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Abstract 

Metastatic melanoma, a malignancy originating from pigment-producing melanocytes, is 

the most aggressive form of skin cancer. Most patients with metastasized melanoma harbor 

the activating mutation gene, BRAF V600E. Vemurafenib (PLX4032), a BRAF inhibitor 

(BRAFi), develops drug resistance in the patients. Autophagy is a self-salvaging 

mechanism for cells to deal with different stresses and promotes cancer cell survival and 

growth. However, the role autophagy contributes to resistance to anti-tumor drugs is not 

well studied. In this research, we determine the effects of autophagy inhibitors, as well as 

a combination of autophagy inhibitors and Vemurafenib, on cell viability and cell 

migration. Autophagy inhibitors significantly reduced cell viability and inhibited cell 



 
 

 
 

migration of human malignant melanoma cells and displayed an additive cytotoxicity with 

PLX4032 in both Vemurafenib sensitive and resistant melanoma cells. Moreover, 

autophagy inhibitors alone, or combined with Vemurafenib, induced apoptosis in both 

Vemurafenib sensitive and resistant melanoma cells. We further examined the signaling 

pathways that autophagy inhibitors may employ to exert cytotoxic effect and overcome 

BRAFi resistance. Autophagy inhibitors alone activated Erk and worked synergistically 

with BRAFi to inhibit autophagy by reducing the expression of Atg12. In conclusion, our 

results suggest that a combination of autophagy inhibitors and BRAF would be a potential 

therapeutic strategy to treat melanoma and to overcome the drug resistance in the 

melanoma cells.  
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PREFACE 

 

The organization of this thesis references the publication style of Molecular 

Carcinogenesis. 
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I. Introduction 

Metastatic melanoma, a malignancy tumor originated from pigment-producing 

melanocytes, is the most aggressive form of skin cancers. BRAF is a serine– threonine 

protein kinase which controls cell proliferation and growth through the Ras-Raf-MEK-

ERK signaling pathway. Approximately 50% of melanomas contain hyper-active BRAF 

V600E mutations which lead to the continual activation of the BRAF downstream protein 

MEK [1]. BRAF is an attractive target for the development of anti-melanoma drug 

therapies. Vemurafenib (PLX4032, Plexxikon) (Figure 1) [2], an FDA (Food and Drug 

Administration) approved melanoma drug, is a potent inhibitor for the BRAF V600E 

mutation. Vemurafenib significantly inhibits the continual activation of the BRAF V600E 

kinase, and blocks the proliferation and growth of the melanoma cells that harbor the 

BRAF V600E mutation [3,4]. Clinical trials have shown that after a 7-month treatment with 

Vemurafenib, a complete or partial tumor regression is observed in most of the metastatic 

melanoma patients harboring the BRAF V600E mutation [5]. This result indicates that the 

chronic antitumor drug therapy using Vemurafenib results in a drug resistance to BRAF 

inhibitors. The development of drug resistance in melanoma cells appears inevitable in 

patients and presents a significant clinical challenge [6-9]. 

 

To overcome the drugs resistance to BRAF inhibitors, combination therapy has been 

exploited. In this research, we propose the autophagy proteins as potential molecular 

targets in designing a combination cocktail therapy. Autophagy is a process where cells 

“eat” and recycle (digest) themselves to deal with various stresses such as nutrient 
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deprivation, hypoxia, and exposure to toxic substances [10]. Autophagy involves 

sequestration, cell degradation by lysosomes, and the recycling of cellular organelles, 

proteins and free fatty acids [11,12]. Autophagy has been proposed to play two seemingly 

contradictory roles in cancer. Autophagy can act as tumor suppressors in cancer cells by 

leading to type II apoptosis, autophagic cell death [12,13]. The autophagic apoptosis is an 

alternative pathway of type I apoptosis and usually occurs in the anti-type I apoptotic 

cells [14]. On the other hand, since it is a self-salvaging mechanism for cells to handle 

various stresses, this autophagy promotes cell survival and tumor growth [12,15]. 

Moreover, under certain conditions, cancer cells develop drug resistance to chemotherapy 

by employing autophagy as a survival strategy [16-18]. It was reported that autophagy 

markers of microtubule-associated protein light chain 3 (LC3) and BECN1 were 

expressed at a higher level in human colon adenoma cell lines with the BRAF V600E 

mutation. In addition, the autophagy inhibitor 3-Methyladenine (3-MA) and Vemurafenib 

can work synergistically to sensitize BRAF V600E mutant colorectal cell lines to 

Vemurafenib; it has been shown that autophagy contributes to the survival of the AKT 

inhibitor resistance cells [19,20]. A previous study also showed that patients who have a 

higher level autophagy induced by BRAF inhibitor have significantly lower rates of 

response to the Vemurafenib and have a shorter survival time [21]. Thus, autophagy 

inhibitors can help an anti-melanoma drug achieve a better therapeutic effect. Therefore, 

an autophagy inhibitor may be a valuable constituent of a cocktail therapy for melanoma. 

 

The course of autophagy is initiated by the ULK1-Atg13-FIP200 complex [22]. During 

autophagy, the double-membraned autolysosomes, formed from the fusion of 
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autophagosomes and lysosomes, are responsible for depredating and recycling the cell 

internal material of the cells [23,24]. There are two ubiquitylation-like modifications that 

are indispensable for autophagosome formation, Atg12-conjugation and LC3-

modification [25]. The formation of the preautophagosome requires Atg12-conjugation 

involvement. The lipidated form of LC3 has to be converted from the inactive form LC3-

I to the active form LC3-II, which is bound to the outer membrane of autophagosomes as 

a typical autophagosome marker [25-27]. Increasing evidence suggests that the 

PI3K/AKT/mTOR signaling pathway contributes to the drug resistance of the metastatic 

melanoma [28]. Additional studies suggest that when the activation of PI3 kinase is 

inhibited, the activity of MEK, which is a BRAF downstream protein, is also inhibited 

both in vitro and in vivo [29-31]. The melanoma cells with the acquired drug resistance 

develop the alternative pathway PI3K/AKT/mTOR, which circumvents the BRAF to 

activate the downstream proteins MEK and keeps driving cell growth [32]. Additionally, 

the PI3K/AKT/mTOR pathway plays a key role in autophagy regulation [33]. The 

mammalian target of rapamycin (mTOR) is a protein kinase that regulates the signals 

between cell growth and the nutrient starvation which induces the autophagy [34]. mTOR 

is composed of two constitutive complexes, mTORC1 and mTORC2 [35]. mTORC1 is a 

primary suppressor of autophagy, regulating autophagy by refraining the essential 

AMPK-promoted phosphorylation of ULK1[33,36]. In this way, the activated 

PI3K/AKT/mTOR will suppress autophagy [37]. 

 

There are several autophagy inhibitors available for this study. Bafilomycin A1 (BA-1), 

Hydroxychloroquine (HCQ), and SBI-0206965 (SBI), all can inhibit the different steps of 
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autophagy. Bafilomycin A1 is a selective inhibitor for the vacuolar-type ATPase (V-

ATPase) (Figure 2) [23]. It blocks the translocation of H+, resulting in the increased 

concentrations of H+ in the cytosol of BA-1 treated cells [38,39]. As an autophagy 

inhibitor, BA-1 inhibits the autophagy process by impairing the fusion between 

autophagosomes and lysosomes [40]. Moreover, BA-1 shows ability to elicit cell death 

by disrupting the mitochondrial membrane potential and inducing the Bax-dependent 

apoptosis [23,41]. Hydroxychloroquine (HCQ), as a weak base, neutralizes the acidic 

environment in lysosomes and increases the pH of lysosomes, inhibiting autophagy by 

disrupting the lysosomal function of lysosomal enzymes (Figure 3) [42,43]. The reported 

studies also indicate that the antitumor efficacy of HCQ is caused by triggering apoptosis 

via activating p53 [41,44-46]. Another autophagy inhibitor that we selected is SBI-

0206965 which is a specific inhibitor of ULK1 kinase and inhibits the initial step of 

autophagy (Figure 4) [47,48]. Combining SBI- 0206965 and the mTOR inhibitor has 

been shown to have a synergistic effect increasing apoptosis in tumor cells [48]. 

 

Although a few drugs for treating malignant melanoma have been developed and 

approved by the FDA, resistance to those drugs has been developed by malignant 

melanoma cells. There is therefore a pressing need to develop new therapy regimens to 

overcome drug resistance in treatments of melanoma and to extend the survival time of 

patients. The aim of this research is to investigate the increased cytotoxic effects of the 

cocktail therapy and to elucidate the underlying molecular mechanisms by which the 

autophagy inhibitors overcome the resistance of melanoma cell to Vemurafenib. 

Specifically, this work will examine how the autophagy inhibitors affect the efficacy of 
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the current anti-melanoma drug (Vemurafenib) in Vemurafenib-sensitive cell lines and 

Vemurafenib-resistant cell lines and what mechanisms autophagy inhibitors employ in 

exerting cytotoxic effects on melanoma cell lines that are resistance to BRAF inhibitors. 

This study will lead to the development of more effective cocktail therapies for fighting 

against malignant melanoma with drug resistance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



6 
 

 
 

Figure 1. Structure of PLX4032 
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Figure 2. Structure of Bafilomycin A1 
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Figure 3. Structure of hydroxychloroquine 
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Figure 4. Structure of SBI-0206965 
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II. Materials and Methods 

2.1 Cell lines, Cell culture, and Reagents 

Human malignant melanoma cell lines SK-MEL-28 (ATCC® HTB-72™) and A2058 

((ATCC® CRL-11147™)) were purchased from American Type Culture Collection 

(ATCC, Manassas, VA, USA). SK-MEL-28 was cultured in Eagle’s Minimum Essential 

Medium, supplemented with 10% fetal bovine serum (FBS) (Hyclone, Logan, UT, USA), 

0.1% penicillin/streptomycin (Fisher Bioreagents, Pittsburgh, PA, USA), and L-

Glutamine. A2058 was maintained in Dulbecco’s Modified Eagle’s Medium, 

supplemented with 10% FBS and 0.1% penicillin/streptomycin (Fisher Bioreagents, 

Pittsburgh, PA, USA). L-Glutamine and all of the media were purchased from Sigma (St. 

Louis, MO, USA). Human malignant melanoma cell lines A375 and the A375-

Vemurafenib Resistant cell line (A375VR) were provided by Dr. David A. Proia (Synta 

Pharmaceuticals Corp., Lexington, Massachusetts). The cell culturing protocols of these 

two cell lines were described by J. Acquaviva et al. [49]. BRAF inhibitor PLX4032 and 

autophagy inhibitor hydroxychloroquine (HCQ) were purchased from Selleck Chemicals 

(Houston, TX, USA). The autophagy inhibitors Bafilomycin A1 (BA-1) and SBI-

0206965 (SBI) were purchased from Cayman Chemical Company (Ann Arbor, MI, 

USA).  

2.2 Cell viability assay 
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Cell viability was examined by the MTS ((3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)), colorimetric assay. 

Tetrazolium reagents in MTS (Promega Corporation, Madison, USA) can be reduced to 

an aqueous soluble formazan by NAD(P)H from metabolically active cells. Their cell 

viability can be evaluated by the intensity of absorbance of the purple solution. Cells 

were seeded into a 96-well plate for 24 hours, then treated with PLX4032 (500nM for 

sensitive cell lines, 5 μM for Vemurafenib resistant cell lines), BA-1 (250 nM), HCQ (25 

μM), SBI (5 μM), and combination treatment of PLX4032 and autophagy inhibitors, 

respectively. After a 48-hour incubation period, 10 μL of MTS reagent and 90 μL cell 

media were added to each well. The 96-well plate was placed in a 37°C incubator for 2 

hours, and the absorbance of the purple solution was measured by the Spectrophotometer 

(Fisher Scientific, Pittsburgh, PA, USA) at 490 nm. Three independent experiments were 

performed and the results are reported as mean ± S.D. 

2.3 Wound healing assay 

To perform a wound-healing assay, cells were first trypsinized after 48-hour transfection 

and seeded into a 24-well plate and allowed to grow up to 90% confluency. Then, an 

artificial wound was created using a 200 μL pipet tip (Fisherbrand, Pittsburgh, PA) in the 

center of the confluent cell monolayer. Hanks’ Balanced Salt solution (Sigma, St. Louis, 

MO, USA) was used to wash off cell debris in each well. The cells were treated with 

PLX4032, autophagy inhibitors and combination treatments of PLX4032 and autophagy 

inhibitors for an additional 48 hours. Finally, photographs were taken using an inverted 

microscope to examine the area of cells that migrated into the wound surface. ImageJ 
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(National Institutes of Health, Bethesda, Maryland, USA) was used to analyze the healing 

areas. 

2.4 Apoptosis analysis 

The melanoma cells were treated with PLX4032 (500nM for sensitive cell lines, 5 μM for 

Vemurafenib resistant cell lines), BA-1 (250 nM), HCQ (25 μM) and SBI (5 μM) and 

combination with PLX4032 for each of the autophagy inhibitors. After 48 hours, cell 

apoptosis was determined by flow cytometry using the Annexin V-FITC-PI (propidium 

iodide) dual staining kit (BioLegend, San Diego, CA) according to the manufacturer’s 

instruction. Briefly, cells were harvested, washed with binding buffer, and re-suspended 

in staining buffer at a final density of 1×105 cells/ml. The cell suspensions were stained 

with Annexin V-FITC and PI and analyzed by the Accuri C6 Flow Cytometer System 

(Accuri Cytometers Inc., Ann Arbor, MI, USA). 

2.5 Western blot analysis  

After 48 hours treatment, the treated cells were harvested and lysed by lysis buffer (Cell 

Signaling Technology, Danvers, MA, USA) on ice for 30 minutes. The lysed cells were 

centrifuged, and loading buffer (Bio-Rad Company, Hercules, CA) was added to the 

obtained suspended solution at the ratio of 1:1. Western Blot was performed as described 

by H. Qian et al. [50]. The BRAF, p-BRAF, AKT, p-AKT, ERK, p-ERK, LC3B, ATG12 

and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) proteins were probed by 

primary antibodies (Cell Signaling Technology, Danvers, MA, USA). The protein bands 

were developed by ClarityTM Western ECL Substrate (Bio-Rad, Hercules, CA) and 



17 
 

 
 

detected by FluorChemTM E system (Protein Simple, Santa Clara, CA). The signals were 

analyzed by ImageJ (National Institutes of Health, Bethesda, Maryland, USA). 

2.6 Statistical analysis 

Data were analyzed by Student T-test, One-way Analysis of Variance (ANOVA), and 

Tukey’s post-test to evaluate the statistical differences among the multiple-groups with 

SPSS statistics software version 19.0 (IBM Corp., Armonk, NY). The P critical value ≤ P 

(α= 0.05) was considered to represent statistically significant differences among groups. 

All experimental data were reported as mean ± S.D. 
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III. Results 

3.1 Autophagy inhibitors exhibited potent cytotoxicity against human 

malignant melanoma cells and have a combined effect with PLX4032. 

Based on the fact that 50% of melanomas contain hyperactive BRAF V600E mutations, 

and that autophagy can help cancer cells survive under certain conditions, I hypothesized 

that if we combine the BRAF inhibitors and the autophagy inhibitors to reduce both the 

activity of autophagy and the activity of the BRAF in melanoma cells at the same time, 

we should expect a stronger cytotoxic effect on melanoma cells. To test this hypothesis, 

an MTS viability assay was employed to examine if the combination of the BRAF and 

the autophagy inhibitors can inhibit the proliferation of the melanoma cells. In this study, 

PLX4032 (Vemurafenib) was selected as the BRAF inhibitor because it is an FDA-

approved drug for melanoma cells with BRAF mutations. Three different autophagy 

inhibitors, namely BA-1, SBI and HCQ, were used in this study to test the effect of 

autophagy on cell viability. Each treatment group was tested in four different cell lines: 

two PLX4032 sensitive cell lines (A375 and SK-MEL-28), and two PLX4032 resistant 

cell lines (A375VR and A2058). The cell viability assay showed that the autophagy 

inhibitor BA-1 significantly reduced the viability of the PLX4032 sensitive cell lines 

compared to the control group at various concentrations (Figure 5A), and BA-1 is more 

effective than PLX4032 in decreasing the viability of melanoma cells, suggesting that 

autophagy is used as a cell survival strategy in these cell lines. When both BRAF 

inhibitor PLX4032 and autophagy inhibitor BA-1 were added into the melanoma cells, 

cell viability decreased even more compared to the PLX4032 or BA-1 alone treatment at 
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comparable concentrations, indicating that the combination of PLX4032 and BA-1 

increased the cytotoxic effect on the PLX4032 sensitive cells lines. Since the 

development of drug resistance is common in melanoma cells, which significantly 

reduces the efficiency of the current therapy relying on single drugs such as PLX4032, 

we investigated if the autophagy inhibitor can show a similar cytotoxic effect in the 

PLX4032 resistant cell lines. To do this, we treated the PLX4032 resistant cell lines, 

A375VR, and A2058 with autophagy inhibitors, and performed the MTS assay to 

measure the viability of these two cell lines. As we can see in Figure 5B, while A375VR 

and A2058 are resistant to the PLX4032 treatment, the viability of these two cells lines 

was significantly reduced by the BA-1 treatment.  

 

To rule out the possibility that the cytotoxic effect is specific for BA-1, and to further 

confirm that the inhibition of autophagy is a major factor in reducing the viability of the 

melanoma cells, we examined the anti-melanoma effect of another two autophagy 

inhibitors that are different from BA-1 in the way they inhibit autophagy. SBI inhibits the 

initiating step of autophagy. The complete autophagy process requires fusion between 

autophagosomes and lysosomes to become the autolysosomes. BA-1 inhibits the fusion 

between autophagosomes and lysosomes. HCQ can neutralize H+ in lysosomes, blocking 

the fusion between autophagosomes and lysosomes. HCQ, similar to BA-1, significantly 

reduced the viability of the PLX4032 sensitive cell lines, and the combination of 

PLX4032 and HCQ showed a stronger inhibitory effect on cell viability (Figure 6A). As 

expected, HCQ significantly reduced the cell viability of the PLX4032 resistant cell lines 

as well (Figure 6B).  Similar effects were also observed for the other autophagy inhibitor 
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SBI for both PLX4032 sensitive and resistant cell lines (Figures 7A, B, and C). These 

results suggest that autophagy is used as a survival strategy for the melanoma cells, and 

the inhibition of autophagy can reduce cell viability of the melanoma cells. 
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Figure 5. Bafilomycin A1 inhibited cell viability and has an additive effect with 

PLX4032 in reducing cell viability in PLX4032 sensitive melanoma cell lines (A. SK-

MEL-28 and A375) and PLX4032 resistant melanoma cell lines (B. A375VR and 

A2058). 

  

Effect of Bafilomycin A1 on cell viability of PLX4032 sensitive melanoma cell lines (A. 

SK-MEL-28 and A375) and PLX4032 resistant melanoma cell lines (B. A375VR and 

A2058). Melanoma cells were determined by MTS assay after 48 hours treatment with 

Bafilomycin A1 at a final concentration of 100 nM, 500 nM, and 1 M. Every 

experiment was repeated five times with quadruplicate reactions in each independent 

experiment. The results are represented as mean ± SD. Asterisks indicate a significant 

difference between the Bafilomycin A1 treatment groups and the control group (p<0.05). 

Double asterisks indicate a significant difference between PLX4032- Bafilomycin A1 

combination groups and PLX4032 group (PLX4032 at 500 nM in SK-MEL-28 and A375; 

PLX4032 at 5 μM in A375VR and A2058) (p<0.05). 
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Figure 6.  Hydroxychloroquine inhibited cell viability has a combined effect with 

PLX4032 in reducing cell viability in PLX4032 sensitive melanoma cell lines (A. SK-

MEL-28 and A375) and PLX4032 resistant melanoma cell lines (B. A375VR and 

A2058). 

  

Effect of hydroxychloroquine on cell viability of PLX4032 sensitive melanoma cell lines 

(A. SK-MEL-28 and A375) and PLX4032 resistant melanoma cell lines (B. A375VR and 

A2058). Melanoma cells were determined by MTS assay after 48 hours treatment with 

hydroxychloroquine at a final concentration of 10 M, 25 M, and 50 M. Every 

experiment was repeated five times with quadruplicate reactions in each independent 

experiment. The results were represented as mean ± SD. Asterisks indicate a significant 

difference between the hydroxychloroquine treatment groups and the control group 

(p<0.05). Double asterisks indicate a significant difference between PLX4032- 

hydroxychloroquine combination groups and PLX4032 group (PLX4032 at 500 nM in 

SK-MEL-28 and A375; PLX4032 at 5 μM in A375VR and A2058) (p<0.05). 
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Figure 7.  SBI-0206965 inhibited cell viability and had a combined effect with PLX4032 

in reducing cell viability in PLX4032 sensitive melanoma cell lines (A. SK-MEL-28 and 

A375) and PLX4032 resistant melanoma cell lines (B. A375VR and A2058). 

 

Effect of SBI-0206965 on cell viability of PLX4032 sensitive melanoma cell lines (A. 

SK-MEL-28 and A375) and PLX4032 resistant melanoma cell lines (B. A375VR and 

A2058). Melanoma cells were determined by MTS assay after 48 hours treatment with 

SBI-0206965 at final concentrations of 2.5 M, 5 M, and 10 M in A375, A375VR, 

and A2058. However, IC50* of the SK-MEL-28 cell line is higher than in the other three 

cell lines. Every experiment was repeated five times with quadruplicate reactions in each 

independent experiment. The results were represented as mean ± SD. Asterisks indicate a 

significant difference between the SBI-0206965 treatment groups and the control group 

(p<0.05). Double asterisks indicate a significant difference between PLX4032-SBI 

combination groups and the PLX4032 groups (PLX4032 at 500 nM in SK-MEL-28 and 

A375; PLX4032 at 5 μM in A375VR and A2058) (p<0.05). 

 

* The IC50 is the concentration of an inhibitor where the cell viability is reduced to 50%. 
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3.2 Autophagy inhibitors have an inhibitory effect on cell migration and 

have a combined inhibitory effect with PLX4032. 

Similar to other cancer cells, the melanoma cells not only have a high proliferation rate 

but also have a strong ability to migrate, which is critical for metastasis. As we already 

show by the MTS assay the autophagy inhibitors and the combination treatment can 

inhibit the proliferation; I was curious about whether the autophagy inhibitor can reduce 

the ability of melanoma cells to migrate. To do this, we test the inhibitors in a well-

established cell migration assay, known as the wound-healing assay. In the wound-

healing assay, an artificial “wound” area is created in the adhesive cell culture as 

described in the Materials and Methods. Since the cells in the “wound” area are all 

removed, the only way for the cells to heal this “wound” area is that the cells that are 

outside of the “wound” area migrate into the “wound” and eventually heal the “wound.” 

Cells with a stronger migration ability will cover more wound area given the same 

amount of incubation time. As shown in Figures 8A and B, the black dots are cells and 

the white rectangular shape in the center is the “wound” area. For the control group 

without any treatment, the A375 melanoma cells migrated into the wound area and 

covered almost the entire “wound” area after 48 hours. However, when the cells were 

treated with PLX4032 500 nM, BA-1 250 nM, SBI 5 M, or HCQ 25 M, their 

migration ability was significantly reduced as evidenced by the lesser number of cells 

that migrated into the “wound” area.  
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We observed similar effects on cell ability to migrate in SK-MEL-28 (Figures 8A and B), 

A2058 (Figures 8E and F) and A375VR (Figures 8G and H) cell lines after treatment 

with PLX4032 (500 nM at PLX4032 sensitive cell lines and 5 M at PLX4032 resistant 

cell lines), BA-1, SBI, and HCQ. When we combined the autophagy inhibitors with 

PLX4032 to treat the cells, the combination treatments showed a more potent inhibitory 

effect on the migration ability of the melanoma cells than did PLX4032 alone or 

autophagy alone, though the degrees of inhibition were different among each 

combination treatment in these cell lines. Collectively, these findings indicated that 

autophagy inhibitors inhibited the cell migration as well as the cell proliferation of the 

tested melanoma cells. These results further suggest that a combination of autophagy 

inhibitors and BRAF inhibitors would be a potential therapeutic strategy to treat 

melanoma and overcome the drug resistance in the melanoma cells.  
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Figure 8. Effect of autophagy inhibitors, BA-1, SBI and HCQ, and effect of combination 

treatments on cell migration of PLX4032 sensitive melanoma cell lines (A. and B. SK-

MEL-28; C. and D. A375) and PLX4032 resistant melanoma cell lines (E. and F. A2058; 

G. and H. A375VR).  

 

Cell migration assay was performed as described in Materials and Methods. After cells 

were treated with PLX4032, autophagy inhibitors, BA-1, SBI and HCQ, and combination 

treatments of PLX4032 and autophagy inhibitors, the cells were incubated for an 

additional 48 hours. The inhibition of cell migration ability was measured by the reduction 

of cells in the wound area. The results are presented as the bar graphs. Every experiment 

was done in triplicate and the results are presented as the mean ± SD (except for the SK-

MEL-28 cell line). An asterisk indicates a mathematically significant difference between 

the treatment groups and the control group (p<0.05). Double asterisks indicate a 

significant difference between the PLX4032-autophagy inhibitor combination groups and 

the PLX4032 group (PLX4032 at 500 nM in SK-MEL-28 and A375; PLX4032 at 5 μM 

in A375VR and A2058) (p<0.05). 
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3.3 Autophagy inhibitors induced cell apoptosis in melanoma cells and 

have a combined effect with PLX4032 to induce apoptosis in melanoma 

cells. 

I further explored the underlying mechanisms by which the autophagy inhibitors reduce 

the cell proliferation of the melanoma cells. Since apoptosis is one of the major events 

that regulate cell death, I decided to examine the apoptosis in these melanoma cells after 

treatment to see if these autophagy inhibitors, together with PLX4032, induce apoptosis. 

After treating the melanoma cells with autophagy inhibitors, or PLX4032, or both, the 

cells were stained with PI and Annexin V-FITC, which was then followed by flow 

cytometry analysis. In the data analysis plot, the quadrant was drawn based on the 

negative and positive control group; cells falling into the right quadrants are cells that 

undergo apoptosis. As shown in Figures 9A and B, the percentage of apoptotic cells in 

the control group was 27.5%, whereas in the PLX4032 treatment, it was 43.2%. The BA-

1 treatment was 86.8% and the combination of BA-1 with PLX4032 treatment was 

90.3%. The SBI treatment was 47.7%, and the combination of SBI with PLX4032 

treatment was 68.2%. The HCQ treatment was 49.9%, and the combination of HCQ with 

PLX4032 was 81.5%. The increase in the number of apoptotic cells after treatment 

indicated that the autophagy inhibitor and PLX4032 induced apoptosis in the A375 cells. 

Similar effects were also observed for A375 (Figures 9C and D), A2058 (Figures 9E and 

H), and A375VR (Figures 9G and H) cell lines. This suggests a common mechanism 

where the autophagy inhibitors and PLX4032 inhibit the cell proliferation by inducing 

apoptosis in the melanoma cells.    
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Figure 9. PLX4032 and autophagy inhibitors induced apoptosis in melanoma cells 

 

Cells were treated with PLX4032, BA-1, SBI, HCQ and with combinations of PLX4032 

and autophagy inhibitors at indicated concentrations for 48 hours. SK-MEL-28 cells (A), 

A375 (C), A2058 (E), and A375VR (G) cells were then stained with Annexin V-FITC 

and PI, and the fluorescence intensity was measured by flow cytometry. The percent of 

Annexin-V positive cells is represented in the bar graphs for SK-MEL-28 cells (B), A375 

(D), A2058 (F), and A375VR (H). This experiment was performed three times and is 

reported as mean ± SD. An asterisk indicates a significant difference between the 

treatments groups and the control group (p<0.05). Double asterisks indicate a significant 

difference between PLX4032-autophagy inhibitor combination groups and the PLX4032 

groups (PLX4032 at 500 nM in SK-MEL-28 and A375; PLX4032 at 5 μM in A375VR 

and A2058) (p<0.05). 
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3.4 Effect of autophagy inhibitors and PLX4032 on activation or 

inactivation of signaling pathways in melanoma cells 

3.4.1 Autophagy inhibitors alone have no effect on up-regulating phosphorylated 

Braf, while PLX4032 enhances the expression of phosphorylated Braf in PLX4032 

resistant melanoma cell lines 

In SK-MEL-28 cells, PLX4032 at 500 nM did not inhibit the activation of Braf (Figure 

10A). BA-1 and the combination of BA-1 and PLX4032 did not affect the activation of 

Braf. Similarly, hydroxychloroquine and the combination of hydroxychloroquine and 

PLX4032 did not affect the activation of Braf. However, even though SBI did not affect 

the activation of Braf, SBI and PLX4032 together to decrease the activation of Braf. In 

the PLX-4032 resistant cell line A2058, PLX4032, a specific Braf inhibitor, 

paradoxically stimulated the activation of Braf (Figure 10B). In addition, all three 

autophagy inhibitors BA-1, SBI and hydroxychloroquine stimulated the activation of 

Braf. Surprisingly, BA-1 and hydroxychloroquine individually inhibited the activation of 

Braf caused by PLX4032. In another PLX4032 resistant cell line A375AR, similarly to 

the A2058 cell line, PLX4032 paradoxically stimulated the activation of Braf (Figure 

10C). Each of the three autophagy inhibitors BA-1, SBI and hydroxychloroquine 

stimulated the activation of Braf. Also, similar to A2058, the three autophagy inhibitors 

BA-1, SBI, and hydroxychloroquine individually inhibited the activation of Braf induced 

by PLX4032.  
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Figure 10. The expression of phosphorylated Braf and non-phosphorylated Braf in SK-

MEL-28, A2058 and A375VR cell lines. 

 

Western-blot analysis of p-Braf and Braf activity in three melanoma cell lines treated 

with PLX4032, BA-1, SBI, HCQ, and combinations of PLX4032 and autophagy 

inhibitors at indicated concentrations for 48 h were performed as described in Materials 

and Methods in three independent experiments. The representative data are shown. 

GAPDH was used as the internal loading control. 
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3.4.2 Autophagy inhibitors alone activate phosphorylated Erk, while PLX4032 

suppresses the expression of phosphorylated Erk in PLX4032 melanoma cell lines 

In SK-MEL-28, PLX4032 successfully abrogated the activation of Erk, which is a 

downstream signaling molecule in the Ras-Raf-Mek-Erk signaling pathway (Figure 11A). 

However, the autophagy inhibitors BA-1 and hydroxychloroquine remarkably stimulated 

the activation of Erk. PLX4032 reduced the activation of Erk by BA-1 or 

hydroxychloroquine. In contrast to BA-1 and hydroxychloroquine, SBI exhibited an 

inhibitory effect on Erk activation, which can explain the inhibitory effect of SBI on the 

cell viability of SK-MEL-28 cells. In another PLX4032-sensitive cell line A375, similar 

to the SK-MEL-28 cell line, BA-1 remarkably stimulated the activation of Erk, and 

PLX4032 was not able to quench the activation by BA-1 (Figure 11B). Also similar to 

SK-MEL-28, SBI exhibited an inhibitory effect on Erk activation. Hydroxychloroquine 

markedly reduced the activation of Erk. In both the PLX-4032 resistant cell line A2058 

and A375AR, similar to the PLX4032-sensitive cell lines, PLX4032 successfully 

abrogated the activation of Erk, and BA1 remarkably stimulated the activation of Erk, in 

which the stimulatory effect was not inhibited by PLX4032 (Figures 11C and D). 

 

In the A375AR cell line, both SBI and hydroxychloroquine strongly enhanced the 

activation of Erk, and the stimulatory effect was not reduced by PLX4032. In the A2058 

cell line, hydroxychloroquine remarkably stimulated the activation of Erk; however, the 

activation was abolished by PLX4032 (Figures 11C and D). 
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Figure 11. The expression of phosphorylated Erk and non-phosphorylated Erk in SK-

MEL-28, A375, A2058 and A375VR cell lines. 

 

Western-blot analysis of p-ERK and Erk activity in four melanoma cell lines treated with 

PLX4032, BA-1, SBI, HCQ and in combinations of PLX4032 and autophagy inhibitors 

at indicated concentrations for 48 h were performed as described in Materials and 

Methods in three independent experiments. The representative data are shown. GAPDH 

was used as the internal loading control. 
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3.4.3 PLX4032 has no effect on phosphorylated Akt, while PLX4032 and autophagy 

inhibitors work synergistically to reduce the phosphorylated Akt in PLX4032-

sensitive cell lines. 

In both PLX4032 sensitive cell lines SK-MEL-28 and A375, PLX4032 did not seem to 

affect the activation of Akt (Figures 12A and B).  However, PLX4032 worked 

synergistically with BA-1, SBI or hydroxychloroquine to abolish the activation of Akt in 

the A375AR cell line. Both SBI and hydroxychloroquine individually reduced the 

activation of AKT in both SK-MEL-28 and A375 cell lines. As in A375 cell lines, the 

combination of SBI and PLX4032 synergistically inhibited the Akt activation (Figure 

12B). In both PLX4032 resistant cell lines A2058 and A375AR, PLX4032 stimulated the 

activation of Akt (Figures 12C and D). BA-1 and hydroxychloroquine displayed 

dramatically different effects on the two PLX4032 resistance cell lines. While BA-1 and 

hydroxychloroquine remarkably reduced the activation of Akt in the A375AR cells, they 

stimulated the expression of Akt in the A2058 cells (Figures 12C and D). It is noteworthy 

that while both PLX4032 and BA-1 alone increased the activation of Ark, the 

combination of these two compounds markedly reduced the activation of Akt, which is 

currently hard to explain. 
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Figure 12. The expression of phosphorylated Akt and non-phosphorylated Akt in SK-

MEL-28, A375, A2058 and A375VR cell lines. 

 

Western-blot analysis of p-Akt and Akt activity in four melanoma cell lines treated with 

PLX4032, BA-1, SBI, HCQ and in combinations of PLX4032 and autophagy inhibitors 

at indicated concentrations for 48 h were performed as described in Materials and 

Methods in three independent experiments. The representative data are shown. GAPDH 

was used as the internal loading control. 
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3.4.4 Autophagy inhibitors BA-1 and hydroxychloroquine suppress the fusion of 

autophagosomes and lysosomes in autophagy, indicating the enhanced expression of 

LC3B. Whereas PLX4032 attenuates the inhibitory effect induced by BA-1 or 

hydroxychloroquine. 

In all four cell lines, regardless of PLX4032 sensitivity, BA-1 and hydroxychloroquine 

remarkably increased the level of LC3B, implying that both compounds induced the 

autophagy (Figure 13). PLX4032 almost completely abolished the stimulatory effect of 

BA-1 on the two forms of LC3B (LC3B I and LC3B II) in the A2058 cell line, implying 

a strong inhibitory effect of PLX4032 on autophagy induction induced by BA-1 in A2058 

cells (Figure 13C). In SK-MEL-28 cells, PLX4032 significantly reduced the level of 

LC3B II but not LC3B I; however, it abolished the LC3B I but not LC3B II in the A375 

cell line. Since LC3B II is converted from LC3B I and is directly involved in the 

formation of autophagosomes, PLX4032 may inhibit the autophagy induced by BA-1 

more effectively in SK-MEL-28 than in A375 (Figures 13A and B). In addition, 

PLX4032 significantly reduced the LC3B I form that was increased by 

hydroxychloroquine in the A375 cell line (Figure 13B). 
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Figure 13. The expression of LC3B in the SK-MEL-28, A375, A2058 and A375VR cell 

lines. 

 

Western-blot analysis of LC3B activity in four melanoma cell lines treated with 

PLX4032, BA-1, SBI, HCQ, and combinations of PLX4032 and autophagy inhibitors at 

the indicated concentrations for 48 h were performed as described in Materials and 

Methods in three independent experiments. Representative data are shown. GAPDH was 

used as the internal loading control. 
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3.4.5 Autophagy inhibitors and PLX4032 work synergistically to reduce the 

expression of ATG12 in both PLX4032-sensitive and PLX4032-resistant melanoma 

cells. 

In the SK-MEL-28 cell line, PLX4032 remarkably reduced the level of ATG12 (Figure 

14). In addition, with one exception where the combination of SBI and PLX4032 

increased the ATG12, PLX4032 synergistically worked with each of the three autophagy 

inhibitors BA-1, SBI, and hydroxychloroquine to reduce the level of ATG12 in all the 

four cell lines, suggesting that these combinations inhibited autophagy induction. BA-1 

increased the level of ATG12 in both the SK-MEL-28 and A375 cell lines, suggesting its 

pro-autophagy effect in PLX4032 sensitive cell lines (Figures 14A and B). However, BA-

1 remarkably reduced the level of ATG12 in the A375AR and A2058 cell lines, 

suggesting its anti-autophagy effect in PLX resistance cell lines (Figures 14C and D). SBI 

markedly reduced the level of ATG12 in both the SK-MEL-28 and A375 cell lines, 

suggesting it has an anti-autophagy effect in PLX4032 sensitive cell lines. However, SBI 

remarkably increased the level of ATG12 in the A375AR and A2058 cell lines, 

suggesting it has a pro-autophagy effect in PLX4032 resistant cell lines. 

Hydroxychloroquine markedly reduced the level of AG12 in both the PLX4032 sensitive 

A375 cells and PLX4032 resistant A375AR cells, suggesting that hydroxychloroquine 

may inhibit autophagy (Figures 14B and D).   
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Figure 14. The expression of ATG12 in the SK-MEL-28, A375, A2058 and A375VR cell 

lines. 

 

Western-blot analysis of ATG12 activity in four melanoma cell lines treated with 

PLX4032, BA-1, SBI, HCQ, and the combinations of PLX4032 and autophagy inhibitors 

at indicated concentrations for 48 h were performed as described in Materials and 

Methods in three independent experiments. Representative data are shown. GAPDH was 

used as the internal loading control. 
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IV. Discussion 

After the BRAF mutations were identified in the melanoma cells, this opened a new 

chapter for developing targeted therapies to treat melanoma. The BRAF inhibitors were 

discovered to be very effective drugs to inhibit the progression of the metastasized 

melanoma in patients with the BRAF V600E mutation [1]. However, this BRAF-inhibitor 

therapy was soon challenged by the drug resistance developed in the melanoma patients, 

with the melanoma recurring and becoming resistant to the BRAF inhibitors in most 

patients [50]. In an effort of overcome this drug resistance, researchers tried to combine 

MEK (a downstream protein of BRAF) inhibitors and BRAF inhibitors in therapy; 

however, resistance to these two inhibitors still developed in the melanoma patients [51]. 

Since BRAF and MEK are in the same signaling pathway that is dysregulated in 

melanoma cells, it is important to identify a new mechanism that the melanoma cells 

employ to survive.  

 

Recent studies have suggested that autophagy might be a self-salvaging strategy for some 

cancer cells to survive. The most important function of autophagy is degrading and 

recycling unwanted intracellular components [52]. Autophagy is a double-edged sword in 

cancer progression. Whether autophagy is a negative regulator or a positive regulator in 

cancer cells survivability depends on the progression stages of tumors, the extracellular 

conditions, and the therapeutic treatments [53]. Autophagy can eliminate the damaged 

cells that are affected by early-stage cancer cells, which could then block the growth of 

cancer cells [52]. This autophagy activation is favorable when found in several types of 

radiation and chemotherapy treated cancer cells, and it is suggested that autophagy could 
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remove the damaged cells and avoid the apoptosis that is triggered by damaged 

organelles [54]. In addition, a study showed that the Beclin-1 gene, which is required for 

the autophagosome formation, is lost in several types of breast cancer, leading to an 

inactivation of autophagy [55]. Furthermore, metformin suppresses the growth of the 

melanoma tumor by activating autophagy and enhancing apoptosis [56].  However, there 

is other evidence showing that the autophagy is important for maintaining cell health and 

could help cancer cells survive. For instance, suppressing the etoposide-induced 

autophagy can elevate the cell death and enhance the anti-tumor activity of etoposide in 

hepatoma G2 cells [57] and cervical carcinoma cells [58]. Autophagy is also found to 

inhibit cisplatin-induced apoptosis in human glioma cells [59] and inhibit Sulforaphane-

induced apoptosis in human colon cancer cells [60]. Based on these findings, we propose 

that autophagy could also play a cytoprotective role in the melanoma cells. Cell viability 

assay in this study showed that autophagy inhibitors significantly reduced the viability of 

both the PLX sensitive and resistant melanoma cell lines, suggesting the autophagy 

contributes to the survival of the melanoma cells. In addition, when we combined the 

PLX4032 and autophagy inhibitors, the viability of the tested melanoma cells decreased 

even more.  

 

Besides the cytotoxic effect on the viability, we also found that the migration ability, an 

important factor that contributes to invasiveness and metastasis [61-63] of the melanoma 

cells, was significantly reduced by autophagy inhibitors alone and the combination 

treatments of autophagy inhibitors and PLX4032. This result is in agreement with a  

recent study reporting autophagy inhibitor SBI downregulates migration ability in gastric 
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adenocarcinoma cells [64]. Some researchers propose that autophagy could increase the 

motility of some cells by degrading the focal adhesions and paxillin that adhere cells to 

their extracellular matrix [65-67]. Though it is still unclear how autophagy regulates the 

mobility in the melanoma cells, our data suggest that autophagy inhibitors in combination 

with BRAF inhibitors could be a more effective therapeutic strategy for melanoma 

because this combination not only suppresses the proliferation but also inhibits cell 

migration in both PLX4032 resistant as well as PLX4032 sensitive melanoma cell lines. 

 

Exploring the mechanism by which the autophagy inhibitors reduce viability of the 

melanoma cells is important for understanding how autophagy inhibitors exert 

cytotoxicity on melanoma cells and for developing any cocktail combination therapy 

against melanoma. More and more evidence has emerged to support the notion that there 

is a cross-talk between apoptosis and autophagy [68]. Our results show that the 

autophagy inhibitors, BA-1, HCQ, and SBI, can increase the apoptosis in both the 

PLX4032 sensitive and resistant melanoma cells. This finding is supported by other 

studies showing that BA-1 not only attenuates cytoprotective autophagy but also 

accumulates autophagosomes to trigger the Bax-dependent apoptosis in cerebellar 

granule neurons and lymphoblastic leukemia [23,38]. Unlike BA-1 that up-regulates the 

pro-apoptotic protein Bax, hydroxychloroquine induces the apoptosis by down-regulating 

the anti-apoptotic protein Bcl-2 [69,70]. Our data and other studies consistently suggest 

that inducing apoptosis is a common mechanism through which autophagy inhibitors 

alone or combined with PLX4032 inhibit the cell proliferation in both PLX4032 sensitive 

and PLX4032 resistant melanoma cells. 
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A puzzling result in this study was that PLX4032, a specific inhibitor of Braf, 

paradoxically increased the level of phosphorylated Braf in PLX4032 resistant melanoma 

cell lines. It is noteworthy that the same concentration of PLX4032 suppressed the 

expression of phosphorylated Erk in both PLX4032-sensitive and resistant melanoma 

cells. Therefore, even though there exists a feedback loop that activates Braf in response 

to PLX4032, which contributes to resistance to PLX4032, PLX4032 is still able to 

inactivate Erk by an alternative pathway. In addition, autophagy inhibitors alone 

activated phosphorylated Erk; however, in the combination treatments, PLX4032 

attenuates the expression of phosphorylated Erk produced by autophagy inhibitors. The 

other interesting result that we observed is that autophagy inhibitors and PLX4032 work 

synergistically to reduce the expression of ATG12 in both PLX4032-sensitive and 

PLX4032-resistant melanoma cells. ATG12-conjugation is a required modification for 

formation of pre-autophagosomes [25]. Therefore, PLX4032 and autophagy inhibitors 

synergistically inhibited autophagy. Moreover, PLX4032 also alleviated the higher level 

of LC3B induced by BA-1 and hydroxychloroquine, suggesting that PLX4032 potently 

inhibit autophagy. 

 

BRAF is a proto-oncogene that can lead to cancer if mutated. Approximately 50% of 

patients with melanoma have been found with this activating mutation in their BRAF 

genes [1]. Vemurafenib, a BRAF inhibitor, works well in suppressing the tumor growth 

in the first 4 months; however, a resistance to Vemurafenib usually develops in patients 

after 5 months [50]. Some research shows that the autophagy and the BRAF signaling 
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pathway communicate with each other, and both play important roles in cancer initiation 

and development. For instance, metformin was shown to inhibit the growth of a 

melanoma tumor by activating the autophagy process [56]. Two recent studies posed the 

possibility of using autophagy inhibitors to delay or inhibit the emergence of drug 

resistance that appears in BRAF mutant cells [19,21]. Both studies illustrated that 

increased apoptotic cells were observed in BRAF inhibitor resistance cells treated by the 

combination of autophagy inhibitors and a BRAF inhibitor [19,21]. G. Maria et al. 

reported that the Beaf-Mek-Eek signaling pathway enhanced the expression of the LC3 

protein, an autophagy marker, in the human colon adenoma cells with BRAF mutation, 

suggesting that autophagy is activated in these cells [19]. The expression level of the 

autophagic marker is decreased by the BRAF inhibitor, PLX4720 [19]. Moreover, 

PLX4720 and the autophagy inhibitor, 3-MA, have a synergistic effect to overcome the 

resistance of the colorectal cancer cells with the mutated BRAF [19]. Another study 

suggested that PLX4032-resistant melanoma cells had higher level of autophagy 

compared to the baseline, and cytoprotective autophagy is induced by BRAF and 

BRAF/MEK inhibitors, and inhibiting autophagy led to increased cell death induced by 

PLX4032 [21].  

 

In conclusion, we further confirmed that autophagy plays a cytoprotective role in 

melanoma cells, and autophagy inhibitors in melanoma cells can significantly reduce cell 

viability. The current study demonstrates that the autophagy inhibitors or combination of 

autophagy inhibitors and BRAF inhibitors suppressed the cytoprotective autophagy in 

both BRAF mutant cells and BRAF inhibitor resistant cells through turning on Bax/Bcl-2 
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mediated apoptosis. Importantly, this study shows the cell migration ability is 

significantly reduced by autophagy inhibitors alone, and the combination treatments of 

PLX4032 and autophagy inhibitors show a more potent inhibitory effect on the migration 

ability of the melanoma cells than PLX4032 alone or autophagy alone. However, there 

are several additional experiments that need to be performed in the near future to make 

this study more complete. Some researchers have found that the autophagy level is higher 

than baseline in BRAF mutant cells [19,21]. We still need to use Monodansylcadaverine 

(MDC) staining, an assay to detect the autophagic marker in vivo [71], to further verify 

that the autophagy level indeed is higher in both the PLX4032 sensitive and PLX4032 

resistant melanoma cell lines than in melanocytes cells, which are the normal cells that 

produce pigments. Moreover, we also need to explore whether autophagy inhibitors 

induced apoptosis by disrupting the integrity of the mitochondrial membrane; therefore, 

the mitochondrial membrane potential assay should be performed. The mechanisms 

through which autophagy inhibitors suppress the cell proliferation and invasiveness, and 

how the combination treatment of PLX4032 and autophagy inhibitors prolong the 

emergence of drug resistance, also need further investigation.  
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