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Abstract

NRAS is the second most frequently mutated gene in melanoma. Previous reports have

demonstrated the sensitivity of cancer cell lines carrying KRAS mutations to apoptosis initiated by

inhibition of protein kinase C delta (PKCδ). Here, we report that PKCδ inhibition is cytotoxic in

melanomas with primary NRAS mutations. Novel small-molecule inhibitors of PKCδ were

designed as chimeric hybrids of two naturally-occurring PKCδ inhibitors, staurosporine and

rottlerin. The specific hypothesis interrogated and validated is that combining two domains of two

naturally-occurring PKCδ inhibitors into a chimeric or hybrid structure retains biochemical and

biological activity, and improves PKCδ isozyme selectivity. We have devised a potentially general

synthetic protocol to make these chimeric species using Molander trifluorborate coupling

chemistry. Inhibition of PKCδ, by siRNA or small molecule inhibitors, suppressed the growth of

multiple melanoma cell lines carrying NRAS mutations, mediated via caspase-dependent

apoptosis. Following PKCδ inhibition, the stress-responsive JNK pathway was activated, leading

to the activation of H2AX. Consistent with recent reports on the apoptotic role of phospho-H2AX,

knockdown of H2AX prior to PKCδ inhibition mitigated the induction of caspase-dependent

apoptosis. Furthermore, PKCδ inhibition effectively induced cytotoxicity in BRAF-mutant

melanoma cell lines that had evolved resistance to a BRAF inhibitor, suggesting the potential

clinical application of targeting PKCδ in patients who have relapsed following treatment with

BRAF inhibitors. Taken together, the present work demonstrates that inhibition of PKCδ by novel
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small molecule inhibitors causes caspase-dependent apoptosis mediated via the JNK-H2AX

pathway in melanomas with NRAS mutations or BRAF inhibitor-resistance.

INTRODUCTION

Although melanomas account for less than 5% of skin cancer cases, they were responsible

for more than 75% of estimated skin cancer deaths in 2012, and the incidence rate has been

increasing for the last 30 years.1 While chemotherapeutic treatments have improved

response rates in metastatic melanoma, there has been no significant impact on survival for

decades.1

Melanoma is highly dependent upon the RAS/RAF/MEK/ERK pathway, one of the three

major mitogen-activated protein kinase (MAPK) pathways. The components of this

pathway, therefore, can serve as the targets of drugs for late-stage melanomas. BRAF (one

of the three RAF isoforms) is the most commonly mutated gene in melanoma (45–55% of

melanoma cases), while mutations in NRAS (one of the three RAS isoforms) are observed in

15–30% of melanoma cases.2, 3 The BRAF inhibitor PLX4032 (vemurafenib) shows high

activity in patients with BRAF-V600E mutation; however, responders eventually and

inevitably became resistant to this drug and relapsed.4 One of the proposed mechanisms of

acquired resistance to vemurafenib is reactivation of MEK/ERK signaling independently of

BRAF, the suppression of which had been the goal of PLX4032 action, by a variety of

compensatory alterations.5, 6 In contrast to BRAF, the oncogenic RAS/GAP switch is an

exceedingly difficult target for rational drug discovery, and is now widely considered “un-

drugable”.3, 7, 8 An “indirect” approach, targeting a survival pathway required by tumor cells

bearing an activated RAS allele, may represent an alternative strategy for NRAS-mutant

melanomas.

We previously demonstrated that cancer cells carrying oncogenic KRAS mutations undergo

apoptosis when protein kinase C delta (PKCδ) activity is inhibited by means of a chemical

inhibitor, RNA interference, or a dominant-negative variant.9–12 Other groups also

subsequently validated PKCδ as a target in cancer cells of multiple types with aberrant

activation of KRAS signaling.13, 14

PKCδ belongs to the PKC family of serine/threonine protein kinases which are involved in

diverse cellular functions, such as proliferation, tumor promotion, differentiation and

apoptotic cell death.15 The PKC family is categorized into three subfamilies based on

structural, functional and biochemical differences, and activators: the classical/conventional

PKCs (α, βI, βII, γ), the novel PKCs (δ, ε, θ, µ), and the atypical PKCs (ζ, λ). The novel

PKCs, including PKCδ, are characteristically activated by diacylglycerol (DAG) and are

independent of the need for the secondary messenger Ca2+. PKCδ functions as either a pro-

apoptotic or an anti-apoptotic/pro-survival regulator depending upon cellular context, such

as the specific stimulus or its subcellular localization.15 PKCδ is implicated as an early

regulator in certain anti-apoptotic/pro-survival signaling cascades through induction or

suppression of downstream substrates, including ERK, AKT and NF-κB. Other context-

dependent effectors of PKCδ include JNK, glycogen synthase kinase-3 (GSK3), FLICE-like

inhibitory protein (FLIP), cIAP2 and p21Cip1/WAF1. A role for PKCδ as an anti-apoptotic/
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pro-survival regulator has been reported in various types of cancer cells, including non-small

cell lung cancer, pancreatic and colon cancers.16–20 Interestingly, these types of cancers are

correlated with high rates of activating mutations in KRAS genes.7, 8 Importantly, unlike

many other PKC isozymes, PKCδ is not required for the survival of normal cells and tissues,

and PKCδ-null mice are viable, fertile and develop normally.21

Our previous studies demonstrating the synthetic lethal activity of PKCδ inhibition in

pancreatic, lung, neuroendocrine and breast cancers, and cancer stem-like cells (CSCs) with

KRAS mutations 9–12 suggested the potential of targeting PKCδ in melanomas with an

activating NRAS mutation. In this study, we demonstrate that inhibition of PKCδ by siRNA

or novel chemical compounds suppresses the growth of melanoma lines with NRAS

mutations through induction of caspase-dependent apoptosis. A novel PKCδ inhibitor

developed through pharmacophore modeling exerted cytotoxic activity on NRAS-mutant

tumors at concentrations one log lower than commercially-available PKCδ inhibitors. This

cytotoxicity was mediated by activation of stress-responsive JNK-H2AX pathway, which

involves a novel function of phospho-H2AX in mediating the apoptotic response.

Furthermore, this study also showed that PKCδ inhibition can effectively inhibit the growth

of PLX4032-resistant melanoma cells with BRAF mutations, demonstrating the potential of

an approach targeting PKCδ in the substantial fraction of patients with melanoma who

currently have only limited treatment options.

RESULTS AND DISCUSSION

PKCδ is a potential therapeutic target in melanoma with NRAS mutation

To validate the potential of this approach targeting PKCδ in melanomas with NRAS

mutations, we first examined the effect of PKCδ-selective inhibition on cell growth by

specifically and selectively knocking down PKCδ protein expression in multiple melanoma

cell lines harboring NRAS mutations, using siRNA. The specificity of the PKCδ-specific

siRNAs employed herein for PKCδ among all the other PKC isoforms has been previously

demonstrated.9–11 Even partial knockdown of PKCδ protein significantly inhibited the

proliferation of multiple melanoma cell types with NRAS mutations, including SBcl2,

FM28, FM6 and SKMEL2 cells (Figure 1). Interestingly, the degree of protein knockdown

did not appear to be the sole factor in determining the degree of growth inhibitory effect by

siRNA transfection; some cell lines were more susceptible than others to cell growth

inhibition resulting from PKCδ downregulation. No viable cells with chronic suppression of

PKCδ could ever be isolated, consistent with our previous demonstration of a requirement

for PKCδ activity for the viability in cells bearing mutationally-activated RAS.

These cell survival assays verified that PKCδ is essential for survival of NRAS-mutant

melanoma cells.

Development of novel PKCδ inhibitor BJE6-106 (B106)

Potent small molecule inhibitors of PKCδ have not previously been available. Broad (pan)

inhibitors of PKC isozymes are generally toxic, as certain PKC isozymes are required for

normal physiological functions, and inhibition of such isozymes by a non-selective PKCδ
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inhibitor can damage normal cells.22, 23 We therefore pursued development of a more potent

PKCδ inhibitor with higher PKCδ selectivity in order to explore the therapeutic potential of

this approach of targeting PKCδ.

We initially generated a pharmacophore model based on molecular interactions of small

molecules with “novel” class PKC isozymes. In the initial pharmacophore model for PKCδ

inhibitors, mallotoxin/rottlerin, a naturally-occurring product, with moderate aqueous

solubility, and oral bioavailability,24 was used as a prototype structure for a molecule with

PKCδ-inhibitory activity (IC50=5µM). Protein structural data for PKCθ, another “novel”

PKC isozyme which is also inhibited by mallotoxin/rottlerin, was incorporated

(Supplemental Information). Mallotoxin/rottlerin is relatively selective for PKCδ over

PKCα (PKCδ IC50:PKCα IC50 is approximately 30:1). We and others have also shown that

mallotoxin/rottlerin, at the concentrations employed herein, is not cytostatic or cytotoxic to

normal primary cells or cell lines, and is well-tolerated when administered orally or

intraperitoneally to mice.9–12, 24 This favorable toxicity profile, combined with its in vivo

efficacy, made mallotoxin/rottlerin attractive as a starting point for modification and drug

development. We further developed the pharmacophore model using a prototype chimeric

structure based on mallotoxin/rottlerin and a more general class of protein kinase C

inhibitors (the natural product staurosporine), and incorporating protein structural data for

“novel” class PKCs. The strategy was to retain most of the “bottom” part of mallotoxin/

rottlerin (Figure 2A, panel 1) which is assumed to give mallotoxin/rottlerin its PKCδ

specificity but to vary the “head group” which is assumed to bind to the hinge region of the

kinase active site. Numerous “head groups” from known potent kinase inhibitors were tested

in the PKCδ model.11 The criteria for selection was that the resulting molecule should form

favorable interactions with the hinge region while the “bottom part” retained interactions

with the binding site similar to that of staurosporine (from the x-ray crystallographic studies)

and mallotoxin/rottlerin (from docking studies into PKCδ). In these 2nd generation of PKCδ

inhibitors, the “head” group was made to resemble that of staurosporine, a potent general

PKC inhibitor, and other bisindoyl maleimide kinase inhibitors, with domains B (cinnamate

side chain) and C (benzopyran) conserved from the mallotoxin/rottlerin scaffold to preserve

isozyme specificity. The chromene portion of mallotoxin was combined with the carbazole

portion of staurosporine to produce chimeric molecule including KAM1.11 KAM1 was

indeed active and more PKCδ-specific than rottlerin/mallotoxin, and showed activity against

cancer cells with activation of RAS or RAS signaling, including human neuroendocrine

tumors, pancreatic cancers and H460 lung cancer cells.11 KAM1 had an IC50 of 3 µM for

PKCδ (similar to mallotoxin/rottlerin) and better isozyme selectivity (IC50 of >150 µM for

PKCα) (Table 1).11

On the basis of structure-activity relationship (SAR) analysis of KAM1 and other 2nd

generation compounds, we then generated thirty-six new 3rd generation compounds (Figure

2A, panel 2). These derivatives showed a broad range of PKCδ-inhibitory activity, ranging

from IC50 of >40 µM to <0.05 µM (Supplemental Table 1). BJE6-106 (B106) (Figure 2A,

Scheme 1), our current lead 3rd generation compound, has an IC50 for PKCδ of <0.05 µM

and targeted selectivity over classical PKC isozymes (a 1000-fold PKCδ selectivity over

PKCα) (Table 1). BJE6-154 (B154) was among the least potent of the thirty-six compounds

Takashima et al. Page 4

ACS Chem Biol. Author manuscript; available in PMC 2014 September 10.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



studied (PKCδ IC50 of >40 µM) and was used as a negative-control compound with minimal

inhibitory activity against PKCδ.

Inhibition of PKCδ activity induces cell growth inhibition in melanoma cell lines with NRAS
mutations

To investigate the effect of PKCδ inhibition by small molecule compounds on tumor cell

growth, tumor cell survival was assessed in the presence of mallotoxin/rottlerin or B106

using a panel of melanoma cell lines with Q61 NRAS mutations, including SBcl2, FM6,

SKMEL2, WM1366, WM1361A and WM852 (Figure 2B, Table 2). Cells were exposed to

rottlerin (2 or 5 µM) or B106 (0.2 or 0.5 µM) and viable cells were quantitated at 24, 48 and

72 hr after treatment. Rottlerin consistently inhibited proliferation of all cell lines at 5 µM,

and intermediate inhibitory effects were observed at 2 µM. The 3rd generation PKCδ

inhibitor B106 effectively inhibited growth of all cell lines tested at 0.5 µM, and at 0.2 µM

in some cell lines, which is at least ten times lower than the concentration of rottlerin

required to exert the same magnitude of cytotoxic effect. Both inhibitors demonstrated dose-

dependent cytotoxic effects, and B106 at 0.5 µM was significantly more active than rottlerin

at 2 µM (Figure 2C). Exposure to B154 at 2 µM produced a proliferation curve similar to

vehicle (DMSO) treatment in all cell lines, consistent with our hypothesis that the cell

growth inhibition induced by B106 resulted from the inhibition of PKCδ activity.

Furthermore, B106 produced no statistically-significant effects on the proliferation of

primary human melanocytes at concentrations of 0.5 and 1.0 µM, indicating the tumor-

specific effect of B106 (Figure 2D).

To assess the irreversible damage done to the cells by PKCδ inhibition in a different manner,

clonogenic colony assays were performed using SBcl2 melanoma cells to determine the

kinetics of the action of PKCδ inhibitors on the growth and proliferative characteristics of

the cells. In contrast to a proliferation assay, which examines potentially temporary and

reversible effects on proliferation and survival, clonogenic assays assess irreversible effects

of a compound on cell viability and proliferative capacity. Cells were exposed to mallotoxin/

rottlerin or B106 for 12, 24 or 48 hr and then re-plated in medium without inhibitors, and the

difference in colony-forming ability of cultures was assessed. Both mallotoxin/rottlerin and

B106 treatment significantly decreased the number of colonies formed in SBcl2 cells after as

little as 12 hr of treatment, and approximately 40-fold reduction in the number of colonies

was observed with 48 hr of drug exposure (Figure 2E). These results demonstrate an

irreversible cytotoxic effect of these PKCδ inhibitors on tumor cell growth, even after

limited and transient exposure to the compounds.

Collectively, these results supported PKCδ as a potential therapeutic target in melanomas

with NRAS mutation. The new PKCδ inhibitor B106 demonstrated activity at nanomolar

concentrations, and may serve as a lead compound for future modifications.

Inhibition of PKCδ activity triggers caspase-dependent apoptosis

We next determined how PKCδ inhibition results in suppression of tumor cell growth in

melanoma. Activated caspase 3 and caspase 7, the ultimate executioners of apoptosis, trigger

proteolytic cleavage of crucial key apoptotic proteins, which in turn leads to late apoptotic
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events, including DNA fragmentation. The activity of effector caspases 3 and 7 was assessed

in cells treated with PKCδ inhibitors. Twenty-four hours of exposure to rottlerin (5 µM) or

B106 (0.2 and 0.5 µM) significantly increased the activity of caspase 3/7 in SBcl2 cells

compared to vehicle (DMSO) (Figure 3A). The effect of B106 on caspase 3/7 activation was

greater than that of rottlerin: a 10-fold increase at 0.2 µM and a 12.5-fold increase at 0.5 µM

of B106, in contrast to a 5-fold increase by rottlerin at 5 µM. These findings indicated the

potential involvement of caspase 3/7-mediated apoptosis in response to PKCδ inhibition.

As evidence of apoptosis, induction of DNA fragmentation, a hallmark of late events in the

sequence of the apoptotic process, in the presence or absence of PKCδ inhibitors was

assessed by flow cytometric analysis. The proportion of cells containing a DNA content of

less than 2n (fragmented DNA), categorized as the “sub-G1” population and considered in

the late apoptotic phase, was significantly higher after treatment with rottlerin at 5 µM and

even higher after treatment with B106 at 0.5 µM, whereas B154, a negative-control

compound for B106, lacking PKCδ-inhibitory activity, produced no more fragmented DNA

than did vehicle control (DMSO), suggesting the effect of B106 on DNA fragmentation was

related to inhibition of PKCδ activity (Figure 3B). To determine whether activation of

caspases by PKCδ inhibitors was necessary for the observed apoptosis, the pan-caspase

inhibitor Z-VAD-FMK (carbobenzoxy-valyl-alanyl-aspartyl-[Omethyl]-fluoromethylketone)

was employed. Pre-treatment of cells with Z-VAD-FMK (50 µM) prevented B106-induced

caspase 3 cleavage in immunoblot analysis (data not shown). B106-induced DNA

fragmentation was significantly abrogated when SBcl2 cells were pretreated with Z-VAD-

FMK (100 µM) (Figure 3B). Taken together, these data suggest that PKCδ inhibition

attenuates tumor cell growth by inducing caspase-dependent apoptosis in NRAS-mutant

melanoma cells.

PKCδ inhibition triggers apoptotic response via the stress-responsive JNK pathway

To identify which intracellular signaling pathway PKCδ inhibition employs to induce

cytotoxicity, the activation status of known downstream targets of PKCδ was examined after

PKCδ inhibition, including MAPKs (ERK, p38 and JNK), AKT, NFκB pathway, cyclin-

dependent kinase inhibitors, p53, IAPs, GSK3β or c-Abl. Inhibition of PKCδ activity in

SBcl2 cells by B106 induced phosphorylation (activation) of JNK1/2 (T183/Y185) most

strongly after two hr of exposure (Figure 4A). In contrast, phosphorylation of the closely-

related MAPKs p38 and ERK was not affected by PKCδ inhibitors (Figure 4A). Consistent

with these observations generated using chemical inhibitors, selective downregulation of

PKCδ by transfection of PKCδ-specific siRNA induced phosphorylation of JNK1/2 at 24 hr,

(when effects of siRNA on PKCδ levels were first observed) (Figure 4B). Transfection of

PKCδ-specific or negative control siRNA did not affect phosphorylation levels of ERK or

p38.

Among its pleiotropic cellular activities, JNK is an effector in certain apoptotic responses,

and some chemotherapeutic agents, including paclitaxel, cisplatin and doxorubicin, employ

the JNK pathway for their cytotoxic activity.25, 26 Because of the data demonstrating that

PKCδ inhibition causes caspase-dependent apoptosis (Figure 3) and JNK activation (Figures

4A &B), the effect of inhibition of the JNK pathway during B106 treatment was explored to
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determine if there is a functional relationship. SBcl2 cells were transfected with non-specific

siRNA or siRNA specific for JNK1 or JNK2 alone, or co-transfected with JNK1-plus JNK2-

specific siRNA for 72 hr, and then exposed to B106 or DMSO (vehicle) for 6, 12 or 24 hr,

followed by measurement of caspase activity (Figure 4C). Analysis at 24 hr after B106

treatment showed that knockdown of JNK2 alone, and co-knockdown of JNK1 and 2,

mitigated B106-induced caspase 3/7 activation in rough proportion to the knockdown

efficiency of JNK1/2 proteins. These data indicated that JNK is a necessary mediator of the

apoptotic response induced by PKCδ inhibition.

PKCδ inhibition activates the MKK4-JNK-H2AX pathway

We tested for involvement of known upstream and downstream effectors of the JNK

pathway following PKCδ inhibition. The MAPKK kinases MKK4 and MKK7 lie one tier

above JNK. MKK4 was activated by B106 (Figure 5A), whereas MKK7 was not

phosphorylated in response to B106 (data not shown). Activation of the canonical JNK

substrate, c-Jun, was also observed in response to B106 exposure, confirming the activation

of the JNK pathway by PKCδ inhibitors (Figure 5A). Furthermore, activation of H2AX

(histone H2A variant X), another downstream effector of JNK associated with its apoptotic

actions,27 was noted at later time points in response to B106 treatment (Figure 5A). B106

consistently induced H2AX phosphorylation as early as after 10 hr of exposure. The effect

of PKCδ inhibition on H2AX activation was further confirmed by selective downregulation

of PKCδ with siRNA. Phosphorylation of H2AX was observed at 72 hr after PKCδ siRNA

transfection (Figure 5B). PKCδ inhibition by B106 treatment similarly induced

phosphorylation of MKK4, JNK and H2AX in NRAS mutant melanoma WM1366 cells

(Figure 5C).

Because JNK affects diverse downstream effectors, we next determined whether JNK

activation caused by PKCδ inhibition is directly linked to B106-induced H2AX activation.

Knockdown of JNK1/2 itself slightly reduced basal phospho-H2AX (pH2AX) expression,

indicating that basal phosphorylation of H2AX is regulated by JNK (Lane 2, Figure 5D).

B106 exposure robustly induced phosphorylation of H2AX in control siRNA-treated cells

(Lane 3, Figure 5D); in comparison, prior downregulation of JNK1/2 protein by siRNA

attenuated B106-induced H2AX phosphorylation (Lane 4, Figure 5D). Collectively, these

data suggest that PKCδ inhibition directly or indirectly activates MKK4 in cells containing

mutated NRAS, which in turn activates JNK1/2 and subsequently H2AX.

H2AX is a critical regulator of caspase-dependent apoptosis induced in response to PKCδ
inhibition

Although phosphorylation of H2AX is best known as a consequence of DNA double-

stranded breaks in the DNA-damage response, facilitating repair,28–30 recent studies have

demonstrated that phosphorylation of H2AX at Ser 139 resulting from JNK activation

actively mediates the induction of apoptosis by inducing DNA fragmentation in UV- or

chemotherapy-damaged cells.31–34 Accordingly, the direct involvement of H2AX in

apoptotic response to PKCδ inhibition was examined. SBcl2 cells were transfected with

siRNA targeting H2AX, or non-targeting siRNA, for 72 hr and then exposed to B106 for 6,

12 or 24 hr, with subsequent assay of caspase 3/7 activation. Downregulation of H2AX prior
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to B106 treatment greatly decreased the level of caspase 3/7 activation at 24 hr of B106

exposure (Figure 6A).

To explore a direct link between H2AX and the execution of apoptosis, PKCδ inhibition-

induced DNA fragmentation was examined in the presence or absence of H2AX. SBcl2 cells

were transfected with either negative-control siRNA or siRNA targeting H2AX for 72 hr,

and then subjected to PKCδ inhibition by exposure to B106 for 24 hr. PKCδ inhibition by

B106 treatment increased DNA fragmentation 8.5-fold in the cells transfected with negative

control siRNA (Figure 6B). In contrast, PKCδ inhibition by B106 treatment failed to induce

DNA fragmentation in the absence of H2AX (Figure 6B), indicating that H2AX is necessary

for B106-induced apoptosis (Figure 6B). Collectively, these results suggest that inhibition of

PKCδ by B106 treatment triggers caspase-dependent apoptosis through activation of the

JNK-H2AX stress-responsive signaling pathway.

BRAF inhibitor-resistant BRAF mutant melanoma lines are susceptible to PKCδ inhibition

The inevitable development of resistance to the BRAF inhibitor PLX4032 (vemurafenib) in

melanomas bearing BRAF mutations remains an ongoing clinical challenge. Several

proposed models of PLX4032 resistance involve reactivation of RAS-MEK/ERK mitogenic

pathway, induced, for example, by the secondary mutations of NRAS at position 61, or

activation of alternative pathways leading to reactivation of ERK signaling, such as IGF1R

or AKT.6 Our previous studies have demonstrated the effectiveness of PKCδ inhibitors in

the cells with the aberrant CRAF-ERK activation even in the absence of mutations in RAS

oncogenes.9–12 We therefore investigated whether PKCδ inhibition could be similarly

effective in those BRAF-mutant melanoma cells that have become refractory to a BRAF

inhibitor (PLX4032). We generated BRAF-V600E mutant melanoma cell sub-lines resistant

to PLX4032 by continuously exposing A375 and SKMEL5 cells to PLX4032, with

gradually increasing concentrations of the drug over weeks. Resistance to PLX4032 was

verified by comparing their sensitivity to the drug with that of their parental cells (Figure

7A). PLX-R derivative lines from both A375 and SKMEL5 grew in the presence of

concentrations of PLX4032 which were cytotoxic to the parental cells. Sequencing revealed

that these resistant cell lines retained wild-type NRAS alleles at position 61. The resistant

cell sublines derived from both the A375 or SKMEL5 parent lines acquired distinct aberrant

alterations in RAS pathway signaling that may be responsible for their resistance (increased

activation of ERK1,2 in the resistant A375 lines, and increased CRAF in the resistant

SKMEL5 lines). All of these PLX4032-resistant lines were susceptible to cytotoxicity

induced by PKCδ inhibitors at concentrations comparable to the NRAS-mutant melanoma

lines (Figure 7B). The parental cell lines A375 and SKEML5 (both BRAF-V600E mutant)

were also susceptible to PKCδ inhibition (Figure 7B); this finding is consistent with our

previous report that cells with aberrant activation/mutation of RAF signaling, and

consequent activation of this RAS effector pathway (even in the presence of normal RAS

alleles) require PKCδ activity for survival.9–12
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PKCδ as a therapeutic target in melanomas with NRAS mutations or BRAF inhibitor
resistance

Somatic point mutations of RAS genes at codons 12, 13, and 61 are the most common

dominant oncogenic lesions in human cancer,2, 3 making aberrant RAS signaling an

important therapeutic target. Inhibition of PKCδ preferentially inhibits the growth of cancer

cell lines with genomic mutations in KRAS or HRAS genes, or oncogenic activation of

KRAS proteins.9–12, 35, 36 While initially characterized as a specific synthetic lethal

interaction between PKCδ and RAS, further work disclosed that aberrant activation of

certain RAS effector pathways, PI3K-AKT and CRAF-MEK, would also confer sensitivity

to PKCδ inhibition.9–12 Importantly, PKCδ was demonstrated to be non-essential for the

survival and proliferation of normal cells and animals,21 suggesting that a therapeutic

approach targeting PKCδ would likely spare normal cells, but inhibit the proliferation of

tumor cells whose survival depends on PKCδ activity. This report underlines the potential of

PKCδ-targeted therapy as a cancer-specific therapy targeting melanoma with NRAS

mutations. Cell proliferation and clonogenic assays demonstrated that inhibition of PKCδ

suppressed cell growth in multiple melanoma cell lines with NRAS mutations, as well as in

PLX4032-resistant cell lines. The cell lines with NRAS mutation that were used in this study

had different amino acid substitutions of NRAS codon 61, suggesting the effect of PKCδ

inhibitors does not depend on a specific NRAS mutation for their activity. Similarly, PKCδ

inhibition was effective in the PLX4032-resistant cell lines tested herein, regardless of the

differences in their apparent resistance mechanisms, further supporting the potential of this

approach. Constitutive MEK/ERK signaling appears to mediate the majority of acquired

resistance to BRAF inhibitors,6 and we have previously reported that aberrant activation of

the MEK/ERK arm of the RAS signaling pathway is sufficient to render cells susceptible to

PKCδ inhibition, even in the absence of activating mutations of RAS alleles.9–11

Furthermore, we have recently demonstrated that cancer “stem-like” cells (CSCs) derived

from a variety of human tumors, including melanomas, are susceptible to PKCδ inhibition.12

The novel PKCδ inhibitor B106, which showed 1000-fold selectivity against PKCδ over

PKCα in preliminary in vitro kinase assays, was active at nanomolar concentrations, ten

times lower than for rottlerin. These results in cell culture systems suggest the potential of

the newest PKCδ inhibitors as targeted agents, although the in vivo efficacy of B106 is yet to

be determined. The hydrophobicity of B106 molecule and its rapid metabolism, requiring

continuous infusion to generate a pharmacodynamic signal, makes it unsuitable for testing in

tumor xenograft models.

Induction of apoptosis is one of the most desirable mechanisms for cytotoxic therapeutic

action. The stress-activated protein kinase/c-Jun N-terminal kinase (SAPK/JNK), a

downstream targets of PKCδ, is activated in response to cellular stresses, including

genotoxic stresses.37 Many chemotherapeutic agents employ the JNK pathway for their

cytotoxic activity.38, 39 This study demonstrates that PKCδ inhibition activates the JNK

pathway through MMK4 to mediate caspase-dependent apoptosis. Consistent with our

findings, a recent report demonstrated that knockdown of PKCδ induced apoptosis with

elevated phosphorylation of JNK in NIH-3T3 cells stably transfected with HRAS.35 Among

the known downstream effectors of JNK, a series of recent reports proposed an active role
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for phospho-H2AX in apoptosis.31–34 PKCδ inhibition evoked phosphorylation of H2AX

subsequent to JNK activation, positioning H2AX phosphorylation downstream of JNK after

PKCδ inhibition. Collectively, these results demonstrate the importance of H2AX as an

active apoptotic mediator, providing functional evidence showing it to be a necessary

component of apoptosis initiated by PKCδ inhibition.

The concept of targeting cancer therapeutics towards specific mutations or aberrations in

tumor cells which are not found in normal tissues has the potential advantages of high

selectivity for the tumor and correspondingly low secondary toxicities. We have previously

demonstrated that knockdown of PKCδ, or its inhibition by previous generations of small

molecules, was not toxic to non-transformed primary murine and human cell lines, primary

human endothelial cells, or to tumor lines without aberrant activation of the RAS signaling

pathway, at concentrations which are profoundly cytotoxic to melanoma lines bearing

NRAS mutations (0.5–2.5 µM).. Herein we show that human primary melanocytes are not

affected by B106.9–11 In addition, continuous local infusion of B106 at 5 µM concentrations

is not cytotoxic to dermal and subdermal tissues in mice. Derivatives of the 3rd generation

PKCδ inhibitor B106 are being generated, using structure function analysis of the 36

compounds in that cohort and medicinal chemistry to enhance drug-like properties, to

facilitate future in vivo studies. Collectively, our studies suggest that PKCδ suppression may

offer a promising tumor-specific option for a subpopulation of melanomas for which we

have currently a limited number of effective therapeutics.
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Figure 1. Downregulation of PKCδ suppresses cell survival in melanoma cell lines with NRAS
mutation
siRNA targeting PKCδ (“siPKCδ”) or non-targeting siRNA (“siControl”) were transfected

into SBcl2 and FM28 (50 nM), SKMEL2 (10 nM), and FM6 and WM1366 (5 nM), after

establishing cell line-specific optimal transfection conditions. As a vehicle control, cells

were treated in parallel with transfection reagent alone (“vehicle”). MTS assays were

performed at 3 or 4 days after siRNA transfection. Each point represents the average of

triplicates, and error bars indicate the standard deviations. P values (*) were calculated

between vehicle control and siPKCδ on the last assay day (p < 0.006). Downregulation of
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PKCδ protein on the first assay day was assessed by immunoblot analysis. The relative band

intensity of PKCδ is indicated below the image (normalized to loading controls, β-actin, α-

tubulin or GAPDH).
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Figure 2. PKCδ inhibitors suppress survival in melanoma cell lines with NRAS mutations
(A) Structure and synthesis of PKCδ inhibitors. Panel 1: Design of mallotoxin/rottlerin-

staurosporine hybrids; Scheme 1: Synthesis of B106; Panel 2: 3rd Generation Compounds

(B) PKCδ inhibitors suppress cell survival in melanoma cell lines with NRAS
mutations. SBcl2, FM6, SKMEL2, WM1366, WM1361A and WM852 cells were exposed

to rottlerin (2 or 5 µM) or B106 (0.2 or 0.5 µM) for 24, 48 or 72 hr and MTS assays were

performed at each time point. DMSO and B154 (2 µM) served as a vehicle control and a

negative compound control, respectively. Each point represents the average of triplicates and
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error bars indicate the standard deviations. P values (*) were calculated between DMSO

(vehicle control) and rottlerin 5 µM, or DMSO and B106 0.5 µM in each cell line at 72 hr (p

< 0.0002).

(C) Titration of PKCδ inhibitor treatment. The expanded doses of B106 (0.1 µM and 2

µM) in the MTS assay in SBcl2 in Figure 2A are shown. ** indicates a p value < 0.5

between treatment of 2 µM of rottlerin and B106.

(D) Effects of PKCδ inhibitors on primary human melanocytes. Cell survival of human

primary melanocytes exposed to the indicated concentrations of the compounds for 72 h

(relative to DMSO-treated controls; mean ± SD, n = 3).

(E) PKCδ inhibitors induce irreversible effects on cell growth. SBcl2 cells were treated

with rottlerin or B106 at 1 µM for 0, 12, 24 or 48 hr. After these exposure times, the same

number of viable cells from each treatment condition was replated at low cell density and

cells were cultured in medium without inhibitors for 8 days. Cell colonies were counted.

Each point represents the average of triplicates and error bars indicate the standard

deviations. P values: ** p<0.01, * p<0.001 compared to time 0 hr.
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Figure 3. Inhibition of PKCδ induces caspase-dependent apoptosis
(A) Effector caspase 3/7 activation by PKCδ inhibition. SBcl2 cells were exposed to

rottlerin (2 or 5 µM) or B106 (0.2 or 0.5 µM) for 6, 12 or 24 hr and caspase 3/7 activity was

measured. DMSO and B154 (1 µM) served as a vehicle control and a negative compound

control, respectively. The average values of triplicates were normalized to those of vehicle-

treated sample at 6 hr. Error bars indicate the standard deviations. P values: ** p < 0.003, *

p < 0.0002.
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(B) DNA fragmentation induced by PKCδ inhibition. SBcl2 cells were treated with

rottlerin (5 µM), B106 (0.5 µM) alone, or B106 (0.5 µM) plus the pan-caspase inhibitor Z-

VAD-FMK (100 µM) together for 24 hr. The proportion of sub-G1 population was

measured by flow cytometry. Values represent the average of duplicates and error bars

indicate the standard deviations. p values: ** p < 0.04, * p < 0.004.
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Figure 4. PKCδ inhibition triggers an apoptotic response through activation of JNK
PKCδ inhibition activates JNK. (A, B) SBcl2 cells were exposed to B106 (1 µM) or the

negative control compound B154 (1 µM) for indicated times (A) or transfected with siRNA

targeting PKCδ (“siPKCδ”) or non-targeting siRNA (“siControl”) at 5 nM for the indicated

times (B). Protein lysates were subjected to immunoblot analysis for levels of

phosphorylated or total MAPK proteins. (C) Activation of caspase 3/7 is mitigated by
knockdown of JNK prior to B106 treatment. SBcl2 cells were transfected with siRNA

targeting JNK1 or JNK2 alone (5 nM), or the combination of JNK1 and JNK2 siRNA (5 nM

each), or non-targeting siRNA (10 nM) for 72 hours, and subsequently exposed to B106 (0.5

µM) or vehicle (DMSO) for 6, 12 and 24 hours. Caspase 3/7 activity was measured. The

average values of triplicates were normalized to those of the vehicle-treated sample at 6
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hours between the pairs exposed to the same siRNA. Error bars indicate the standard

deviations. P values: * p < 0.005. Downregulation of JNK1/2 proteins were confirmed by

immunoblot analysis at 72 hr. In panels A & B, certain lanes not relevant to this discussion

were excised, as indicated by the vertical lines.
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Figure 5. PKCδ inhibition activates the MKK4-JNK-H2AX pathway
(A) Activation of upstream and downstream components of the JNK pathway by B106.

SBcl2 cells were exposed to B106 or the negative control compound B154 at 1 µM for the

indicated times. Protein lysates were subjected to immunoblot analysis. (B) Selective
downregulation of PKCδ results in phosphorylation of H2AX. SBcl2 cells were

transfected with siRNA targeting PKCδ (“siPKCδ”) or non-targeting (“siControl”) at 50 nM

for the indicated times. Protein lysates were subjected to immunoblot analysis. In panels A

& B, certain lanes not relevant to this discussion were excised, as indicated by the vertical
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lines. (C) PKCδ inhibition activates H2AX through JNK. SBcl2 cells were transfected

with siRNA targeting JNK1 and JNK2 together (5 nM each) or non-targeting siRNA (10

nM) for 72 hr and subsequently exposed to B106 (0.5 µM) or vehicle (DMSO) for 10 hr.

Protein lysates were subjected to immunoblot analysis. Arrows indicate JNK1/2.
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Figure 6. H2AX is a critical apoptotic regulator in apoptosis induced by PKCδ inhibition
(A) Activation of caspases 3/7 is mitigated by knockdown of H2AX prior to B106
treatment. SBcl2 cells were transfected with siRNA targeting H2AX or non-targeting

siRNA at 5 nM for 72 hours, and subsequently exposed to B106 (0.5 µM) or vehicle for 6,

12 or 24 hr. Caspase 3/7 activity was measured. The average values of triplicates were

normalized to those of the vehicle-treated sample at 6 hr between the pairs exposed to the

same siRNA. Error bars indicate the standard deviations. P values: * p < 0.005.

Downregulation of H2AX at72 hr was confirmed by quantitative PCR.

(B) Induction of DNA fragmentation is mitigated by knockdown of H2AX prior to
B106 treatment. SBcl2 cells were transfected with siRNA targeting H2AX, or non-

targeting siRNA, at 5 nM for 72 hr, and subsequently exposed to B106 (0.5 µM) or vehicle

for 24 hr. The proportion of sub-G1 population was measured by flow cytometry. The

average values of duplicates were normalized to those of the vehicle-treated samples

between the pairs exposed to the same siRNA. Error bars indicate the standard deviations. P

value: * p < 0.0004. Downregulation of H2AX at 96 hr was confirmed by quantitative PCR.
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Figure 7. PKCδ inhibitors suppress growth of PLX4032-resistant BRAF mutant melanoma cells
(A) Establishment of PLX4032-resistant cell sub-lines. To establish PLX4032 resistant

cell lines, two individual melanoma cell lines with BRAF mutations, A375 and SKMEL5,

were continuously exposed to increasing concentrations of PLX4032 up to 10 µM (A375)

and 2 µM (SKMEL5). To confirm resistance to PLX4032, the viability of PLX4032-

resistant cells and their parental cells was measured by MTS assay during treatment with

PLX4032 at 1 µM.
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(B) PKCδ inhibitors suppress survival of PLX4032-resistant cells. Two PLX4032-

resistant cell sub-lines derived from A375 (Left) and SKMEL5 (Right) cells were exposed to

rottlerin (5 µM) or B106 (1 µM) for 24, 48 or 72 hr and MTS assays were performed at each

time point. DMSO and B154 (1 µM) served as a vehicle control and a negative compound

control, respectively. Each point represents the average of triplicates and error bars indicate

the standard deviations. P values (*) were calculated between DMSO (vehicle control) and

rottlerin 5 µM, or DMSO and B106, 1 µM in each cell line at 72 hr (p < 0.0002).
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Table 2

Confirmed NRAS Q61 mutations of the cell lines.

Cell Line Allele Amino acid Type

SBcl2 C181A Q61K Homozygous

FM6 C181A Q61K Heterozygous

FM28 C181A Q61K Homozygous

SKMEL2 A182G Q61R Heterozygous

WM-1361A A182G Q61R Heterozygous

WM-1366 A182T Q61L Heterozygous

WM852 A182G Q61R Homozygous
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