen)

and MitoTracker Red CMXRos (Invitrogen), Permount

SP15-100 Toluene Solution (Fisher Scientific), DNase I

(Roche).
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Cell culture and lentiviral transduction

MDA-MB-231 cells (from American Type Culture Col-

lection) were cultured at 37 �C, 5 % CO2 in Gibco DMEM

supplemented with 10 % fetal bovine serum (FBS). For the

generation of resistant cell lines MDA-MB-231P, 25 nM

paclitaxel was added to MDA-MB-231 culture medium for

4 h and then culturing continued with complete culture

medium. MDA-MB-231 cells were left to recover to normal

proliferation rates before starting the next cycle of treatment

as mentioned above. After a total of 10 cycles of paclitaxel

treatment, MDA-MB-231P cells were cultured normally

with complete culture medium. For lentiviral infection,

MDA-MB-231 cells were infected with lentivirus encoding

FIP200 (TRCN 000000350426, Sigma-Aldrich) and Atg13

(TRCN 000000172801, Sigma-Aldrich) short hairpin RNA

(shRNA) or scrambled sequence.Cells were then selected

with 1 lg/ml puromycin.

Sulphorhodamine B assay

Drugs cytotoxicity was determined using the sulphorhod-

amine B (SRB) assay. Cells were plated with 3 9 103

cells/well with six replicates in 96-well plates. After

overnight culture to allow cells to adhere, culture medium

containing paclitaxel at different concentrations was added.

One plate was tested at 0 h time point, and other plates

were tested until 96 h. The cells were fixed with 10 %

Trichloroacetic acid for 1 h at 4 �C and washed five times

with water. 0.4 % SRB in 1 % acetic acid was added to

stain for 30 min and washed five times with 1 % acetic

acid and allowed to dry. 10 mM Tris-base was added to

dissolve SRB and absorbance was measured with a plate

reader at 530 nm. IC50 was presented as the drug con-

centration that killed 50 % of cells relative to the untreated

control.

Trypan blue viability assay

Cells were plated in 6-well plates (15 9 104 cells/well)

and incubated overnight. Drugs or vehicle were added for

24 h and the cells were counted with a Fuchs-Rosenthal

Counting Chamber. Dead cells were excluded with Trypan

blue.

BrdU incorporation assay

Cells were plated in 6-well plates (15 9 104 cells/well)

and incubated overnight. The next day cells were treated

with 25 nM paclitaxel for 24 h, and 10 lM BrdU was

added for the last 4 h. Then cells were fixed for 1 h with

4 % paraformaldehyde and washed five times with PBS.

Fixed cultures were treated for 30 min in 2 M HCl, then

washed three time with PBS. They were then permeabili-

zed with 0.3 % Triton X-100 in PBS for 15 min and

blocked with 2 % BSA, 0.3 % Triton X-100 in PBS for

30 min, then incubated with primary antibody anti-BrdU at

a dilution of 1:200 in 2 % BSA overnight at 4 �C. After

washing with PBS for 15 min, the cells were incubated

with goat anti-rabbit FITC secondary antibody (1:200) for

1 h at room temperature, and mounted with Permount

SP15-100 toluene solution.

Western blot analysis

Cells were lysed in RIPA buffer (10 mM Tris Cl, 100 mM

NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM NaF, 20 mM

Na4P2O7, 2 mM Na3VO4, 1 % Triton X-100, 10 % glyc-

erol, 0.1 % sodium dodecyl sulfate, 0.5 % deoxycholate)

supplemented with protease inhibitor cocktails. Cell lysates

were separated by 10 or 12 % SDS-PAGE and transferred

to nitrocellulose membrane. Different antibodies were used

as described in the antibodies and reagents section above.

Immunofluorescence analysis

Cells were fixed in 4 % paraformaldehyde for 15 min,

washed three times with PBS, and then permeabilized with

0.3 % Triton X-100 in PBS for 15 min. After blocking with

2 % BSA and 0.3 % Triton X-100 in PBS for 30 min, cells

were incubated with primary antibody LC3B at a dilution

of 1:200 in 2 % BSA overnight at 4 �C. After washing with

PBS for 15 min, the cells were incubated with Goat Anti-

Rabbit FITC secondary antibody (1:200) for 1 h at room

temperature, and mounted with Permount SP15-100 tolu-

ene solution. LC3 II puncta images were acquired with a

fixed thickness section on a Zeiss LSM710 confocal

microscope with a Zeiss AxioObserver Z1 stand. The

numbers of puncta per cell were counted manually.

Clonogenic assay

Cells were suspended in DMED supplemented with 10 %

FBS and plated in 6-well plates (1 9 103 cells/well) and

incubated overnight. They were then treated with 10 lM

spautin-1 for 24 h. 25 nM paclitaxel was added into the

medium for the last 4 h. Medium were replaced with fresh

medium without drugs and cultured for 7–10 days. Colo-

nies were stained with 0.1 % crystal violet and counted.

Mitochondrial function assay with flow cytometry

Cells were plated in 6-well plates (15 9 104 cells/well)

and incubated overnight. 25 nM MitoTracker Green FX

and 25 nM MitoTracker Red CMXRos were added and the

cells were incubated for 15 min at 37 �C. Then cells were
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washed with DPBS three times and then suspended in

Hank’s buffered salt solution (HBSS) supplemented with

2 % FBS and DNase I. DAPI was added to discriminate

live from dead cells. Flow cytometry analysis was per-

formed on BD FACSAriaTM III.

Annexin V with propidium iodide assay with flow

cytometry

Cells were plated in 6-well plates (15 9 104 cells/well)

and incubated overnight. Drugs or vehicle was added for

24 h. Cells were harvested and stained with FITC Annexin

V and propidium iodide using a FITC Annexin V/dead cell

apoptosis kit according to the manufacture instructions

(Invitrogen). Flow cytometry analysis was performed on

BD FACSAriaTM III.

Statistical analysis

For cell viability, statistical significance was evaluated by

unpaired, 2-tailed Student t test using p \ 0.05 as indica-

tive of statistical significance. For IC50 analysis, nonlinear

regression analysis was used. Statistical analysis was per-

formed using GraphPad Prism 5.
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