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Breast cancer is the most commonly diagnosed cancer and the second most common cause of cancer death in women. The anthracycline, doxorubicin, is a well-known and highly effective treatment for breast cancer patients; however, many patients present with resistance to chemotherapeutic drugs, which ultimately results in treatment failure and contributes to high mortality rates. It is well established that the mitogen-activated protein kinase phosphatase 1 (MKP-1) mediates the response to chemotherapy, where upregulated MKP-1 is associated with chemoresistance. We investigated whether MKP-1 inhibition or silencing can sensitise triple-negative MDA-MB-231 breast cancer cells to doxorubicin therapy. We found that MKP-1 inhibition and silencing sensitises breast cancer cells to doxorubicin-induced apoptosis. Additionally, the inhibition of MKP-1 in combination with doxorubicin treatment promotes autophagy induction, while doxorubicin and not MKP-1 modulation increased lysosomal acidic compartments. As such, this study demonstrated that MKP-1 inhibition has a potential therapeutic benefit for breast cancer patients by increasing the efficacy of conventional chemotherapy. Therefore, MKP-1 inhibition should be developed as a clinically relevant adjuvant therapy, which could provide a novel avenue for therapeutic intervention in combination with chemotherapy in breast cancer patients.

Significance:


	•
MKP-1 inhibition with sanguinarine and silencing sensitises breast cancer cells to doxorubicin-induced apoptosis.


	•
The inhibition of MKP-1 with sanguinarine in combination with doxorubicin treatment promotes autophagy induction.


	•
MKP-1 inhibition can have a potential therapeutic benefit for breast cancer patients by increasing the efficacy of conventional chemotherapy.











Introduction

Currently, 90% of chemotherapy failures are related to drug resistance.1 Resistance to cytotoxic chemotherapeutic agents may often be random and unpredictable and becomes apparent only at clinical assessment.2 One such chemotherapeutic agent is the anthracycline, doxorubicin (Dox), which is often used as a first-line therapy for the treatment of breast cancer.3-5 However, its clinical effects are limited due to its dose-dependent side effects such as cardiotoxicity, gastrointestinal problems, acute vomiting, liver damage and nephropathy.6,7 Therefore, adjuvant therapies are required that can improve the effectiveness of Dox while conferring a protective effect on normal cells.

The mitogen-activated protein kinase phosphatase 1 (MKP-1) is a member of the MKP family that consists of 11 dual-specificity phosphatases that negatively regulate MAPK. Upon activation, MKP-1 dephosphorylates and deactivates MAPKs, ERK, JNK, and p38, by dephosphorylating specific Thr/Tyr residues.8 As such, MKP-1 plays an important role in tumorigenesis9 and negates the cytotoxicity of anticancer drugs in various models of cancer10-16. It has been reported that the knockdown of MKP-1 sensitises cancer cells through the upregulation of MAPK activity.14 The MAPK family mediates cell death through the mitochondrial pathway during conditions of cellular stress, for example, treatment with chemotherapeutic drugs, which is characterised by increased reactive oxygen species (ROS) production in the case of doxorubicin. Here, elevated ROS levels primarily activate the JNK and p38 pathways, resulting in mitochondrial-mediated apoptosis. Furthermore, MKP-1 also regulates the cell cycle and apoptosis through the modulation of mitochondrial function, oxidative stress and autophagy.17,18 As such, targeting MKP-1 has the potential to effectively sensitise breast cancer cells to Dox treatment.

Autophagy is a cellular degradation process characterised by the sequestration of cytoplasm, long-lived proteins and cellular organelles in double-membrane vesicles called autophagosomes, which are delivered to and subsequently degraded in lysosomes. However, its role in chemoresistance is complex, and often cell type and context dependent.19-21

Sanguinarine is a bioactive quaternary benzophenanthridine alkaloid plant extract from Sanguinaria canadensis (blood root), Poppy fumaria, Bocconia frutescens and Macleaya cordata and is a structural homologue of chelerythrine.22-26 Sanguinarine extracts have long been used in herbal medicine and have antimicrobial, antioxidant, anti-inflammatory and pro-apoptotic activity, and Sanguinarine can downregulate MKP-1 expression.23,26-29 Sanguinarine has been reported to decrease anti-apoptotic proteins, such as Bcl-2, and increase levels of pro-apoptotic Bax in pancreatic carcinoma cells, while decreasing the expression of tumour-promoting NFκβ in cervical cancer cells, indicating a promising possibility for breast cancer treatment.28,29 Therefore, the aim of this study was to investigate whether the modulation of MKP-1 improves the potential of Dox to induce apoptosis and autophagy in cancer cells in vitro.

Materials and methods

Cell culture

The triple-negative human mammary adenocarcinoma cell line, MDA-MB-231, obtained from American Type Culture Collection (Rockville, MD, USA), was used in this study. The MDA-MB-231 cells were cultured in Glutamax-Dulbecco’s Modified Eagle’s Medium (DMEM; Celtic Molecular Diagnostics, Cape Town, South Africa) supplemented with 10% foetal bovine serum (FBS) (Sigma Chemical Co., St Louis, MO, USA) and penicillin streptomycin (PenStrep; Sigma Chemical Co., St Louis, MO, USA). The cells were maintained in a humidified incubator set at 5% CO2 at 37 °C and were routinely sub-cultured upon reaching 70–80% confluency.

Experimental protocol

Doxorubicin (D1515, Sigma Chemical Co., St Louis, MO, USA) was diluted to 5 μM in Glutamax-DMEM in ready to use aliquots; sanguinarine (Sang; Sigma Chemical Co., St Louis, MO, USA) was first diluted in methanol to a concentration of 0.01 M followed by dilution to 0.5 µM in growth medium; and dexamethasone (Dex; Sigma Chemical Co., St Louis, MO, USA) was dissolved to 0.1 M in distilled water and subsequently in growth medium to a final concentration of 100 nM; methanol was used as the vehicle. The concentration of Dox was determined with dose- and time-responses, which is presented in Supplementary figure 1. The following experimental groups were used in this study: (1) control, (2) Dex, (3) Dex and Dox, (4) Dox, (5) Sang, (6) Sang and Dox, (7) MKP-1 siRNA, (8) MKP-1 siRNA and Dox, (9) negative control (stealth RNAi) and (10) vehicle. The Sang groups were treated for 24 h, after which the Dox and Dex groups, including the combination treatment groups, were added and left to incubate for an additional 24 h.

MKP-1 siRNA Transfection

Silencing of MKP-1 gene expression was performed using reverse transfection. A volume of 20 pmol of MKP-1 siRNA duplex was used per culture well. And 20 pmol of MKP-1 siRNA duplexes (DUSP1VHS40581 and DUSP1VHS40583; Invitrogen™, USA, MKP-1 siRNA #159527B10, #159527B11) was diluted into transfection medium (Glutamax-DMEM containing no antibiotics or serum), after which Lipofectamine™ RNAiMAX (13778075; Invitrogen™, USA) was added and gently mixed. The RNAi duplex-Lipofectamine RNAiMAX complexes were allowed to incubate for 40 min and then made up to a final volume using DMEM (no antibiotics). MDA-MB-231 cells were plated directly into culture plates containing the RNAi duplex-Lipofectamine RNAiMAX complexes. Stealth™ RNAi (STEALTH RNAI NEG CTL MED GC, 12935300; Invitrogen™, USA) was used as a negative control. The cells were left to incubate for 48 h, after which Dox was added for a duration of 24 h.

Cell viability with trypan blue

The trypan blue exclusion technique30 was used to determine the viability of MDA-MB-231 cells. Following completion of the treatment protocol, the cell monolayer was rinsed with warm sterile phosphate-buffered saline (PBS). Cells were trypsinised and centrifuged for 3 min at 1500 rpm. The supernatant was decanted, and the pellets were resuspended in sterile PBS. The cell suspension was mixed in a ratio of 1:1 with 0.4% trypan blue and loaded into a haemocytometer for counting. The total number of cells was counted, and the number of blue cells was used as an indication of cell death. The results were expressed as the percentage (%) of viable cells.

Caspase 3/7 Glo assay

The Caspase-3/7 activity was measured in MDA-MB-231 cells using the Caspase-Glo® 3/7 assay (Promega, Madison, WI, USA). The Caspase-Glo® 3/7 reagent was prepared and equilibrated at room temperature and mixed with the lyophilised substrate before the reconstituted working buffer reagent was stored at −20 °C. The working buffer reagent and the culture plate were equilibrated to room temperature prior to use. Following the addition of the working buffer solution, the culture plate was incubated at 22 °C for 1 h without exposure to light. The content of each well was transferred to a white-walled 96-well plate, and the luminescence was measured using a luminometer.

Morphological analysis with Hoechst33342 and LysoTracker

For morphological determination of cell death, MDA-MB-231 cells were stained with Hoechst 33342 (10 mg/mL). Hoechst 33342 was made up in the growth medium and was left to incubate for 5 min. Thereafter, LysoTracker™ Red (Invitrogen™, USA) was added to each well and was left to incubate for an additional 5 min. Images were acquired directly after the incubation period through an Olympus Cell® system attached to an IX-81 inverted fluorescence microscope equipped with an F-view-II cooled CCD camera (Soft Imaging Systems). By using a Xenon-Arc burner (Olympus Biosystems GMBH) as a light source, images were excited with the 360 nm DAPI and 572 nm excitation filter. Emission was collected using a UBG triple band pass emission filter cube. Images were processed and background subtracted using the Cell® software. A minimum of three images were taken in randomly chosen fields, where at least three independent experiments per treatment group were conducted. Morphological changes such as condensed nuclear chromatin and apoptotic bodies were quantified using the Cell® system.

Flow cytometry

LysoTracker™ Red (Invitrogen™, USA) was used to analyse the lysosomal acidic compartment in MDA-MB-231 cells. Following treatment, the cell monolayer was rinsed with warm sterile PBS. Cells were trypsinised and centrifuged for 3 min at 1500 rpm. Each pellet was re-suspended in 0.5 mL of the LysoTracker™ Red (Invitrogen™, USA) working solution (final concentration of 100 nmol/L made up in growth medium) and was left to incubate for 15 min at 37 °C. Following incubation, the cells were gently re-suspended before being filtered through a 50-μm nylon mesh into FACS tubes and analysed immediately on the flow cytometer. Analyses were performed on a FACSAria I flow cytometer (Becton Dickinson Biosciences, San Jose, CA) equipped with a 488 nm Coherent Sapphire solid state laser (13–20  mW), 633 nm JDS Uniphase HeNe air-cooled laser (10–20  mW) and 407 nm Point Source Violet solid state laser (10–25 mW). For each sample, population information from a minimum of 10 000 events was acquired using FACSDiva Version 6.1 software. Data were expressed in arbitrary values as a percentage relative to the untreated control.

Western blot analysis

After treatment, the cells were placed on ice, whereafter cell monolayers were rinsed with 1 mL cold PBS. Modified radio-immuno precipitation (RIPA) buffer (50 mM Tris-HCL, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM benzamidine, 4 μg/mL SBTI-1, 1 μg/mL leupeptin, 1% NP40, and 0.25% Na-deoxycholate; pH 7.4) was added to each well and was left to incubate on ice for 5 min. The cell suspension was transferred to pre-chilled Eppendorf tubes. Protein concentration was quantified using the Bradford protein method.31 Following protein determination, lysates were diluted in Laemmli’s sample buffer, boiled for 5 min and then centrifuged for 5 s. The prepared cell lysates were separated on 10% polyacrylamide gels by sodium dodecyl sulfate polyacrylamide gel electrophoresis at 200 V (Mini Protean System, Bio-Rad, Hercules). Following sodium dodecyl sulfate polyacrylamide gel electrophoresis, proteins were transferred to polyvinylidene fluoride (PVDF) membranes (Immoblin-P, Millipore) using a semi-dry electro-transfer system (Bio-Rad, USA). Membranes were blocked in 5% (w/v) fat-free milk in 0.1% Tris Buffered Saline-Tween20 (TBS-T) for 1 h at room temperature with gentle agitation. Membranes were then incubated overnight at 4 °C in the appropriate primary antibodies, including caspase 3 (Cell Signalling, MA, USA), cleaved PARP (Cell Signalling, MA, USA), LC3 (Cell Signalling, MA, USA), p62 (Cell Signalling, MA, USA) and MKP-1 (Santa Cruz Biotechnology, CA, USA), while β-actin (Cell Signalling, MA, USA) was used as a loading control. The membranes were incubated in anti-rabbit horseradish peroxidase-conjugated secondary antibody (1:10 000), Amersham Biosciences, UK, and Dako Cytomation, Denmark) for 1 h at room temperature the following day. The membranes were developed with the ECL detection Kit (Bio Vision Inc.) and imaged using the CL-Xposure (Thermo Scientific) X-ray film. Exposed bands were quantified by densitometry using the UN-SCAN-IT© densitometry software (Silk Scientific Corporation, Utah, USA). Bands were expressed as optical density readings relative to the untreated control present on the same blot.

Statistical analysis

All values are expressed as a percentage of the control. The results are presented as mean ± standard error of the mean (SEM) for an n = 3. Comparisons between different groups were made by one-way analysis of variance (ANOVA), followed by the Bonferroni post-hoc test. Statistical analyses were performed using GraphPad Prism version 5.01 (Graphpad Software, Inc, CA, USA), and a value of p < 0.05 was considered statistically significant.

Results

MKP-1 expression modulated by dexamethasone, sanguinarine and siRNA

Treatment with the MKP-1 inducer, Dex (100 nM), for 24 h significantly increased MKP-1 expression in MDA-MB-231 cells (p < 0.01; Figure 1). In contrast, treatment with the MKP-1 inhibitor, Sang (0.5 µM), for 48 h (p < 0.001) and treatment with the MKP-1 silencer, MKP-1 siRNA (20 pmol), for 24 h downregulated MKP-1 expression in vitro (p < 0.05). Additionally, the expression of MKP-1 was also downregulated following co-treatment with Sang and Dox (p < 0.001), but not with Dox alone.
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Figure 1: The expression of MKP-1 following treatment with the MKP-1 activator, Dex, the MKP-1 inhibitor, Sang, MKP-1 silencing with siRNA, and Dox. Data are expressed as mean ± SEM (n = 3). *p < 0.05 versus control, **p < 0.01 versus control, ***p < 0.001 versus control.



MKP-1 inhibition and silencing in combination with Dox decreases cell viability

Dox treatment significantly decreased cell viability of MDA-MB-231 cells when compared to the control group (p < 0.001; Figure 2A). While treatment with the activator of MKP-1, Dex, alone had no effect on cell viability, the combination of Dex with Dox resulted in a significant increase in cell viability when compared to Dox treatment alone (p < 0.001; Figure 2A). In contrast, treatment with the MKP-1 inhibitor, Sang, alone did not have a significant effect on cell viability (Figure 2B); however, the combination of Dox and Sang resulted in a significant decrease in cell viability (p < 0.001) when compared to Dox treatment alone. Similarly, treatment with MKP-1 siRNA alone resulted in no significant change in cell viability when compared to the control (Figure 2C); however, a significant decrease in cell viability was observed when comparing the combination treatment of MKP-1 siRNA and Dox with Dox treatment alone (p < 0.01; Figure 2C). Therefore, the inhibition of MKP-1 in conjunction with Dox treatment induced a greater reduction of viable cells than Dox alone.
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Figure 2: The cell viability of MDA-MB-231 cells following treatment with the MKP-1 inducer, Dex, the MKP-1 inhibitor, Sang, MKP-1 silencing with siRNA, and Dox. (A) Cell viability following Dox and Dex treatment. (B) Cell viability following Dox and Sang treatment. (C) Cell viability following Dox and siRNA treatment. Data are expressed as mean ± SEM (n = 3). ***p < 0.001 versus control, ##p < 0.01 versus Dox, ###p < 0.001 versus Dox.



MKP-1 inhibition during doxorubicin treatment promotes caspase 3/7 cleavage

As expected, Dox treatment resulted in a significant increase in caspase 3/7 activity, indicating the execution of apoptotic cell death (p < 0.001; Figure 3A, B and C). Both Dex and Sang as well as MKP-1 siRNA treatment alone had no effect on caspase 3/7 activity, as observed by the cell viability data (Figure 3B). However, under conditions of MKP-1 inhibition with Sang in combination with Dox, there was a significant increase in caspase 3/7 activity compared to Dox alone (p < 0.001; Figure 3B), also indicating that MKP-1 inhibition in conjunction with Dox treatment resulted in apoptotic cell death, which is in line with the cell viability results. However, neither MKP-1 siRNA nor the combination of siRNA with Dox had any significant effect on caspase 3/7 (Figure 3C).
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Figure 3: Caspase-3/7 activity as a measure of apoptosis in MDA-MB-231 cells following treatment with the MKP-1 inducer, Dex, the MKP-1 inhibitor, Sang, MKP-1 silencing with siRNA, and Dox. (A) Caspase-3/7 activity following Dox and Dex treatment. (B) Caspase-3/7 activity following Dox and Sang treatment. (C) Caspase-3/7 activity following Dox and siRNA treatment. Data are expressed as mean ± SEM (n = 3). ***p < 0.001 versus control, ### p < 0.001 versus Dox.



Total caspase 3 and PARP cleavage display differential effects under conditions of MKP-1 induction, inhibition and silencing

The expression of total caspase 3 following Dox treatment was significantly decreased (p < 0.001), while PARP cleavage was increased (p < 0.001), which supports the Caspase-Glo® 3/7 and viability assays. The activator of MKP-1, Dex, significantly increased caspase 3 expression when compared to the control (p < 0.01) without PARP cleavage. In contrast, the combination of Dox and Dex treatment resulted in the decreased expression of caspase 3 (p < 0.01) and increased cleavage of PARP (p < 0.001). Therefore, Dex confers protection against apoptosis, where the addition of Dox abolishes this effect. The inhibitor of MKP-1, Sang, resulted in no significant change in caspase 3 expression or PARP cleavage when compared to the control. However, the co-treatment of Sang and Dox resulted in a significant decrease in caspase 3 expression (p < 0.001) and PARP cleavage (p < 0.01) when compared to the Dox group, which is supported by our findings for the Caspase-Glo® 3/7 and viability assays. The expression of caspase 3 was significantly increased following treatment with MKP-1 siRNA when compared to the control (p < 0.05) with no change in PARP cleavage; however, co-treatment with the MKP-1 silencer and Dox significantly reduced caspase 3 expression (p < 0.001), while increasing PARP cleavage (p < 0.001) when compared to Dox (Figure 4A,B). Therefore, MKP-1 inhibition and silencing sensitise breast cancer cells to apoptosis during Dox treatment.
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Figure 4: The expression of caspase 3 and the cleavage of PARP as a measure of apoptosis in MDA-MB-231 cells following treatment with the MKP-1 inducer, Dex, the MKP-1 inhibitor, Sang, MKP-1 silencing with siRNA, and with Dox. (A) The expression of total caspase 3. (B) The cleavage of PARP. Data are expressed as mean ± SEM (n = 3). *p < 0.05 versus control, **p < 0.01 versus control, ***p < 0.001 versus control, #p < 0.05 versus Dox, ##p < 0.01 versus Dox, ###p < 0.001 versus Dox.



MKP-1 inhibition and silencing during Dox treatment promotes changes in cell morphology

Morphological analysis revealed an increase in the size and number of acidic vesicles in response to both Sang and MKP-1 siRNA (Figure 5B), as well as in cells treated with both Sang and Dox (Figure 5F) or MKP-1 siRNA and Dox (Figure 5H). An increase in cell death markers, such as pyknosis and apoptotic bodies, was observed in the groups treated with Dex and Dox (Figure 5D) or MKP-1 siRNA and Dox (Figure 5H) where the highest degree of cell death was seen in the cells treated with Sang in combination with Dox (Figure 5F).
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Figure 5: The effect of 24-h Dox treatment in combination with MKP-1 inhibitors and inducers on autophagy and apoptosis in MDA-MB-231 cells. (A) Control, (B) Dox, (C) Dex, (D) Dex and Dox, (E) Sang, (F) Sang and Dox, (G) siRNA and (H) siRNA and Dox. Red fluorescence indicates LysoTracker™ red, while blue fluorescence indicates nuclei (Hoechst 33342). The arrows indicate apoptotic bodies (blue) and autophagic vacuoles (red).



MKP-1 inhibition promotes autophagy

A significant increase in the conversion of LC3-1 to LC3-II was observed when MKP-1 was inhibited with Sang during Dox treatment when compared to Dox treatment alone (p < 0.01; Figure 6A). Furthermore, the expression of the cargo recruiter, p62/SQSTM1, was significantly increased in the Dex (p < 0.001) and Sang (p < 0.01) treated groups when compared to the control (Figure 6B). Evident in the increased conversion of LC3-1 to LC3-II and the twofold reduction in p62 expression, autophagy was induced.
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Figure 6: The expression of LC3-II and p62/SQSTM1 as a measure of autophagy in MDA-MB-231 cells following treatment with the MKP-1 inducer, Dex, the MKP-1 inhibitor, Sang, MKP-1 silencing with siRNA, and with Dox. (A) Treatment with Dox and Dex. (B) Treatment with Dox and Sang. (C) Treatment with Dox and siRNA. Data are expressed as mean ± SEM (n = 3). **p < 0.01 versus control, ***p < 0.001 versus control, ##p < 0.01 versus Dox.



Lysosomal acidic compartments undergo differential changes under conditions of MKP-1 induction, inhibition and silencing during Dox treatment

Treatment with Dox significantly increased lysosomal acidic compartments compared to the control (p < 0.05; Figure 7A). Dex treatment, a known MKP-1 inducer, had no effect on lysosomal acidic compartments compared to the control. However, the combination treatment of Dex and Dox resulted in a significant increase in lysosomal acidic compartments compared to the control (p < 0.05), although to the same extent as Dox treatment alone (Figure 7A). Sang treatment alone and in combination with Dox did not result in a significant change in lysosomal acidic compartments (Figure 7B). MKP-1 siRNA resulted in no significant change in lysosomal acidic compartments when compared to the control (Figure 7C). However, a significant (p < 0.05) increase in lysosomal acidic compartments was observed with Dox in conjunction with MKP-1 siRNA compared to control.
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Figure 7: Lysosomal acidic compartments in MDA-MB-231 cells following treatment with the MKP-1 inducer, Dex, the MKP-1 inhibitor, Sang, MKP-1 silencing with siRNA, and with Dox. (A) Treatment with Dox and Dex. (B) Treatment with Dox and Sang. (C) Treatment with Dox and siRNA. Data are expressed as mean ± SEM (n = 3). *p < 0.05.



Discussion

It is well established that MKP-1 is associated with cancer progression and resistance to chemotherapy.13,14 It has been reported that MKP-1 is overexpressed by more than fivefold in primary samples from breast cancer patients.32-34 We, therefore, investigated whether doxorubicin treatment and treatment with the MKP-1 inhibitor, sanguinarine, and silencing of MKP-1 using siRNA can inhibit MKP-1 expression in MDA-MB-231 cells (Figure 1). Doxorubicin treatment did not alter the expression levels of MKP-1, which is in contrast to a study performed by Rojo et al.35 who reported that doxorubicin decreased MKP-1 expression in a time- and dose-dependent manner. However, treatment with the glucocorticoid dexamethasone significantly increased MKP-1 expression in the MDA-MB-231 cells. This is supported by studies that confirmed that dexamethasone treatment is an inducer of MKP-1 expression.36,37 Additionally, we investigated whether the bioactive plant extract sanguinarine can inhibit MKP-1 expression in breast cancer cells. Treatment with sanguinarine significantly decreased the expression of MKP-1 in triple negative breast cancer cells. This is supported by a study performed by Vogt et al.26 in which sanguinarine treatment inhibited MKP-1 expression in PANC-1 and HeLa cells. Furthermore, the silencing of MKP-1 with MKP-1 siRNA also significantly decreased the expression of MKP-1 in vitro. This confirmed dexamethasone as an inducer of MKP-1 expression, while sanguinarine and MKP-1 siRNA effectively inhibited MKP-1 expression. We also found that co-treatment with sanguinarine and doxorubicin inhibits the expression of MKP-1, which is supported by existing reports that both doxorubicin and sanguinarine are inhibitors of MKP-1 expression.10,26,35

Based on these findings, we investigated the effects of MKP-1 modulation on the viability and apoptosis of breast cancer cells following doxorubicin treatment in vitro. Doxorubicin treatment significantly decreased cell viability of breast cancer cells (Figure 2A–C), which is supported by our findings of the increased activity of caspase 3 and 7 in vitro (Figure 3A). Furthermore, doxorubicin treatment significantly decreased total caspase 3 and increased PARP cleavage (Figure 4A,B). It is therefore concluded that doxorubicin induced apoptosis in vitro in our model. The sensitivity of these cell lines to doxorubicin has also been well established where increased levels of apoptosis are evident following doxorubicin treatment.38-40 We then investigated whether the modulation of MKP-1 during doxorubicin treatment promotes or inhibits apoptosis induction in breast cancer cells. MKP-1 upregulation by dexamethasone alone did not affect cell viability or induce apoptosis (Figure 2A, 3A and 4), which is supported by previous studies which reported that glucocorticoids protect mammary gland epithelial cells, hepatocytes and ovarian follicular cells against cell death signals and apoptosis.41 This protective effect may be mediated by the upregulation of MKP-1, which can inhibit MAPK-induced apoptosis. However, co-treatment with dexamethasone and doxorubicin promoted cell death, indicating that the upregulation of MKP-1 alone confers a protective effect against apoptosis, but doxorubicin treatment abolishes this effect. Furthermore, the inhibition of MKP-1 with sanguinarine alone did not affect breast cancer cell apoptosis (Figure 2B, 3B and 4A-B). This suggests that the inhibition of MKP-1 alone is not an effective inducer of apoptosis. However, it has been reported that sanguinarine inhibits cancer cell proliferation with different degrees of sensitivity in different triple negative breast cancer cell lines.42,43 Co-treatment with sanguinarine and doxorubicin decreased the amount of viable cancer cells and induced apoptosis (Figure 2B, 3B and 4A-B). These results indicate that sanguinarine improves the efficacy of doxorubicin treatment by sensitising breast cancer cells to doxorubicin-induced cell death in vitro. This is supported by studies showing that MKP-1 inhibition induced apoptosis in cervical and renal cell carcinomas16, as well as in mesangial cells44. As with sanguinarine treatment, the silencing of MKP-1 with MKP-1 siRNA alone did not affect apoptosis (Figure 2C, 3C and 4B). However, the co-administration of doxorubicin and siRNA significantly decreased cell viability and induced apoptosis. This supports our findings for sanguinarine and doxorubicin co-treatment. Furthermore, Wang et al.45 reported that the inhibition of MKP-1 sensitised ovarian cancer cells to cisplatin-induced apoptosis, which is mediated through the activation of the MAPKs. Therefore, the inhibition of MKP-1 during doxorubicin treatment may have important therapeutic value. Various chemotherapeutic agents induce apoptosis through the activation of the MAPKs, namely ERK, JNK and p38. These MAPKs are negatively regulated by MKP-1. MAPKs are involved in apoptosis induction, and their activation by chemotherapies induces cytochrome c release from the mitochondria. This results in the oligomerisation of apoptotic protease activating factor-1 (Apaf-1), recruiting pro-caspase-9 and inducing its autoactivation, which results in the downstream activation of the effector caspase 3.46 Furthermore, JNK family members are involved in the activation of apoptosis by transcription-dependent processes, including death receptor induction.47 Therefore, loss or inhibition of MKP-1 reduces its inhibition on members of the MAPK family, which may facilitate apoptosis following doxorubicin treatment. Furthermore, Small and co-authors10 reported that MKP-1 inhibition enhanced chemosensitivity to doxorubicin through the activation of JNK. To further validate our findings for apoptosis, morphological changes commonly associated with the progression of apoptosis, such as chromatin condensation and the formation of apoptotic bodies, were also investigated (Figure 5A–H). The doxorubicin-treated groups displayed increased morphological characteristics that are associated with cell death, including pyknosis and the formation of apoptotic bodies. Co-treatment with sanguinarine and doxorubicin displayed the highest degree of apoptosis induction when compared to the other treatment groups. This further supports our findings that under conditions of MKP-1 inhibition, MDA-MB-231 cells are sensitised to doxorubicin-induced apoptosis.

Autophagy has been shown to play a dual role in doxorubicin-induced cell death.48 We therefore assessed whether the modulation of MKP-1 and doxorubicin treatment can regulate autophagy. The co-administration of sanguinarine and doxorubicin induced autophagy in vitro (Figure 6A,B). This may be a synergistic effect between sanguinarine and doxorubicin, as treatment with sanguinarine or doxorubicin alone was not sufficient to induce autophagy. In line with this, sanguinarine has been reported to induce ROS-dependent autophagy and apoptosis in hepatocellular carcinoma cells.49 This may be mediated through the resulting upregulation of MAPK activity following MKP-1 inhibition. The MAPK family are known regulators of autophagy, either inducing or inhibiting autophagy. It has been reported that ERK activation can induce autophagy by promoting the dissociation of Beclin-1 and Bcl-2, through the direct activation of the Gα-interacting protein (GAIP) and through the activation of ATF4, resulting in the increased transcription of the ATG proteins.50-52 Furthermore, p38 activation can also induce autophagy through the activation of the ULK complex and LAMP2A translocation to the lysosomal membrane.53,54 Lastly, JNK activation promotes autophagy through the dissociation of Beclin-1 and Bcl-2, the direct activation of Atg5 and Atg7, and by inducing Sestrin2 transcription, which activates AMPK.55 Furthermore, at low doses, doxorubicin elicits an autophagic response in breast cancer cells.56 Additionally, increased levels of ATG2A mRNA have been observed following doxorubicin treatment57, suggesting increased autophagy activation at the transcriptional level. Conversely, activation of autophagy in cultured cardiomyocytes following 1 μM doxorubicin treatment mediated its cardiotoxic effect.58 Here, it was shown that autophagy inhibition resulted in decreased cell death, and it was postulated that autophagy directly contributed to doxorubicin-induced toxicity. Apoptosis and autophagy are finely regulated, and MKP-1 inhibition with sanguinarine may promote doxorubicin-induced apoptosis and autophagy as an anti-neoplastic mechanism. However, only doxorubicin, irrespective of MKP-1 modulation, induced an increase in lysosomal acidity (Figure 7A–C). This finding is in line with a study performed by Thomas et al.59 who showed that doxorubicin increased lysosomal acidity in MDA-MB-231 cells. Our results are also supported by the findings of other authors which show that doxorubicin induces an autophagic response in cancer cells.60 Figure 8 summarises the main findings of this study and the proposed mechanism of action of doxorubicin and sanguinarine in breast cancer cells.
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Figure 8: Proposed mechanism of action of doxorubicin and sanguinarine co-treatment in breast cancer cells.



Conclusions

We have reported a role for MKP-1 modulation during doxorubicin treatment in vitro. It is clear that both apoptosis and autophagy remain central in tumourigenesis. In conclusion, the findings of this study clearly indicate the significant role of MKP-1 in cancer treatment and the importance of modulating MKP-1 in a targeted way in cancer patients receiving chemotherapy.

Future perspectives

The role of MKP-1 in autophagy induction should be further explored to elucidate how the upregulation of autophagy can contribute to apoptosis. Future studies should assess autophagic flux over time and include autophagy inhibitors to quantify autophagosomal accumulation.
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