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Summary

This study investigates the mechanism of action behind the long-term responses (12–16 months)

of two BRAF WT melanoma patients to the AKT inhibitor MK-2206 in combination with

paclitaxel and carboplatin. Although single agent MK-2206 inhibited phospho-AKT signaling, it

did not impact in vitro melanoma growth or survival. The combination of MK-2206 with

paclitaxel and carboplatin was cytotoxic in long-term colony formation and 3D spheroid assays,

and induced autophagy. Autophagy was initially protective with autophagy inhibitors and deletion

of ATG5 found to enhance cytotoxicity. Although prolonged autophagy induction (>6 days) led to

caspase-dependent apoptosis, drug resistant clones still emerged. Autophagy inhibition enhanced

the cell death response through reactive oxygen species and could be reversed by anti-oxidants.

We demonstrate for the first time that AKT inhibition in combination with chemotherapy may

have clinical activity in BRAF WT melanoma and show that an autophagy inhibitor may prevent

resistance to these drugs.

Significance—Approximately 30% of all cutaneous melanomas are wild-type for both BRAF

and NRAS. As yet, no targeted therapy strategies exist for this sub-set of tumors. Constitutive

signaling through the PI3K/AKT pathway is a common occurrence in cutaneous melanoma,

irrespective of the driver mutation. Here we report durable responses to the AKT inhibitor
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MK-2206 in combination with carboplatin and paclitaxel in two patients with BRAF wild-type

melanoma. Through mechanistic studies, we demonstrate a role for autophagy induction in the

response to the AKT inhibitor/chemotherapy combination and suggest that autophagy inhibitors

may be one strategy to enhance efficacy in the clinical setting.
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Introduction

Recent years have seen great strides in the development of targeted therapies for melanoma.

This approach has been exemplified by the use of small molecule BRAF kinase inhibitors in

individuals whose melanomas harbor activating BRAF mutations (Chapman et al., 2011;

Flaherty et al., 2010; Hauschild et al., 2012). In randomized phase III clinical trials,

treatment with the BRAF inhibitor vemurafenib is associated with significant levels of

tumor shrinkage and a progression-free survival of 6.8 months (Chapman et al., 2011).

Although resistance is nearly inevitable, small numbers of patients have been identified who

show prolonged (>3 year) responses to single-agent BRAF inhibitor therapy (Kim et al.,

2012). Resistance to BRAF inhibitors is complex, multi-factorial, and typically dependent

upon reactivation of the MAPK signaling pathway (Fedorenko et al., 2011). The importance

of MAPK pathway signaling recovery was demonstrated in phase II clinical trials in which

the combination of a BRAF inhibitor with a MEK inhibitor significantly increased

progression-free survival compared to BRAF inhibitor alone (Infante et al., 2011; Paraiso et

al., 2010).

Despite the significant improvements in systemic melanoma therapy, few effective targeted

therapy options are available for the 50% of melanoma patients whose tumors lack

activating BRAF mutations. One significant group of BRAF WT melanoma, accounting for

15–20% of all cutaneous melanomas, are those harboring activating NRAS mutations (Devitt

et al., 2011; Fedorenko et al., 2012). Highly potent allosteric inhibitors of MEK are currently

being evaluated in NRAS mutant melanoma (Ascierto et al., 2013). In recent phase II clinical

trials, the MEK inhibitor MEK162 was associated with a response rate of 20% in NRAS

mutant melanoma with a median PFS of 3.6 months (Ascierto et al., 2013). Combination

strategies for NRAS mutant melanoma are being actively explored. The remaining 30% of all

melanomas are wild-type for both BRAF and NRAS, and no obvious oncogenic drivers have

yet been identified for this sub-group - despite intensive whole genome and whole exome

sequencing efforts (Berger et al., 2012; Hodis et al., 2012; Krauthammer et al., 2012). Novel

strategies for targeting BRAF/NRAS WT melanoma are therefore urgently needed.

A large number of studies support a role for phospho-inositide-3-kinase (PI3K)/AKT

signaling in the development and progression of melanoma (Madhunapantula and

Robertson, 2009). Upon activation, PI3K phosphorylates phosphotidylinositol-4,5,

biphosphate (PIP2) to PIP3, which in turn activates the downstream kinases PDK1 and

AKT. Of these, AKT plays a critical role in survival through the phosphorylation of BAD as

well as the regulation of cell cycle entry by phosphorylating and inactivating glycogen-3
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synthase kinase (GSK3)-β, leading to the modulation of cyclin D1 (Diehl et al., 1998; Frame

and Cohen, 2001). PI3K/AKT signaling also has important downstream effects upon protein

turnover and cell glucose metabolism via the regulation of the mTOR/S6K and GSK3β
signaling pathways. Despite single agent PI3K inhibition having little effect upon melanoma

growth and survival, there is evidence that PI3K targeted agents enhance the efficacy of

MEK inhibition in both in vitro and in vivo studies (Bedogni et al., 2004; Jaiswal et al.,

2009; Posch et al., 2013; Smalley et al., 2006).

Autophagy is an adaptive response to metabolic and drug-induced stress that involves the

sequestration, lysosomal degradation and recycling of organelles and proteins (Mathew et

al., 2007). Although the induction of autophagy constitutes an important mechanism of cell

survival, persistent or high-level autophagy can lead to the depletion of key organelles and

the activation of caspase-dependent apoptosis (Lum et al., 2005; Mathew et al., 2007; Tormo

et al., 2009). Autophagy thus plays a complex, context-specific, role in cancer development

that is often contradictory, with studies linking autophagy to both oncogenic transformation

as well as tumor suppression (Qu et al., 2003; Yue et al., 2003). In the current study, we

investigated the mechanism underlying the clinical activity of the AKT inhibitor MK-2206

in combination with paclitaxel and carboplatin in BRAF WT melanoma patients. We present

new data showing that autophagy induction is critical for both the cytotoxic activity of this

drug combination as well as constituting an important therapeutic escape mechanism.

RESULTS

AKT inhibition enhances the efficacy of chemotherapy in melanoma patients

Two stage IV melanoma patients were enrolled at the Moffitt Cancer Center on a phase I

clinical trial of escalating doses of MK-2206 in combination with carboplatin at an area

under the curve (AUC) concentration of 6 and paclitaxel at 200 mg/m2, both administered

every 3 weeks (NCT00848718). Both patients were confirmed to have BRAF WT melanoma

by pyrosequencing: the NRAS status of the specimens was not available. Each patient

received MK-2206 given orally prior to the administration of chemotherapy. Patient 1 was a

66-year-old male with liver, subcutaneous and hilar lymph node metastases and was

treatment naïve prior to entering the trial. He received MK-2206 at 90 mg every 3 weeks for

5 cycles and then went on to receive maintenance MK-2206 at 125 mg weekly. Restaging

scans demonstrated a confirmed partial response with resolution of metastases in the right

trapezius and liver observed (Figure 1A). This response continued while on maintenance

MK-2206 for approximately 16 months, until restaging scans demonstrated progression of

disease including new sites of tumor. Patient 2 was a 68-year-old woman with an intra-

abdominal mass and hilar lymph node involvement, and was also treatment naïve before

trial enrollment. She received MK-2206 135 mg every 3 weeks for 4 cycles followed by

maintenance MK-2206 at 135 mg weekly. This patient experienced disease stabilization for

approximately 1 year (Figure 1B) until restaging imaging demonstrated progression in the

brain. She thus underwent resection of the solitary brain metastasis, and IHC of the resulting

melanoma brain metastasis ten days after the cessation of MK-2206 therapy showed positive

staining for PTEN and phospho-AKT (Figure 1C). The intra-abdominal mass subsequently

increased in size significantly after discontinuing MK-2206 and became more symptomatic.
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Therefore, the patient was treated with radiation to this area and has not required further

therapy since that time. Both subjects were alive at the time of submission.

MK-2206 inhibits AKT signaling in melanoma cell lines that are BRAF WT

Western Blot studies showed the majority of BRAF/NRAS WT melanoma cell lines to have

constitutive phosphorylation of AKT at Ser473 and Thr308 and to retain expression of the

negative PI3K/AKT pathway regulator PTEN (Figure 2A). Baseline AKT signaling in the

BRAF WT cell lines was indicated by the constitutive phosphorylation of GSK3α (S21)

(Figure 2A). Two cell lines that were NRAS mutant and BRAF WT showed some

constitutive activation of AKT, with one cell line – M318 – lacking PTEN expression

(Figure 2A). Treatment of a panel of 4 BRAF WT melanoma cell lines with MK-2206

inhibited constitutive AKT signaling as shown by the reduction in AKT phosphorylation at

Ser473 (Figure 2A). Despite AKT being inhibited by MK-2206, little effect was seen upon

the growth, apoptosis and survival of BRAF WT melanoma cell lines under both 2D and 3D

cell culture conditions at concentrations up to >1 µM (Figure 2B,C). In colony formation

assays performed for 4 weeks, MK-2206 had modest, but significant growth inhibitory

effects upon the long-tem survival of the WM209, M257, M285, M368 cell lines but little

effect upon the WM3918 and WM1963 cell lines (Figure 2D). Correlations were not noted

between basal levels of pAKT and the ability of MK-2206 to inhibit growth in long-term

colony formation assays. No significant increases in apoptosis were seen in any of the cell

lines following treatment with MK-2206 (Figure 2D).

Induction of cell death following chronic treatment with MK-2206 in combination with
paclitaxel and carboplatin

Since clinical responses were observed to the combination of MK-2206 with cytotoxic

chemotherapy, we next asked whether combination with paclitaxel and carboplatin enhanced

the cell death response in vitro. Although it was noted that treatment of WM209, M257,

M285, M368 and WM3918 melanoma cells with the combination was associated with a

significant inhibition of proliferation, these effects were less than additive (Figure 3A).

Little increase in apoptotic cell death was seen to the combination of MK-2206 +

chemotherapy following 72 hour treatment (Figure 3B). Instead, more dramatic effects were

seen in longer-term 6 and 9 day apoptosis experiments (Supplemental Figure 1A) and in 4

week colony formation experiments with the combination of MK-2206 and chemotherapy

found to almost completely prevent the formation of clones in the majority of cell lines,

compared to either MK-2206 or chemotherapy alone (Figure 3C). Similar findings were also

observed in 3D collagen implanted spheroid assays, with a 9-day treatment with the

MK-2206 + chemotherapy combination being associated with a marked reduction in cell

viability, with only a few live cells remaining (Figure 3D and Supplemental Figure 1B).

Equivalent effects were seen to the drug combination in 2 NRAS mutant melanoma cell lines

(data not shown).

AKT inhibitors enhance chemotherapy-induced autophagy

As the combination of MK-2206 with chemotherapy induced little apoptosis at time periods

up to 72 hours, we next determined the potential involvement of autophagy induction in the
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cytotoxic response. The identification of autophagosomes through electron microscopy is

the most definitive approach for demonstrating autophagy induction. It was noted that,

whereas treatment with carboplatin/paclitaxel alone or single agent MK-2206 increased the

numbers of autophagosomes compared to the DMSO control, the largest number of

autophagosomes were seen in cells treated with the MK-2206 + chemotherapy combination

(Figure 4A). In a similar vein, the AKT inhibitor + chemotherapy combination also

increased the accumulation of LC3-II expression and the formation of LC3 puncta,

compared to AKT inhibitor or chemotherapy alone (Figures 4B,C). Treatment of the cells

with bafilomycin, an inhibitor of the lysosomal proton pump, also increased the

accumulation of LC3-II in the presence of the chemotherapy/MK-2206 combination,

indicating an increase in autophagic flux (Figure 4C and Supplemental Figure 2A). As the

late stages of autophagy involve increased lysosome formation, we next stained drug-treated

cells with acridine orange, a dye that changes from green to orange upon protonation in

acidic lysosomes. It was observed that treatment with MK-2206 or chemotherapy alone only

induced limited protonation of acridine orange, while intense staining for protonated

acridine orange was observed when BRAF/NRAS WT and NRAS mutant cell lines were

treated with the combination of MK-2206 + chemotherapy (Figure 4D, Supplemental Figure

2B and not shown).

Autophagy initially protects from MK-2206+chemotherapy mediated cell death

Autophagy has been paradoxically linked to both cell death and the promotion of survival.

We next determined the role of autophagy induction and whether this preceded the later cell

death response. In WM209, M285, M368 and WM3918 BRAF/NRAS WT melanoma cell

lines, it was noted that autophagy induction as shown by accumulation of LC3-II was

relatively rapid, compared to the much slower induction of apoptosis, as demonstrated by

increased detection of cleaved caspase-9(Figure 5A). We next demonstrated that the

cytotoxic activity of AKT inhibition + chemotherapy was dependent upon caspase-mediated

cell death with pre-treatment with the pan-caspase inhibitor z-vad-FMK found to partly

reverse MK-2206/carboplatin/paclitaxel-mediated cytotoxicity in a 3D spheroid assay

(Figure 5B). Addition of the autophagy inhibitors bafilomycin and chloroquine significantly

enhanced the anti-proliferative effects seen to the combination of MK-2206 and

chemotherapy (Figure 5C) and increased the levels of apoptosis (Figures 5C and

Supplemental Figures 2C–E). It was further noted that the addition of chloroquine enhanced

the cell death response to MK-2206 + chemotherapy after 3 days in the spheroid assay

(Figure 5D). Taken together, these results suggested that the induction of autophagy was

protective from the short-term effects of MK-2206 and chemotherapy.

Depletion of ATG5 prevents autophagy induction and limits escape from the combination
of MK-2206 + chemotherapy

We next explored the role of autophagy induction in the responses to the combination of

MK-2206+chemotherapy combination using a genetic model in which autophagy was

abrogated (Figure 6A). In MEFs null for ATG5 (−/−), the AKT inhibitor + chemotherapy

combination was unable to induce autophagy, as demonstrated by the lack of LC3-II

induction by Western blot and the absence of LC3 puncta (Figure 6B,C). In contrast,

treatment of isogenic ATG5+/+ MEFs with this drug combination led to the strong induction
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of LC3-II and the formation of puncta (Figure 6B,C). In short-term assays, no induction of

PARP cleavage was noted in either the ATG5+/+ or ATG5−/− cells (Figure 6B). It was

further observed that the ATG5−/− cells exhibited more cell death following treatment with

the drug combination than the ATG5+/+ MEFs in 5 day 3D spheroid assays (Figure 6D). In

4 week colony formation assays, clones were observed in the ATG5+/+ but not the ATG5−/

− MEFs following MK-2206 + chemotherapy treatment, suggesting a requirement for

autophagy induction in the eventual escape from therapy (Figure 6D).

MK-2206 + chemotherapy induces ROS-mediated cytotoxicity in BRAF WT melanoma cells

The blockade of lysosomal function in cells reliant on autophagy is known to increase the

levels of reactive oxygen species (ROS) (Degtyarev et al., 2008). Pre-treatment of cells with

the ROS detector dihydrorhodamine-123 (DHR-123) showed the combination of MK-2206

+ chemotherapy to increase intracellular levels of ROS compared to either AKT inhibitor or

chemotherapy alone (Figures 7A and Supplemental Figure 3A). Even greater increases in

intracellular ROS levels were seen when cells were treated with chloroquine (Figure 7A), an

effect that was further enhanced following treatment with the combination of chloroquine,

MK-2206 and chemotherapy (Figure 7A). The importance of ROS generation for the

apoptotic effects of the combination was demonstrated by the protection conferred by the

anti-oxidants Tiron and n-acetyl cysteine (NAC) (Figures 7B). It was further noted that the

addition of chloroquine increased the pro-apoptotic effects of 72 hr MK-2206/chemotherapy

treatment (Figure 7B). Treatment with Tiron and NAC also reversed cytotoxicity to the

MK-2206, chloroquine and chemotherapy combination in 3D spheroid assays (Figure 7C

and Supplemental Figure 3B). The accumulation of ROS following treatment with the AKT

inhibitor and chemotherapy combination was time-dependent, and mirrored the time-course

of apoptosis induction, with maximal ROS levels detected following 6 and 9 days of

treatment depending upon the cell line (Figures 7D and Supplemental Figure 3C).

Discussion

Melanoma continues to be the poster child for targeted therapy development in cancer, with

the MAPK signaling pathway representing a uniquely successful target for this disease

(Chapman et al., 2011; Flaherty et al., 2012; Smalley and Sondak, 2010). Despite most

melanomas showing some level of constitutive activity in the MAPK signaling pathway,

other signal transduction cascades including the PI3K/AKT pathway are also important for

melanoma development (Dankort et al., 2009; Madhunapantula and Robertson, 2009; Stahl

et al., 2004). In melanoma, PI3K/AKT signaling can be driven through loss of PTEN,

increased expression of AKT3, NF1 loss, oncogenic NRAS and rarely through AKT and

PI3K mutations. Activity in this pathway plays a key role in melanoma development by

allowing BRAF-transformed melanocytes to bypass oncogene-induced senescence (Davies

et al., 2008; Fedorenko et al., 2011; Maertens et al., 2012; Stahl et al., 2004; Tsao et al.,

2004; Vredeveld et al., 2012). Once melanoma is initiated, AKT signaling plays a role in

tumor progression through effects upon survival (Dhawan et al., 2002; Liu et al., 2006).

Recent work from our laboratory has further shown a role for adaptive PI3K/AKT signaling

in the escape of BRAF mutant melanoma cells from the pro-apoptotic effects of BRAF

inhibition (Paraiso et al., 2011). Despite these data, the potential utility of targeting AKT in
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BRAF/NRAS WT melanoma has been little explored. The encouraging clinical activity in the

form of a partial response and prolonged stable disease in 2 BRAF WT melanoma patients

treated with MK2206 and carboplatin and paclitaxel suggested that further mechanistic

understanding of this regimen in preclinical models could eventually help guide the

development of this and other AKT+ chemotherapy combinations for melanoma.

An initial analysis of BRAF/NRAS WT melanoma cell lines showed the majority to have

constitutive AKT phosphorylation at both Ser473 and Thr308 - indicative of baseline

pathway signaling activity. Despite AKT being implicated in cell survival through the direct

regulation of BAD phosphorylation at Ser99, single-agent MK-2206 treatment had some,

but relatively minor, effects on melanoma cell growth and induced little cell death under

either 2D or 3D cell culture conditions – particularly over short time periods (up to 72 hrs)

(Datta et al., 1997). Our results mirror previous studies on NRAS mutant melanoma, showing

that shRNA knockdown and pharmacological inhibition of PI3K to be ineffective as a single

agents, with concurrent BRAF or MEK1/2 inhibition being required for significant anti-

tumor activity (Jaiswal et al., 2009; Posch et al., 2013). The reason for the limited single

agent activity of MK-2206 likely results from the high level of signaling redundancy in

melanoma cells. It is already known from extensive studies in cell lines harboring BRAF

mutations that melanoma survival is dependent upon the MAPK pathway, which exerts its

effects in part through regulation of the pro-apoptotic proteins BIM and BMF (Boisvert-

Adamo and Aplin, 2008; Cartlidge et al., 2008). Given that the survival of melanoma cells is

regulated through the balanced expression of both pro and anti-apoptotic BH3 family

proteins, it seems likely that AKT inhibition alone is not sufficient to alter the life/death

equilibrium and push the cells into apoptosis.

Despite having minor effects in the monotherapy setting, AKT inhibitors are known to

synergize with many other agents including chemotherapy drugs (camptothecin, docetaxel,

doxorubicin, 5-FU, carboplatin) and targeted therapy agents (erlotinib and gefitinib) (Cheng

et al., 2012; Hirai et al., 2010). In BRAF/NRAS WT and NRAS mutant melanoma cell lines,

the combination of MK-2206 with paclitaxel and carboplatin did not substantially enhance

either growth inhibition or apoptosis induction at time points up to 72 hrs. As these small-

scale effects were not in agreement with the observed prolonged anti-tumor activity of the

MK-2206/paclitaxel/carboplatin combination seen in melanoma patients, we next undertook

longer-term treatments in which the cultures were grown in drug for extended periods of

time (up to 4 weeks), using a schedule analogous to that used in the phase I clinical trial (an

initial dose of chemotherapy followed by continuous MK-2206 treatment). Under these

conditions, profound levels of growth inhibition were observed, suggesting that the AKT

inhibitor/chemotherapy combination had effects beyond the short-term induction of

apoptosis and growth inhibition.

One of the major targets of AKT is the mammalian target of rapamycin (mTOR), a serine/

threonine kinase that plays a key role in the regulation of cell growth through its activity as a

sensor of amino acid and ATP levels. Inhibition of the PI3K/AKT/mTOR signaling pathway

mimics nutrient starvation and leads to the induction of autophagy (Ravikumar et al., 2004;

Yazbeck et al., 2008). From a signaling standpoint the ULK1 (ATG1) kinase complex is

critical in integrating metabolic stress signals from the mTOR signaling pathway. Following
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the inhibition of mTORC1, the cytoplasmic autophagy machinery is recruited onto

phospholipid membranes derived from the endoplasmic reticulum (ER) and the golgi

apparatus leading to the formation of autophagosomes, which then mature with the aid of

ATG5 and LC3 (Rabinowitz and White, 2010). As the final step, the autophagosomes are

delivered to the lysosomes, the contents broken down by lysosomal hydrolases and the

degradation products are recycled back to the cytosol (Rabinowitz and White, 2010).

Many anti-cancer drugs, including the AKT inhibitor MK-2206 and chemotherapeutic

agents such as cisplatin, 5-fluorouracil and paclitaxel, are known to activate autophagy

(Cheng et al., 2012; Xi et al., 2011; Xu et al., 2012). Treatment of BRAF/NRAS WT

melanoma cells with MK-2206 induced autophagy as shown by an increased accumulation

of the lipidated form of LC3 (LC3-II), enhanced autophagic flux (increased staining for the

protonated form of acridine orange, increased LC3-II accumulation in the presence of

bafilomycin) and the formation of autophagosomes as detected by electron microscopy. The

addition of paclitaxel+carboplatin to MK-2206 markedly enhanced autophagy levels, and at

later time points increased the extent of cell death. In cancer, autophagy is most often

associated with increased cell survival, particularly under conditions of stress such as

hypoxia, nutrient deprivation and drug therapy. Melanoma is a tumor with high basal levels

of autophagy (typically 20–27% of specimens show evidence of LC3 puncta) and this has

been linked to both chemoresistance and increased tumor aggressiveness (Ma et al., 2011;

Xie et al., 2013).

Autophagy also plays a role in therapeutic escape in cancer by allowing malignant cells to

remain dormant but yet viable in the presence of drug, as well as facilitating the evasion

from alkylating agents by limiting the DNA damage response (Mathew et al., 2007). In

BRAF WT melanoma cells, autophagy induction at the earlier time points of drug treatment

was associated with therapy resistance, with enhanced cell death responses in 3D culture and

increased levels of apoptosis observed following the addition of the autophagy inhibitors

chloroquine and bafilomycin. A similar phenotype was also observed in melanoma cells in

which the Atg5 gene, which encodes for an acceptor protein for the ubiquitin-like protein

Atg12.27, was stably knocked down by shRNA. Knockdown or deletion of ATG5 prevents

the autophagy process from being completed by blocking autophagosome maturation

(Baerga et al., 2009). Treatment of isogenic pairs of MEFs that either expressed ATG5 or

had ATG5 deleted (+/+ or −/−) also revealed a role for autophagy in resistance to the

MK-2206+paclitaxel/carboplatin combination, with no ATG5−/− MEF colonies remaining

after 4 weeks of drug treatment. In all cases, inhibition of autophagy was associated with an

increased accumulation of ROS. A link between ROS generation and eventual cell death

was demonstrated by the ability of the anti-oxidants Tiron and NAC to abrogate the extent

of cell death induced by the MK-2206/paclitaxel/carboplatin combination. Our observations

agree with previous studies showing that autophagy induces mitochondrial ROS and that

these effects are enhanced following chloroquine treatment (Degtyarev et al., 2008). In this

context, the impaired autophagosome production following chloroquine treatment

contributes to ROS-mediated damage through the accumulation of deleterious oxidative

products such as lipofuscin/ceroid (Degtyarev et al., 2008).
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Despite being mostly linked to cells survival, persistent, high-level induction of autophagy

can also be detrimental (Cheng et al., 2012; Tormo et al., 2009). Treatment of BRAF WT

melanoma cells with MK-2206+chemotherapy for extended periods of time (6 and 9 days)

induced high autophagy levels and an eventual switch to caspase-mediated apoptotic cell

death, as shown by increased PARP cleavage and the ability of the caspase inhibitor z-vad-

fmk to reverse the cytotoxic effects of the drug combination. The switch from protective

autophagy to eventual cell death upon prolonged drug treatment has been reported in other

tumor systems. In glioma, the combination of MK-2206 + the EGFR inhibitor gefitinib has

been shown to be initially protective and sensitive to increased chloroquine-mediated

cytotoxicity before eventual entry into apoptotic cell death (Cheng et al., 2012). In

melanoma, a similar switch to autophagy-mediated cell death has been reported following

treatment with polyinosine-polycytidylic acid (Tormo et al., 2009). As such, the inhibition

of autophagy using the lysomotropic agents chloroquine and hydroxychloroquine is

currently being explored clinically in combination with other anti-cancer agents in multiple

solid tumors. There is already some suggestion of clinical benefit to inhibiting autophagy,

with a phase III clinical trial of glioblastoma patients showing an increased response rate

when hydroxychloroquine was added to carmustine and radiation (Sotelo et al., 2006). In

another clinical trial, the combination of hydroxychloroquine and the mTOR inhibitor

temsirolimus was associated with stable disease in 10/14 (including 4/5 individuals with

melanoma) patients (Algazy et al., 2011). In summary, we have shown for the first time the

potential efficacy of AKT inhibition in combination with chemotherapy in BRAF WT

melanoma. Although our studies suggest this combination to be effective in the BRAF WT

cell lines, it likely that BRAF and NRAS WT are genetically heterogeneous - raising the

possibility that some WT tumors may not respond. Further work will be required to

determine whether there is an underlying genetic basis for response to the AKT inhibitor/

chemotherapy combination. Through mechanistic studies, we have demonstrated this

combination to induced high, sustained levels of autophagy leading to eventual caspase-

mediated cell death. Induction of autophagy was found to be critical in allowing minor

populations of cells to escape from this regimen, and we suggest that the addition of an

autophagy inhibitor may be one strategy of limiting the onset of resistance.

METHODS

Cell culture and MTT assay

Melanoma cell lines were a gift from Dr. Meenhard Herlyn (The Wistar Institute,

Philadelphia, PA) and were grown in RPMI-1640 media (Corning) supplemented with 5%

FBS (Sigma). MTT assays were performed as described in (Smalley et al., 2006). M257,

M285 and M368 cells were a gift from Dr. Antoni Ribas (UCLA, Los Angeles, CA).

ATG5−/− and ATG5+/+ MEFs were a kind gift from Dr Shengkan Jin (Rutgers University,

Pisctaway, NJ). Cell line identity was confirmed by STR analysis (Moffitt Cancer Center,

Molecular Genomics Core).
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Western blotting

Proteins were blotted for as described in (Smalley et al., 2006). The antibodies to phospho-

AKT (Ser473 and Thr308), total AKT, cleaved-PARP, ATG5 and LC3A were from Cell

Signaling Technology.

Flow cytometry and ROS Detection

Cells were treated with 3 nM paclitaxel, 1 µM carboplatin, 5 µM MK-2206, 50 µM

chloroquine and/or 3nM bafilomycin and harvested after 72 hours. Annexin-V/TMRM

staining was performed as described in (Paraiso et al., 2010). ROS levels were detected in

cells treated for 72 hours with paclitaxel, carboplatin, MK-2206 and or chloroquine. Cells

were subsequently stained with dihydrorhodamine 123 (10 µM) for 10 minutes and

fluorescence intensity was analyzed by flow cytometry. Rescue from ROS-mediated

apoptosis was assessed using the antioxidants Tiron and NAC.

Immunofluorescence staining

Cells were plated onto coverslips and treated with paclitaxel, carboplatin and/or MK-2206

for 72 hours before being fixed and permeabilized with methanol and imaged with a Leica

confocal at 40X magnification. LC3A punctae were visualized using a immuno-fluorescent

antibody against LC3A (Cell Signaling Technology).

3D spheroid assays

Collagen implanted spheroids were prepared using the liquid overlay method and were

treated with carboplatin, paclitaxel, MK-2206, chloroquine or all drugs in combination for 3,

6 and 9 days before being analyzed by fluorescence microscopy as described in (Smalley et

al., 2006; Smalley et al., 2008).

Electron Microscopy

Human melanoma cells were fixed with 2% gluteraldehyde and stored at 4°C until

embedding. Cells were subsequently fixed with 2% osmium tetroxide, followed by a

dehydration step composed of a series of increasing ethanol dilutions and propylene oxide.

Cells were then embedded in resin and sections were cut ultrathin (90 nm), placed on

uncoated copper grids, and stained with 0.2% lead citrate and 1% uranyl acetate. Images

were taken with a JEOL 1400 transmission electron microscope at 80kV.

Statistical analysis

Data show the mean of at least 3 independent experiments. GraphPad Prism 5 statistical

software was used to perform the Student’s t test where ns>0.05, * P<0.05, ** P<0.01, ***

P<0.001 and ****P<0.0001

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. MK-2206 enhances the efficacy of carboplatin and paclitaxel in patients with BRAF-
WT melanoma
(A) Patients were treated with carboplatin, paclitaxel and MK-2206 in a phase I dose

escalation study (NCT00848718). Patient 1 experienced a confirmed partial response. Upper

3 panels demonstrate resolution of a metastasis at the right trapezius. Lower 3 panels

demonstrate resolution of a liver metastasis in the liver lobe. This response continued while

on maintenance MK-2206 for 16 months. (B) Patient 2 experienced stable disease, which

continued for 12 months while on maintenance MK-2206. (C) Immunohistochemistry
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conducted upon disease progression in the brain from patient 2 revealed PTEN (pink)

expression and high levels of pAKT positivity (brown).
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Figure 2. The AKT inhibitor MK-2206 suppressed the growth of BRAF-WT melanoma cells, but
did not induce cytotoxicity
(A) (Upper) Western Blot showing basal PTEN, phospho-AKT (pAKT) (S473, T308) and

phospho-GSK3α (S21) expression in BRAF/NRAS-WT (WM209, M257, M285, M368,

WM1963, WM3918 and WM3438) and NRAS mutant (M245 and M318) melanoma cell

lines. (Lower) MK-2206 inhibits AKT signaling in BRAF/NRAS-WT-mutated melanoma

cells. Cells were treated with increasing concentrations of MK-2206 (0.003–3µM, 24h);

proteins were extracted and probed for expression of phospho-AKT (pAKT) (S473). Blots
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were stripped once and reprobed for total-AKT to show even protein loading. (B) Increasing

concentrations of MK-2206 reduced the growth of BRAF/NRAS-WT melanoma cells. Cells

were treated with drug (1 nM-30 µM) for 72 h, and cell numbers were quantified using

Alamar blue assay. Bars show s.e. mean. (C) MK-2206 reduces invasion, but not viability of

BRAF-WT melanoma cells grown as 3D collagen-implanted spheroids. Preformed spheroids

were implanted into collagen and overlayed with media. Cells were treated with MK-2206

(5 µM for 72 h) before being treated with calcein-AM and Ethidium bromide. Green, viable

cells; red, dead cells. Lack of green staining also indicates a loss of cell viability.

Magnification × 10. (D) (Upper) A panel of BRAF/NRAS-WT melanoma cell lines were

treated with vehicle or MK-2206 (5µM) for 4 weeks. After this time, colonies were fixed

and stained with crystal violet. Photographs are representative of three independent

experiments and relative clonogenic survival quantitation is shown to the right. (Lower)
MK-2206 induces little apoptosis at short time points. A panel of BRAF/NRAS-WT

melanoma cell lines were treated with MK-2206 (5µM) for 3 days before being stained with

Annexin-V and analyzed by flow cytometry. Statistical significance is indicated where

ns>0.05, * P<0.05, ** P<0.01, *** P<0.001 and ****P<0.0001
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Figure 3. The AKT inhibitor MK-2206 enhances the cytotoxic effects of carboplatin and
paclitaxel after prolonged drug exposure
(A) Acute treatment of MK-2206 enhances the anti-proliferative efficacy of carboplatin and

paclitaxel treatment. Melanoma cells were either treated with vehicle, MK-2206 (5 µM),

Carboplatin (1 µM), Paclitaxel (3 nM) or the combination of all three agents for 72 h, and

cell numbers were quantified using Alamar blue assay. (B) Acute treatment of MK-2206

does not enhance Carboplatin and Paclitaxel-induced apoptosis. Melanoma cells were either

treated with vehicle, MK-2206 (5 µM), Carboplatin (1 µM), Paclitaxel (3 nM) or the
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combination of all three agents for 72 h, and apoptosis levels were assessed by annexin-V

staining and flow cytometry. Data show the mean of three experiments. (C) Long-term

treatment of MK-2206 with Carboplatin and Paclitaxel significantly enhances the

suppression of colony formation. A panel of BRAF/NRAS-WT melanoma cell lines were

treated with vehicle, MK-2206 (5 µM), Carboplatin (1 µM), Paclitaxel (3 nM) or the

combination of all three agents for 4 weeks. After this time, colonies were fixed and stained

with crystal violet. Photographs are representative of three independent experiments. (D)
Combined treatment with MK-2006, Carboplatin and Paclitaxel enhanced cytotoxicity in a

panel of 3D collagen-implanted spheroids. Cells were treated with MK-2206, carboplatin

and paclitaxel (3, 6 or 9 days) before being treated with calcein-AM and Ethidium bromide.

Green, viable cells; red, dead cells. Lack of green staining also indicates a loss of cell

viability. Magnification × 10. Statistical significance is indicated where ns>0.05, * P<0.05,

** P<0.01, *** P<0.001 and ****P<0.0001
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Figure 4. Combining the AKT inhibitor MK-2206 with carboplatin and paclitaxel leads to
hyperactivation of autophagy
(A) The MK-2206, carboplatin and paclitaxel combination increases autophagosome

accumulation. BRAF-WT melanoma cells (M368) were treated with either MK-2206 (5µM),

Carboplatin (1µM) and Paclitaxel (3nM) or the combination of all three agents over the

course of 72h. Cells were subsequently processed for EM. Shown are representative images

with increasing AVs per cell (AV per cell; arrows), scale bar: 2µm. (B) Immunofluorescence

staining of LC3A (green) and DAPI (blue) in M368 cells following treatment with either
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MK-2206, Carboplatin and Paclitaxel or the combination of all three agents for 72h. (C)
(left) The MK-2206 chemotherapy combination increases the accumulation of the lipidated

form of LC3. Western blot studies show the treatment of BRAF-WT melanoma cell lines

(WM209, M257, M285, M368 and WM3918) with MK-2206, Carboplatin and Paclitaxel or

the combination of all three agents (72 hr: as described previously) to increase expression of

LC3 II. (Right) Treatment with bafilomycin A1 reveals MK-2206/chemotherapy increases

autophagic flux. A panel of BRAF-WT melanoma cell lines (WM209, M257, M285, M368

and WM3918) were treated with MK-2206 (5µM), Carboplatin (1µM) and Paclitaxel (3nM)

for 24 hours in the absence or presence of Bafilomycin A1 (1nM), and the levels of LC3A

were examined by Western blot. GAPDH was used as a loading control. (D) Fluorescence

imaging of WM209, WM3918, M368 cells treated as indicated for 72h and stained with AO.

Orange: aggregated AO; green: diffuse AO. Statistical significance is indicated where

ns>0.05, * P<0.05, ** P<0.01, *** P<0.001 and ****P<0.0001
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Figure 5. MK-2206/chemotherapy-induced autophagy is initially protective, followed by long-
term cytotoxicity
(A) Long-term treatment with the combination of MK-2206, carboplatin and paclitaxel leads

to hyperactivation of autophagy and later the induction of apoptosis. Western blot showing

time-dependent increases in autophagy (accumulation of LC3 II) and apoptosis (caspase 9

cleavage) following treatment with the combination of MK-2206, paclitaxel and carboplatin.

(B) Inhibition of caspases partly reverses MK-2206/paclitaxel/carboplatin-induced

cytotoxicity. 3D collagen-implanted spheroids of WM3918, M257 and M368 melanoma
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cells were treated with Carboplatin and Paclitaxel, MK-2206, MK-2206/Carboplatin/

Paclitaxel, or the combination of MK-2206/Carboplatin/Paclitaxel with the caspase inhibitor

z-Vad-FMK (50µM) over the course of 144 hours. Spheroids were subsequently imaged

with immuno-fluorescent microscopy following treatment with calcein-AM and Ethidium

bromide. Green, viable cells: red, dead cells. (C) (Upper) A panel of BRAF-WT melanoma

cell lines (WM209, M257, M285, M368 and WM3918) were treated with chloroquine

(12.5–50µM), MK-2206/Carboplatin/Paclitaxel or the combination of all agents for 72h.

Cell numbers were quantified using Alamar blue assay and standardized against control.

(Lower) Melanoma cells were treated with chloroquine alone (50µM), MK-2206/

Carboplatin/Paclitaxel, or the combination of all four agents for 72h. Apoptosis was

subsequently assessed by annexin-V staining and flow cytometry. (D) 3D collagen-

implanted spheroids were treated with vehicle, MK-2206/Carboplatin/Paclitaxel, in the

absence or presence of chloroquine (50µM) for 72h, before being treated with calcein-AM

and Ethidium bromide. Green, viable cells; red, dead cells.
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Figure 6. Long-term autophagy induction is required for the escape from MK-2206/paclitaxel/
carboplatin treatment
(A) The MK-2206, paclitaxel, carboplatin combination does not induce autophagy in

ATG5−/− MEFs. Western blot showing lack of ATG5 expression, phosho-AKT (S473),

cleaved-Parp and LC3 II in MEFs that are ATG5−/−. (B) MK-2206 and the MK-2206/

chemotherapy combination induces LC3 II expression in ATGF5+/+ but not ATG5−/− MEFs.

(C) MK-2206 and the MK-2206/chemotherapy combination induces LC3 puncta in

ATG5+/+ but not ATG5−/− MEFs. (D) (Left) Deletion of ATG5 prevents escape from

MK-2206 and MK-2206/carboplatin/paclitaxel mediated cytotoxicity. Preformed ATG5+/+

and ATG5−/− MEF spheroids were implanted into collagen and overlayed with media. Cells

were treated with carboplatin/paclitaxel (3 nM, 1 µM, 72 hr), MK-2206 (5 µM for 72 h) or
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carboplatin/paclitaxel/MK-2206 before being stained with calcein-AM and Ethidium

bromide. Green, viable cells; red, dead cells. Lack of green staining also indicates a loss of

cell viability. Magnification × 10. (Right) Deletion of ATG5 abrogates therapeutic escape.

Long-term colony formation assays with ATG5−/− and ATG5+/+ MEFs following treatment

with vehicle, paclitaxel/carboplatin, MK-2206 alone and paclitaxel/carboplatin/MK-2206.

Cells were grown in the presence of drug for 4 weeks before being stained with crystal

violet.
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Figure 7. Autophagy prevents ROS-mediated cytotoxicity in BRAF WT melanoma cells treated
with MK-2206 + chemotherapy
(A) WM3918 cells were treated with MK-2206 (5µM), Chloroquine (50µM), carboplatin

(1µM) and paclitaxel (3nM) or the combination of all agents over the course of 72h. H2O2

(250µM, 10 min) was used as a positive control for reactive oxygen species detection. All

cells were subsequently stained with DHR-123 (10µM, 10 min) and fluorescence was

measured using flow cytometry. (B) Treatment with anti-oxidants rescued cells from

apoptosis. WM3918 cells were treated with either Tiron (2µM), NAC (5µM), Carboplatin

(1µM), Paclitaxel (3nM), MK-2206 (5µM) and/or Chloroquine (50µM) as labeled on the

graph for 72 hours. Apoptosis was assessed by annexin-V staining and flow cytometry. (C)
Spheroids were formed with M257 and WM3918 cells and treated with either Tiron (2µM),

Carboplatin (1µM), Paclitaxel (3nM), MK-2206 (5µM) and/or Chloroquine (50µM) as

labeled, before being treated with calcein-AM and Ethidium bromide. Green, viable cells;

red, dead cells. (D) (left) WM3918 and M368 were treated with MK-2206 (5µM),

carboplatin (1µM) or paclitaxel (3nM) or the combination of all agents over the course of 9

days. All cells were subsequently stained with DHR-123 (10µM, 10 min) and fluorescence
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was measured using flow cytometry. (right) Increased ROS detection in cells treated with

MK-2206 (5µM), Carboplatin (1µM) and Paclitaxel (3nM) or the combination of all agents

over the course of 9 days was standardized compared to control levels. Data represents the

mean of 3 independent experiments. Statistical significance is indicated where ns>0.05, *

P<0.05, ** P<0.01, *** P<0.001 and ****P<0.0001
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