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W81XWH-11-1-0220 
 

1. INTRODUCTION:  
 
In the US, the risk of invasive melanoma has increased almost tenfold in the last 50 years. 
Patient survival from metastatic disease is only 15%, and the prognosis is extremely poor. (The 
excitement generated by the initial unprecedented clinical activity of BRAF inhibitors in 
melanoma has now been tempered by the realization that the tumor responses are 
unfortunately temporary, with a median time to progression of approximately seven months.) 
The RAS family members (which are proto-oncogene GTPases serving as critical signal 
transducers) are frequently mutated in melanomas. Activating mutations in N-RAS are found in 
33% of primary melanoma tumors, and are correlated with sun exposure and nodular lesions.  
Because aberrant activation of N-RAS is so common in melanoma, RAS is an attractive target 
for a melanoma therapeutic. Indeed, strategies have been devised to target RAS “directly,” but, 
unfortunately, these approaches have shown minimal if any activity in melanoma -- because 
wild-type RAS and its downstream effectors are required for many critical cellular functions in 
normal cells, the therapeutic window for inhibiting RAS activity “directly” may be too narrow to 
exploit effectively. 
    
-   Our novel, alternative strategy has the potential to circumvent this limitation. We have 
demonstrated that aberrant activation of K-RAS or Ha-RAS is lethal to a tumor cell unless a 
specific survival pathway (also initiated by RAS) is also active.1-5 This survival pathway 
specifically requires PKCδ.1-3 Unlike the classical PKC isozymes, PKCδ is not required for 
survival of normal cells, and its inhibition or down-regulation in normal cells, tissues, and mice 
has no significant adverse effects in vitro or in vivo.1-3 (PKCδ -null mice are healthy.) Inhibition of 
PKCδ in human and murine tumor cells with mutated K-RAS or H-RAS, however, initiates rapid 
and profound apoptosis. This molecular approach, targeting tumor cells containing a mutated 
oncogenic protein (and sparing normal cells) by modulating a second protein or its activity, is 
sometimes termed “synthetic lethality.” Analogously, the dependency of tumor cells upon the 
activity of a non-oncogenic protein, in this case PKCδ, is sometimes termed “non-oncogene 
addiction.” First Hypothesis: Inhibition or down-regulation of PKCδ in human and murine 
models of melanoma with mutational activation of N-RAS will cause targeted cytotoxicity in 
these tumors. (We have previously demonstrated the sensitivity of human tumor cells with 
mutational activation of K- or HRAS proteins to PKCδ inhibition. NRAS, however, has some 
significant differences compared to K- and HRAS, and whether mutated N-RAS would efficiently 
sensitize melanoma cells to apoptosis after PKCδ inhibition is unknown.) 
 
- Importantly, our prior work has also suggested that aberrant activation of downstream RAS-
effector pathways, even in the setting of normal RAS proteins, can sensitize cells to PKCδ 
inhibition.1 BRAF (a downstream effector of RAS comprising an early component of the 
RAS/RAF/MEK/ERK signaling pathway) is activated by mutation (BRAFV600E) in 50–70% of 
melanomas. We predict that this activation of a RAS effector pathway by BRAF would make this 
subset of melanoma cells dependent upon PKCδ activity. Another major effector pathway 
leading from RAS is the RAS/PI3K/AKT signaling pathway. The tumor suppressor PTEN 
negatively-regulates the PI3K pathway. Loss PTEN activity, leading to aberrant PI3K/AKT 
activation, occurs in up to 40% of melanomas. Second Hypothesis: Aberrant activation of RAS 
downstream effector pathways, by the V600EBRAF mutation or PTEN loss, will sensitize 
melanoma cells to PKCδ inhibitors, even in the setting of wild-type N-RAS proteins. 
 
Resistance to the new highly-active BRAF-inhibitor drugs for melanoma unfortunately invariably 
arises in treated patients, generally through alternative routes leading to aberrant activation of 
RAS/RAF/MEK signaling. Resistance most commonly results from the new development of 
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activating mutations of NRAS, or activation of receptor tyrosine kinases (RTKs), like the PDGF-
Rβ which then cause aberrant activation of (normal) RAS proteins. Interestingly, our published 
studies have indicated that cell survival during pathological, chronic activation of even normal 
cellular RAS proteins requires PKCδ-dependent survival pathways.1 Chronic activation of the 
PDGF-Rβ should cause chronic aberrant activation of the normal cellular Ras proteins, 
mimicking a mutated RAS state. Our targeted approach may therefore have anti-tumor activity 
in melanomas that have relapsed after an initial response to the new BRAF inhibitors. Third 
Hypothesis: Melanomas which have become resistant to BRAF-inhibitor drugs [by virtue of new 
mutations in NRAS or chronic activation of upstream RAS activators (PDGF-Rβ)] will be 
sensitive to PKCδ inhibition. 
 
Innovation: N-Ras signaling is an attractive target for therapy of melanoma, but approaches 
aimed at Ras itself, or its critical signaling pathways, which are required in normal tissues, have 
had limited success. This “non-oncogene addiction” approach, however, exploits a weakness of 
tumor cells with aberrant activation of N-Ras or N-Ras effectors – their absolute requirement for 
a survival pathway mediated by PKCδ. In contrast, normal cells and tissues do not require 
PKCδ.  
 
Impact: Current therapies for advanced melanoma are inadequate, and aberrant activation of 
N-Ras or Ras pathways is common in melanoma. A novel therapeutic modality selectively 
targeting melanomas with activation of Ras or Ras pathways would make a significant impact 
on the way melanoma is treated. 
 

2. Keywords 
 
Protein kinase; RAS; melanoma; synthetic lethality; non-oncogene addiction; kinase inhibitor 
 

3. Overall Project Summary:  
 
 
General Materials and Methods 
 
Reagents 
 
BJE6-106 and BJE6-154 were synthesized, the details of which will be reported elsewhere. 
Rottlerin, PLX4032 (vemurafenib), propidium iodide, and RNase A were purchased from Axxora 
(San Diego, CA), LC Labs (Woburn, MA), Sigma-Aldrich (St. Louis, MO) and Fisher Scientific 
(Pittsburgh, PA),  respectively. Z-VAD-FMK was purchased from R&D Systems (Minneapolis, 
MN) and Enzo Life Sciences (Farmingdale, NY). Antibodies against phospho-SAPK/JNK 
(Thr183/Tyr185) (#4668), SAPK/JNK (#9252), phospho-Histone H2A.X (Ser 139) (#2577), 
Histone H2A (#2578), phospho-SEK1/MKK4) (#4514), SEK1/MKK4 (#9152), phospho-MKK7 
(Ser271/Thr275) (#4171), MKK7 (#4172), phospho-c-Jun (Ser63) (#9261), c-Jun (#9165), 
phospho- ERK1/2 (Thr202/Tyr204) (#4370), phospho-p38 (Thr180/Tyr182) (#4511) and p38 
(#9212) were purchased from Cell Signaling Technologies (Danvers, MA). Antibodies against 
ERK1 (K-23) and PKCδ (#610398) were purchased from Santa Cruz Biotechnology (Dallas, TX) 
and BD Biosciences (San Jose, CA), respectively. Antibodies against ±-Tubulin (#T6074), ² -
Actin (#A1978) and GAPDH (#G8795) were purchased from Sigma-Aldrich. ON-TARGETplus 
SMART pool siRNA against JNK1 (L-003514), JNK2 (L-003505), H2AX (L-011682) and Non-
targeting siRNA #1 (D-001810-01) were purchased from Dharmacon (Lafayette, CO). Silencer 
Select siRNA against PKCδ (PRKCD) was purchased from Life Technologies (Carlsbad, CA).  
 
Cell culture, siRNA transfection, plasmid stable transfection & PLX4032-resistant sub cell lines 
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SBcl2 was generously provided by the Department of Dermatology, Boston University School of 
Medicine (Boston, MA). A375 and SKMEL5 were generously provided by Dr. Remco Spanjaard 
(Boston University School of Medicine, Boston, MA). WM1366, WM1361A, WM852, FM28, 
FM6, SKMEL2 and SKMEL28 were generously provided by Dr. Anurag Singh (Boston 
University School of Medicine, Boston, MA). RAS or BRAF mutations were verified by 
sequencing. SBcl2 and A375 and its derivative lines were maintained in Dulbecco’s modified 
Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum. SKMEL5 was maintained 
in minimum essential medium (MEM) supplemented with 10% fetal bovine serum. All media 
were additionally supplemented with L-glutamine 2mM, penicillin 100 units/ml and streptomycin 
100µg/ml. siRNA transfection was performed by reverse transcription using Lipofectamine 
RNAiMax (Invitrogen [Carlsbad, CA]) according to the product protocol, and media was 
changed the following day of transfection. PLX4032-resistant cell sublines were established 
according to the method described.1 Briefly, A375 and SKMEL5 cells were plated at low cell 
density and treated with PLX4032 at 1µM or 0.5µM, respectively. The concentration of PLX4032 
was gradually increased up to 4µM (A375) or 2µM (SKMEL5) over the course of a 3-4 week 
period, and clonal colonies were picked. Derived sublines of A375 and SKMEL5 were 
maintained in PLX4032-containing medium at 1-2µM (A375) or 0.5µM (SKMEL5). 
 
Cell proliferation & Caspase assays 
 
Cell proliferation assays (MTS assay) and caspase assays were performed with CellTiter 96 
AQueous Non-Radioactive Cell Proliferation Assay kit and Caspase-Glo 3/7 Assay Systems 
(Promega [Madison, WI]) according to the manufacturers’ protocols. Briefly, for the assays 
employing inhibitors, cells were plated in a 96-well plate (500-4000 cells per well depending on 
the cell lines and duration of the experiment), exposed to inhibitors 24 hours later and cultured 
for the durations indicated in the individual figure legends. For the assays employing siRNA, 
cells were plated the day of siRNA transfection, cultured for the duration indicated in the figure 
legends, and if indicated, treated with inhibitors. After the indicated treatment times, assay 
reagent was added and cell plates were incubated for 1 hour at 37°C (MTS assay) or 30 
minutes at RT (caspase assay). Absorbance at 490nm (MTS assay) or luminescence (caspase 
assay) were measured using microplate readers for quantification. 
 
Clonogenic colony assay 
 
Cells were treated with drugs for the time indicated in the figure, and then the same number of 
viable cells from each treatment was replated at low cell density and cultured in medium without 
inhibitors for 8 days, at which time colony formation was quantitated. Cell colonies were stained 
with ethidium bromide for visualization on an ImageQuant LAS 4000 (GE Healthcare [Little 
Chalfont, United Kingdom]) and colonies enumerated.  
 
DNA fragmentation assays 
 
Cells were harvested and fixed in 1 ml of a 35% ethanol/DMEM solution at 4°C for 30 min. Cells 
were then stained with a solution containing 25 µg/ml of propidium iodide/ml and 50 µg/ml of 
RNase A in PBS and incubated in the dark at 37°C for 30 min for flow cytometric analysis. The 
proportion of cells in the sub-G1 population, which contain a DNA content of less than 2N 
(fragmented DNA), was measured as an indicator of apoptosis.  
 
Immunoblotting  
 
Whole cell lysates were prepared in a buffer containing 20mM Hepes (pH 7.4), 10% glycerol, 
2mM EDTA, 2mM EGTA, 50mM ² -glycerophosphate and 1% Triton-X100, 1mM dithiothreitol 
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(DTT) and 1mM sodium vanadate, supplemented with Halt Protease and Phosphatase Inhibitor 
Cocktail (100X) (Thermo Scientific [Waltham, MA]). Lysates were subjected to SDS-PAGE and 
transferred to nitrocellulose membranes. Membranes were blocked at RT for 1-1.5h with 5% 
BSA or 5% non-fat dry milk in TBS-T (10mM Tris [pH 7.5], 100mM NaCl, 0.1% Tween 20) and 
probed with the appropriate primary antibodies (1:500-1:10,000) overnight. After washing, the 
blots were incubated with horseradish peroxidase-conjugated secondary antibodies (1:2000-
1:10,000) and visualized using the ECL system (GE Healthcare) on an ImageQuant LAS 4000. 
 
Quantitative real-time PCR 
 
RNA was extracted with RNeasy Mini kit purchased (Qiagen [Venlo, Netherlands]) according to 
the manufacturer’s protocol. 1µg of RNA was used to synthesize cDNA in a 20 µl reaction 
volume employing SuperScript III First-Strand Synthesis System (Invitrogen) or QuaniTect 
Reverse Transcription Kit (Qiagen) according to the product protocol. Quantitative real-time 
PCR was performed with SYBR Green PCR Master Mix (Applied Biosystems (now under Life 
Technologies)) according to the manufacturer’s protocol. Briefly, cDNA was diluted to a final 
concentration of 25ng per reaction, added to a primer set (5 µM) and SYBR Green PCR Master 
Mix to a final volume of reaction mixture of 20 µl, and run on an Applied Biosystems 7500 Fast 
Real-Time PCR system using the following thermal cycling protocol: 50°C for 2 min, 95°C for 10 
min, and 40 cycles of 95°C for 15 sec and 60°C for 1 min. The relative amount of an mRNA of 
interest was calculated by normalizing the Ct value of the mRNA to the Ct of the internal control 
(² -actin). Primer sequences were: H2AX Forward: 5’-CAACAAGAAGACGCGAATCA-3’, H2AX 
Reverse: 5’- CGGGCCCTCTTAGTACTCCT-3•, ² -actin Forward: 5’- 
GCTCGTCGTCGACAACGGCTC-3•, ² -actin Reverse: 5’-
CAAACATGATCTGGGTCATCTTCTC-3’ 
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TASK 1: Testing N-RAS-mutant human melanoma cells for apoptosis after inhibition or down-
regulation of PKCδ: 
 
Status: Completed.  Please see the attached publication Takashima, et al, 2014, and 
supplementary data, also attached, for complete details.  
 
Takashima, A., Chen, Z., English, B., Williams, R.A., Faller, D.V. Protein kinase C ´  is a 
therapeutic target in malignant melanoma with NRas mutation or BRaf inhibitor-
resistance. 2014. ACS Chemical Biology, 2014 9(4):1003-14. PMC4160068 
 
 
Methods: Methods: Inhibition of PKC  by s iRNA, d      
of PKCδ protein levels, and assay of relative cell numbers at 48 or 72 hrs, compared to control 
siRNA. MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium) assay for enumeration of cells after treatment. PI staining with flow cytometry or 
LDH (Lactate Dehydrogenase) release assay will be used to document apoptosis in at least one 
responsive cell line from each group. 
Cell lines to be tested include (depending upon their susceptibility to siRNA transfection):  

- at least 3 of the following mutant N-RAS cell lines: SKMEL2, SBCl2, FM-28, SKMEL30, 
IPC-298 

- at least 2 of the following wild-type N-RAS melanoma cell lines: A375, A2058, and 
SKMEL5 

 
Assays: MTS assay for enumeration of cells at 48 and 72 hrs after treatment. LDH release 

assays or flow cytometry assays to assess cytotoxicity  
 
 
Results:  
siRNA – The rationale for PKCδ as a target for a NRAS-specific therapy is supported by prior 
reports: 1) PKCδ inhibition preferentially inhibits the growth of pancreatic cancer cells with 
KRAS mutations (which are also prominent in many types of cancers with particularly high 
prevalence and mortality rates), and similarly inhibits cells into which activated KRAS or HRAS 
have been ectopically introduced, as well as a variety of other tumor cell lines with RAS 
mutations.2-5 PKCδ is not required for the proliferation or survival of normal cells or organisms.3-5  
 
To validate the potential of this synthetic lethal approach targeting PKCδ in melanomas with 
NRAS mutations, we first examined the effect of PKCδ-selective inhibition on cell growth by 
knocking down PKCδ protein expression in multiple melanoma cell lines harboring NRAS 
mutations, using siRNA. MTS assays were conducted daily starting 3 or 4 days after siRNA 
transfection to quantitate the number of viable cells. Transfection reagent alone (without siRNA) 
served as a vehicle control. Even partial knockdown of PKCδ protein significantly inhibited 
proliferation of multiple melanoma cell types with NRAS mutations, including SBcl2, FM28, FM6 
and SKMEL2 cells (Figure 1). Although transfection with negative-control siRNA produced 
slight cytotoxicity in some cell lines, the resulting proliferation curves did not differ significantly 
from those of vehicle control in these cell lines. Interestingly, the degree of protein knockdown, 
quantified by densitometric analysis, did not appear to be the sole factor in determining the 
degree of growth inhibitory effect by siRNA transfection, as these parameters did not always 
correlate among the cell lines. It is likely that some cell lines are more susceptible than others to 
cell growth inhibition resulting from PKCδ downregulation.  
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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 to 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 si 
PKCδ on the last assay day (p < 0.006). Downregulation of PKCδ protein on the first assay day 
was assessed by immunoblot analysis. The relative band intensity of PKCδ was indicated below 
the image (normalized to loading controls, ² -actin, ±-tubulin or GAPDH) (from Takashima, et al, 
2014).  
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These cell survival assays verified that PKCδ can be a potential therapeutic target for 
melanomas with NRAS mutations. 
 
Small Molecule inhibitors. We describe the development of new specific PKCδ inhibitory 
molecules, and then show the results of the testing of these compounds on prostate cancer cell 
lines. 
 
Pharmacophore Modeling and Development of new PKCδ Inhibitors: Highly isotype-specific 
PKCδ-inhibitory small molecules had not been identified by others to date. With our discovery 
and genetic validation that PKCδ is the specific target molecule for this Ras-targeted approach, 
we generated a pharmacophore model based on molecular interactions with “novel” class PKC 
isozymes. We established an initial pharmacophore model for PKCδminhibitors, using 
mallotoxin/rottlerin [Lead Compound 1 (LC-1)] as a prototype structure for a moderately PKCδ -
specific inhibitor (IC50=5µM), and incorporated protein structural data for PKCθ, another member 
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of the “novel” group of PKC enzymes, which is also inhibited by mallotoxin. LC-1 is a naturally-
occurring product, with moderate aqueous solubility, and oral bioavailability. It inhibits purified 
PKCδ at an IC50 of 3-5 µM in vitro, and inhibits PKCδ in cultured cells with an IC50 of 5 µM in vivo 
(but at 0.5 µM with exposure for >24 hrs, because of down-regulation of the PKCδ protein). It is 
relatively selective for PKCδ over PKCα (PKCα IC50:PKCδ IC50 is approximately 30:1). 
Furthermore, as we have published, this compound not only directly inhibits purified PKCδ, but 
also, over longer periods of exposure, significantly down-regulates PKCδ protein specifically, 
while having no effect on the levels of other PKC isozymes.5 Thus, this compound inhibits PKCδ 
at two levels. We have demonstrated “Ras-specific” activity of this compound in a number of 
publications and assays (see above). Daily i.p. doses of up to 40 mg/kg (800 µg/20 g) in mice do 
not produce any overt toxicity in our xenograft studies or others. Stability: Informal stability testing 
demonstrates >95% stability as a powder at room temp for >6 months. Toxicology: Pilot and 
published toxicity data indicate that the compound has a low toxicity profile (lowest lethal dose = 
750 mg/kg, rat oral); 120 mg/kg (oral 6-day rat study) is the lowest toxic dose.6,7 This relative 

safety, combined with its in vivo efficacy, makes Lead Compound I attractive as a starting point 
for modification and drug development. We have demonstrated that better therapeutic candidates 
can be developed from it. The rationale for the development of new inhibitors was to improve the 
PKCδ -selectivity and potency. [Potential limitations on LC-1 itself as a therapeutic agent (despite 
its in vivo safety and activity) include its lack of high specificity for PKCδ, its off-target effects, 
including inhibition of Cam Kinase III, MAPKAP-K2, and PRAK1 at IC50s of <10 µM; its non-PKC-
mediated effects on mitochondrial uncoupling and modulation of death receptor pathways;  and 
the lack of composition-of-matter IP around it, which would preclude eventual clinical 
development by big pharma.] 
 
 We designed and synthesized a 2nd generation set of analogs. In Analogs 1 and 2, the 
“head” group (A) was been made to resemble that of staurosporine, a potent general PKC 
inhibitor and other bisindoyl maleimide kinase inhibitors, with domains B and C conserved to 
preserve isozyme specificity. Ease of synthesis was a major factor in the design of this head 
group. Analogs 3 to 5 have “head groups” from other known kinase inhibitors: 1) Analog 3 from 
the crystal structure of an inhibitor bound to CDK2 (pdb code: 1FVT); 2) Analog 4 based on 
purine, found in a number of different potent kinase inhibitors; and 3) Analog 5 from a potent 
inhibitor of aurora kinase (pdb code 2F4J). The first 2nd generation chimeric molecule, KAM1, 
was indeed active, and more PKCδ -specific (see Table 2, below), and showed activity against 
cancer cells with activation of Ras or Ras signaling. Another 2nd generation compound we 
generated (CGX, with a very different composition but which fit the pharmacophore model) has 
demonstrated activity against multiple human cancer cell lines with activated K- or H-Ras alleles 
in vitro and in vivo in animal models. On the basis of SAR analysis of KAM1, we generated 36 
new 3rd generation compounds (Table 3). 
 

The PKCδ inhibitory activity and isozyme-specificity of the 36 3rd generation analogs was 
assayed in vitro, using recombinant PKC isozymes, prior to comparative testing on prostate 
cancer cell lines.  
 
Method: These assays utilize fluorogenic FRET detection (Z-lyte, R&D Systems) technology and 
peptide substrates, are robust and validated, and have been used to screen the 2nd and 3rd 
generation PKCδ inhibitors we have synthesized.  
 
Results: 

1. PKCδ Activity Assays of 3rd Generation Compounds 
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Table 1: Summary PKCδ and PKCα 
inhibitory activity of 36 3rd generation 
compounds, expressed as IC50. Summary of 
relative cytotoxicity on multiple cancer cell 
lines, relative to rottlerin (from Takashima, et 
al, 2014).  
 

 

 
Table 2 

 

PKCd inhibitors 
 

 

 

Compounds were tested at 0.01, 0.05, 0.1, 0.5, 
1.0, 5, 10 and 50 µM. and results were shown in 
prior progress report. The selectivity of the 
inhibitors for PKCδ were assessed by comparison 
with PKCδ inhibitory activity, using recombinant 
PKCδ enzyme and FRET substrate.  
 
The information from the enzymatic 
activity/inhibitor assays above were compiled into a 
summary table (Table 1) for purposes of 
comparison. 
Interpretation: Certain of the 3rd generation 
compounds show substantially greater PKCδ 
inhibitory activity and specificity than LC-1 or 2nd 
generation compounds. For example, one such 
novel compound (“B106”) is much more potent 
than LC-1 (Table 1), producing substantial 
cytotoxicity against Ras-mutant tumor lines at 
concentrations ~40 times lower than LC-1. This 
compound is also active in vivo, in a Ras-mutant 
cell xenograft assay. Both LC-1 and B106 
dramatically inhibited clonogenic capacity of Ras-
mutant tumor cell lines after as little as 12 h 
exposure. A newer derivative of this particular 
compound (CGD63), not yet optimized with respect 
to drug-like properties, has a PKCδ IC50 in the 
range of 0.05 µM (compared to 3 µM for LC-1), is 
1000-fold more inhibitory against PKCδ than PKCα 
in vitro, and produces cytotoxic activity against 
Ras-mutant cells at nM concentrations. (Specificity 
for PKCδ over classical PKC isozymes, like PKCα, 
is important: inhibition of PKCα is generally toxic to 
all cells, normal and malignant, and would make 
our agent non-“tumor-targeted.”) We are therefore 
seeking to maximize PKCδ -isozyme-specificity for 
the inhibitors to retain the tumor-targeted cytotoxic 
properties. We will eventually test selected 
inhibitors against an entire panel of recombinant 

PKC isozymes, including the classical, novel and 
atypical classes. 
 
Table 2 compares the 3 generations of PKCδ -
inhibitory compounds tested to date. 
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3. Testing of 3rd Generation PKCδ Inhibitor Compounds in Melanoma Cell lines  
 
 

Materials and Methods:                                           
•  Cells were grown on 60 mm tissue 
culture dishes, seeded to 1 x 105 cells per 
well: 
•  Cells were allowed to grow 24 hrs at 
37oC and 5% CO2. 
•  On treatment day, media was 
removed from each plate and replaced 
with either vehicle or test compound in 
growth media 
 DMSO (vehicle for compounds)  
 Compounds tested at various 
concentrations 
• At 48 or 72 hrs, cells were harvested, 

and viable cell mass quantitated via MTT or MTS assay. 
 
We initially tested the entire panel of 36 3rd generation compounds against human cancer cell 
lines with an activating Ras mutation. The compounds were prepared in stock solutions. We 
found that certain 3rd generation compounds (106, 147, 149, 112 and 159) showed toxicity 
against this cell line comparable to LC-1 or greater than LC-1. Compound 106 (“B106”) 
consistently showed the most consistent and highest activity and was chosen as the lead 
compound for the subsequent studies.  
 
B106 was tested at multiple concentrations against a panel of human melanoma cell lines with 
activation of Ras signaling pathways, and compared to LC1 (rottlerin) or vehicle. 
 
Approach: 
 
MTS Assay: SBcl2. FM6, WM1366, SKMEL2, WM1361A, and WM852 + vehicle (DMSO), or 2 
or 5uM Rottlerin or 0.2 or 0.5 uM B106 or 5 uM B154 (negative control compound) x 96hrs. 
Treated on 3rd day after plated cells. 
 
Objective: 

• To quantitate effects of small molecule PKC  inhibitors  on me la noma  cell lines. 
 
Materials and Methods 

• Day 0:  Cell plating day 
– Cells were plated at 2000 cells per well  in 96 well plates.  Quadruplicate 

samples were plated and grown at 37oC in 5% CO2.  Cells were allowed to grow 
for three days. 

– melanoma cells:  10%FBS (Invitrogen); Dulbecco’s Modification of Earle’s Media 
(MediaTech); 2mM L-Glutamine (Invitrogen); 200 U Penicillin/ml; 200ug 
Streptomycin/ml (Invitrogen); 0.015M HEPES; Passage 10. 

• Day 3:  Treatment day 
– Media was removed from each well and replaced with 0.1ml of treatment 

prepared in fresh growth media and filter sterilized: 
• DMSO (Fisherbrand), vehicle. 
• Rottlerin (EMD Chemical), 40 mM stock in DMSO, aliquoted, not re-

frozen. 
• B106, 40 mM stock in DMSO, aliquoted, not re-frozen. 

 
Table 3 (from Takashima, et al, 2014) 
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• B154, 40 mM stock in DMSO, aliquoted, not re-frozen. 
 

• Day 4 (24 hr tmt), Day 5 (48 hr tmt), Day 6 (72 hr tmt), Day 7 (96 hr tmt): 
– Observations were made on the confluency of treated cells compared with 

vehicle treatment. 
 

• MTS Assay was performed at each time point (CellTiter 96 Aqueous One Solution Cell 
Proliferation Assay (Promega)) as described by manufacturer. 

– 20 ul of the assay buffer was added to each well.  Cells were incubated for one 
hour at 37oC in 5% CO2 humidified atmosphere. 

– The absorbance at 490 nm was read on the Molecular Devices, SpectraMax 190 
plate reader. 

 
 
Results and Interpretation: 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 rottlerin or B106 using multiple melanoma 
cell lines with NRAS mutations, including SBcl2, FM6, SKMEL2, WM1366, WM1361A and 
WM852 (Figure 2A). Cells were exposed to rottlerin (2 or 5µM) or B106 (0.2 or 0.5µM) and 
viable cells were quantitated at 24, 48 and 72 hours after treatment. Rottlerin consistently 
inhibited proliferation of all cell lines at 5µM, and intermediate inhibitory effects were observed at 
2µM. The 3rd generation PKCδ inhibitor B106 effectively inhibited growth of all cell lines tested at 
0.5µM, and at 0.2µM 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. Exposure to B154 at 2µM 
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. These assays demonstrated the greater potency of B106 on tumor cell growth 
inhibition in comparison to rottlerin, with activity at nanomolar concentrations. A clonogenic 
colony assay was performed using SBcl2 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 
of cells while being exposed to a compound, clonogenic assays assess irreversible effects on 
cell viability and proliferative capacity, which are likely more relevant to potential clinical 
application. Cells were exposed to rottlerin or B106 for 12, 24 or 48 hours and then re-plated in 
medium without inhibitors, and the difference in colony-forming ability of cultures was assessed. 
Both rottlerin and B106 treatment significantly decreased the number of colonies formed in 
SBcl2 cells after as little as 12 hours of treatment, and approximately 40-fold reduction in the 
number of colonies was observed with 48 hours of drug treatment (Figure 2B). These results 
demonstrate an irreversible cytotoxic effect of these PKCδ inhibitors on tumor cell growth, and 
dose-dependency (Figure 2C).  
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Figure 2A: PKCδ inhibitors suppress cell survival in melanoma cell lines with NRAS mutation. 
(A) PKCδ inhibitors suppress cell survival in melanoma cell lines with NRAS mutation. SBcl2, 
FM6, SKMEL2, WM1366, WM1361A and WM852 cells were exposed to rottlerin (2 or 5µM) or B106 
(0.2 or 0.5µM) for 24, 48 or 72 hours and MTS assays were performed at each time point. DMSO and 
B154 (2µM) 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 5µM, or DMSO and B106 0.5µM in each cell 
line at 72 hours (p < 0.0002) (from Takashima, et al, 2014).  
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Cytotoxicity Assays 
 
Inhibition of PKCδ activity triggers caspase-dependent apoptosis 
 
We next determined how PKCδ inhibition results in suppression of tumor cell growth in 
melanoma. Apoptosis, which can be initiated by various stimuli, intrinsic or extrinsic inducers, is 
mediated in many cases by a proteolytic cascade of caspases, a family of cysteine proteases. 
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 events, including 
DNA fragmentation. To explore the possible involvement of apoptosis in the cell growth 
inhibition induced by PKCδ inhibition, the activity of effector caspases 3 and 7 was assessed in 
cells treated with PKCδ inhibitors. Twenty-four hours of exposure to rottlerin (5µM) or B106 (0.2 
and 0.5 µM) significantly increased the activity of caspase 3/7 in SBcl2 cells compared to 
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Figure 2B: PKCδ inhibitors suppress cell 
survival in melanoma cell lines with NRAS 
mutation. (B) PKCδ inhibitors induce 
irreversible effect on cell growth. SBcl2 cells 
were treated with rottlerin or B106 at 5µM for 0, 
12, 24 or 48 hours. 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 stained 
with ethidium bromide for visualization and 
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 h (from Takashima, et al, 
2014).  
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vehicle (DMSO) (Figure 3A). The effect of 
B106 on caspase 3/7 activation was greater 
than that of rottlerin: a 10-fold increase at 
0.2µM and a 12.5-fold increase at 0.5µM of 
B106, in contrast to a 5-fold increase by 
rottlerin at 5µM. The negative-control 
compound B154 did not induce the activity of 
caspase 3/7. 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 
following propidium iodide staining of DNA. 
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 5µM and even higher after 
treatment with B106 at 0.5µM, 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. Z-VAD-FMK irreversibly binds 
to the catalytic site of caspase proteases and 
prevents caspases from being cleaved and 
activated. Pre-treatment of cells with Z-VAD-
FMK (50µM) 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 (100µM) (Figure 3B). Exposure to 
Z-VAD-FMK alone produced only a similar 
fraction of sub-G1 cells as did vehicle or B154 
treatment. Taken together, these data 
suggest that PKCδ inhibition attenuates tumor 
cell growth by inducing caspase-dependent 

apoptosis in NRAS-mutant melanoma cells.    

 
Figure 2C: Titration of PKC´  inhibitor treatment. 
The expanded doses of B106 (0.1 µM and 2 µM) 
in the MTS assay in SBcl2. ** indicates a p value 
less than 0.5 between treatment of 2 µM of 
rottlerin and B106 (from Takashima, et al, 2014). 
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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 5µM) or B106 
(0.2 or 0.5µM) for 6, 12 or 24 hours and caspase 3/7 activity was 
measured by luminogenic assay at each time point. DMSO and 
B154 (1µM) served as a vehicle control and a negative compound 
control, respectively. The average values of triplicate were 
normalized to that of vehicle-treated sample at 6 hours. Error bars 
indicate the standard deviations. P values: ** p < 0.003, * p < 
0.0002. (B) DNA fragmentation induced by PKCδ inhibition. 
SBcl2 cells were treated with rottlerin (5µM), B106 (0.5µM) alone, 
or B106 (0.5µM) plus pan-caspase inhibitor Z-VAD-FMK (100µM) 
together for 24 hours. The proportion of sub-G1 population was 
measured by flow cytometric analysis following propidium-iodide 
staining of DNA. DMSO and B154 (0.5µM) served as a vehicle 
control and a negative compound control, respectively. Values 
represent the average of duplicates and error bars indicate the 
standard deviations. P values: ** p < 0.04, * p < 0.004(from 
Takashima, et al, 2014).  
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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, 
NFºB pathway, cyclin-
dependent kinase inhibitors, 
p53, IAPs, GSK3²  or c-Abl. 
Inhibition of PKCδ activity in 
SBcl2 cells by B106 induced 
phosphorylation (activation) 
of JNK1/2 (T183/Y185) most 
strongly after two hours of 
exposure, with 
phosphorylation diminishing 
subsequently (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 hours (when effects of siRNA on PKCδ levels were first 
observed), whereas transfection of negative-control non-targeting siRNA did not affect JNK1/2 
phosphorylation (Figure 4B). Transfection of PKCδ-specific or negative control siRNA did not 
affect phosphorylation levels of ERK or p38. 
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Figure 4: PKCδ inhibition triggers an apoptotic response through activation of JNK. (A, B) PKCδ 
inhibition activates JNK. SBcl2 cells were exposed to  B106 (1µM) or negative control compound 
B154 (1µM) for indicated times (A) or transfected with siRNA targeting PKCδ (“siPKCδ”) or non-
targeting siRNA (“siControl”) at 5nM for the indicated times (B). Protein lysates were subjected to 
immunoblot analysis for levels of phosphorylated or total MAPK proteins. Phosphorylation sites: p-
JNK1/2 (T183/Y185), p-ERK1/2 (T202/T204), p-p38 (T180/Y182). (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 (5nM), or the combination of JNK1 and JNK2 siRNA (5nM each), or non-
targeting siRNA (10nM) for 72 hours, and subsequently treated with B106 (0.5µM) or vehicle (DMSO) 
for 6, 12 and 24 hours. Caspase 3/7 activity was measured by luminogenic assay at each time point. 
The average values of triplicates were normalized to that of the vehicle-treated sample at 6 hours 
between the pairs of the same siRNA. Error bars indicate the standard deviations. P values: * p < 
0.005. Downregulation of JNK1/2 proteins were confirmed by immunoblot analysis. Cells were lysed 
after 72 hours of siRNA transfection. Each of the two bands detected in immunoblotting with JNK1/2 
antibodies represent assembly of different splicing variants from both JNK1 and 2 isoforms. Levels of 
GAPDH served as a loading control (from Takashima, et al, 2014).  
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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. Because of the data demonstrating that PKCδ inhibition 
causes caspase-dependent apoptosis (Figure 3) and JNK activation (Figures 4A and 4B), the 
effect of inhibition of the JNK pathway during B106 treatment was explored to 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 
hours, and then exposed to B106 or DMSO (vehicle) for 6, 12 or 24 hours, followed by 
measurement of caspase activity (Figure 4C). Analysis at 24 hours 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, as determined by immunoblot analysis. These data indicated that JNK is a necessary 
mediator of the apoptotic response induced by PKCδ inhibition. 
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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 treated with  B106 
or negative control compound B154 at 1µM for the indicated times. Protein lysates were subjected to 
immunoblot analysis for phosphorylated or total levels of the upstream (MKK4, MKK7) and the 
downstream (H2AX, cJun) components of JNK signaling. Levels of ±-tubulin served as a loading 
control. Phosphorylation sites: p-MKK4 (S257), p-MKK7 (S271/T275), p-H2AX (S139), p-cJun (S63). 
(B) Selective downregulation of PKCδ results in phosphorylation of H2AX. SBcl2 cells were 
transfected with siRNA targeting PKCδ (“si PKCδ”) or non-targeting (“siControl”)  at 50nM for the 
indicated times. Protein lysates were subjected to immunoblot analysis for phosphorylation and total 
expression levels of H2AX and PKCδ protein. Levels of GAPDH served as a loading control. (C) 
PKCδ inhibition activates H2AX through JNK. SBcl2 cells were transfected with siRNA targeting 
JNK1 and JNK2 together (5nM each) or non-targeting siRNA (10nM) for 72 hours and subsequently 
treated with B106 (0.5µM) or vehicle (DMSO) for 10 hours. Protein lysates were subjected to 
immunoblot analysis for phosphorylation and total expression levels of H2AX and JNK. Levels of 
GAPDH served as a loading control (from Takashima, et al, 2014).  
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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 (as assessed by activating phosphorylation) whereas MKK7 was not 
(Figure 5A). 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, was noted at later time points in response to B106 
treatment (Figure 5A). B106 consistently induced H2AX phosphorylation as early as 10 hours 
(times later than 24 hours were not studied because significant cytotoxicity is occurring after this 
time). 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 hours after 
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PKCδ siRNA transfection, but not in the cells transfected with negative-control siRNA (Figure 
5B). This temporal course was consistent with the observation above of H2AX phosphorylation 
subsequent to the initiation of the MKK4/JNK cascade activation seen with PKCδ inhibitor 
treatment (Figure 5A). To ensure that activation of JNK pathway by B106 is not a cell-type-
specific response, these pathway effectors were examined in another NRAS mutant melanoma 
cell lines WM1366. PKCδ inhibition by B106 treatment similarly induced phosphorylation of 
MKK4, JNK and H2AX in WM1366 cells (data not shown). 
 
Because JNK affects diverse downstream effectors, we next determined whether JNK activation 
caused by PKCδ inhibition is directly linked to B106-induced H2AX activation. Cells were 
transfected with either negative-control siRNA or JNK1/2-specific siRNA for 72 hours and then 
exposed to vehicle or B106 for another 24 hours. 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 5C). B106 exposure robustly induced phosphorylation of 
H2AX in control siRNA-treated cells (Lane 3, Figure 5C) as expected; in comparison, prior 
downregulation of JNK1/2 protein by siRNA attenuated B106-induced H2AX phosphorylation 
(Lane 4, Figure 5C). These findings confirmed that JNK lies upstream of H2AX, because H2AX 
is not activated in response to PKCδ inhibitors in the absence of JNK, supporting a model in 
which inhibition of PKCδ by B106 causes JNK/H2AX pathway signaling.    
 
Collectively, these data suggest that PKCδ inhibition in cells containing mutated NRAS activates 
MKK4, directly or indirectly, 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-strand 
breaks in the DNA damage response, recent studies have demonstrated that phosphorylation of 
H2AX resulting from JNK activation actively mediates the induction of apoptosis.6 Our findings 
of PKCδ inhibition-induced activation of the JNK/H2AX pathway and caspase-dependent 
apoptosis raised the possibility that inhibition of PKCδ activity caused caspase-dependent 
apoptosis through activation of the JNK/H2AX pathway. 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 hours and then exposed to B106 for 6, 12 
or 24 hours, with subsequent assay of caspase 3/7 activation. Downregulation of H2AX prior to 
B106 treatment greatly decreased the level of caspase 3/7 activation at 24 hours of B106 
exposure compared to the cells pre-treated with control siRNA (Figure 6A).  
 
Subsequently, in order 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. Similar to the experiment in Figure 6A, SBcl2 cells were transfected with either negative-
control siRNA or siRNA targeting H2AX for 72 hours, and then subjected to PKCδ inhibition by 
B106 treatment for the next 24 hours. DNA fragmentation was assessed by flow cytometric 
analysis following propidium iodide staining of DNA. 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, induced by transfection of siRNA targeting H2AX (Figure 6B). B106-
induced DNA fragmentation in the cells with H2AX downregulation was significantly reduced 
compared to that in the cells with H2AX expression, 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. 
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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 5nM for 72 hours, and 
subsequently treated with B106 (0.5µM) or vehicle for 6, 12 or 24 hours. Caspase 3/7 activity was 
measured by luminogenic assay at each time point. The average values of triplicates were normalized to 
that of the vehicle-treated sample at 6 hours between the pairs of the same siRNA. Error bars indicate 
the standard deviations. P values: * p < 0.005. Downregulation of H2AX was confirmed by quantitative 
PCR. mRNA was extracted 72 hours after siRNA transfection. (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 5nM for 72 hours, and subsequently exposed to B106 
(0.5µM) or vehicle for 24 hours. The proportion of sub-G1 population was measured by flow cytometric 
analysis following propidium-iodide staining of DNA. The average values of duplicate were normalized 
to that of the vehicle-treated sample between the pairs of the same siRNA. Error bars indicate the 
standard deviations. P value: * p < 0.0004. Downregulation of H2AX was confirmed by quantitative 
PCR. mRNA was extracted after 96 hours of siRNA transfection (from Takashima, et al, 2014).  
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Task: Testing the activities of next generation PKCδ inhibitors on non-transformed 
human cells, including primary human melanocytes and endothelial cells and other non-
tumor cells. 
 
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 7).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
The effects of the 3rd generation PKCδ inhibitors on other non-tumor cells was examined. The 
pZ-HPV-7 cell line was derived from primary human prostate epithelial cells by transformation 
with human papilloma virus. While not tumorigenic, they do exhibit some properties of 
transformed cells.  
 
Approach: MTS Assay: pZ-HPV-7 cells (Immortalized Prostate Epithelial Cells) were treated 
with Rottlerin or B106 at the indicated concentrations for 96 hrs. MTS assay was then carried to 
quantitate cell growth. 
 
Results: The pZ-HPV-7 cells were sensitive to PKCδ inhibition to some extent (Fig. 8). Whether 
this was caused by the transformation with HPV is not clear. 

 

Figure 8 

 
Figure 7: 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) (from Takashima, et al, 2014). 
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Fig. 10: Ang II/TGFβ stimulation of EndoMT in human 
dermal microvascular endothelial cells (HDMVECs) is 
partially abrogated by B106. A: Cells were stimulated with 
5µg/mL of Ang II for 24 hours. Note deregulation of Ve-
cad (green) and upregulation of Fsp1 (red) in Ang II 
treated cells. B106 (5 µM) partially restored membrane 
distribution of Ve-cad and prevented Fsp1 upregulation. 
B: qPCR analyses of the EMT-related genes in control 
and Ang II-stimulated cells in the presence or absence of 
B106. Mean±SD. 
  

A          B 

  
 

We decided therefore to examine the sensitivity of another epithelial cell line derived from a 
hormone responsive tissue, the breast epithelial cell line MCF 10A. 
 
Approach: 
 
MCF 10A cells were treated with Rottlerin or B106 at the indicated concentrations. MTS assay 
was then carried out at 24, 48 and 72 h to quantitate cell growth. 
 
 

 
Figure 9 
 
Results: The “normal” human epithelial cell line MCF 10A was insensitive to 1st and 3rd 
generation PKCδ inhibitors  (Fig. 9). For MCF 10A, IC50 for B106 was consistently >> 20 uM, 
and IC50 for rottlerin was also >> 20 uM at all timepoints.  
 
 
As an even more stringent assessment of the effects of 3rd gen PKCδ inhibitors on normal 
tissue, primary human microvascular endothelial cells were exposed to the compound in culture.  
 
Approach: 
 

In this particular experiment, primary 
human microvascular endothelial cells 
were exposed to vehicle, B106, 
angiotensin (and inducer of endo to 
mesenchumal transition),  or 
angiotensin + B106. Effects on 
morphology and gene induction were 
analyzed. 
 
 
Results: Normal human endothelial 
cells were insensitive to this 3rd 
generation PKCδ inhibitor at a 
concentration of 5 uM, as assessed 
by morphology (Fig. 10A) and 
induction of mesenchymal genes (Fig. 
10B).  
 

As the most stringent assessment of the effects of 3rd gen PKCδ inhibitors on normal tissue, 
B106 was infused into the dermis of mice over 4 days.  
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Approach: 
 
In this particular experiment, B106 (5 µM/day/mouse) was administered alone or together with 
the Ang II (an inducer of skin fibrosis) via the Alzet osmotic pump.  

 
 
Results: Treatment with B106 alone had a minimal effect on skin collagen content as assessed 
by picrosirius red staining (Fig. 11). Collagen deposition was markedly increased in the skin of 
Ang II treated mice as illustrated by the yellow and red birefringenence characteristic of the 
thicker, more densely packed collagen fibers and was visibly reduced by the addition of B106 
with weaker greenish birefringenece representing thinner, more loosely packed fibers 80. 
Treatment with Ang II + B106 showed reduced number of CD163+ macrophages (not shown) as 
well as myofibroblasts, when compared to Ang II treatment alone  (Fig. 11). 
 
Importantly, systemic administration of B106 in this model did not result in clinically apparent 
toxicity in these mice (as would be expected from the finding that PKCδ null mice grow and 
develop normally, and are fertile), indicating there is a therapeutic window for PKCδ inhibition.  
 
Interpretation: B106, a potent and selective 3rd generation PKCδ inhibitor, is not toxic to normal 
cells either in culture or and in vivo at therapeutic concentrations. 
 
 
Task: Testing the activities of 3rd generation PKCδ inhibitors on melanoma cancer stem 
cells (CSCs). 
  
These data are presented in the attached publication: Chen, Z., Forman, L.W., Williams, R.M. 
Faller, D.V.  Protein Kinase C-delta Inactivation Inhibits the Proliferation and survival of Cancer 
Stem Cells in culture and in vivo. 2014. BMC Cancer, 14: 90-98. PMC3927586. 
 
A Summary of these data is as follows: 
 
A subpopulation of tumor cells with distinct stem-like properties (cancer stem-like cells, CSCs) 
may be responsible for tumor initiation, invasive growth, and possibly dissemination to distant 
organ sites. CSCs exhibit a spectrum of biological, biochemical, and molecular features that are 
consistent with a stem-like phenotype, including growth as non-adherent spheres (clonogenic 
potential), ability to form a new tumor in xenograft assays, unlimited self-renewal, and the 
capacity for multipotency and lineage-specific differentiation. PKCδ is a novel class 
serine/threonine kinase of the PKC family, and functions in a number of cellular activities 
including cell proliferation, survival or apoptosis. PKCδ has been validated as a synthetic lethal 
target in cancer cells of multiple types with aberrant activation of Ras signaling, using both 

 

Fig. 11. B106 inhibits collagen 
deposition and myofibroblast 
accumulation in the Ang II treated mice. 
Top panels, representative 
histochemical staining with picrosirius 
red in the indicated conditions. 
Polarized images were obtained using 
the Olympus Bx41 microscope 
equipped with a digital camera. Bottom 
panels, αSMA-positive cells are 
indicated by arrows. 
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genetic (shRNA, dominant-negative PKCδ) and small molecule inhibitors. PKCδ is not required 
for the proliferation of normal cells, suggesting the potential tumor-specificity of a PKCδ-targeted 
approach. In this report, we demonstrate that CSC-like populations derived from multiple types 
of human primary tumors, including melanoma, from human cancer cell lines, and from 
transformed human cells require PKCδ activity and are susceptible to agents which deplete 
PKCδ protein or activity. Inhibition of PKCδ by genetic strategies or by novel small molecule 
inhibitors is growth inhibitory and cytotoxic to multiple types of human CSCs, including 
melanoma, in culture. PKCδ inhibition also efficiently prevents the selection of tumor sphere 
outgrowth from tumor cell cultures, with exposure times as short as six hours. Small-molecule 
PKCδ inhibitors also inhibit human CSC growth in vivo in a mouse xenograft model. These 
findings suggest that PKCδ may represent a new molecular target for cancer stem cell 
populations. 
 
 
Interpretation of TASK 1 results: 
 
Collectively, these results supported PKCδ as a potential therapeutic target in melanomas with 
NRAS mutation, including melanoma cancer stem cells. The new PKCδ inhibitor B106 
demonstrated activity at nanomolar concentrations, and will serve as a lead compound for future 
modifications. The compound also appears to be selective in its activity, sparing normal human 
epithelial cells, melanocytes and endothelial cells and is non-toxic in vivo. 
 
 
 
 
TASK 2: Determine whether aberrant activation of pathways downstream of Ras (in the setting 
of wild-type Ras alleles) will similarly sensitize human melanoma cells to PKCδ inhibition.  
 
Status:  Completed. Please see the attached publication Takashima, et al, 2014, and 
supplementary data, also attached, for complete details. 
 

2a) BRAF V600E melanoma cells which have developed resistance to BRAF inhibitors 
 Cell lines tested include:  

- A375 cell line and derivative lines selected for resistance to BRAF inhibitor 
- SKMEL5 cell line and derivative lines selected for resistance to BRAF inhibitor 
 

Methods: These lines were tested for susceptibility to PKCδ inhibition by at least 2 small 
molecule inhibitors of PKCδ (e.g., “B106” and “B154”) with assay of cell numbers at 24, 48, 
and 72 hrs by MTS assay. PI staining with flow cytometry or LDH (Lactate Dehydrogenase) 
release assay will be used to document apoptosis. 

 
Results and Interpretation 
 
BRAF inhibitor-resistant BRAF mutant melanoma lines are susceptible to PKCδ inhibition  
In the 50-70% of melanomas bearing BRAF mutations, the BRAF inhibitor PLX4032 
vemurafenib) produces dramatic clinical responses, but the inevitable development of 
resistance to the drug remains an ongoing challenge. One of the proposed models of PLX4032 
resistance involves secondary mutations of NRAS, or alternative mechanisms of activation of 
the RAS-MEK/ERK mitogenic pathway.7 Because our studies have demonstrated the 
effectiveness of PKCδ inhibitors in NRAS mutant cells, we sought to investigate whether PKCδ 
inhibition could be similarly effective in those BRAF mutant melanoma cells that have become 
refractory to a BRAF inhibitor (PLX4032). To test this hypothesis, we first generated BRAF 
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Figure 12: PKCδ inhibitors suppress tumor cell growth of 
PLX4032-resistant melanoma cells with BRAF mutation. (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 cells were 
continuously exposed to increasing concentrations of PLX4032 
up to 10µM (A375) and 2µM (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 1µM.  
(B): Mechanism of resistance. PLX4032-resistant cells (A375 
PLX-R3 and PLX-R5, SKMEL5 PLX-R1 and PLX-R4) were 
maintained in PLX4032 containing medium (4µM: A375, 2µM: 
SKMEL5). Fresh PLX4032-containing medium (4µM: A375, 
2µM: SKMEL5) was replaced with normal medium (no 
PLX4032) in parental cell plates and with PLX4032-containing 
medium in PLX-R cell plates 6 hours before lysing. Protein 
lysates were subjected to immunoblot analysis for 
phosphorylation (T202/T204) or total expression levels of ERK 
proteins. Levels of ² -actin served as a loading control (from 
Takashima, et al, 2014). 
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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. The morphology of 
PLX4032-resistant cells (referred 
as “PLX-R”) was flatter, and more 
enlarged and spindle-looking 
compared to their parental cells in 
both the A375-PLX-Rs and 
SKMEL5-PLX-Rs derivatives 
(data not shown). Resistance of 
PLX-Rs to PLX4032 was verified 
by comparing their sensitivity to 
the drug with that of their parental 
cells (Figure 12A). 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 of 
NRAS revealed that none of 
these resistant cell lines had 
acquired activating NRAS 
mutations at position 61. 
Immunoblot analyses 
demonstrated that the resistant 
cell sublines from either the A375 
or SKMEL5 parent lines 
apparently have distinct 
mechanisms responsible for their 
resistance. A375-PLX-R sublines 
exhibited higher phosphorylation 
levels of ERK in the presence of 
PLX4032 compared to the parent 
A375 cells, in which ERK 
phosphorylation was completely 
suppressed in the presence of 
PLX4032 (Figure 12B), indicating 
that the A375-PLX-R cells 
became resistant to PLX4032 
treatment by bypassing BRAF 
inhibition by the drug, leading to 
reactivation of ERK pathway.  
Conversely, SKMEL5-PLX-Rs 
remained responsive to ERK-
MAPK pathway inhibition by 

PLX4032 (Figure 12B), and yet were capable of surviving under the drug-treatment conditions, 
suggesting that these cells employ an alternative pathway for survival to compensate for mutant 
BRAF/ERK inhibition by the drug. Despite the differences in apparent mechanisms of resistance 
to PLX4032 treatment, all of these resistant lines were susceptible to cytotoxicity induced by 
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Figure 12C: PKCδ inhibitors suppress survival of 
PLX4032-resistant cells. Two PLX4032-resistant cell sub-
lines derived from A375 (Left) and SKMEL5 (Right) 
parental cells were exposed to rottlerin (5µM) or B106 
(1µM) for 24, 48 or 72 hours and MTS assays were 
performed at each time point. DMSO and B154 (1µM) 
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 5µM, or DMSO and B106 1µM in 
each cell line at 72 hours (p < 0.0002) (from Takashima, et 
al, 2014). 
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PKCδ inhibitors at concentrations 
comparable to the NRAS-mutant 
melanoma lines, compared to 
treatment with vehicle (DMSO) or 
the negative-control compound B154 
(Figure 12C). Furthermore, PKCδ 
inhibitors suppress cell survival in 
melanoma cell lines with BRAF 
mutation and wt-NRAS (Figure 13). 
 
We then sequenced the BRAF 
inhibitor-resistant derivatives to 
determine if they were NRAS 
mutant. Sequencing of NRAS 
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 did acquire 
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 (Figure 12B). 
 
 
 
 

Interpretation of TASK 2 results: 
 
Collectively, these results strongly support PKCδ as a potential therapeutic target in melanomas 
with BRAF mutations and with BRAF mutations resistant to BRAF inhibitors.  
 
 
 
 
 
 
 
 
 
 
 
 
TASK 3: Test this RAS-targeted approach in in vivo models of human melanoma. 
 

These studies will extend the in vitro studies above into proof-of-principle in vivo 
experimental models. 
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Figure 13: PKCδ inhibitors suppress cell survival in melanoma 
cell lines with BRAF mutation and wt-NRAS. A375, A2058, and 
SKMEL5, cells were exposed to rottlerin (5 or 10µM) or B106 (5 or 
10 µM) for 24, 48 or 72 hours and MTS assays were performed at 
each time point. DMSO 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, or DMSO and B106  in each cell line at 72 hours (p < 
0.0002) (from Takashima, et al, 2014). 
 

3a) High-purity synthesis 
of quantities of selected 
new PKCδ inhibitors 
sufficient for in vivo 
studies.  

 
Status: Completed for 
B106 and B154 

 
3b) Obtain ACURO 
approval for in vivo 
studies 

 
Status: Completed 

 
3c) Establish a xenograft 
model with the N-RAS-
mutant SBCl2 cell line, 
and test at least two 
PKCδ inhibitors (e.g., 
“B106” and a derivative of 
B106) for anti-tumor 
activity, at one or more 
doses, depending upon 
tumor responses or 

safety of the drug. Estimate 7 cohorts of 15 animals plus 5 controls = 110 animals 
 
Status: Tumor model established and B106 tested, see below 
 
3d) Establish a xenograft model with the BRAF-mutant A375 cell line, and test the lead 
PKCδ inhibitor (e.g., “B106”) for anti-tumor activity, at one or more doses depending upon 
tumor responses or safety of the drug. Estimate 3 cohorts of 15 animals plus 5 controls = 50 
animals 
 
Status: Tumor model established but B106 was not tested, because of lack of bioavailability 
in other in vivo studies. Awaiting a more bioavailable inhibitor 
 
3e) Establish a xenograft model with the BRAF-inhibitor-resistant A375 cell lines, and test 
the lead PKCδ inhibitor (e.g., “B106”) for anti-tumor activity, at one or more doses. Estimate 
4 cohorts of 15 animals = 60 animals 

 
Status: Not yet initiated. Awaiting a more bioavailable PKCδ inhibitor (either 4th generation, 
described below, or packaging in nanoparticles (below). 
 
Methods: Models employed are xenograft models, utilizing the N-RAS-mutant SBCl2 human 
melanoma line, BRAF-mutant A375 cell line and a drug-resistant BRAF-mutant A375 line 
derived in Aim/Task 2 above. Drugs tested, or vehicle, are administered i.p. daily, and tumor 
size is quantitated over time. 
 

 
This task has been initiated. We initially established the MTD for B106, our lead compound at 
this time, then tested it against a xenograft model. 
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Figure 14: Mouse xenograft model with B106 daily 
dosing. Donor athymic nude mice were subcutaneously 
injected with 3 x 106 cells of the SBcl2 cell line and 
tumors were grown. The resulting tumors were 
harvested, dissected into small blocks (approximately 3 
mm3) and frozen for later use. For the xenograft study, 
tumor blocks were implanted subcutaneously into 12 
mice (1 block / implantation) and 8 days later, when 
tumor growth was apparent, dosing was initiated. 6 mice 
were treated with vehicle (DMSO) administered 
intraperitoneally and the other 6 mice were treated with 
B106 (40 mg/kg) daily for 12 consecutive days. Tumor 
size was measured daily using a caliper and tumor 
growth rate was calculated. Each point represents the 
average tumor growth rate of 6 mice and error bars 
indicate the standard deviations. 
 

 
Methods: Test this targeted approach 
in in vivo models of human 
melanoma. A xenograft model has 
been employed, utilizing a human 
melanoma cell line with aberrantly-
activated N-Ras-signaling (SBcl2). 
Prior to the experiment to test B106 
for anti-tumor efficacy in mice, tumors 
were grown and harvested from donor 
animals for future implantation. 
Athymic nude mice (Crl:NU(NCr)-
Foxn1nu homozygous, Charles River) 
were injected subcutaneously with 3 x 
106 cells of the SBcl2 cell line and 
tumors were grown. Approximately 3 
months later, these tumors were 
harvested, dissected into small blocks 
(approximately 3 mm3) and frozen in 
10% DMSO/medium. For the 
xenograft study, tumor blocks were 
implanted subcutaneously into 12 
mice and 8 days later, when tumor 
growth was apparent, dosing was 
started. 6 mice were administered 
vehicle (DMSO) intraperitoneally and 
the other 6 mice were administered 
B106 (40mg/kg) daily for 12 
consecutive days. Tumor size was 

documented daily and tumor growth rate was calculated.  
 
Results:  
 Based on the potent anti-tumor activity of B106 in the melanoma cell culture systems, 
we proceeded to test the efficacy of B106 in vivo in a mouse xenograft tumor model. Tumor 
blocks of SBcl2 cells were implanted into 12 mice and dosing was started 8 days after tumor 
implantation; 6 mice received B106 intraperitoneally at 40 mg/kg and the other 6 mice were 
given DMSO, the vehicle solvent of B106, daily for 12 consecutive days. Tumor size was 
measured daily and tumor growth rate was calculated. Treatment of B106 did not produce any 
difference in tumor growth compared to the DMSO-treated group (Figure 14).  
 
Interpretation: There was no statistically-significant effect of B106 on tumor growth compared 
to vehicle (DMSO) controls (Fig. 14). There are, however, two concerns remaining at this point 
regarding pharmacokinetics of B106. First, it is unclear whether the drug entered into the 
systemic circulation and delivered to the local areas, as B106 is extremely hydrophobic and 
could not be diluted with hydrophilic solvent. Secondly, there is no information regarding how 
fast the drug is metabolized at this time.  
 
Two strategies are being used to circumvent this problem.  
 

1) A new generation of compounds with hydrophilic modification of the B106 structure is 
currently being synthesized (see below). When any of these compounds is revealed to 
be as potent as B106 in the cell culture system, its in vivo efficacy and pharmacokinetics 
will be tested. 
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Figure 16: Proposed modifications to 
B106 to explore Structure-Activity 
relationships and improve 
pharmaceutical properties. R1; R2 = H or 
OH; n= 0,1,2,3; W, X, Y, Z, = N or CH; 
R3 = H, cinnamoyl, other R; R4 = H; OH; 
NH2 

 
Scheme 3. 

 
2) We are encapsulating B106 into a 

nanoparticle conformation PLGA to facilitate 
delivery and overcome solubility issues in vivo. 
 
The encapsulation efficiency is almost 100%. 
Average size is 45nm (diameter) for the whole 
sample (without filtration) (Figure 15). Release 
characteristics in tissue culture are being 
explored prior to testing in vivo. 
 
 
 
 
 

 

 
 
TASK 3 Plans for the future: Chemical modifications of B106 to improve drug-like properties. 
 

Structural modifications to the core B106 lead compound 
have been made to improve their solubility and metabolic 
stability (Fig. 16) using the synthetic approaches noted in 
Scheme 2. We will start by simply adding polar groups to the 
B106 scaffold, which is thus far the most promising analog. 
Thus, as shown in Fig. 16, R1 and R2, which are hydroxyl 
groups in rottlerin and are hydrogen atoms in B106, will be 
sequentially substituted with OH groups which should 
improve water solubility. In addition, we performed an 
isosteric replacement of the aromatic CH groups (X and Z) 
with basic nitrogen atoms which will be protonated at 
physiological pH providing for additional water solubility and 
perhaps improved potency. Based on the functional group 
modifications we are currently examining to increase water-

solubility in just the 4th generation structural framework 
illustrated in Figure 12, the number of possible analogs 
will be expand considerably. For example, just taking the 
minimal set of possible unique structures embodied by 
the 4th generation species, there are at least 810 possible 
structural embodiments. We do not propose to make all of 
these combinations, but rather, will endeavor to substitute 
the more polar functional residues such as the hydroxyl 
residues at R1 and R2 and the nitrogen atoms into the 
“staurosporine” heterocycle to develop an SAR around 
the most promising new analogs. Single substitutions will 
be evaluated initially, and then combinations of 
substitutions on the B106 core will be prepared. The 5th 

generation species will be evaluated to sequentially introduce the fused pyrrolidinone (red) and 
then fused indole moieties (blue) of the staurosporine cap group. Here again, the number of 
possible unique structural possibilities rapidly expands covering hundreds and possibly 
thousands of compounds. As in any synthetic investigation, we shall begin with those 

 
Figure 15: Nanoparticle encapsulation of 
B106 in PLGA np. 
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heterocycle and polar group substitutions that are the most readily accessible, test these 
substances as they are prepared to guide the design and synthesis of subsequent analogs. A 
total of 50-100 compounds per year will be synthesized and evaluated. They will be evaluated 
for solubility and octanol:water partitioning coefficient (logP). Further characterization of the 
pharmaceutical properties of these analogs will be carried out following evaluation of enzyme 
selectivity. The synthesis of our latest hybrid molecules W101 and W102 with potentially 
improved solubility properties are shown below in Scheme 3. These compounds have been 
synthesized and evaluated. 
 
The potency and selectivity of the new analogs were initially evaluated for PKCδ and PKCα 
inhibitory activity using recombinant PKCδ or PKCα (Invitrogen) and the Omnia Kinase Assays 
(Invitrogen) with a ‘PKC kinase-specific’ peptide substrate. Incorporation of a chelation-
enhanced fluorophore results in an increase in fluorescence (λex360/λem485) upon 
phosphorylation. The kits were used according to the manufacturer’s instructions.   
 
The IC50s for PKCδ for W101 and W102 are approximately 0.05 µM and >50 µM, respectively. 
The IC50s for PKCα for W101 and W102 are approximately >50 µM and >50 µM, respectively. 
Additional molecules (W102-W107) have also been synthesized and characterized, but none 
are as potent and PKCδ-selective as W101. 
 
The W101 molecule looks promising (e.g., low nM potency and >1000x selectivity vs. PKCα, 
although solubility was only minimally improved. Their effect on additional closely related 
kinases will be evaluated including PKCβI, PKCβII, PKCγ, PKCε, PKCη, PKCθ, PKCζ and 
PKCι. The molecules with the optimal potency and selectivity will be further characterized. 
Criteria for advancement include at least 1000 fold selectivity versus PKCα, which is important 
in many cellular processes and is a fundamental regulator of cardiac contractility and Ca2+ 
handling in myocytes, improved solubility of at least 10 ng/mL and octanol:water partitioning 
coefficient (logP) in the 1.5 – 3.5 range. Compounds that exhibit these characteristics will then 
be evaluated for their selectivity against other PKC family members. As B106 has already been 
shown to be safe when administered to mice at therapeutically active doses, this compound will 
be profiled against the other PKC family members (PKCβI, PKCβII, PKCγ, PKCε, PKCη, PKCθ, 
PKCζ and PKCι). The profile of B106 will act as a template against which other compounds will 
be compared. Regardless of those results, compounds will be sought with at least 100-fold 
selectivity against the most biologically important other protein kinase C family members, 
including PKCγ (important in neuronal function) and PKCε (important in apoptosis, 
cardioprotection from ischemia, heat shock response, as well as insulin exocytosis). Inhibitory 
activity against the other PKC family members will also be evaluated to fully profile the 
compounds.  
 
Compounds with at least 1000 fold selectivity against PKCδ, a logP of 1.5– 3.5 and solubility of 
at least 10 mg/mL will be further characterized for their biological activity. The ability of selected 
inhibitors to induce cytotoxicity in human prostate cancer cells will be assessed as we did for the 
3rd generation compounds (Tasks I and II above). These compounds will also be evaluated for 
cytotoxicity on normal human melanocytes and endothelial cells (human microvascular 
endothelial cells), using dye exclusion as well as other primary normal human cells, as 
described in Task I above. 
 
 
TASK 4   Data Analysis and Preparation of Report 
 

Status: Completed for Year 2. 
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Discussion of Findings from this Work. 
 
Current obstacles in melanoma therapy 
 
Approval of the BRAF inhibitor PLX4032 (vemurafenib), one of the first targeted therapies in 
melanoma, represented a major advance in the treatment of this disease. BRAF-V600E-mutant 
tumors, the target of vemurafenib, account for 50-70% of melanoma cases.8 Despite the 
remarkably high response rate and tumor regression in responders, however, the tumors 
eventually and inevitably relapse due to the development of resistance to this class of drugs. 
Ironically, the complexity and redundancy of RAS/MAPK signaling pathways provide the tumor 
cells many opportunities for drug resistance, which rapidly develops. There are no targeted 
therapies available for melanomas harboring NRAS mutations, the second most frequent 
genotype after BRAF mutations. The MEK inhibitors currently in clinical trials are not likely to 
become an important option in NRAS-mutant melanomas due to their unexpectedly preferential 
activity against BRAF-mutant melanomas.9 Moreover, there are potential risks with respect to 
the use of BRAF inhibitor in RAS-mutant melanomas,10-13 including their potential to cause 
secondary tumors with RAS mutations,14,15 further highlighting the need to explore therapeutic 
options other than BRAF inhibitors. Melanomas with NRAS mutations and BRAF-mutant 
melanomas resistant to BRAF inhibitors therefore represent unmet medical needs, and 
constitute a large proportion of the melanoma cases.  
 
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,8,9 making aberrant Ras signaling an important 
therapeutic target in these cancers. The rationale for a PKCδ-targeted therapy against tumors 
with aberrant RAS signaling is based on prior findings by our group and later others. Inhibition of 
PKCδ was shown to preferentially inhibit the growth of cancer cell lines with genomic mutations 
in KRAS or HRAS genes, oncogenic activation of KRAS proteins, or aberrant activation of RAS 
signaling pathways.3,4,16-18 In addition, PKCδ was demonstrated to be non-essential for the 
survival and proliferation of normal cells and animals,19 suggesting that a therapeutic approach 
targeting PKCδ would likely spare normal cells, but inhibit proliferation of tumor cells whose 
survival depends on PKCδ activity: that is, provide a tumor-specific therapeutic approach. 
Furthermore, one of the proposed mechanisms of BRAF inhibitor-resistance is the evolution of 
secondary mutations in NRAS,1 suggesting a potential link between BRAF-resistant melanoma 
and RAS mutations. Taken together, these reports above underline the potential of PKCδ-
targeted therapy as a cancer-specific therapy targeting tumors with NRAS mutations in 
melanoma. Accordingly, we sought to determine if tumors with oncogenic mutations in NRAS, 
specifically melanomas with activating mutations of NRAS at position 61, would be dependent 
upon PKCδ for survival. 
 
The present study supports the potential of PKCδ as a therapeutic target in melanomas. 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, the most frequently mutated codon in NRAS (data not 
shown), suggesting the effect of PKCδ inhibitors does not depend on a specific NRAS mutation 
for their activity (unlike BRAF inhibitors, some of which are selective to only the most common 
mutation, V600E). 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. Sequencing of the NRAS genes in these resistant 
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sublines revealed no activating mutations at position 61, despite the evidence of constitutive 
MEK/ERK pathway signaling. Constitutive MEK/ERK signaling (even in the absence of new 
activating mutations in NRAS) appears to mediate the majority of acquired resistance to BRAF 
inhibitors.7 [A comprehensive analysis of resistance mechanism in these derived sublines is 
being reported separately.] We have previously reported that aberrant activation of the 
MEK/ERK arm of the RAS signaling pathway, by introduction of a constitutively-activated CRAF 
gene, is sufficient to render cells susceptible to PKCδ inhibition, even in the absence of 
activating mutations of RAS alleles.3   
 
The novel PKCδ  inhibitor B106, which showed 1000-fold selectivity against PKCδ over PKCα in 
preliminary in vitro kinase assay, 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 the B106 molecule makes it unsuitable for testing in tumor xenograft models.)  
 
PKCδ inhibition induces caspase-dependent apoptosis via the JNK-H2AX pathway 
 
Induction of apoptosis is one of the most desirable mechanisms for cytotoxic therapeutic action, 
as theoretically it selectively kills cells in which an apoptotic signal is introduced without 
adversely affecting surrounding cells and hence limits inflammation or tissue scarring. One of 
the downstream targets of PKCδ, stress-activated protein kinase/c-Jun N-terminal kinase 
(SAPK/JNK) is activated in response to cellular stresses, including genotoxic stresses [e.g., 
ionizing radiation (IR), ultraviolet radiation (UV)), chemotherapeutic agents, or reactive oxygen 
species (ROS)] and is involved in a variety of cellular activities, such as cell proliferation, 
differentiation, inflammatory response, DNA repair, motility, metabolism and apoptosis.20 The 
JNK pathway comprises one of the three major MAPK pathways. The JNK family is on the 
MAPK tier and consists of three isozymes: JNK1, JNK2 and JNK3. JNK1 and JNK2 are 
ubiquitously expressed while JNK3 is restricted to brain, heart and testis.20 Alternative splicing 
yields multiple splicing variants of all three isozymes: each of JNK1 and 2 genes contributes 
both a short form (46kDa) and a long form (54kDa), and a minor 52kDa form is believed to 
derive mostly to JNK3.20 Upon activation of the JNK pathway, both the 46kDa and 54kDa forms 
become phosphorylated at Thr183/Tyr185 by two upstream MAPKKs, SEK1/MKK4 and MKK7. 
MKK4 appears to preferentially phosphorylate Tyr185 and MKK7 favors Thr183.21 While MKK7 
is a JNK-selective MAPKK, MKK4 is capable of activating both JNK and the other closely 
related MAPK, p38. The pro-apoptotic JNK pathway, initially discovered as a UV radiation-
responsive signaling kinase cascade, induces apoptosis in part through regulating Bcl2 family 
members in the cytosol. In response to apoptotic signals, JNK activates the pro-apoptotic Bcl-2 
family proteins Bax and Bad, possibly in part through regulating BH3-only members of the Bcl-2 
family including Bim, Bid or Bif, 14-3-3 or the FOXO transcription factor.22 Alternatively, JNK 
also activates transcription factors including the components of activator protein 1 (AP-1), a 
transcription factor complex containing c-Jun, JunD or ATF2. In turn, AP-1 activates 
transcription of pro-apoptotic facilitators, such as TNF± or Fas-L (death receptor ligands) or Bak 
(a pro-apoptotic Bcl2 member).23 Supporting the critical role of JNK in apoptosis, mouse 
embryonic fibroblasts with JNK1/2 knocked-down were resistant to apoptosis induced by 
various apoptotic stimuli.24  Many chemotherapeutic agents, including paclitaxel, cisplatin or 
doxorubicin, employ the JNK pathway for their cytotoxic activity.25,26 This study demonstrated 
that PKCδ  inhibition activated the JNK pathway through MMK4 to mediate caspase-dependent 
apoptosis. This was somewhat unexpected, as MKK7 activation was anticipated because of its 
more selective ability to activate JNK relative to p38. Activation of JNK was consistently induced 
by PKCδ  inhibition, either via siRNA or small molecule inhibitors such as B106, but the closely-
related MAPKs p38 and ERK (also potential targets of PKCδ in different settings) were not 
activated. Furthermore, the induced absence of JNK1/2 expression in the cells significantly 
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mitigated caspase activity induced by PKCδ  inhibition. These results demonstrate the functional 
importance and necessity of the activation of this pathway in PKCδ  inhibition-induced caspase-
dependent apoptosis in NRAS mutant melanoma cells. 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.16 
 
Among the known downstream effectors of JNK, a series of recent reports proposed an active 
role for phospho-H2AX in apoptosis. H2AX (histone H2A variant X) is a minor subtype of the 
H2A family. Approximately 10% of histone H2A proteins are H2AX in normal fibroblasts, 
although the proportion varies in different tissues (ranging up to 20%).27 H2AX in its 
phosphorylated form (phospho-H2AX, also called ³ H2AX) is primarily known for its role in DNA 
double strand break (DSB) repair, and has long been utilized as a marker of DSB. Upon DSB 
formation, PI3K-like kinases [ataxia telangiectasia mutated (ATM), ataxia telangiectasia and 
Rad3-related (ATR) and DNA-dependent protein kinase (DNA-PK)], are activated and 
phosphorylate H2AX at Ser 139.28 Phosphorylated H2AX is one of the first proteins recruited to 
DSB sites during the DNA damage response, and facilitates the access of repair proteins to the 
site.28 
 
In the context of apoptosis, earlier studies reported that H2AX phosphorylation can occur as a 
consequence of apoptosis. DSBs generated from DNA fragmentation during the apoptotic 
process were reported to produce phosphorylated H2AX.29 DNA-PK and ATM were shown to be 
responsible for the phosphorylation of H2AX in this process.30 However, a series of recent 
reports have instead proposed a more active role of phospho-H2AX in induction of apoptosis. In 
this model, phosphorylation of H2AX at Ser 139 provokes apoptosis by inducing DNA 
fragmentation in UV-damaged cells.6 Supporting this model, several studies reported phospho-
H2AX-mediated apoptosis, some of which are involved in apoptosis induced by 
chemotherapeutic agents.31-33 PKCδ  inhibition by B106 treatment evoked phosphorylation of 
H2AX subsequent to JNK activation. Specific knockdown of PKCδ  using siRNA verified the role 
of PKCδ: JNK phosphorylation occurred by 24 hours after siRNA transfection and H2AX 
phosphorylation was observed subsequently. The phosphorylation of H2AX induced by B106 
treatment was mitigated in the absence of JNK expression, positioning H2AX phosphorylation 
downstream of JNK after PKCδ  inhibition. Caspase activation caused by PKCδ  inhibition was 
significantly decreased in the enforced absence of H2AX expression. Furthermore, as a direct 
readout of apoptosis, DNA fragmentation was almost completely abrogated by knockdown of 
H2AX prior to 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 abnormalities 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 murine and human cell lines, or to tumor lines 
without aberrant activation of the RAS signaling pathway.5,34,35 In unpublished work, we have 
shown that B106 does not inhibit the growth of primary murine mesenchymal cells, primary 
human endothelial cells and human epithelial cells at concentrations which are profoundly 
cytotoxic to melanoma lines bearing NRAS mutations (0.5-2.5 uM). In addition, continuous local 
infusion of B106 at 5 µM concentrations is not cytotoxic to dermal and subdermal tissues in 
mice (Trojanowska and Faller, in preparation). 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, these studies suggest that PKCδ suppression may represent a tumor-targeted 
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approach to a subpopulation of melanomas for which there is currently no targeted treatment. 
 
 
 
 
 
 
 
 
 
 
 

4. KEY RESEARCH ACCOMPLISHMENTS: Bulleted list of key research 
accomplishments emanating from this research. 

 
• Demonstrated the sensitivity human melanomas to PKCδ inhibition 
• Designed and synthesized 36 new compounds as PKCδ inhibitors 
• Tested the activity of these 36 new compounds against PKCδ and PKCα  
• Tested the activity of these 36 new compounds against human melanoma cells 
• Established MTD for our lead compound 
• Determined the duration of exposure to PKCδ inhibitor drug necessary to achieve maximal 

cytotoxicity 
• Demonstrated that our lead 3rd generation compound (B106) has 5-10 greater potency in 

inducing cytotoxicity against a panel of human melanoma cells than LC-1. 
• Demonstrated that our lead 3rd generation compound (B106) has 5-10 greater potency than 

LC-1 in inducing cytotoxicity against BRAF mutant melanomas resistant to BRAF inhibitors. 
• Demonstrated that our lead 3rd generation compound (B106) has cytotoxic activity against 

NRAS-mutant melanoma cancer stem cells (CSC). 
• Designed a strategy for synthesis of more hydrophilic analogs of our 3rd generation lead 

compound, and synthesized 7 4th generation PKCδ inhibitors. 
• Tested the activity of these 7 4th generation compounds against PKCδ and PKCα  

 
 
 
 
 
 
 
 
 

5. CONCLUSION:  
 
In our 2 years of work, we have accomplished nearly all of the tasks we proposed. We have 
succeeded in demonstrating that multiple types of NRAS mutant human melanoma cells are 
susceptible to PKCδ inhibition, using siRNA as a “specificity” test, and multiple structurally-
distinct small molecule PKCδ inhibitors. These findings validate PKCδ as a target in melanoma, 
and provide proof-of-principle for the use of PKCδ inhibitors as potential therapeutics. 
Furthermore, we have shown the utility of PKCδ-inhibition as a strategy for the elimination of 
BRAF-mutant melanomas which are resistant to BRAF inhibitors. We have refined the initial 
PKCδ inhibitor lead compound now through 2 generations, producing small molecules of 
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increasing potency and PKCδ specificity. Our next generation will be optimized for “drug-like” 
properties, to facilitate moving into in vivo testing of tumor xenografts. 
 
This in vivo testing of 3rd generation compounds in animal models has not yet proven successful 
due to the chemical properties of the lead 3rd generation molecule, but refinement of the lead 
compound is progressing. Furthermore, we are pursuing the alternative strategy of nanoparticle 
encapsulation for enhancing drug delivery in vivo. Results of such studies will demonstrate the 
efficacy of this approach, provide informal toxicology, and informal PK. 
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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 Cδ (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 small molecule inhibitors causes caspase-dependent apoptosis mediated via the JNK-H2AX
pathway in melanomas with NRAS mutations or BRAF inhibitor resistance.

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, through 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 δ (PKCδ) activity is inhibited by means of a chemical
inhibitor, RNA interference, or a dominant-negative var-
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iant.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 antiapoptotic/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 antiapoptotic/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 antiapoptotic/pro-
survival regulator has been reported in various types of cancer
cells, including non-small cell lung cancer, pancreatic, and colon

Figure 1. Downregulation of PKCδ suppresses cell survival in melanoma cell lines with NRAS mutation. siRNA targeting PKCδ (“siPKCδ”) or
nontargeting 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 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. continued
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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 mutations9−12 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 1 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.

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 h, 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 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 h (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 h. 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 h.
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■ 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 nonselective PKCδ 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 = 5 μM). Protein structural data for
PKCθ, another “novel” PKC isozyme, which is also inhibited by
mallotoxin/rottlerin, was incorporated (Supporting Informa-
tion). 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 second 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 > 150
μM for PKCα) (Table 1).11

On the basis of structure−activity relationship (SAR) analysis
of KAM1 and other second generation compounds, we then
generated 36 new third generation compounds (Figure 2A,
panel 2). These derivatives showed a broad range of PKCδ-
inhibitory activity, ranging from IC50 > 40 μM to IC50 < 0.05
μM (Supporting Information Table 1). BJE6-106 (B106)
(Figure 2A, Scheme 1), our current lead third 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 36 compounds studied (PKCδ IC50 > 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 h after treatment. Rottlerin
consistently inhibited proliferation of all cell lines at 5 μM, and

Table 1. Comparison of Properties of PKCδ Inhibitorsa

cmpds. generation PKCδ IC50 PKCα IC50 PKCδ/PKCα selectivity “Ras-specific” cytotoxicity

Rottlerin 1st 3−5 μM 75 μM 28-fold 3−5 μM
KAM1 2nd 3 μM 157 μM 56-fold 3 μM
B106 3rd 0.05 μM 50 μM 1000-fold 0.5 μM
B154 3rd >40 μM >100 μM none

aIn vitro kinase assays demonstrated that third generation PKCδ inhibitor B106 is more potent and more selective for PKCδ over PKCα than
rottlerin/mallotoxin or the 2nd generation PKCδ inhibitor KAM1. B154 is used as an inactive (negative control) compound.
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intermediate inhibitory effects were observed at 2 μM. The
third 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 10 times lower than the
concentration of rottlerin required to exert the same magnitude
of cytotoxic effect. Both inhibitors demonstrated dose-depend-
ent 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 h and then replated 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
h of treatment, and approximately 40-fold reduction in the
number of colonies was observed with 48 h 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-Depend-

ent 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 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 (carboben-
zoxy-valyl-alanyl-aspartyl-[Omethyl]-fluoromethylketone) was
employed. Pretreatment 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

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

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 h 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 h. Error bars indicate the standard
deviations. p values: ** p < 0.003, * p < 0.0002. (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 h.
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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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 intra-
cellular 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 2 h 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 h,
(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 and B), the effect of inhibition of the JNK pathway during
B106 treatment was explored to determine if there is a

functional relationship. SBcl2 cells were transfected with
nonspecific siRNA or siRNA specific for JNK1 or JNK2
alone, or cotransfected with JNK1- plus JNK2-specific siRNA
for 72 h, and then exposed to B106 or DMSO (vehicle) for 6,
12, or 24 h, followed by measurement of caspase activity
(Figure 4C). Analysis at 24 h after B106 treatment showed that
knockdown of JNK2 alone, and coknockdown 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 Path-
way. 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 h 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 h after PKCδ

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
nontargeting 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 nontargeting siRNA
(10 nM) for 72 h, and subsequently exposed to B106 (0.5 μM) or vehicle (DMSO) for 6, 12, and 24 h. Caspase 3/7 activity was measured. The
average values of triplicates were normalized to those of the vehicle-treated sample at 6 h 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 h. In
panels A and B, certain lanes not relevant to this discussion were excised, as indicated by the vertical lines.
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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. Knock-
down 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 nontargeting siRNA, for 72 h and
then exposed to B106 for 6, 12, or 24 h, with subsequent assay
of caspase 3/7 activation. Downregulation of H2AX prior to
B106 treatment greatly decreased the level of caspase 3/7
activation at 24 h 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 h, and then subjected to PKCδ
inhibition by exposure to B106 for 24 h. 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

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
nontargeting (“siControl”) at 50 nM for the indicated times. Protein
lysates were subjected to immunoblot analysis. In panels A and B,
certain lanes not relevant to this discussion were excised, as indicated
by the vertical lines. (C) PKCδ inhibition activates H2AX through
JNK. SBcl2 cells were transfected with siRNA targeting JNK1 and
JNK2 together (5 nM each) or nontargeting siRNA (10 nM) for 72 h
and subsequently exposed to B106 (0.5 μM) or vehicle (DMSO) for
10 h. Protein lysates were subjected to immunoblot analysis. Arrows
indicate JNK1/2.

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 nontargeting siRNA at 5
nM for 72 h, and subsequently exposed to B106 (0.5 μM) or vehicle
for 6, 12, or 24 h. Caspase 3/7 activity was measured. The average
values of triplicates were normalized to those of the vehicle-treated
sample at 6 h between the pairs exposed to the same siRNA. Error bars
indicate the standard deviations. p values: * p < 0.005. Downregulation
of H2AX at72 h 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 nontargeting siRNA, at 5 nM for 72 h, and subsequently
exposed to B106 (0.5 μM) or vehicle for 24 h. 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 h was confirmed by quantitative PCR.
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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

Figure 7. PKCδ inhibitors suppress growth of PLX4032-resistant BRAF mutant melanoma cells. (A) Establishment of PLX4032-resistant cell
sublines. 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. (B) PKCδ inhibitors suppress
survival of PLX4032-resistant cells. Two PLX4032-resistant cell sublines derived from A375 (left) and SKMEL5 (right) cells were exposed to
rottlerin (5 μM) or B106 (1 μM) for 24, 48, or 72 h, 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 h (p
< 0.0002).
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melanoma cell sublines 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

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 nonessential 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, 10 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 for phospho-H2AX in apoptosis.31−34

PKCδ inhibition evoked phosphorylation of H2AX subsequent
to JNK activation, positioning H2AX phosphorylation down-
stream 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 toward specific

mutations or aberrations in tumor cells that 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 nontransformed 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).9−11 Herein, we
show that human primary melanocytes are not affected by
B106. In addition, continuous local infusion of B106 at 5 μM
concentrations is not cytotoxic to dermal and subdermal tissues
in mice. Derivatives of the third 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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Supplemental Table 1: 
 
PKCδ Inhibitory Activity of BJE6 compounds 
 
 
 

IC50 (in vitro)1 
IC50 

(in culture)3 
Compound PKCδ 

IC50 (µM) 
PKCα 

IC50 (µM) 
PKCδ/PKCα 
(IC50 ratio)2 

 

     
Rottlerin 4.4 75 28 10 
KAM-1 3.6 177 56 5 
B058 5.8 NA4 - >50 
B071 3 NA - >100 
B095 8 NA - >100 
B097 9.5 NA - >100 
B106 0.08 15 200 1 
B108 3 NA - >100 
B109 0.09 75 800 >100 
B111 2.5 25 100 40 
B112 6 NA - >50 
B117 4.5 NA - >100 
B118 10 NA - >100 
B121 4 NA - >100 
B125 0.25 20 800 >100 
B128 6.5 NA - >100 
B129 6.5 NA - >50 
B130 4 NA - 40 
B131 10 NA - >100 
B136 14 NA - >100 
B137 3 NA - >100 
B141 4.8 NA - >50 
B142 3.5 NA - >100 
B143 6 NA - >100 
B146 5 NA - >100 
B147 5.8 NA - 20 
B148 4 NA - >100 
B149 0.31 >300 >1000 20 
B150 0.625 500 800 30 
B151 < 0.05 50 >1000 >100 
B152 < 0.05 50 >1000 >100 
B153 3 NA - >100 
B154 23 NA - >100 



B155 3 NA - >100 
B156 7.5 NA - >100 
B157 5 NA - >100 
B158 4.5 NA - >100 
B159 7 NA - 40 
 
 
1 IC50 measured using recombinant PKCδ or PKCα 
 
2 Ratio of PKCδ IC50 to PKCα IC50 
 
3 IC50 for cytotoxicity on a KRAS-mutant cell line H460. 
 
4 NA =  not assayed (PKCα inhibitory activity was only assayed on compounds with an 
IC50 for PKCδ of <2.5 µM). 



 
Figure. PKCδ inhibitor B106 inhibits collagen production and Fli1 phosphorylation. 
Dermal fibroblasts were stimulated with TGFβ for 24 hr in the presence or absence of the 
indicated concentration of B106. Secretion of collagen protein was examined by 
immunoblot (A). Bar graph represents Mean±SD from two independent experiments. 
COL1A1 mRNA was analyzed by qPCR (B). SSc fibroblasts were treated with the indicated 
doses of B106. Secretion of collagen was examined by Western blot (C) and COL1A1 
mRNA was analyzed by qPCR (D). Dermal fibroblasts were stimulated with TGFβ or 
CTGF for 2 h. Fli1 phosphorylation was assessed by Western blot with the phospho-specific 
Fli1 Ab as previously described 5 (E). 
 

SUPPLEMENTAL INFORMATION FOR REVIEW 
 
 
There are few substrates established to be “unique” to PKCδ. One such is the 
phosphorylation of transcription factor Fli1 after TGFβ or CTGF stimulation. We have 
carried out those studies to demonstrate the action of B106 on PKCδ  in vivo. We attach 
these data here for Reviewer 2 (panel E in Figure below). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
  



Analysis of BJE6-106 Inhibitory Activity on Selected SER/THR and Other Kinases 

 

Kinase IC50 (µM) 1 IC50 relative to PKCδ 2 

PKCδ 0.1 - 

PKCα 22 220 

PKCθ 12 120 

cRAF >25 >250 

cABL >25 >250 

JAK1/2 >25 >250 

MAPK >25 >250 

ERK >25 >250 

p38 >25 >250 

JNK1/2 >25 >250 

PKA >25 >250 

PDGF-R 3 >25 >250 

EGF-R 3 >25 >250 

 
1 B106 (and all the 4th generation compounds of this series which were tested) produced 
inconsistent results in two different commercially-available kinome assays, because of 
variable but significant precipitation when the 100% DMSO solution containing the 
compounds was diluted with the aqueous buffers in the assays. The presence of protein or 
lipid in the buffers prevented this precipitation, but it was not possible to employ these 
hydrophobic agents in the commercial assays. Accordingly, the IC50 of B106 had to be 
measured individually for each kinase, either using a recombinant or purified kinase, and 
an artificial substrate (InVitrogen). Kinases were chosen for analysis based on their 
similarity to PKCδ, or their involvement in RAS signaling pathways. 
 
2 The data generated here for each kinase cannot be compared to other kinases with 
absolute precision, as different substrates were utilized, and this ratio should be 
considered only an estimate.  
 
3 Ligand-induced autophosphorylation 
  



 

 

 

Figure: RAF/MEK/ERK pathway activation in PLX4032-resistant  melanoma cell 

line derivatives.  

Parental A375 cells, SKMEL5 cells, and their PLX4032-resistant derivatives in log phase 

growth were lysed and the lysates were subjected to immunoblot analysis. Antibodies to 

total ERK1/2, pERK (T202/T204), total CRAF, and phospho-cRaf (S338) were used. β-

actin served as a loading control. 
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Supporting Information 
 
Preparation of BJE6-154  
Unless otherwise noted, all reagents were obtained from commercial suppliers and were used without further purification.  
All air or moisture sensitive reactions were performed under a positive pressured of argon in flame-dried glassware. 
Tetrahydrofuran (THF), toluene, diethyl ether (Et2O), dichloromethane, benzene (PhH), acetonitrile (MeCN), 
triethylamine (NEt3), pyridine, diisopropyl amine, methanol (MeOH), dimethylsulfoxide (DMSO), and N,N-
dimethylformamide (DMF) were obtained from a dry solvent system (Ar degassed solvents delivered through activated 
alumina columns, positive pressure of argon).  Column chromatography was performed on Merck silica gel Kieselgel 60 
(230-400 mesh). 1HNMR and 13CNMR spectra were recorded on Varian 300, or 400 MHz spectrometers.  Chemical shifts 
are reported in ppm relative to CHCl3 at δ 7.27 (1HNMR) and δ 77.23 (13CNMR). Mass spectra were obtained on Fisons 
VG Autospec. IR spectra were obtained from thin films on a NaCl plate using a Perkin-Elmer 1600 series FT-IR 
spectrometer.   
 

 
Synthesis of 9-(3-(trifluoro-»4-boranyl)propyl)-9H-carbazole, potassium salt: 
To 3.83 mL (26.5 mmol, 5.5 equiv) 2,5-dimethylhexa-2,4-diene dissolved in 10.0 mL dry THF in a 
flame dried 100 mL round bottomed flask at 0oC was added 12.06 mL of a 1.0M solution of BH3 
dissolved in THF. The reaction was stirred at 0oC for 3hr before the addition of 1.00 g (4.82 mmol, 1 
equiv.) 9-allylcarbazole dissolved in a minimum amount of dry THF.  The reaction was allowed to 
warm to ambient temperature with stirring over 3hr before being cooled to 0oC. To this mixture was 
added 1.7 mL deionized H2O. The reaction was then stirred for 1.5hr at ambient temperature before the addition of 4.3 mL 
of a 37% solution of CH2O(aq). The reaction was stirred at ambient temperature for 16hr before being added to brine, 
extracted into EtOAc, dried over Na2SO4, and concentrated. The resulting residue was taken up in a mixture of 17.0 mL 
acetone and 6.5 mL H2O before the addition of 1.51 g (19.3 mmol, 4 equiv.) KHF2. The resulting mixture was stirred at 
ambient temperature for 4hr before being concentrated under reduced pressure. The resulting residue was recrystallized 
from acetone and Et2O yielding 1.10 g (72%) of a white crystalize solid which was utilized below without characterization 
or further purification. 
 

 
Synthesis of 6-bromo-2,2-dimethyl-2H-chromene-8-carbaldehyde: To a 100 mL flame dried round 
bottomed flask containing 5.54 mL (57.2 mmol, 1.15 equiv) 2-methylbut-3-yn-2-ol dissolved in 50 mL 
dry MeCN at 0oC was added 11.1 mL (74.6 mmol, 1.5 equiv.) DBU followed by the dropwise addition 
of 8.08 mL (57.2 mmol, 1.15 equiv.) freshly distilled TFAA.  The reaction was stirred at 0oC for 30 min 
before being added via cannula to a 250 mL round bottomed flask containing 10.0 g (49.7 mmol, 1 equiv.) 5-bromo-2-
hydroxybenzaldehyde, 9.65 mL (64.6 mmol, 1.3 equiv.) DBU, and 8.5 mg (0.050 mmol, 0.001 equiv.) CuCl2-2H2O 
dissolved in dry MeCN at -5oC.  The reaction was stirred for 16hr at ambient temperature before being concentrated under 
reduced pressure.  The resulting residue was taken up in EtOAc, washed once with H2O, once with 1 M HCl, and once 
with brine before being dried over Na2SO4, and concentrated.  This residue was subjected to silica gel flash 
chromatography eluting with 19 : 1 to 4 : 1 hex/EtOAc to yield 11.17g (84%) of the desired product as a pale yellow solid. 



 2 

1HNMR (300MHz, CDCl3) δ 10.27(s, 1H), 7.88 (s, 1H), 7.55 (d, J = 8.4, 1H), 7.38 (d, J = 8.4, 1H), 2.63 (s, 1H), 1.67 (s, 
6H); ); 13CNMR (75MHz, CDCl3) δ 188.8, 157.4, 137.5, 130.9, 130.2, 122.8, 116.1, 84.7, 76.3, 74.5, 29.7; IR (NaCl, 
film) 3294, 1687, 1588, 1471 cm-1; HRMS (+TOF) 267.0015 calcd for C12H12BrO2 [M+H]+, found: 267.0016; Rf  = 0.38 
(9 : 1 hex./ EtOAc). Ref. KAM1-415, BJE6-094 

 
1H NMR (300 MHz) CDCl3 

 
 
 

 
13C NMR (75 MHz) CDCl3 
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Synthesis of 6-bromo-2,2-dimethyl-2H-chromene-8-carbaldehyde: To an 80 mL microwave 
reaction vessel containing 4.00 g (14.8 mmol, 1 equiv.) 5-bromo-2-((2-methylbut-3-yn-2-
yl)oxy)benzaldehyde dissolved in 60 mL dry MeCN was added 66.0 mg (0.300 mmol, 0.02 equiv.) 
BHT.  The reaction was heated in a microwave reactor to 180oC for 20 min before being concentrated 
and purified by silica gel flash chromatography eluting with 19 : 1 hex./EtOAc to yield 2.10 g (53%) of the desired 
product as a yellow oil. 
1HNMR (300MHz, CDCl3) δ 10.35 (s,1H), 7.73 (d, J = 2.7, 1H), 7.27 (dd, J = 2.7, 0.3, 1H), 6.29 (d, J = 9.9, 1H), 5.75 (d, 
J = 9.9, 1H), 1.50 (s, 3H); 13CNMR (75MHz, CDCl3) δ 188.0, 155.3, 134.3, 132.8, 129.4, 125.6, 124.6, 120.8, 113.4, 
78.4, 28.4; IR (NaCl, film) 2863, 1678, 1574 cm-1; HRMS (+TOF) 267.0015 calcd for C12H12BrO2 [M+H]+, found: 
267.0012; Rf  = 0.33 (9 : 1 hex./ EtOAc).Ref. KAM1-419, BJE6-105 

 
1H NMR (300 MHz) CDCl3 
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13C NMR (75 MHz) CDCl3 

 
 
Synthesis of 1-(6-bromo-2,2-dimethyl-2H-chromen-8-yl)-3-phenylprop-2-yn-1-ol: To a flame 
dried 100 mL round bottomed flask containing 745 mg (7.30 mmol, 1.3 equiv.) ethynylbenzene 
dissolved in 30 mL dry THF at -78oC was dropwise added 4.2 mL (6.7 mmol, 1.2 equiv) of a 1.6 M 
solution of n-BuLi in hexanes.  The reaction was allowed to stir at -78oC for 30 min before the 
addition of 1.50 g (5.62 mmol, 1 equiv.) 6-bromo-2,2-dimethyl-2H-chromene-8-carbaldehyde 
dissolved in 10 mL dry THF.  After stirring for 30 min at -78oC the reaction was poured into saturated NH4Cl(aq.), 
extracted into EtOAc, dried over Na2SO4, and concentrated.  The resulting residue was purified by silica gel flash 
chromatography eluting with 4 : 1 hex./EtOAc yielding 2.1 g (99%) of the desired product as a yellow oil. 
1HNMR (300MHz, CDCl3) δ 7.52 (d, J = 2.4, 1H), 7.46 (m, 2H), 7.33 (m, 3H), 7.10 (d, J = 2.4, 1H), 6.27 (d, J = 9.9, 1H), 
5.78 (s, 1H), 5.69 (d, J = 9.6, 1H), 3.06 (bs, 1H), 1.49 (s, 3H), 1.48 (s, 3H); 13CNMR (75MHz, CDCl3) δ 149.5, 132.2, 
132.0, 130.3, 130.1, 129.1, 128.7, 128.5, 123.6, 122.7, 121.4, 113.1, 88.2, 86.3, 77.8, 61.3, 28.2, 28.2; IR (NaCl, film) 
3428 br, 2230 cm-1; HRMS (+TOF) 351.0379 calcd. for C20H16BrO [M-H2O]+, found: 351.0389; Rf  = 0.40 (4 : 1 hex./ 
EtOAc). Ref. KAM1-420, BJE6-107 
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1H NMR (300 MHz) CDCl3 

 
13C NMR (75 MHz) CDCl3 

 
 
Synthesis of (E)-1-(6-bromo-2,2-dimethyl-2H-chromen-8-yl)-3-phenylprop-2-en-1-ol: To a 10 mL 
round bottomed flask containing 100 mg (0.271 mmol, 1 equiv.) 1-(6-bromo-2,2-dimethyl-2H-chromen-
8-yl)-3-phenylprop-2-yn-1-ol dissolved in 1.5 mL dry THF was added 12 mg (0.33 mmol, 1.2 equiv.) 
LiAlH4.  The reaction was heated to reflux for 1 hr and cooled to ambient temperature.  The reaction was 
quenched by addition of H2O followed by 15% NaOH(aq.) and then EtOAc.  The organic layer was 
separated and then filtered through a short silica gel plug before being concentrated to yield 100 mg (99%) of the desired 
product as a yellow oil.  
1HNMR (300MHz, CDCl3) δ 7.40-7.24 (m, 6H), 7.06 (d, J = 2.4, 1H), 6.70 (d, J = 15.9, 1H), 6.38 (dd, J = 15.9, 5.4, 1H), 
6.26 (d, J = 9.9, 1H), 5.66 (d, J = 9.9, 1H), 5.50 (m, 1H), 1.44(s, 3H), 1.42 (s, 3H); 13CNMR (75MHz, CDCl3) δ 149.0, 
136.9, 132.5, 132.0, 130.6, 129.5, 128.8, 128.8, 128.3, 127.9, 126.8, 123.5, 121.6, 113.3, 77.4, 70.7, 28.3, 28.2; IR (NaCl, 
film) 3416 br cm-1; HRMS (+TOF) 353.0536 calcd for C11H15O3 [M-H2O]+, found: 353.0548; Rf = 0.26 (9 : 1 hex./ 
EtOAc). Ref. KAM1-421, BJE110 
  



 6 

 

 
1H NMR (300 MHz) CDCl3 

 

 

 
13C NMR (75 MHz) CDCl3 

 
 
Synthesis of (E)-1-(6-bromo-2,2-dimethyl-2H-chromen-8-yl)-3-phenylprop-2-en-1-one: To a 50 
ml round bottomed flask containing 1.41 g (3.80 mmol, 1 equiv.) (E)-1-(6-bromo-2,2-dimethyl-2H-
chromen-8-yl)-3-phenylprop-2-en-1-ol dissolved in 20 mL dry CH2Cl2 was added 1.98 g (22.8 mmol, 
6 equiv.) MnO2 and the reaction was stirred at ambient temperature for 2 hr.  The reaction was filtered 
through celite and concentrated.  The resulting residue was purified by silica gel flash chromatography eluting with 19 : 1 
to 4 : 1 hex./EtOAc yielding 1.25 g (89%) of the desired product as a yellow oil.  
1HNMR (300MHz, CDCl3) δ 7.70-7.39 (m, 8H), 7.22 (d, J = 2.4, 1H), 6.31 (d, J = 9.9, 1H), 5.72 (d, J = 9.9, 1H), 1.49 (s, 
6H); 13CNMR (75MHz, CDCl3) δ 190.6, 151.3, 143.4, 135.3, 132.3, 130.6, 129.8, 129.2, 128.7, 128.5, 126.7, 124.2, 
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121.4, 113.2, 78.0, 28.5; IR (NaCl, film) 1654, 1603, 1435 cm-1; HRMS (+TOF) 369.0485 calcd for C20H18BrO2 [M+H]+, 
found: 369.0489; Rf = 0.50 (4 :1 hex./ EtOAc). Ref. KAM1-422, BJE6-113 
 

 
1H NMR (300 MHz) CDCl3 

 

 
13C NMR (75 MHz) CDCl3 
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Synthesis of (E)-1-(6-(3-(9H-carbazol-9-yl)propyl)-2,2-dimethyl-2H-chromen-8-yl)-3-
phenylprop-2-en-1-one: To a 10 mL round bottomed flask containing 76 mg (0.206 mmol, 1 equiv.) 
(E)-1-(6-bromo-2,2-dimethyl-2H-chromen-8-yl)-3-phenylprop-2-en-1-one and 65 mg (0.206 mmol, 1 
equiv.) of 9-(3-(trifluoro-»4-boranyl)propyl)-9H-carbazole, potassium salt was added 8 mg (0.010 
mmol, 0.05 equiv.) PdCl2(dppf)-CH2Cl2 and 201 mg (0.618 mmol, 3 equiv.) Cs2CO3 followed by 1.5 
mL dry PhMe and 0.5 mL H2O.  The reaction was heated to 80oC for 12 hr, filtered through cotton and 
concentrated. Purification by silica gel flash chromatography eluting with 9 : 1 hex./EtOAc to 1 : 1 
hex./EtOAc yielded 46 mg (45%) of the desired product as a yellow oil. 
1HNMR (300MHz, CDCl3) δ 8.13 (m, 2H), 7.64 (m, 4H), 7.42 (m, 8H), 7.25 (m, 2H), 6.88 (s, 1H), 
6.29 (d, J = 9.9, 1H), 5.68 (d, J = 9.9, 1H), 4.36 (t, J = 7.2, 2H), 2.65 (t, J = 8.1, 2H), 2.23 (m, 2H), 
1.51 (s, 6H); 13CNMR (75MHz, CDCl3) 
δ 192.0, 150.9, 142.4, 140.6, 135.9, 135.6, 133.4, 131.3, 130.8, 130.3, 129.7, 129.2, 128.5, 128.1, 127.
4, 125.9, 123.1, 122.4, 122.3, 120.6, 119.1, 108.9, 42.6, 32.5, 30.3, 28.5; HRMS (+TOF) 498.2433 calcd for C35H32NO2 
[M+H]+, found: 498.2431; Rf = 0.14 (9 : 1 hex./ EtOAc). Ref. BJE6-118 
 
 

 
1H NMR (300 MHz) CDCl3 
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13C NMR (75 MHz) CDCl3 

 
 
Synthesis of 1-(6-(3-(9H-carbazol-9-yl)propyl)-2,2-dimethylchroman-8-yl)-3-phenylpropan-1-one 
(BJE6-154): To a 10 mL round bottomed flask containing 20.0 mg (0.0401 mmol, 1 equiv.) (E)-1-(6-
(3-(9H-carbazol-9-yl)propyl)-2,2-dimethyl-2H-chromen-8-yl)-3-phenylprop-2-en-1-one dissolved in 1 
mL dry THF was added a spatula tip of 10% Pd/C.  H2 gas was bubbled through the mixture for 2 min 
and the reaction was stirred at ambient temperature under balloon pressure of H2(g) for 2 hr before 
being filtered through celite and concentrated to yield 18 mg (90%) of the desired product as a 
colorless film. The NMR and mass spectra were fully consistent with the structure of the desired 
product. 
 
 
 
 
 
Preparation and Spectra for B106 
 

 
 
Synthesis of Molander Salt 1 (9-(2-(trifluoro-»4-boranyl)ethyl)-9H-carbazole, potassium salt): 
To 4.11 mL (28.4 mmol, 5.5 equiv) 2,5-dimethylhexa-2,4-diene dissolved in 10.0 mL dry THF in a 
flame dried 100 mL round bottomed flask at 0oC was added 12.9 mL of a 1.0M solution of BH3 
dissolved in THF.  The reaction was stirred at 0oC for 3hr before the addition of 1.00 g (5.17 mmol, 1 
equiv.) 9-vinylcarbazole dissolved in a minimum amount of dry THF.  The reaction was allowed to 
warm to ambient temperature with stirring over 3hr before being cooled to 0oC.  To this mixture was 
added 1.7 mL deionized H2O.  The reaction was then stirred for 1.5hr at ambient temperature before 
the addition of 4.3 mL of a 37% solution of CH2O(aq).  The reaction was stirred at ambient temperature for 16hr before 
being added to brine, extracted into EtOAc, dried over Na2SO4, and concentrated.  The resulting residue was taken up in a 
mixture of 17.0 mL acetone and 6.5 mL H2O before the addition of 1.62 g (20.7 mmol, 4 equiv.) KHF2.  The resulting 
mixture was stirred at ambient temperature for 4hr before being concentrated under reduced pressure.  The resulting 
residue was recrystallized from acetone and Et2O yielding 1.06 g (68%) of a white crystalize solid which was utilized 
below without characterization or further purification. 
 
 



 10 

 
Synthesis of 6-(2-(9H-carbazol-9-yl)ethyl)-2,2-dimethyl-2H-chromene-8-carbaldehyde (BJE6-
106): To a flame dried 10 mL round bottomed flask containing 57.0mg (0.213 mmol, 1 equiv.) 6-
bromo-2,2-dimethyl-2H-chromene-8-carbaldehyde, 64.0mg (0.213 mmol, 1 equiv.) Molander Salt 1 
(9-(2-(trifluoro-»4-boranyl)ethyl)-9H-carbazole, potassium salt), 8.0 mg (0.011 mmol, 0.05 equiv.) 
PdCl2(dppf)-CH2Cl2, and 208 mg (0.639 mmol, 3 equiv.) anhydrous Cs2CO3 was added 1.5 mL dry 
toluene and 0.5 mL deionized H2O.  The reaction was heated to 80oC for 16hr, added to brine, 
extracted into EtOAc, dried over Na2SO4, and concentrated under reduced pressure.  The resulting 
residue was purified by silica gel flash chromatography eluting with 19 : 1 hex./EtOAc to 1 : 1 
hex./EtOAc yielding 36 mg (44%) of the desired product as a colorless oil. 
1HNMR (300MHz, CDCl3) δ 10.44 (s, 1H), 8.09 (d, J = 7.5, 2H), 7.56 (d, J = 2.4, 1H), 7.43 (t, J = 6.9, 2H), 7.32 (t, J = 
8.4, 2H), 7.23 (t, J = 6.9, 2H), 6.73 (d, J = 2.1, 1H), 6.14 (d, J = 9.9, 1H), 5.65 (d, J = 9.6, 1H), 4.48 (t, J = 7.5, 2H), 3.03 
(t, J = 7.5, 2H), 1.47 (s, 6H); 13CNMR (75MHz, CDCl3) δ 189.5, 155.4, 140.3, 133.0, 131.8, 131.0, 126.8, 125.9, 124.3, 
123.1, 122.8, 121.5, 120.6, 119.2, 117.8, 108.8, 44.8, 34.3, 28.3; IR (NaCl, film) 2861, 1679 cm-1; HRMS (+TOF) 
382.1802 calcd for C26H23NO2 [M+H]+, found: 382.1799; Rf  = 0.25 (9 : 1 hex./ EtOAc). 
Ref. BJE6-106 
 

 
1H NMR Spectrum (300MHz, CDCl3) 
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13C NMR (75 MHz) CDCl3 

 
 



 
Figure S2: Model of rottlerin bound to PKC-delta 

 
Fig. S1: “Best-fit” superimposition of 
staurosporine (brown and 
mallotoxin/rottlerin (green) structures 
using TFIT. 

Pharmacophore Modeling of Novel PKC−delta inhibitors.  
 

Numerous docking studies were conducted to predict how mallotoxin/rottlerin binds to PKC-
delta.  Since a structure of PKC-delta was not available, rottlerin was docked into the catalytic 
binding site of several different PKC crystal structures.  The structure of PKC-theta complexed 
with staurosporine (pdb code 1XJD) was selected as the most suitable model. 

 
The TFIT program within FLO molecular modeling software 1 was used to construct 
pharmacophores, as we have previously described.2-4 An ensemble of low energy conformers 

was computed for mallotoxin/rottlerin and 
staurosporine, optimized to simultaneously 
minimize the internal energy and maximize the 
match of chemically similar atoms (Fig. S1). There 
has been excellent agreement between the bio-
active conformations of inhibitors calculated by 
TFIT and that found experimentally.5,6  
 
Dockmin+ is an energy minimization procedure 
developed for the FLO+ molecular modeling 
package, which uses a molecular mechanics force 
field to find the nearest minimum to the original 
structure. Then dockmin+ uses a scoring function 
to evaluate the ligand/binding site interactions. The 
scoring function used by the FLO+ suite of 
programs uses a potential function containing the 
following terms: Contact Energy; Hydrogen Bond 
energy, Entropy, Polar Desolvation, Internal Free 
Energy, and Repulsion. It is known from crystal 
structures of many kinase/inhibitor complexes that 

the kinase active site is flexible. 
Therefore, regions known to be 
flexible were allowed to be free 
during the docking procedures. 
Eventually a reasonable binding 
mode of rottlerin bound to PKC-delta 
was obtained (Fig. S2). However, 
because rottlerin is structurally so 
different from typical kinase 
inhibitors whose binding mode is 
now know from x-ray data, the 
binding mode of rottlerin obtained in 
this study was taken as an initial 
hypothesis.   
 
Lzm is the graphical interface used in 
part of the FLO+ molecular modeling 



 
Figure S3: Model of mallotoxin/rottlerin docked 
in PKC-delta with the solvent accessible surface 
of the binding site shown as a mesh. 
 

suite. Mallotoxin/rottlerin and staurosporine were evaluated using the solvent accessible surface 
and the atom scores. Looking at a ligand and the solvent accessible surface mesh it becomes 
immediately obvious to what extent the ligand occupies the binding site and gives a sense of the 

quality of the protein/ligand interactions. 
Ligand atoms in ideal van der Waals 
contact with the binding site atoms lie on 
or near the surface mesh. Ligand atoms 
that form hydrogen bonds with binding 
site atoms, penetrate the mesh.7 The atom 
scores assign a numerical energy to each 
ligand atom showing the contribution that 
atom makes to the total predicted binding 
energy. The solvent accessible surface of 
the mallotoxin-rottlerin binding site is 
shown in a mesh in Fig. S3. It is 
computed at the van der Waals radius of 
the binding site atoms plus a probe 
distance of 1.4 Angstroms.  
 
 Five molecules were designed using 
the PKC-delta model developed from the 

rottlerin docking studies.  The strategy was to retain most of the “bottom” part of rottlerin (see 
figures below) which is assumed to give rottlerin its 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 PKC-theta model, including 
staurosporine, purine-based inhibitors, a CDK2 inhibitor (pdb code: 1FVT) and an aurora kinase 
inhibitor (pdb code 2F4J). 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 crystal structure) and rottlerin 
(from our docking studies). 
 
 In Structures 1 and 2, the head group resembled that of staurosporine and other bisindoyl 
maleimide inhibitors. Ease of synthesis was a major factor in the design of this head group.  
 
 Modifications of these structures that allowed for easier synthesis produced the 2nd and 3rd 
generation PKCδ inhibitors described previously8 and in this report. 
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Supplemental Table 1: 
 
PKCδ Inhibitory Activity of BJE6 compounds 
 
 
 

IC50 (in vitro)1 
IC50 

(in culture)3 
Compound PKCδ 

IC50 (µM) 
PKCα 

IC50 (µM) 
PKCδ/PKCα 
(IC50 ratio)2 

 

     
Rottlerin 4.4 75 28 10 
KAM-1 3.6 177 56 5 
B058 5.8 NA4 - >50 
B071 3 NA - >100 
B095 8 NA - >100 
B097 9.5 NA - >100 
B106 0.08 15 200 1 
B108 3 NA - >100 
B109 0.09 75 800 >100 
B111 2.5 25 100 40 
B112 6 NA - >50 
B117 4.5 NA - >100 
B118 10 NA - >100 
B121 4 NA - >100 
B125 0.25 20 800 >100 
B128 6.5 NA - >100 
B129 6.5 NA - >50 
B130 4 NA - 40 
B131 10 NA - >100 
B136 14 NA - >100 
B137 3 NA - >100 
B141 4.8 NA - >50 
B142 3.5 NA - >100 
B143 6 NA - >100 
B146 5 NA - >100 
B147 5.8 NA - 20 
B148 4 NA - >100 
B149 0.31 >300 >1000 20 
B150 0.625 500 800 30 
B151 < 0.05 50 >1000 >100 
B152 < 0.05 50 >1000 >100 
B153 3 NA - >100 
B154 23 NA - >100 



B155 3 NA - >100 
B156 7.5 NA - >100 
B157 5 NA - >100 
B158 4.5 NA - >100 
B159 7 NA - 40 
 
 
1 IC50 measured using recombinant PKCδ or PKCα 
 
2 Ratio of PKCδ IC50 to PKCα IC50 
 
3 IC50 for cytotoxicity on a KRAS-mutant cell line H460. 
 
4 NA =  not assayed (PKCα inhibitory activity was only assayed on compounds with an 
IC50 for PKCδ of <2.5 µM). 



METHODS 
Reagents.  Rottlerin/mallotoxin, PLX4032 (vemurafenib), propidium iodide, and RNase 
A were purchased from Axxora, LC Labs, Sigma-Aldrich  and Fisher Scientific,  
respectively. Z-VAD-FMK was purchased from R&D Systems  and Enzo Life Sciences. 
Antibodies against phospho-SAPK/JNK (Thr183/Tyr185) (#4668), SAPK/JNK (#9252), 
phospho-Histone H2A.X (Ser 139) (#2577), Histone H2A (#2578), phospho-
SEK1/MKK4) (#4514), SEK1/MKK4 (#9152), phospho-MKK7 (Ser271/Thr275) 
(#4171), MKK7 (#4172), phospho-c-Jun (Ser63) (#9261), c-Jun (#9165), phospho- 
ERK1/2 (Thr202/Tyr204) (#4370), phospho-p38 (Thr180/Tyr182) (#4511) and p38 
(#9212) were purchased from Cell Signaling Technologies. Antibodies against ERK1 (K-
23) and PKCδ (#610398) were purchased from Santa Cruz Biotechnology  and BD 
Biosciences, respectively. Antibodies against α-Tubulin (#T6074), β-Actin (#A1978) and 
GAPDH (#G8795) were purchased from Sigma-Aldrich. ON-TARGETplus SMART 
pool siRNA against JNK1 (L-003514), JNK2 (L-003505), H2AX (L-011682) and non-
targeting scrambled siRNA #1 (D-001810-01) were purchased from Dharmacon. Silencer 
Select siRNA against PKCδ (PRKCD) was purchased from Life Technologies.  
 
Synthetic Methods. BJE6-106 and BJE6-154 were synthesized using Molander 
trifluorborate coupling chemistry,1,2 with the details and NMR spectra presented 
elsewhere in Supplemental Information. Briefly: unless otherwise noted, all reagents 
were obtained from commercial suppliers and were used without further purification. All 
air or moisture sensitive reactions were performed under a positive pressured of argon in 
flame-dried glassware. Tetrahydrofuran (THF), toluene, diethyl ether (Et2O), 
dichloromethane, benzene (PhH), acetonitrile (MeCN), triethylamine (NEt3), pyridine, 
diisopropyl amine, methanol (MeOH), dimethylsulfoxide (DMSO), and N,N-
dimethylformamide (DMF) were obtained from a dry solvent system (Ar degassed 
solvents delivered through activated alumina columns, positive pressure of argon).  
Column chromatography was performed on Merck silica gel Kieselgel 60 (230-400 
mesh). 1HNMR and 13CNMR spectra were recorded on Varian 300, or 400 MHz 
spectrometers.  Chemical shifts are reported in ppm relative to CHCl3 at δ 7.27 (1HNMR) 
and δ 77.23 (13CNMR). Mass spectra were obtained on Fisons VG Autospec. IR spectra 
were obtained from thin films on a NaCl plate using a Perkin-Elmer 1600 series FT-IR 
spectrometer.   
 Synthesis of Molander Salt (4): (9-(2-(trifluoro-»4-boranyl)ethyl)-9H-carbazole, 
potassium salt): To 4.11 mL (28.4 mmol, 5.5 equiv) 2,5-dimethylhexa-2,4-diene 
dissolved in 10.0 mL dry THF in a flame dried 100 mL round bottomed flask at 0oC was 
added 12.9 mL of a 1.0M solution of BH3 dissolved in THF. The reaction was stirred at 
0oC for 3 hr before the addition of 1.00 g (5.17 mmol, 1 equiv.) 9-vinylcarbazole 
dissolved in a minimum amount of dry THF.  The reaction was allowed to warm to 
ambient temperature with stirring over 3 hr before being cooled to 0oC.  To this mixture 
was added 1.7 mL deionized H2O.  The reaction was then stirred for 1.5 hr at ambient 
temperature before the addition of 4.3 mL of a 37% solution of CH2O(aq). The reaction 
was stirred at ambient temperature for 16 hr before being added to brine, extracted into 
EtOAc, dried over Na2SO4, and concentrated. The resulting residue was taken up in a 
mixture of 17.0 mL acetone and 6.5 mL H2O before the addition of 1.62 g (20.7 mmol, 4 
equiv.) KHF2.  The resulting mixture was stirred at ambient temperature for 4hr before 



being concentrated under reduced pressure. The resulting residue was recrystallized from 
acetone and Et2O yielding 1.06 g (68%) of a white crystalline solid (4) (see Figure 2A, 
Scheme 1) which was utilized below without characterization or further purification. 
 Synthesis of 6-bromo-2,2-dimethyl-2H-chromene-8-carbaldehyde (2): To a 100 mL 
flame dried round bottomed flask containing 5.54 mL (57.2 mmol, 1.15 equiv) 2-
methylbut-3-yn-2-ol dissolved in 50 mL dry MeCN at 0oC was added 11.1 mL (74.6 
mmol, 1.5 equiv.) DBU followed by the dropwise addition of 8.08 mL (57.2 mmol, 1.15 
equiv.) freshly distilled TFAA. The reaction was stirred at 0oC for 30 min before being 
added via cannula to a 250 mL round bottomed flask containing 10.0 g (49.7 mmol, 1 
equiv.) 5-bromo-2-hydroxybenzaldehyde (1), 9.65 mL (64.6 mmol, 1.3 equiv.) DBU, and 
8.5 mg (0.050 mmol, 0.001 equiv.) CuCl2-2H2O dissolved in dry MeCN at -5oC.  The 
reaction was stirred for 16hr at ambient temperature before being concentrated under 
reduced pressure. The resulting residue was taken up in EtOAc, washed once with H2O, 
once with 1 M HCl, and once with brine before being dried over Na2SO4, and 
concentrated. This residue was subjected to silica gel flash chromatography eluting with 
19:1 to 4:1 hex/EtOAc to yield 11.17g (84%) of the desired product (2) as a pale yellow 
solid. 
1HNMR (300MHz, CDCl3) δ 10.27 (s, 1H), 7.88 (s, 1H), 7.55 (d, J = 8.4, 1H), 7.38 (d, J 
= 8.4, 1H), 2.63 (s, 1H), 1.67 (s, 6H); ); 13CNMR (75MHz, CDCl3) δ 188.8, 157.4, 137.5, 
130.9, 130.2, 122.8, 116.1, 84.7, 76.3, 74.5, 29.7; IR (NaCl, film) 3294, 1687, 1588, 1471 
cm-1; HRMS (+TOF) 267.0015 calcd for C12H12BrO2 [M+H]+, found: 267.0016; Rf  = 
0.38 (9 : 1 hex./ EtOAc).  
 Synthesis of 6-bromo-2,2-dimethyl-2H-chromene-8-carbaldehyde (3): To an 80 mL 
microwave reaction vessel containing 4.00 g (14.8 mmol, 1 equiv.) 5-bromo-2-((2-
methylbut-3-yn-2-yl)oxy)benzaldehyde (2) dissolved in 60 mL dry MeCN was added 
66.0 mg (0.300 mmol, 0.02 equiv.) BHT. The reaction was heated in a microwave reactor 
to 180oC for 20 min before being concentrated and purified by silica gel flash 
chromatography eluting with 19:1 hex./EtOAc to yield 2.10 g (53%) of the desired 
product (3) as a yellow oil. 
1HNMR (300MHz, CDCl3) δ 10.35 (s, 1H), 7.73 (d, J = 2.7, 1H), 7.27 (dd, J = 2.7, 0.3, 
1H), 6.29 (d, J = 9.9, 1H), 5.75 (d, J = 9.9, 1H), 1.50 (s, 3H); 13CNMR (75MHz, CDCl3) 
δ 188.0, 155.3, 134.3, 132.8, 129.4, 125.6, 124.6, 120.8, 113.4, 78.4, 28.4; IR (NaCl, 
film) 2863, 1678, 1574 cm-1; HRMS (+TOF) 267.0015 calcd for C12H12BrO2 [M+H]+, 
found: 267.0012; Rf  = 0.33 (9:1 hex./ EtOAc). 
 Synthesis of 6-(2-(9H-carbazol-9-yl)ethyl)-2,2-dimethyl-2H-chromene-8-
carbaldehyde (B106): To a flame dried 10 mL round bottomed flask containing 57.0mg 
(0.213 mmol, 1 equiv.) 6-bromo-2,2-dimethyl-2H-chromene-8-carbaldehyde (3), 64.0mg 
(0.213 mmol, 1 equiv.) Molander Salt (4) (9-(2-(trifluoro-»4-boranyl)ethyl)-9H-
carbazole, potassium salt), 8.0 mg (0.011 mmol, 0.05 equiv.) PdCl2(dppf)-CH2Cl2, and 
208 mg (0.639 mmol, 3 equiv.) anhydrous Cs2CO3 was added 1.5 mL dry toluene and 0.5 
mL deionized H2O. The reaction was heated to 80oC for 16hr, added to brine, extracted 
into EtOAc, dried over Na2SO4, and concentrated under reduced pressure. The resulting 
residue was purified by silica gel flash chromatography eluting with 19 : 1 hex./EtOAc to 
1 : 1 hex./EtOAc yielding 36 mg (44%) of the desired product (B106) as a colorless oil. 
1HNMR (300MHz, CDCl3) δ 10.44 (s, 1H), 8.09 (d, J = 7.5, 2H), 7.56 (d, J = 2.4, 1H), 
7.43 (t, J = 6.9, 2H), 7.32 (t, J = 8.4, 2H), 7.23 (t, J = 6.9, 2H), 6.73 (d, J = 2.1, 1H), 6.14 



(d, J = 9.9, 1H), 5.65 (d, J = 9.6, 1H), 4.48 (t, J = 7.5, 2H), 3.03 (t, J = 7.5, 2H), 1.47 (s, 
6H); 13CNMR (75MHz, CDCl3) δ 189.5, 155.4, 140.3, 133.0, 131.8, 131.0, 126.8, 125.9, 
124.3, 123.1, 122.8, 121.5, 120.6, 119.2, 117.8, 108.8, 44.8, 34.3, 28.3; IR (NaCl, film) 
2861, 1679 cm-1; HRMS (+TOF) 382.1802 calcd for C26H23NO2 [M+H]+, found: 
382.1799; Rf  = 0.25 (9:1 hex./ EtOAc). 
Ref. BJE6-106 
 
Cell culture, siRNA transfection, plasmid stable transfection & PLX4032-resistant 
sub cell lines. Human melanoma cell lines WM1366, WM1361A, WM852, FM28, FM6, 
SKMEL2 and SKMEL28, SBcl2, A375 and SKMEL5 were originally obtained from 
ATCC or the European Searchable Tumour Line Database (ESTDAB) and authenticated 
by these agencies using DNA fingerprinting quality control. Their respective RAS or 
BRAF mutations previously identified in the literature were verified by sequencing. 
SBcl2 and A375 and its derivative lines were maintained in Dulbecco’s modified Eagle’s 
medium (DMEM) supplemented with 10% fetal bovine serum. SKMEL5 was maintained 
in minimum essential medium (MEM) supplemented with 10% fetal bovine serum. All 
media were additionally supplemented with L-glutamine 2 mM, penicillin 100 units/ml 
and streptomycin 100 µg/ml. Primary human melanocytes were grown in medium 254 
(Invitrogen).  
 siRNA transfection was performed by reverse transcription using Lipofectamine 
RNAiMax (Invitrogen) according to the product protocol, and media was changed the 
following day of transfection. PLX4032-resistant cell sublines were established according 
to the method described in 3. Briefly, A375 and SKMEL5 cells were plated at low cell 
density and treated with PLX4032 at 1 µM or 0.5 µM, respectively. The concentration of 
PLX4032 was gradually increased up to 4µM (A375) or 2 µM (SKMEL5) over the 
course of a 3-4 week period, and clonal colonies were picked. Derived sublines of A375 
and SKMEL5 were maintained in PLX4032-containing medium at 1-2 µM (A375) or 0.5 
µM (SKMEL5). 
 
Cell proliferation & Caspase assays. Cell proliferation assays (MTS assay) and caspase 
assays were performed with CellTiter 96 AQueous Non-Radioactive Cell Proliferation 
Assay kit and Caspase-Glo 3/7 Assay Systems (Promega) according to the 
manufacturers’ protocols. Briefly, for the assays employing inhibitors, cells were plated 
in a 96-well plate (500-4000 cells per well depending on the cell lines and duration of the 
experiment), exposed to inhibitors 24 hr later and cultured for the durations indicated in 
the individual figure legends. For the assays employing siRNA, cells were plated the day 
of siRNA transfection, cultured for the duration indicated in the figure legends, and if 
indicated, treated with inhibitors or vehicle. After the indicated treatment times, assay 
reagent was added and cell plates were incubated for 1 hr at 37°C (MTS assay) or 30 min 
at RT (caspase assay). Absorbance at 490 nm (MTS assay) or luminescence (caspase 
assay) were measured using microplate readers for quantification. Human primary 
melanocytes were plated in triplicate on a 12-well plate. Test compounds at different 
concentrations or vehicle (DMSO) were added on the second day, and viable cells were 
enumerated 72 rh after addition of compounds. Cell survival was evaluated against the 
DMSO-treated controls.  
 



Clonogenic colony assay. For the experiments depicted in Figure 2E, cells were treated 
with drugs for the time indicated in the figure, and then the same number of viable cells 
from each treatment was replated at low cell density and cultured in medium without 
inhibitors for 8 days, at which time colony formation was quantitated. Cell colonies were 
stained with ethidium bromide for visualization on an ImageQuant LAS 4000 (GE 
Healthcare) and colonies enumerated.  
 
DNA fragmentation assays. Cells were harvested and fixed in 1 ml of a 35% 
ethanol/DMEM solution at 4°C for 30 min. Cells were then stained with a solution 
containing 25 µg/ml of propidium iodide/ml and 50 µg/ml of RNase A in PBS and 
incubated in the dark at 37°C for 30 min for flow cytometric analysis. The proportion of 
cells in the sub-G1 population, which contain a DNA content of less than 2N (fragmented 
DNA), was measured as an indicator of apoptosis.  
 
Immunoblotting. Whole cell lysates were prepared in a buffer containing 20 mM Hepes 
(pH 7.4), 10% glycerol, 2 mM EDTA, 2 mM EGTA, 50 mM β-glycerophosphate and 1% 
Triton-X100, 1 mM dithiothreitol (DTT) and 1 mM sodium vanadate, supplemented with 
Halt Protease and Phosphatase Inhibitor Cocktail (100X) (Thermo Scientific). Lysates 
were subjected to SDS-PAGE and transferred to nitrocellulose membranes. Membranes 
were blocked at RT for 1-1.5 hr with 5% BSA or 5% non-fat dry milk in TBS-T (10 mM 
Tris [pH 7.5], 100 mM NaCl, 0.1% Tween 20) and probed with the appropriate primary 
antibodies (1:500-1:10,000) overnight. After washing, the blots were incubated with 
horseradish peroxidase-conjugated secondary antibodies (1:2000-1:10,000) and 
visualized using the ECL system (GE Healthcare) on an ImageQuant LAS 4000. As 
loading controls, either α-tubulin, β-actin or GAPDH was selected, depending on the 
molecular weight of the proteins being studied in each experiment or the acrylamide 
percentage of the gels. In some experiments, photographs of the same gel processed from 
the same experiment, are presented in two separate panels. In some cases, lanes not 
directly relevant to the particular panel have been deleted for clarity, and this is indicated 
in the respective figure legends.   
 
Quantitative real-time PCR. RNA was extracted with RNeasy Mini kit purchased 
(Qiagen) according to the manufacturer’s protocol. 1 µg of RNA was used to synthesize 
cDNA in a 20 µl reaction volume employing SuperScript III First-Strand Synthesis 
System (Invitrogen) or QuaniTect Reverse Transcription Kit (Qiagen) according to the 
product protocol. Quantitative real-time PCR was performed with SYBR Green PCR 
Master Mix (Applied Biosystems (now under Life Technologies)) according to the 
manufacturer’s protocol. Briefly, cDNA was diluted to a final concentration of 25 ng per 
reaction, added to a primer set (5 µM) and SYBR Green PCR Master Mix to a final 
volume of reaction mixture of 20 µl, and run on an Applied Biosystems 7500 Fast Real-
Time PCR system using the following thermal cycling protocol: 50°C for 2 min, 95°C for 
10 min, and 40 cycles of 95°C for 15 sec and 60°C for 1 min. The relative amount of an 
mRNA of interest was calculated by normalizing the Ct value of the mRNA to the Ct of 
the internal control (β-actin). Primer sequences were: H2AX Forward: 5’-
CAACAAGAAGACGCGAATCA-3’, H2AX Reverse: 5’- 
CGGGCCCTCTTAGTACTCCT-3’, β-actin Forward: 5’- 



GCTCGTCGTCGACAACGGCTC-3’, β-actin Reverse: 5’-
CAAACATGATCTGGGTCATCTTCTC-3’ 
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METHODS 
Reagents.  Rottlerin/mallotoxin, PLX4032 (vemurafenib), propidium iodide, and RNase 
A were purchased from Axxora, LC Labs, Sigma-Aldrich  and Fisher Scientific,  
respectively. Z-VAD-FMK was purchased from R&D Systems  and Enzo Life Sciences. 
Antibodies against phospho-SAPK/JNK (Thr183/Tyr185) (#4668), SAPK/JNK (#9252), 
phospho-Histone H2A.X (Ser 139) (#2577), Histone H2A (#2578), phospho-
SEK1/MKK4) (#4514), SEK1/MKK4 (#9152), phospho-MKK7 (Ser271/Thr275) 
(#4171), MKK7 (#4172), phospho-c-Jun (Ser63) (#9261), c-Jun (#9165), phospho- 
ERK1/2 (Thr202/Tyr204) (#4370), phospho-p38 (Thr180/Tyr182) (#4511) and p38 
(#9212) were purchased from Cell Signaling Technologies. Antibodies against ERK1 (K-
23) and PKCδ (#610398) were purchased from Santa Cruz Biotechnology  and BD 
Biosciences, respectively. Antibodies against α-Tubulin (#T6074), β-Actin (#A1978) and 
GAPDH (#G8795) were purchased from Sigma-Aldrich. ON-TARGETplus SMART 
pool siRNA against JNK1 (L-003514), JNK2 (L-003505), H2AX (L-011682) and non-
targeting scrambled siRNA #1 (D-001810-01) were purchased from Dharmacon. Silencer 
Select siRNA against PKCδ (PRKCD) was purchased from Life Technologies.  
 
Synthetic Methods. BJE6-106 and BJE6-154 were synthesized using Molander 
trifluorborate coupling chemistry,1,2 with the details and NMR spectra presented 
elsewhere in Supplemental Information. Briefly: unless otherwise noted, all reagents 
were obtained from commercial suppliers and were used without further purification. All 
air or moisture sensitive reactions were performed under a positive pressured of argon in 
flame-dried glassware. Tetrahydrofuran (THF), toluene, diethyl ether (Et2O), 
dichloromethane, benzene (PhH), acetonitrile (MeCN), triethylamine (NEt3), pyridine, 
diisopropyl amine, methanol (MeOH), dimethylsulfoxide (DMSO), and N,N-
dimethylformamide (DMF) were obtained from a dry solvent system (Ar degassed 
solvents delivered through activated alumina columns, positive pressure of argon).  
Column chromatography was performed on Merck silica gel Kieselgel 60 (230-400 
mesh). 1HNMR and 13CNMR spectra were recorded on Varian 300, or 400 MHz 
spectrometers.  Chemical shifts are reported in ppm relative to CHCl3 at δ 7.27 (1HNMR) 
and δ 77.23 (13CNMR). Mass spectra were obtained on Fisons VG Autospec. IR spectra 
were obtained from thin films on a NaCl plate using a Perkin-Elmer 1600 series FT-IR 
spectrometer.   
 Synthesis of Molander Salt (4): (9-(2-(trifluoro-»4-boranyl)ethyl)-9H-carbazole, 
potassium salt): To 4.11 mL (28.4 mmol, 5.5 equiv) 2,5-dimethylhexa-2,4-diene 
dissolved in 10.0 mL dry THF in a flame dried 100 mL round bottomed flask at 0oC was 
added 12.9 mL of a 1.0M solution of BH3 dissolved in THF. The reaction was stirred at 
0oC for 3 hr before the addition of 1.00 g (5.17 mmol, 1 equiv.) 9-vinylcarbazole 
dissolved in a minimum amount of dry THF.  The reaction was allowed to warm to 
ambient temperature with stirring over 3 hr before being cooled to 0oC.  To this mixture 
was added 1.7 mL deionized H2O.  The reaction was then stirred for 1.5 hr at ambient 
temperature before the addition of 4.3 mL of a 37% solution of CH2O(aq). The reaction 
was stirred at ambient temperature for 16 hr before being added to brine, extracted into 
EtOAc, dried over Na2SO4, and concentrated. The resulting residue was taken up in a 
mixture of 17.0 mL acetone and 6.5 mL H2O before the addition of 1.62 g (20.7 mmol, 4 
equiv.) KHF2.  The resulting mixture was stirred at ambient temperature for 4hr before 



being concentrated under reduced pressure. The resulting residue was recrystallized from 
acetone and Et2O yielding 1.06 g (68%) of a white crystalline solid (4) (see Figure 2A, 
Scheme 1) which was utilized below without characterization or further purification. 
 Synthesis of 6-bromo-2,2-dimethyl-2H-chromene-8-carbaldehyde (2): To a 100 mL 
flame dried round bottomed flask containing 5.54 mL (57.2 mmol, 1.15 equiv) 2-
methylbut-3-yn-2-ol dissolved in 50 mL dry MeCN at 0oC was added 11.1 mL (74.6 
mmol, 1.5 equiv.) DBU followed by the dropwise addition of 8.08 mL (57.2 mmol, 1.15 
equiv.) freshly distilled TFAA. The reaction was stirred at 0oC for 30 min before being 
added via cannula to a 250 mL round bottomed flask containing 10.0 g (49.7 mmol, 1 
equiv.) 5-bromo-2-hydroxybenzaldehyde (1), 9.65 mL (64.6 mmol, 1.3 equiv.) DBU, and 
8.5 mg (0.050 mmol, 0.001 equiv.) CuCl2-2H2O dissolved in dry MeCN at -5oC.  The 
reaction was stirred for 16hr at ambient temperature before being concentrated under 
reduced pressure. The resulting residue was taken up in EtOAc, washed once with H2O, 
once with 1 M HCl, and once with brine before being dried over Na2SO4, and 
concentrated. This residue was subjected to silica gel flash chromatography eluting with 
19:1 to 4:1 hex/EtOAc to yield 11.17g (84%) of the desired product (2) as a pale yellow 
solid. 
1HNMR (300MHz, CDCl3) δ 10.27 (s, 1H), 7.88 (s, 1H), 7.55 (d, J = 8.4, 1H), 7.38 (d, J 
= 8.4, 1H), 2.63 (s, 1H), 1.67 (s, 6H); ); 13CNMR (75MHz, CDCl3) δ 188.8, 157.4, 137.5, 
130.9, 130.2, 122.8, 116.1, 84.7, 76.3, 74.5, 29.7; IR (NaCl, film) 3294, 1687, 1588, 1471 
cm-1; HRMS (+TOF) 267.0015 calcd for C12H12BrO2 [M+H]+, found: 267.0016; Rf  = 
0.38 (9 : 1 hex./ EtOAc).  
 Synthesis of 6-bromo-2,2-dimethyl-2H-chromene-8-carbaldehyde (3): To an 80 mL 
microwave reaction vessel containing 4.00 g (14.8 mmol, 1 equiv.) 5-bromo-2-((2-
methylbut-3-yn-2-yl)oxy)benzaldehyde (2) dissolved in 60 mL dry MeCN was added 
66.0 mg (0.300 mmol, 0.02 equiv.) BHT. The reaction was heated in a microwave reactor 
to 180oC for 20 min before being concentrated and purified by silica gel flash 
chromatography eluting with 19:1 hex./EtOAc to yield 2.10 g (53%) of the desired 
product (3) as a yellow oil. 
1HNMR (300MHz, CDCl3) δ 10.35 (s, 1H), 7.73 (d, J = 2.7, 1H), 7.27 (dd, J = 2.7, 0.3, 
1H), 6.29 (d, J = 9.9, 1H), 5.75 (d, J = 9.9, 1H), 1.50 (s, 3H); 13CNMR (75MHz, CDCl3) 
δ 188.0, 155.3, 134.3, 132.8, 129.4, 125.6, 124.6, 120.8, 113.4, 78.4, 28.4; IR (NaCl, 
film) 2863, 1678, 1574 cm-1; HRMS (+TOF) 267.0015 calcd for C12H12BrO2 [M+H]+, 
found: 267.0012; Rf  = 0.33 (9:1 hex./ EtOAc). 
 Synthesis of 6-(2-(9H-carbazol-9-yl)ethyl)-2,2-dimethyl-2H-chromene-8-
carbaldehyde (B106): To a flame dried 10 mL round bottomed flask containing 57.0mg 
(0.213 mmol, 1 equiv.) 6-bromo-2,2-dimethyl-2H-chromene-8-carbaldehyde (3), 64.0mg 
(0.213 mmol, 1 equiv.) Molander Salt (4) (9-(2-(trifluoro-»4-boranyl)ethyl)-9H-
carbazole, potassium salt), 8.0 mg (0.011 mmol, 0.05 equiv.) PdCl2(dppf)-CH2Cl2, and 
208 mg (0.639 mmol, 3 equiv.) anhydrous Cs2CO3 was added 1.5 mL dry toluene and 0.5 
mL deionized H2O. The reaction was heated to 80oC for 16hr, added to brine, extracted 
into EtOAc, dried over Na2SO4, and concentrated under reduced pressure. The resulting 
residue was purified by silica gel flash chromatography eluting with 19 : 1 hex./EtOAc to 
1 : 1 hex./EtOAc yielding 36 mg (44%) of the desired product (B106) as a colorless oil. 
1HNMR (300MHz, CDCl3) δ 10.44 (s, 1H), 8.09 (d, J = 7.5, 2H), 7.56 (d, J = 2.4, 1H), 
7.43 (t, J = 6.9, 2H), 7.32 (t, J = 8.4, 2H), 7.23 (t, J = 6.9, 2H), 6.73 (d, J = 2.1, 1H), 6.14 



(d, J = 9.9, 1H), 5.65 (d, J = 9.6, 1H), 4.48 (t, J = 7.5, 2H), 3.03 (t, J = 7.5, 2H), 1.47 (s, 
6H); 13CNMR (75MHz, CDCl3) δ 189.5, 155.4, 140.3, 133.0, 131.8, 131.0, 126.8, 125.9, 
124.3, 123.1, 122.8, 121.5, 120.6, 119.2, 117.8, 108.8, 44.8, 34.3, 28.3; IR (NaCl, film) 
2861, 1679 cm-1; HRMS (+TOF) 382.1802 calcd for C26H23NO2 [M+H]+, found: 
382.1799; Rf  = 0.25 (9:1 hex./ EtOAc). 
Ref. BJE6-106 
 
Cell culture, siRNA transfection, plasmid stable transfection & PLX4032-resistant 
sub cell lines. Human melanoma cell lines WM1366, WM1361A, WM852, FM28, FM6, 
SKMEL2 and SKMEL28, SBcl2, A375 and SKMEL5 were originally obtained from 
ATCC or the European Searchable Tumour Line Database (ESTDAB) and authenticated 
by these agencies using DNA fingerprinting quality control. Their respective RAS or 
BRAF mutations previously identified in the literature were verified by sequencing. 
SBcl2 and A375 and its derivative lines were maintained in Dulbecco’s modified Eagle’s 
medium (DMEM) supplemented with 10% fetal bovine serum. SKMEL5 was maintained 
in minimum essential medium (MEM) supplemented with 10% fetal bovine serum. All 
media were additionally supplemented with L-glutamine 2 mM, penicillin 100 units/ml 
and streptomycin 100 µg/ml. Primary human melanocytes were grown in medium 254 
(Invitrogen).  
 siRNA transfection was performed by reverse transcription using Lipofectamine 
RNAiMax (Invitrogen) according to the product protocol, and media was changed the 
following day of transfection. PLX4032-resistant cell sublines were established according 
to the method described in 3. Briefly, A375 and SKMEL5 cells were plated at low cell 
density and treated with PLX4032 at 1 µM or 0.5 µM, respectively. The concentration of 
PLX4032 was gradually increased up to 4µM (A375) or 2 µM (SKMEL5) over the 
course of a 3-4 week period, and clonal colonies were picked. Derived sublines of A375 
and SKMEL5 were maintained in PLX4032-containing medium at 1-2 µM (A375) or 0.5 
µM (SKMEL5). 
 
Cell proliferation & Caspase assays. Cell proliferation assays (MTS assay) and caspase 
assays were performed with CellTiter 96 AQueous Non-Radioactive Cell Proliferation 
Assay kit and Caspase-Glo 3/7 Assay Systems (Promega) according to the 
manufacturers’ protocols. Briefly, for the assays employing inhibitors, cells were plated 
in a 96-well plate (500-4000 cells per well depending on the cell lines and duration of the 
experiment), exposed to inhibitors 24 hr later and cultured for the durations indicated in 
the individual figure legends. For the assays employing siRNA, cells were plated the day 
of siRNA transfection, cultured for the duration indicated in the figure legends, and if 
indicated, treated with inhibitors or vehicle. After the indicated treatment times, assay 
reagent was added and cell plates were incubated for 1 hr at 37°C (MTS assay) or 30 min 
at RT (caspase assay). Absorbance at 490 nm (MTS assay) or luminescence (caspase 
assay) were measured using microplate readers for quantification. Human primary 
melanocytes were plated in triplicate on a 12-well plate. Test compounds at different 
concentrations or vehicle (DMSO) were added on the second day, and viable cells were 
enumerated 72 rh after addition of compounds. Cell survival was evaluated against the 
DMSO-treated controls.  
 



Clonogenic colony assay. For the experiments depicted in Figure 2E, cells were treated 
with drugs for the time indicated in the figure, and then the same number of viable cells 
from each treatment was replated at low cell density and cultured in medium without 
inhibitors for 8 days, at which time colony formation was quantitated. Cell colonies were 
stained with ethidium bromide for visualization on an ImageQuant LAS 4000 (GE 
Healthcare) and colonies enumerated.  
 
DNA fragmentation assays. Cells were harvested and fixed in 1 ml of a 35% 
ethanol/DMEM solution at 4°C for 30 min. Cells were then stained with a solution 
containing 25 µg/ml of propidium iodide/ml and 50 µg/ml of RNase A in PBS and 
incubated in the dark at 37°C for 30 min for flow cytometric analysis. The proportion of 
cells in the sub-G1 population, which contain a DNA content of less than 2N (fragmented 
DNA), was measured as an indicator of apoptosis.  
 
Immunoblotting. Whole cell lysates were prepared in a buffer containing 20 mM Hepes 
(pH 7.4), 10% glycerol, 2 mM EDTA, 2 mM EGTA, 50 mM β-glycerophosphate and 1% 
Triton-X100, 1 mM dithiothreitol (DTT) and 1 mM sodium vanadate, supplemented with 
Halt Protease and Phosphatase Inhibitor Cocktail (100X) (Thermo Scientific). Lysates 
were subjected to SDS-PAGE and transferred to nitrocellulose membranes. Membranes 
were blocked at RT for 1-1.5 hr with 5% BSA or 5% non-fat dry milk in TBS-T (10 mM 
Tris [pH 7.5], 100 mM NaCl, 0.1% Tween 20) and probed with the appropriate primary 
antibodies (1:500-1:10,000) overnight. After washing, the blots were incubated with 
horseradish peroxidase-conjugated secondary antibodies (1:2000-1:10,000) and 
visualized using the ECL system (GE Healthcare) on an ImageQuant LAS 4000. As 
loading controls, either α-tubulin, β-actin or GAPDH was selected, depending on the 
molecular weight of the proteins being studied in each experiment or the acrylamide 
percentage of the gels. In some experiments, photographs of the same gel processed from 
the same experiment, are presented in two separate panels. In some cases, lanes not 
directly relevant to the particular panel have been deleted for clarity, and this is indicated 
in the respective figure legends.   
 
Quantitative real-time PCR. RNA was extracted with RNeasy Mini kit purchased 
(Qiagen) according to the manufacturer’s protocol. 1 µg of RNA was used to synthesize 
cDNA in a 20 µl reaction volume employing SuperScript III First-Strand Synthesis 
System (Invitrogen) or QuaniTect Reverse Transcription Kit (Qiagen) according to the 
product protocol. Quantitative real-time PCR was performed with SYBR Green PCR 
Master Mix (Applied Biosystems (now under Life Technologies)) according to the 
manufacturer’s protocol. Briefly, cDNA was diluted to a final concentration of 25 ng per 
reaction, added to a primer set (5 µM) and SYBR Green PCR Master Mix to a final 
volume of reaction mixture of 20 µl, and run on an Applied Biosystems 7500 Fast Real-
Time PCR system using the following thermal cycling protocol: 50°C for 2 min, 95°C for 
10 min, and 40 cycles of 95°C for 15 sec and 60°C for 1 min. The relative amount of an 
mRNA of interest was calculated by normalizing the Ct value of the mRNA to the Ct of 
the internal control (β-actin). Primer sequences were: H2AX Forward: 5’-
CAACAAGAAGACGCGAATCA-3’, H2AX Reverse: 5’- 
CGGGCCCTCTTAGTACTCCT-3’, β-actin Forward: 5’- 



GCTCGTCGTCGACAACGGCTC-3’, β-actin Reverse: 5’-
CAAACATGATCTGGGTCATCTTCTC-3’ 
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Abstract

Background: A subpopulation of tumor cells with distinct stem-like properties (cancer stem-like cells, CSCs) may be
responsible for tumor initiation, invasive growth, and possibly dissemination to distant organ sites. CSCs exhibit a
spectrum of biological, biochemical, and molecular features that are consistent with a stem-like phenotype, including
growth as non-adherent spheres (clonogenic potential), ability to form a new tumor in xenograft assays, unlimited
self-renewal, and the capacity for multipotency and lineage-specific differentiation. PKCδ is a novel class serine/
threonine kinase of the PKC family, and functions in a number of cellular activities including cell proliferation, survival or
apoptosis. PKCδ has previously been validated as a synthetic lethal target in cancer cells of multiple types with aberrant
activation of Ras signaling, using both genetic (shRNA and dominant-negative PKCδ mutants) and small molecule
inhibitors. In contrast, PKCδ is not required for the proliferation or survival of normal cells, suggesting the potential
tumor-specificity of a PKCδ-targeted approach.

Methods: shRNA knockdown was used validate PKCδ as a target in primary cancer stem cell lines and stem-like cells
derived from human tumor cell lines, including breast, pancreatic, prostate and melanoma tumor cells. Novel and
potent small molecule PKCδ inhibitors were employed in assays monitoring apoptosis, proliferation and clonogenic
capacity of these cancer stem-like populations. Significant differences among data sets were determined using
two-tailed Student’s t tests or ANOVA.

Results: We demonstrate that CSC-like populations derived from multiple types of human primary tumors, from
human cancer cell lines, and from transformed human cells, require PKCδ activity and are susceptible to agents which
deplete PKCδ protein or activity. Inhibition of PKCδ by specific genetic strategies (shRNA) or by novel small molecule
inhibitors is growth inhibitory and cytotoxic to multiple types of human CSCs in culture. PKCδ inhibition efficiently
prevents tumor sphere outgrowth from tumor cell cultures, with exposure times as short as six hours. Small-molecule
PKCδ inhibitors also inhibit human CSC growth in vivo in a mouse xenograft model.

Conclusions: These findings suggest that the novel PKC isozyme PKCδ may represent a new molecular target for
cancer stem cell populations.
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Background
Much recent data supports the model that a subpopu-
lation of tumor cells with distinct stem-like properties is
responsible for tumor initiation, invasive growth, and pos-
sibly dissemination to distant organ sites [1-3]. This small
subpopulation of cells can divide asymmetrically, produ-
cing an identical daughter cell and a more differentiated
cell, which, during their subsequent divisions, generate the
vast majority of tumor bulk [4,5]. A number of names
have been used to identify this subpopulation, including
“cancer progenitor cells,” “cancer stem cell-like cells,” and
“cancer-initiating cells,” but the term “cancer stem cell”
(CSC) has received wide acceptance [6].
The first identification of CSCs in solid tumors was

made in 2003, when CSCs were identified and isolated
from breast cancers using CD44 and CD24 markers [7].
Subsequently, CSCs have been identified in a variety of
solid tumors, including glioblastoma [8-10], osteosar-
coma [11], chondrosarcoma [12], prostate cancer [13],
ovarian cancer [14-18], gastric cancer [19], lung cancer
[20,21], colon cancer [22-25], pancreatic cancer [26,27],
melanoma [28-30], head and neck cancer [31], and
others. CSCs isolated from these different tumor types
share some common characteristics including drug re-
sistance, ability to repopulate tumors, and asymmetric
division.
CSC exhibit a spectrum of biological, biochemical, and

molecular features that are consistent with a stem-like
phenotype, including growth as non-adherent spheres
(clonogenic potential), superior ability to form a new
tumor in in vivo xenograft assays, unlimited self-renewal,
and the capacity for multipotency and lineage-specific dif-
ferentiation [1,32-35]. In particular, CSCs are able to form
colonies from a single cell more efficiently than their
progeny [36] and to grow as spheres in non-adherent,
serum-free culture conditions [37]. Sphere formation in
non-adherent cultures has been used as a surrogate
in vitro method for detecting CSCs from primary human
tumors [8,20,25,38,39]. CSC populations also variably
exhibit “stem cell-like” markers, such as Nanog, Sox2,
aldehyde-dehydrogenase positivity, and telomerase.
Chemoresistance is also considered a hallmark of CSCs

[6,40]. They characteristically survive chemo- and radio-
therapeutic interventions [41] and may thus be respon-
sible for both tumor relapse and metastasis [42]. CSCs are
often innately less sensitive to treatment than are the bulk
of the tumor cells that they generate [43,44]. These fea-
tures support the hypothesis that CSCs are the cell sub-
population that is most likely responsible for treatment
failure and cancer recurrence [32].
Aberrant activation of Ras signaling, either through mu-

tation of the Ras genes themselves, or through constitutive
upstream or downstream signaling, is very common in
solid tumors. We have previously identified the protein
kinase C delta (PKCδ) isozyme as a Ras synthetic lethal
interactor [45-48]. PKCδ is a serine/threonine kinase of
the PKC family, a member of the novel class, and func-
tions in a number of cellular activities including cell pro-
liferation, survival or apoptosis [49]. However, PKCδ is
not required for the proliferation of normal cells, and
PKCδ-null animals develop normally and are fertile, sug-
gesting the potential tumor-specificity of a PKCδ-targeted
approach [50]. PKCδ was validated as a target in cancer
cells of multiple types with aberrant activation of Ras sig-
naling, using both genetic (siRNA and dominant-negative
PKCδ) and small molecule inhibitors [45], by our group
[45,47] and later by others [51,52]. “Ras-dependency” in
these tumors was not required for these synthetic-lethal
cytotoxic effects [45,46]. Tumors with aberrant activation
of the PI3K pathway or the Raf-MEK-ERK pathway in the
setting of wild-type RAS alleles have also been shown to
require PKCδ activity for proliferation or survival [47,48].
In this report, we demonstrate that CSC-like cell pop-

ulations derived from multiple types of human primary
tumors, from human cancer cell lines, and from trans-
formed human cells require PKCδ activity and are
susceptible to agents which deplete PKCδ protein or
activity.

Methods
Cell culture
MCF10A and MCF10C breast cell lines were derived at the
Barbara Ann Karmanos Cancer Institute (Detroit, MI) and
maintained in DMEM-F/12 medium containing 5% heat-
inactivated horse serum, 10 μg/mL insulin, 20 ng/mL epi-
dermal growth factor, 0.1 μg/mL cholera enterotoxin, and
0.5 μg/mL hydrocortisone [53,54]. Breast cancer cell lines
MCF7, Hs587T, and MDA231 were purchased from ATCC,
and were propagated in 10% fetal bovine serum (Invitrogen,
Grand Island, NY); Dulbecco’s Modification of Earle’s Media
(Cellgro, Herndon, VA); 2 mM L-Glutamine (Invitrogen);
200 U Penicillin/ml; 200 μg Streptomycin/ml (Invitrogen).
Human breast cancer stem cells (BCSC: CD133+, CD44+,

SSEA3/4+, Oct4+, Alkaline Phosphatase+, Aldehyde De-
hydrogenase+, Telomerase+), pancreatic cancer stem cells
(PCSC: CD44+, CD133+, SSEA3/4+, Oct4+, Alkaline Phos-
phatase+, Aldehyde Dehydrogenase+, Telomerase+, and
Nestin+), and prostate cancer stem cells (PrCSC: CD44+,
CD133+, SSEA3/4+, Oct4+, alkaline phosphatase+, alde-
hyde dehydrogenase+, and telomerase+) were purchased
from Celprogen (San Pedro, CA), and cultured using spe-
cialized media and tissue culture plastic and matrix, to
preserve their CSC phenotype, according to the manufac-
turer’s instructions.

Reagents
Rottlerin was purchased from (EMD Biosciences, San
Diego, CA). The PKCδ inhibitor KAM1 was previously
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described [47]. BJE6-106 was synthesized as des-
cribed elsewhere [55]. Briefly, 9-(2-(trifluoro-λ4-boranyl)
ethyl)-9H-carbazole, potassium salt (Molander Salt 1), 6-
bromo-2,2-dimethyl-2H-chromene-8-carbaldehyde, 64.0 mg
(0.213 mmol, 1 equiv.), PdCl2(dppf)-CH2Cl2, and anhy-
drous Cs2CO3 were combined to form 6-(2-(9H-carbazol-
9-yl)ethyl)-2,2-dimethyl-2H-chromene-8-carbaldehyde
(BJE6-106).

Tumor sphere formation
Tumor self-renewing and anchorage-independent sphe-
roids were obtained by culturing breast cancer cells
MCF7, Hs587T and MDA231; melanoma cells SBcl2 and
FM6; human breast cancer stem cells and pancreatic can-
cer stem cells in stem cell-selective conditions according
to the manufacturer’s instructions (StemCell Technolo-
gies, Tukwila, WA). Briefly, cancer and cancer stem cells
were propagated in 6-well ultra-low adherent plates
(Corning) in Complete MammoCult Medium (Human) by
adding 50 mL of MammoCult Proliferation Supplements
to 450 mL of MammoCult Basal Medium (StemCell
Technologies). The following were added to obtain
Complete MammoCult Medium: 4 ug/mL Heparin (Stem-
Cell Technologies), 0.48 μg/mL hydrocortisone (StemCell
Technologies), 200 U penicillin/ml; and 200 μg strepto-
mycin/ml (Invitrogen).

Flow cytometry
Cell staining for CD24 or CD44: MCF7 and MCF7
spheres, Hs587T and Hs587T spheres, MDA231 and
MDA231 spheres, breast cancer stem cells and breast can-
cer stem cell spheres were collected and stained or dual-
stained with Fluorescein isothiocyanate (FITC)-anti-CD24
and (PerCP-Cy)-anti-CD44 (BD Pharmingen, San Diego,
CA) monoclonal antibody (mAbs) for 30 min on ice. The
stained cancer cells and sphere populations were analyzed
by FACSCAN analysis.

Clonogenic assays
100,000 cells were seeded on 100 mm dishes with 10 ml
media per dish [47]. On day 4, cells were treated with a
PKCδ inhibitor or vehicle control for either 6, 18, 24 or
48 hours. Cells were trypsinized; counted via the trypan
blue exclusion method in order to determine the num-
ber of live cells in the sample, and 300 live cells were
seeded in triplicate onto 6-well plates. Cells were moni-
tored for appropriate colony size and re-fed every three
to four days. At Day 15, cells were stained with ethidium
bromide [56] and counted using UVP LabWorks soft-
ware (Waltham, MA).

Cell proliferation assays
Cell proliferation was assessed using an MTT [3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay
(Roche, Mannheim, Germany). The number of viable cells
growing in a single well on a 96-well microtiter plate was
estimated by adding 10 μl of MTT solution (5 mg/ml in
phosphate-buffered saline [PBS]). After 4 h of incubation
at 37°C, the stain was diluted with 100 μl of dimethyl sulf-
oxide. The optical densities were quantified at a test wave-
length of 570 nm and a reference wavelength of 690 nm
on a multiwell spectrophotometer. In some assays, MTS
was used as substrate (Promega, Madison, WI), and the
absorbance of the product was monitored at 490 nm. Cell
enumeration was carried out using a hemocytometer, and
viable cells identified by trypan blue exclusion.

PKC kinase activity assays
Assays were carried out using recombinant PKCδ or
PKCα, (Invitrogen) and the Z-lyte Kinase Assays (Invitro-
gen) with a “PKC-kinase-specific” peptide substrate. FRET
interactions produce a change in fluorescence (ex455/
ex520) upon phosphorylation. The kit was used according
to the manufacturer’s instructions.

Cytotoxicity assay
LDH release was assessed by spectrophotometrically
measuring the oxidation of NADH in both the cells and
media. Cells were seeded in 24-well plates, and exposed to
PKCδ inhibitors or vehicle. After different times of expo-
sure, cytotoxicity was quantified by a standard measure-
ment of LDH release with the use of the LDH assay kit
(Roche Molecular Biochemicals) according to the manu-
facturer’s protocol. Briefly, total culture medium was
cleared by centrifugation. For assay of released LDH,
supernatants were collected. To assess total LDH in cells,
Triton X-100 was added to vehicle (control) wells to re-
lease intracellular LDH. LDH assay reagent was added to
lysates or supernatants and incubated for up to 30 min at
room temperature in dark, the reaction was stopped, and
the absorbance was measured at 490 nm. The percentage
of LDH release was then calculated as the LDH in the
supernatants as a fraction of the total LDH.

Immunoblot analyses
Levels of proteins were measured and quantitated in cells
as we have previously reported [45]. Harvested cells were
disrupted in a buffer containing 20 mM Tris (pH 7.4),
0.5% NP-40, and 250 mM NaCl with protease and phos-
phatase inhibitors. Total protein (40 μg) was separated on
10% SDS-polyacrylamide gels and transferred to nitrocel-
lulose membranes or PVDF membranes. Membranes were
blocked overnight and probed with affinity-purified anti-
bodies against: PKCδ (BD Transduction Labs, San Jose,
CA), or β-actin or α-tubulin (Sigma Aldrich, St. Louis,
MO). Antibodies against human ERK, phospho-ERK1/2
(Thr202/Tyr204), AKT and phospho-AKT (Ser473), JNK
and phospho-JNK (Thr183/Tyr185) were purchased from
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Cell Signaling (Danvers, MA). After washing, the blots
were incubated with horseradish peroxidase-conjugated
secondary antibodies and visualized using the Amersham
enhanced chemiluminescence ECL system, and quanti-
tated by digital densitometry.

Down-regulation of PKC by shRNA and lentiviral vectors
shRNA duplexes for PKCδ (shRNAs) were obtained from
Qiagen (Valencia, Ca). The shRNA sequences for targeting
PKCδ and the corresponding scrambled shRNAs used as
negative controls were previously described [47]. The len-
tiviral vectors were previously described [46]. After infec-
tion of cells with the vectors, one aliquot was utilized in
proliferation assays and a parallel aliquot was subjected to
immunoblotting to assay the efficiency of the knockdown.

Xenograft studies
These studies were performed with the approval of the
Institutional Animal Care and Use Committee of Boston
University. Breast cancer stem cells (2 × 105) grown from
a metastatic tumor were suspended in human breast
cancer stem cell complete growth media (Celprogen, San
Pedro, CA) and injected subcutaneous into the right flank
of female J:NU mice (The Jackson Laboratory, ME) under
anesthesia. After palpable tumors developed, the mice were
divided into two groups of animals. The control group re-
ceived daily intraperitoneal injections of vehicle (DMSO)
while the treatment group received daily intraperitoneal
injections of a PKCδ inhibitor (rottlerin 5,000 μg/kg) for
15 days. The length and width of tumors were measured
with a vernier caliper and tumor volumes were calculated.
Survival was calculated as the day tumors reached the
maximum size allowed by the protocol (2 cm diameter).

Statistical analysis
Experiments were carried out in triplicate for all experi-
mental conditions. Data are shown as mean ± SD. Where
applicable, a two-tailed Student’s t test or ANOVA was
performed on the means of two sets of sample data and
considered significant if p ≤ 0.05.

Results
Inhibition of PKCδ is growth-inhibitory and cytotoxic in
human prostate and pancreatic cancer stem cells
The sensitivity of human cancer stem cell cultures to in-
hibition of PKCδ was first examined using shRNA me-
thodology to specifically and selectively knockdown
transcripts for this PKC isozyme and thereby specifically
validate PKCδ as a target in CSCs. Cell cultures derived
from a primary human pancreatic adenocarcinoma
(PCSC) and from a primary human prostate adenocar-
cinoma (PrCSC), isolated by phenotypic markers, were
studied. These cells were characterized as “stem-like” by
a number of criteria. The PCSC and the PrCSC cultures
were CD44+, CD133+, Nanog+, Sox2+, aldehyde de-
hydrogenase+, and telomerase+. The PCSC cultures were
also Nestin+. Both cell types were tumorigenic at <1000
cells in xenograft assays in SCID mice, and also formed
tumor spheroids at high efficiency. Lentiviral vectors ex-
pressing PKCδ-specific shRNAs (PKCδ-shRNA), which
we have previously shown to be specific for the PKCδ
isozyme among all the other PKC isozymes [45-47], were
used to deplete PKCδ levels in the cells. A vector
containing a scrambled shRNA (sc-shRNA) served as a
control. Specific knockdown of PKCδ by shRNA was
growth-inhibitory in both the human prostate (PrCSC)
and pancreatic (PCSC) cancer stem cells, with significant
effects observed at early as 24 hr after infection, and
progressing up to 72 hr (Figure 1A). The non-targeted
lentiviral vector (sc-shRNA) generated modest but re-
producible effects on cell growth over time, as we have
observed in prior reports [45-47]. Cytotoxic effects of
PKCδ depletion on the PCSC and PrCSC cultures were
assessed by quantitating release of cellular LDH. Sig-
nificant cytotoxicity was elicited by the PKCδ-specific
shRNA as early as 24 hr after infection, with LDH re-
lease approaching the maximum possible levels by 72 hr.
The effects of the scrambled shRNA on LDH release did
not differ from those of the infection vehicle alone at
any time point (Figure 1B). Efficient knockdown of
the PKCδ isozyme was verified by immunoblotting
(Figure 1C).
While the specificity of shRNA is essential for validation

of a target, small-molecule enzyme inhibitors are more
likely than shRNA to translate towards clinical application.
We therefore next examined the effects of existing and
novel small molecule inhibitors of PKCδ. Rottlerin, a na-
tural product, has been identified as a PKCδ inhibitor for
many years [47], with an in vitro IC50 of approximately
5 μM in our kinase assays (Table 1), in good agreement
with the literature [57,58] (although it also exerts inhibi-
tory effects on certain non-PKC kinases at concentrations
comparable to the IC50 for PKCδ [59]). We and others
have shown that 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 (see also the studies on
normal human breast epithelial cells and the in vivo stu-
dies later in this report) [45-47]. Exposure of PCSC and
PrCSC cultures to rottlerin produced a significant dose-
dependent inhibition of proliferation as early as 24 hr after
exposure (Figure 2A). Similarly, rottlerin induced cytoto-
xicity in both CSC cultures in a dose-dependent fashion,
as assessed by LDH release (Figure 2B). The duration of
PKCδ inhibition required to irreversibly prevent CSC
proliferation was next assessed. Exposure to rottlerin
efficiently decreased the clonogenic capacity of PCSC.
Eighteen hr of exposure to rottlerin, followed by washout,



Figure 1 Effects of PKCδ knockdown by shRNA on proliferation and viability of human pancreatic (PCSC) and prostate (PrCSC) cancer
stem cell cultures. (A) PCSC and PrCSC cells were grown to 50% confluence in 96-well plates and then infected with PKCδ-shRNA-expressing
lentivirus vector or a lentiviral vector containing a scrambled shRNA (sc-shRNA). The corresponding equivalent volumes of diluent used for infection
served as vehicle controls (Vehicle). 24 and 72 hr after transfection, cell mass was evaluated by MTS assay. Error bars represent SEM. p values for
comparison between control (scrambled shRNA) and PKCδ-shRNA effects on cell number reached significance at 24 hr of exposure (p < 0.001) for all
cell lines, and remained significant at the 72 hr time point. (B) PCSC and PrCSC cells were grown to 50% confluence in 96-well plates and then infected
with PKCδ-shRNA or scrambled shRNA (sc-shRNA) expressing lentiviruses. The corresponding equivalent volumes of diluent were used as vehicle
controls (Vehicle). After 24 and 72 hr of infection, cell cytotoxicity was evaluated by LDH-release assay. Total maximal LDH release was assigned the
arbitrary value of 100% (Control). Error bars represent SEM. p values for comparison between effects on LDH release for cells infected with scrambled
shRNA-expressing vectors compared to PKCδ-shRNA vectors reached significance at 24 hr of exposure (p < 0.01) for all cell lines, and remained
significant at the 72 hr time point. (C) Immunoblot analysis of PKCδ protein levels in the same cell lines 72 hr after infection with PKCδ-targeting shRNA
expressing lentiviral vectors (+) or scrambled shRNA (−). PKCδ-targeted shRNA vectors efficiently reduced PKCδ protein expression. Immunoblotting
with a β-actin antibody after stripping the blots served as a loading control.
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was sufficient to decrease the clonogenic capacity of PCSC
by 40%, and increasing the duration of the exposure to
48 hr reduced the clonogenic potential by more than 90%
(Figure 2C).
As previously reported, we have sought to develop

novel PKCδ-inhibitory molecules with greater specificity
for PKCδ compared to essential PKC isozymes, such as
PKCα, using pharmacophore modeling and structure-
Table 1 Comparison of three generations of PKCδ
inhibitors

Generation PKCδIC50 PKCαIC50 PKCδ/PKCα

Selectivity ratio

1 3 μM 75 μM 28-fold

2 2 μM 157 μM 56-fold

3 0.05 μM 50 μM 1000-fold
activity relationships (SAR) [47]. We designed and syn-
thesized a set of analogs based on this strategy. In this
2nd generation of PKCδ inhibitors, the “head” group
(carbazole portion) was made to resemble that of stauros-
porine, a potent general PKC inhibitor, and other bisindoyl
maleimide kinase inhibitors, with two other domains
(cinnamate side chain and benzopyran) conserved from
the rottlerin scaffold to preserve isozyme specificity. The
first such chimeric molecule reported, KAM1 (Figure 2D),
was indeed active, like staurosporine, but was also
more PKCδ-specific, and showed potent activity against
Ras-mutant human cancer cells in culture and in vivo
animal models, while not producing cytotoxicity in non-
transformed cell lines [47]. KAM1 induced cytotoxicity as
assessed by LDH release in a dose-dependent fashion in
both PCSC and PrCSC cultures at concentrations as low
as 2.5 μM (PCSC) and 5 μM (PrCSC) (Figure 2E).
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Figure 2 Effects of PKCδ inhibitors on human cancer stem cells. (A) PCSC and PrCSC cells at 80% confluence were exposed to rottlerin. DMSO
served as vehicle control (Vehicle). After 24 and 72 hr of exposure, cell mass was evaluated by MTT assay. Control values were normalized to 100%. p
values for comparison between treatments reached significance at 24 hr of exposure (p≤0.01) for both cell types, and remained significant at 72 hr.
(B) PCSC and PrCSC cells at 50% confluence were exposed to rottlerin. Cytotoxicity was evaluated by LDH-release assay. Total maximal LDH release
was assigned the arbitrary value of 100% (Control). p values for comparison between effects of treatments on LDH release reached significance at 24
hr of exposure (p<0.01) for both cell types, and remained significant at 72 hr. (C) Effects of PKCδ inhibitor on tumor cell clonogenic capacity. PCSC
were exposed to vehicle or rottlerin (10 μM) for 6, 18, 24, or 48 hr. Viable cells were enumerated and re-plated in media without inhibitor, and colony
numbers were quantitated 15 days later. p values for comparison of treatment effects on clonogenic capacity reached significance (p=0.005) at 18 hr
of exposure and remained significant for all subsequent exposure times. The insert is a photograph of stained colonies on plates. (D) Structures of
staurosporine, rottlerin, second-generation (KAM1) and third-generation (BJE6-106) derivatives. (E) PCSC and PrCSC cells at 50% confluence were
exposed to KAM1 at the indicated concentrations. DMSO served as vehicle control (Vehicle). Cytotoxicity was evaluated by LDH-release assay, as in
panel B. p values for comparison between treatment effects on LDH release reached significance at 24 hr of exposure to 2.5 μM KAM1 for PCSC cells
and at 10 μM for PrCSC (p≤0.01), and remained significant at 72 hr for all concentrations of KAM1. Error bars represent SEM.
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On the basis of SAR analyses of KAM1, we then de-
signed thirty-six new 3rd-generation analogs. The syn-
thetic chemistry platform that was used to prepare KAM1
was modified to synthesize these additional analogs, which
were then tested for biochemical and cellular activity. The
PKCδ-inhibitory activity and isozyme-specificity of this 3rd

generation was quantitated in vitro. A number of these 3rd
generation analogs demonstrated significant increases in
potency and isozyme specificity over rottlerin (1st gene-
ration) and KAM1 (2nd generation). The new compound
selected for study in this report, BJE6-106, is much more
potent than rottlerin. BJE6-106 has an (in vitro) PKCδ
IC50 in the range of 0.05 μM, compared to 3 μM for
rottlerin (Table 1), is approximately 1000-fold more
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inhibitory against PKCδ than PKCα in vitro, and produces
cytotoxic activity against cells with aberrant Ras signaling
at nM concentrations [55].
The activity of the 3rd generation PKCδ inhibitor

BJE6-106 on the growth of PCSC cells in culture was
compared to rottlerin. BJE6-106 inhibited the growth of
PCSC cultures at concentrations as low as 0.1 μM, and
had an (in culture) IC50 of approximately 0.5 μM at
48 hr (Figure 3). In contrast, rottlerin produced no sig-
nificant inhibitory activity at 0.5 μM, and displayed an
IC50 at 48 hr of approximately 3 μM. LDH release assays
also showed greater than 10-fold increases in potency
for BJE6-106 compared to rottlerin (data not shown).

Inhibition of PKCδ prevents tumor sphere formation
Sphere formation assays, which have been commonly used
to identify and purify normal and malignant stem cells,
were used to select a “CSC-like population” from estab-
lished human breast cancer cell lines Hs578T, MDA231
and MCF7. A subpopulation of these cell lines could grow
as non-adherent spheres and be continuously propagated
in a defined serum-free medium in vitro. Flow cytometry
and immunofluorescence analysis indicated that sphere-
Figure 3 Effects of a 3rd generation small molecule PKCδ inhibitor on
to 80% confluence in 96-well plates and then exposed to BJE6-106 at concen
ranging from 1 to 20 μM. The corresponding equivalent volume of solvent (D
exposure, cell mass was evaluated by MTT assay. Control values were normali
vehicle and rottlerin effects on cell number at 48 hr reached significance at 1
the 72 hr time point.
derived cells from cell lines contained a much larger pro-
portion of cells expressing CD44, a candidate surface
marker of breast cancer stem cells, and/or a smaller pro-
portion of cells expressing the non-stem cell marker
CD24, compared with adherent cells (Figure 4A). The fre-
quency of spheroid formation relative to input cell num-
ber was low for the tumor cell lines (≤2-3%), as expected.
In contrast, spheroid formation from the cultures of pri-
mary PCSC or primary breast cancer stem cells (BCSC)
was much more efficient (45% and 53%, respectively). As
expected, the CD24/CD44 profiles of cells in the spheres
derived from the primary PCSC and BCSC did not differ
from the adherent cells (not shown).
Addition of rottlerin or BJE6-106 to the culture

medium very efficiently inhibited the formation of sphe-
roids from all of these cell types (Figure 4B), demon-
strating cytostatic or cytotoxic activity on tumor cells
having a CSC-like phenotype. Interestingly, the actions
of these compounds appeared to be even more potent
on the CSC subpopulation in the MCF7 cell line than on
the adherent “parental” cells (although different assays
are being compared). When the MCF7 adherent popula-
tion, containing predominantly non-CSC, was exposed
human pancreatic cancer stem cell cultures. PCSC cells were grown
trations ranging from 0.1 to 20 μM, or to rottlerin at concentrations
MSO) was used as a vehicle control (Vehicle). After 48 and 72 hr of
zed to 100%. Error bars represent SEM. p values for comparison between
μM, and for BJE6-106 at 0.1 μM (p≤ 0.02), and remained significant at
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Figure 4 (See legend on next page.)
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Figure 4 Effects of PKCδ inhibitors on human tumor cell spheroid formation. (A) Hs578T and MCF7 were plated under adherent or
non-adherent conditions. Tumor spheroids and adherent cells were collected at 96 hr, stained for CD24 and CD44, and analyzed by flow cytometry.
(B) Hs578T, MCF7, breast cancer stem cells (BCSC) and pancreatic cancer stem cells (PCSC) were plated in tumor spheroid media, in the presence of
rottlerin, BJE6-106, or DMSO (Control). Tumor spheroids were enumerated at 96 hr, and normalized to the number of spheroids in the control cultures
(assigned an arbitrary value of 100%). p values for comparison between vehicle and rottlerin or BJE6-106 effects were significant (p≤0.001). Photographs
are of representative areas of the culture plates. (C) MCF7 cells were exposed BJE6-106 or to rottlerin at the indicated concentrations. The corresponding
equivalent volume of solvent (DMSO) was used as a vehicle control (Vehicle). After 24, 48 and 72 hr of exposure, cell mass was evaluated by MTT assay.
Control values were normalized to 100%. p values for comparison between vehicle and rottlerin effects on cell number at 24 hr reached significance at
5 μM, and for BJE6-106 at 0.5 μM (p ≤ 0.02), and were significant for all concentrations tested at 48 and 72 hr time points. (D) Hs578T cells were
exposed to vehicle or BJE6-106 (1 μM) for 6, 12, 24, 48 or 96 hr. Viable cells were enumerated and re-plated in media without BJE6-206, and
spheroid numbers were quantitated 96 hr later. p values for comparison between vehicle and BJE6-106 effects on spheroid number were
significant after 6 hr of exposure (p≤0.02), and remained significant at all time points thereafter. Error bars represent SEM.
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to rottlerin or BJE6-106, concentrations in excess of
10 μM and 1 μM, respectively, were required to repress
growth by more than 80% (Figure 4C). In contrast,
growth of MCF7 spheroids was inhibited greater than
90% by rottlerin at 10 μM and BJE6-106 at 1 μM. Wash-
out studies using spheroid formation demonstrated that
as little as 6 hr of exposure to BJE6-106 at 1 μM signifi-
cantly repressed spheroid formation of Hs578T cells,
with near maximum inhibition achieved by 24 hr of ex-
posure (Figure 4D).
In parallel studies, BJE6-106 at 0.5-1.0 μM and rottlerin

at 10 μM also efficiently inhibited the growth of tumor
spheroids generated from two human melanoma cell lines
(SBcl2, >99.5% inhibition, p < 0.001; FN5, >99.5% inhi-
bition, p < 0.001), two human pancreatic cancer cell lines
(MiaPaCa2, >97% inhibition, p < 0.001; Panc1, >99%
inhibition, p < 0.001); and two prostate cancer cell lines
(DU145, >98% inhibition, p < 0.001; PC3, >96% inhibition,
p < 0.001).
A CSC-like phenotype can be induced during epithe-

lial-mesenchymal transition (EMT) in transformed cell
lines. Transformation of the “normal” human mammary
epithelial cell line MCF 10A and selection for a tumori-
genic, metastatic phenotype in vivo produced the deri-
vative line MCF 10C [53,54], which exhibits an EMT
phenotype [60]. Cells of this malignant derivative also
became ALDH + [61]. Transformation of these cells ren-
dered them sensitive to rottlerin (Figure 5A) and to
BJE6-106 (Figure 5B), compared to the parental MCF
10A line. The IC50 of rottlerin and BJE6-106 for the
MCF 10C derivative was approximately 1 μM and
0.1 μM, respectively, at 72 hr, whereas the IC50 for the
parental MCF 10A cells were >20 μM.
The MCF 10C derivative also acquired the ability to

efficiently form non-adherent spheroids (Figure 5C), in
contrast to the parental MCF 10A cells. Growth of these
spheroids was efficiently inhibited by exposure to rottle-
rin at 10 μM or to BJE6-106 at 1 μM (Figure 5D and E).
The relative lack of toxicity of PKCδ inhibition on the

non-transformed, “normal” breast epithelial MCF 10A
cells is noteworthy, and further supports the established
non-essential role of this isozyme in normal cells and
tissues. In other work, we have demonstrated that nor-
mal mouse embryo fibroblasts and human primary fibro-
blasts and epithelial cells and microvascular endothelial
cells and primary melanocytes survive and proliferate in
the setting of PKCδ knockdown or in concentrations of
PKCδ inhibitors which are lethal to tumor cell lines with
aberrant Ras signaling ([45-47,55]; Trojanowska et al., in
preparation).

Inhibition of PKCδ inhibits CSC tumor xenograft growth
Another property of CSCs is their high tumorigenic po-
tential. We therefore next sought to determine if PKCδ
inhibition would inhibit the growth of CSCs in vivo.
While the 3rd generation PKCδ inhibitory compounds
such as BJE6-106 are more potent and more cytotoxic to
tumor cells and CSCs than previous generations, they
have not been optimized for drug-like properties and are
highly hydrophobic and poorly bioavailable, making effi-
cient delivery of this generation of compounds in vivo
unreliable. We therefore tested a prior-generation PKCδ
inhibitor, rottlerin, which is readily bioavailable, in
a tumor model. The human breast cancer stem cell
(BCSC) cultures efficiently formed tumors as xenografts
in nude mice. In comparison to vehicle control, rottlerin
delivered intraperitoneally 5 days out of 7 effectively
inhibited the growth of the xenografts, even producing
tumor regression (Figure 6A). Survival was calculated on
the day when tumor size reached the predetermined
limit volume in the animals. The survival of the treated
cohort extended long beyond the treatment interval,
with some animals remaining tumor-free even at day
300 (Figure 6B).
We have previously demonstrated that depletion of

PKCδ is selectively toxic for cells with aberrant activa-
tion of Ras or Ras signaling pathways. Of the cell lines
and CSC studied in this report, only a minority bore
activating mutations of Ras itself (the pancreatic cancer
cells are K-Ras mutant, and the melanoma cells are
N-Ras mutant). MCF7 and the primary prostate and
breast cancer stem cells, for example, had normal Ras
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Figure 5 Effects of PKCδ inhibitors on growth and spheroid formation in non-transformed and transformed human breast epithelial
cells. MCF 10A cells and cells from the derived tumorigenic line MCF 10C (also called M3), were grown to 80% confluence in 96-well plates and
then exposed to rottlerin at concentrations ranging from 1 to 20 μM (A) or to BJE6-106 at concentrations ranging from 0.1 to 20 μM (B). The
corresponding equivalent volume of solvent (DMSO) was used as a vehicle control (Vehicle). After 24, 48 and 72 hr of exposure, cell mass was
evaluated by MTT assay. Control (vehicle) values were normalized to 100%. Error bars represent SEM. p values for comparison between vehicle
and PKCδ inhibitors on MCF 10A cell number only reached significance (p < 0.05) at 48 hr at 20 μM for rottlerin, and at 1 μM for BJE6-106. In
contrast, significant effects of the inhibitors on the MCF 10C cells were observed as early as 24 hr for rottlerin (at 5 μM) and for BJE6-106 (at 0.1 μM).
(C) MCF 10A and MCF 10C cells were plated at 10,000 cells per well in tumor spheroid media, and spheroid formation was assessed at days 10 and 21.
Representative photographs are shown. (D) MCF 10C cells were plated at 10,000 cells per well in tumor spheroid media, in the presence of rottlerin
(5 μM), or BJE6-106 (1 μM or 5 μM), or DMSO vehicle (Control). Tumor spheroids were enumerated at 10 days. Representative photographs are shown.
(E) Spheroid numbers were normalized to the number of spheroids in the control cultures (assigned an arbitrary value of 100%) and plotted. Error bars
represent SEM. p values for comparison between vehicle and rottlerin or BJE6-106 effects on spheroid number were significant (p < 0.001).
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alleles. Analysis of Ras signaling pathways of cells de-
rived from the CSCs, however, showed relative increases
of pERK or pAKT, compared to the respective parental
(adherent, non-spheroid) cells (Figure 7). These findings
indicate relative activation of the MEK/ERK pathway in
BCSC, MCF7 and Hs578T CSCs, and relative activation
of the PI3K-AKT pathway in MDA231 CSCs.

Discussion
Small populations of cancer cells within multiple types of
solid tumors have been identified based on cell surface
A

B

Figure 6 Effects of PKCδ inhibitor on tumor growth and survival in a
stem cell xenografts were established and animals were treated with vehic
plotted over time, until tumors in all the control animals reached the maxi
(B) Kaplan-Meier plot of survival of vehicle control or rottlerin (PKCδi)-treate
at day 15.
marker expression and other phenotypic and functional
characteristics. These subpopulations of tumor cells have
often demonstrated a >100-fold increase in tumorigenic
potential, compared to the remainder of the cells in the
tumor. Furthermore, tumors that form from these cancer
stem cells are indistinguishable from the human tumors
in which they originate, indicating that the tumor-
initiating cells are stem cell-like in their ability to self-
renew and give rise to a heterogeneous cell population.
Much recent data suggests that elimination of these can-
cer stem cells, which are typically resistant to conventional
xenograft human breast cancer stem cell model. Breast cancer
le or rottlerin for 15 days, as described in Methods. (A) Tumor volumes
mum volume allowed by the protocol (approximately 15 days).
d animals, with monitoring continuing after cessation of treatment
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Figure 7 Immunoblot analysis of Ras-signaling pathways in tumor cells, cell lines, or spheres. Hs578T, MCF7, MDA231 and breast cancer
stem cells (BCSC) were plated in tumor spheroid media under adherent or non-adherent conditions. Tumor spheroids and adherent cells were collected
at 96 hr, and lysed. MCF 10A (M1) and MCF 10C (M3) lysates were also prepared. The lysates were separated by electrophoresis and immunoblotted
with antibodies against ERK, pEKR, AKT, pAKT, JNK, pJNK. Immunoblotting of α-tubulin serves as a loading control. For quantitation, the digital intensity
of the bands was first normalized to α-tubulin in each lane, and then expressed relative to the signal for the MCF 10A (M1) cell line. Values are shown
under each band.
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therapies, represents the most formidable barrier to cu-
ring solid tumors [1,4,5,32,33,35]. CSCs, or subclones
thereof, are the most likely perpetrators of invasion and
metastasis [6,62].
Recent findings have shown the existence of activated

and quiescent repertoires of stem cells in established
tumor cell lines as well as primary tumor cell isolates, and
their ability to interchange between these conditions [37].
Sphere-forming assays (SFA) are believed to evaluate the
differentiation and self-renewal capabilities of a tumor cell
population by assessing the potential of a tumor cell to be-
have like a stem cell, and are widely used in stem cell stud-
ies [37]. Sphere-forming assays have been commonly used
to retrospectively identify normal and cancer stem cells,
and measure stem cell/early progenitor activity in multiple
types of solid cancers [38,63,64]. Increased expression of
“stemness-related genes” [65] was observed when com-
paring solid tumor cell lines grown as 3D spheroids to
monolayers.
Our identification of PKCδ as a critical mediator of

survival in multiple types of solid tumors, including
prostate, breast, lung, pancreatic, neuroendocrine and
melanomas [45-48] raised the possibility that CSC popu-
lations might be similarly dependent upon the activity of
this enzyme. The effects of PKCδ inhibition on CSCs,
however, had not been previously explored.
We first validated PKCδ as a target in diverse CSCs by

demonstrating here that specific and selective down-
regulation of PKCδ by shRNA was sufficient to prevent
the growth of human breast, pancreatic and prostate can-
cer stem-like cell cultures, and to induce cytotoxicity.
Potential therapeutic translation of this synthetic lethal

approach required the development of small molecule
probes. As no PKCδ-selective inhibitors had been deve-
loped to date, we initially used pharmacophore modeling
and docking of rottlerin, a well-established but not highly-
specific inhibitor of PKCδ, into the crystal structure of
PKCθ, to identify regions of the molecule important for
PKCδ-selectivity. The initial new molecule showing acti-
vity against PKCδ (KAM1) was formed by combining
structural elements of the broad spectrum protein kinase
inhibitor staurosporine and rottlerin. The chromene por-
tion of rottlerin was combined with the carbazole portion
of staurosporine to produce KAM1 [47]. KAM1 was
further modified to develop 36 new analogs, including
BJE6-106, which inhibits PKCδ with an IC50 value of 50
nM and is approximately 1000-fold selective versus PKCα.
Specificity for PKCδ over “classical” PKC isoforms, like
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PKCα, is important, as inhibition of PKCα is generally
toxic to all cells, normal and malignant, and would ren-
der these inhibitors non-“tumor-targeted”. We have
shown that B106 exerts potent cytotoxic activity against
N-Ras-mutant human melanomas and B-Raf-mutant
melanoma lines that have developed resistance to B-Raf
inhibitors by aberrant activation of alternative Ras sig-
naling pathways [48,55].
We demonstrate here that first, second and third gen-

eration PKCδ inhibitors (exemplified by rottlerin, KAM1
and BJE6-106, respectively), inhibit the growth of human
cancer stem-like cell cultures isolated from tumors, as
well as CSC-like cells derived from cell lines by spheroid
formation on non-adherent surfaces. Our prior studies
would have predicted that the CSC isolates or spheroids
derived from cell lines that contained activating muta-
tions of N-Ras or K-Ras would likely be susceptible to
PKCδ suppression (e.g., the K-Ras mutant pancreatic
carcinomas and the N-Ras mutant melanomas). The rea-
son for the susceptibility of the stem-like tumor cells
containing wt-Ras alleles, however, was not immediately
apparent. One reason for their susceptibility is likely to
be upregulation of Ras effector pathways (MEK-ERK or
PI3K/AKT signaling) in CSC spheres derived from cell
lines, compared to the non-CSC parental cultures. We
have reported previously that isolated activation of the
MEK-ERK effector pathway or the PI3K/AKT effector
pathway was sufficient to make cells dependent upon
PKCδ for survival [45-47]. The finding of higher levels
of Ras effector pathway activation in the CSC sphere
subpopulation compared to the parental cells may also
explain why in at least one instance (MCF7) the sphere-
forming CSC cells were substantially more susceptible to
PKCδ inhibition than non-CSC cells population. Inter-
estingly, a recent report has identified a requirement for
PKCδ in erbB2-driven proliferation of breast cancer cells
[66], and erbB2 drives aberrant Ras pathway signaling.
Furthermore, activation of MAPK pathways in basal-like
breast cancers has been reported to promote a cancer
stem cell-like phenotype [67], and activation of Ras/
MAPK signaling was reported to protect breast cancer
stem cells from certain stem-cell targeted drugs [68].
Collectively, these reports, together with our findings,
suggest that a PKCδ-targeted approach to breast cancer
stem cell populations, which exploits a synthetic lethal
interaction with aberrant Ras signaling, may be particu-
larly effective.
Inhibitory effects of PKCδ suppression on the IL6-

Stat3 axis, which is critical for CSC genesis or mainten-
ance in a number of tumor cells types [69-71], may also
contribute to the actions of PKCδ inhibition on CSC
growth and survival, and will be reported separately.
Epithelial-to-mesenchymal transition (EMT), induced

either by paracrine signaling from cancer-associated
fibroblasts (CAFs) or neighboring tumor cells, has been
associated with the acquisition of a stem cell phenotype
[72]. In culture, when immortalized normal or trans-
formed human mammary epithelial cells (HMECs) are
stimulated to undergo an epithelial-to-mesenchymal tran-
sition (EMT), the transition confers stem-like cell proper-
ties upon normal or transformed epithelial cells in culture,
partly because the cells acquire a CD44+/CD24 (low)
phenotype, similar to breast cancer stem cells.
The idea that cancer cells might reversibly transition

between epigenetically-defined tumorigenic and non-
tumorigenic states is of interest in part because mecha-
nisms that generate reversible heterogeneity can confer
resistance to therapies [73,74]. We took advantage of a
previously-established cell line model system for breast
cancer EMT, which consists of a parental spontaneously-
immortalized mammary epithelial cell line, MCF 10A
(M1), and one of its derivatives, MCF 10C (M3), derived
from a xenograft in nude mice that progressed to carci-
noma [53,54]. These cell lines were previously reported to
exhibit distinct tumorigenic properties when re-implan-
ted in nude mice; MCF 10A is non-tumorigenic, while
MCF 10C forms low-grade, well-differentiated carcinomas
[53,54,60]. Furthermore, MCF 10C has acquired pheno-
typic changes consistent with mesenchymal morphology
and gene and protein expression patterns characteristic
of EMT, including expression of mesenchymal markers
(fibronectin, vimentin, and N-cadherin) with concomitant
downregulation of E-cadherin, β-catenin, and γ-catenin.
MCF 10C also expresses high levels of Nanog, and Sox4,
which are markers of cancer stem cells [61]. We found
that the mesenchymal, CSC-like MCF 10C subline was
much more sensitive to PKCδ inhibitors than the
epithelial-like “normal” MCF 10A cells from which they
were derived. Furthermore, the MCF 10C line acquired
the capacity to efficiently form spheroids when grown in
non-adherent conditions, and this tumor spheroid forma-
tion was inhibited by inhibition of PKCδ activity.

Conclusions
Collectively, these findings suggest that human cancer
stem-like cells isolated from diverse sources and tumor
types require PKCδ activity for their growth or mainten-
ance in vitro and in vivo, making this isozyme a novel
tumor-specific target. Taken together with the previous
demonstration by our group and others of the cytotoxic
effects of PKCδ inhibition on the non-CSC population of
many tumor cell types, PKCδ inhibitors hold the promise
of eliminating both the majority non-CSC population and
the latent and resistant CSC population comprising hu-
man tumors.
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