
Polyisoprenylated cysteinyl amide inhibitors deplete K-Ras and 
induce caspase-dependent apoptosis in lung cancer cells

Augustine T. Nkembo1, Felix Amissah1, Elizabeth Ntantie1, Rosemary A. Poku1, Olufisayo 
O. Salako1, Offiong Francis Ikpatt2, Nazarius S. Lamango1,*

1College of Pharmacy and Pharmaceutical Sciences, Florida A&M University, Tallahassee, 
Florida 32307

2Department of Pathology, School of Medicine, University of Miami, Miami, FL 33136

Abstract

Background: Non-small cell lung cancers (NSCLC) harboring mutation-induced dysregulation 

of Ras signaling present some of the most difficult-to-manage cases since directly targeting the 

constitutively active mutant Ras proteins has not resulted in clinically useful drugs. Therefore, 

modulating Ras activity for targeted treatment of cancer remains an urgent healthcare need.

Objective: In the current study, we investigated a novel class of compounds, the 

polyisoprenylated cysteinyl amide inhibitors (PCAIs), for their anticancer molecular mechanisms 

using the NSCLC cell panel with K-Ras and/or other mutant genes.

Method: The effect of the PCAIs on intracellular K-Ras levels, cell viability, apoptosis, spheroid 

and colony formation were determined.

Results: Treatment of the lung cancer cells with the PCAIs, NSL-RD-035, NSL-BA-036, NSL-

BA-040 and NSL-BA-055 resulted in concentration-dependent cell death in both K-Ras mutant 

(A549, NCI-H460, and NCI-H1573), N-Ras mutant (NCI-H1299) and other (NCI-H661, NCI-

H1975, NCI-H1563) NSCLC cells. The PCAIs at 1.0 −10 μM induced the degeneration of 3D 

spheroid cultures, inhibited clonogenic cell growth and induced marked apoptosis via the extrinsic 

pathway. The most potent of the PCAIs, NSL-BA-055, at 5 μM induced a seven-fold increase in 

the activity of caspase-3/7 and a 75% selective depletion of K-Ras protein levels relative to 

GAPDH in A549 cells that correlated with PCAIs-induced apoptosis. NSL-BA-040 and NSL-

BA-055 also induced the phosphorylation of MAP kinase (ERK 1/2).

Conclusion: Taken together, PCAIs may be potentially useful as targeted therapies that suppress 

NSCLC progression through disruption of Ras-mediated growth signaling.
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1.0 Introduction

Members of the Ras superfamily of small GTP-binding proteins mediate signaling pathways 

that regulate proliferation, differentiation, motility, apoptosis, and metastasis in cancer cells 

[1,2]. Consequently, their mutations present a challenge to cancer initiation, progression and 

treatment. For instance, it is known that up to 30% of lung tumors are positive for the K-Ras 

mutations that render them constitutively active, thereby destroying their ability to function 

as molecular switches. Their uncontrollable signaling promotes cell survival and 

proliferation [3,4]. Such mutations have been described in lung adenocarcinomas, a common 

histological subtype of non-small cell lung cancer (NSCLC) [5,6]. The presence of K-Ras 

mutations in NSCLC may be associated with shortened survival, time to relapse, disease 

aggressiveness and/or resistance to drugs [5,7]. Several receptor tyrosine kinases are 

overexpressed in lung cancer [8–10] resulting in hyperactive growth signaling. These 

proteins rely on members of the polyisoprenylated GTPases of the Ras family for 

downstream signaling. Consequently, constitutively active K-Ras mutations by-pass 

upstream signaling from receptor tyrosine kinase leading to resistance to receptor tyrosine 

kinase-targeted therapies [11,12].

An effective therapeutic approach towards cancers with KRAS mutations that bypass 

upstream receptor signaling requires direct targeting of the G-protein. As active K-Ras 

mutants bind GTP with high affinity, the development of drugs that effectively dislodge the 

GTP from mutant G-proteins has been a major challenge. Alternative strategies involving 

targeting other potentially regulatory elements of the proteins have been pursued. These have 

included attempts targeting the polyisoprenyl modifications that are crucial for the functional 

localizations and interactions of various members of the oncogenic small GTPases [2,13] 

through the development of specific inhibitors against the pathway enzymes [14–16]. This 

has been associated with a limited success [17–19] [20,21].

The lack of effective therapies against cancers driven by mutant Ras proteins coupled with 

the aggressiveness of such tumors maintains the impetus for the continuous search for novel 

therapies. This drive led us to develop the polyisoprenylated cysteinyl amide inhibitors 

(PCAIs) initially to suppress the activities of PMPMEase (Aguilar, Nkembo et al. 2014) 

which we found to be overexpressed in lung and pancreatic cancers [22,23]. Remarkably, we 

observed that although the PCAIs only minimally inhibited PMPMEase [23], their potencies 

against cell viability and proliferation, angiogenesis, migration and invasion vastly surpassed 

their PMPMEase inhibition [24–27]. These findings suggested that the PCAIs were most 

likely acting through other mechanisms.

Although the hypothesized underlying mechanism for the above-mentioned cellular effects 

of the PCAIs is the ability of the PCAIs to disrupt the polyisoprenylation-dependent 

functional interactions, the specific biological processes involved are poorly understood. 

Functionally, induction of apoptosis by PCAIs is very relevant in cancer therapy since most 
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of the anticancer agents depend on the elimination of tumor cells by apoptosis. In the current 

study, we investigated the role of PCAIs in cell cycle arrest, apoptosis and MAP kinase/ERK 

1/2 phosphorylation so as to better understand their anti-cancer molecular mechanisms using 

the NSCLC cell panel harboring mutant K-Ras and/or other mutant growth-regulating genes.

1.1 Materials and methods

1.1.1 Chemicals and Reagents

PCAIs (NSL-BA-036, NSL-BA-040, NSL-BA-055 and NSL-BA-056) were synthesized in 

our lab as previously described [23]. CellTiter-Blue Cell Viability Assay kit, Caspase-Glo 

3/7, Caspase-Glo 8 and Caspase-Glo 9 Assay kits were obtained from Promega. Paclitaxel, 

docetaxel, erlotinib, Triton X-100, EDTA, RNase A and antibodies specific to caspase-8, 

caspase-9, K-Ras were purchased from Sigma Aldrich (St Louis, MO). Annexin V/

propidium iodide kits were purchased from EMD Millipore (Temecula, CA). Antibodies 

specific to caspase-3/7 (Cat. # 9662S), anti-beta-actin monoclonal antibodies (Cat. # 8457S), 

Alexa Fluor 488-anti-mouse (Cat. # 4408S) and anti-rabbit IgG (Cat. # 4412S) antibodies, 

and phospho-p44/42 MAPK (ERK1/2) (Thr202/Tyr204) rabbit monoclonal antibody (Cat. # 

4370S) were purchased from Cell Signaling (Danvers, MA). Antibodies specific to GAPDH 

(Cat. # GTX100118) was purchased from GeneTex (Irvine, CA). Horseradish peroxidase–

labeled rabbit anti-mouse antibodies (Cat. # sc-358917) were purchased from Santa Cruz 

Biotechnology (Dallas, TX). Monoclonal anti-K-Ras (Cat. # WH0003845M1), anti-

Caspase-8 (Cat. # SAB3500404), anti-Caspase-9 (Cat. # SAB4300693) were obtained from 

Sigma-Aldrich (St. Louis, MO).

1.1.2 Cell culture

The lung cell lines (WI-38, A549, NCI-H1573, NCI-H661, NCI-H460, NCI-H1975, NCI-

H1563, and NCI-H1299) and human lung fibroblasts (WI-38) cells were purchased from 

American Type Culture Collection (Manassas, VA). WI38 cells were cultured in Minimum 

Essential Medium (Invitrogen, Carlsbad, CA), A549 cells were cultured in F12 Kaighn’s 

Medium (Invitrogen, Carlsbad, CA) and NCI-H1573, NCI-H661, NCI-H460, NCI-H1975, 

NCI-H1563, and NCI-H1299 cells were cultured in RPMI 1640 (Invitrogen, Carlsbad, CA). 

All media were supplemented with 10% heat-inactivated fetal bovine serum (Invitrogen, 

Carlsbad, CA), 100 U/ml penicillin and 100 μg/mL streptomycin (Invitrogen, Carlsbad, CA). 

The cultures were incubated at 37°C in 5% CO2/95% humidified air. In all cases, treatment 

was done in basal medium supplemented with 5% heat-inactivated fetal bovine serum.

1.1.3 Cell viability assay

Cells were seeded at a density of 2 ×104 per well in 96-well tissue culture plates and allowed 

to attach overnight at 37°C in 5% CO2/95% humidified air. The cells were then treated with 

PCAIs (NSL-BA-036, NSL-BA-040, NSL-BA-055, and NSL-BA-056) or paclitaxel, 

docetaxel, erlotinib and unprenylated cysteinyl amides (NSL-100 and NSL-101). The 

compounds were dissolved in acetone (solvent, final concentration of 1% in wells). Control 

cells were treated with 1% acetone of experimental media. Identical amounts of the 

compounds were used to treat the cells at 24 h for the 48-h exposure. CellTiter-Blue Cell 

Viability Assay kit (Promega, Madison, WI) was used to determine the cell viability. Cell 
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viability was expressed as the percentage of the fluorescence in the treated cells relative to 

that of the controls.

In order to determine the effects of caspase inhibitors on cell viability, A549 lung cancer 

cells were seeded in 96-well tissue culture plates at a density of 1×104 per well and allowed 

to attach overnight at 37°C in 5% CO2/95% humidified air incubator. The cells were treated 

with 50 μM of each of the caspase inhibitors, dissolved in DMSO and returned into the 

incubator. Two hours later, the cells were further treated with varying concentrations of 

PCAIs (0.2 – 25 μM) dissolved in acetone (final concentration of 1%). Control cells were 

treated with 1% acetone of experimental medium. Treatment was repeated after 24 hours 

and cell viability was determined after 48 h using the resazurin reduction assay. Using 

GraphPad Prism software (San Diego, CA. USA), EC50 values were determined from non-

linear regression plots for cells treated only with caspase inhibitors, PCAIs or both.

1.1.4 Effect of PCAIs on clonogenic cell survival

Cells were seeded into 6-well culture plates at a density of 5.0 ×104 cells/well and left at 

37°C for 24 h to attach. The cells were exposed to PCAIs (1.0 −5.0 μM) for 48 h after which 

the cells were washed with HBSS, trypsinized and counted. The pre-treated cells were then 

plated at different densities, incubated in fresh drug-free medium containing 10% (v/v) fetal 

bovine serum for an additional 10 – 14 days. The resulting colonies were fixed with a 10:1 

(v/v) mixture of methanol and acetic acid. These were stained with 1% crystal violet and the 

number of colonies containing 50 or more cells were counted. Cell survival following PCAIs 

exposure was expressed as the percentage of control survival.

1.1.5 Effect of PCAIs on 3D Cancer Spheroid Cultures

A549 cells were cultured in similar three-dimensional conditions in vitro (in which they 

normally form compact, viable spheroids) and used to determine the effect of the PCAIs. 

The lung cancer A549 and NCI-H661 cells were seeded at a density of 2 × 104 per well in 

96-well ultralow-attachment, Lipidure-coat U-shaped clear-bottom plates and allowed to 

grow overnight at 37°C in 5% CO2/95% humidified air. The formed spheroids were then 

treated with vehicle (1% acetone) or PCAIs (1 – 50 μM). Identical amounts of PCAIs were 

used to supplement the samples at 24 h for the 48 h exposure. The effects of the drugs were 

captured using the Nikon Eclipse Ti 100 inverted microscope using S Plan Fluor ELWD 20× 

Ph1 ADM (numerical aperture = 0.45) with Nikon DS Qi2 camera. CellTiter-Blue Cell 

Viability Assay kit (Promega, Madison, WI) was used to determine the viability of the 

spheroids. Cell viability was expressed as the percentage of the fluorescence in the treated 

cells relative to that of the controls.

1.1.6 Analysis of PCAIs – induced apoptosis

The morphologic analysis, Annexin V/propidium iodide staining was used as per the 

manufacturer’s instructions to study the mode of cancer cell death upon exposure to PCAIs. 

Cells were seeded into 6-well culture plates at 2.0 × 105 cells/well and left at 37°C for 24 h 

to attach. Cells were exposed to PCAIs (1 – 10 μM) for 48 h followed by washing in PBS 

and labeling with FITC-conjugated Annexin V for 20 min in the dark. Cells were then 
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washed and analyzed using a Becton Dickinson FACSort flow cytometer with CellQuest 

software (Mansfield, MA).

1.1.7 Caspase Assays

A549 cells treated with PCAIs (1 – 5 μM) for 48 h were used to determine caspase activities 

and levels of caspase expression. Caspase activities in the cells were determined using 

Caspase-Glo 3/7, Caspase-Glo and Caspase-Glo 9 Assay kits (Promega, Madison, WI) 

according to the manufacturer protocol. Briefly, 100 μl caspase-Glo reagent was added and 

incubated at room temperature for 30 min. The presence of active caspases from apoptotic 

cells cleaved the aminoluciferin-labeled synthetic tetrapeptide, releasing the substrate for the 

luciferase enzyme. The caspase activities were measured using a Bio-Tek Gen 5 plate reader 

(Bio-Tek Instruments, Winooski, VT) caspase activity was expressed as relative 

luminescence units (RLU)

1.1.8 Western Blot Analysis

H1573 and A549 cells (2×105 cells/well) grown in tissue culture dish, 60.8 cm2 (Olympus 

plastic) purchased from Genesee Scientific (Petersburg, KY) were treated with PCAIs (0 – 5 

μM) for 48 h. Cellular proteins were extracted using Thermo Scientific RIPA lysis and 

extraction Buffer (25mM Tris-HCl pH 7.6, 150mM NaCl, 1% NP-40, 1% sodium 

deoxycholate, 0.1% SDS) and halt protease inhibitor cocktail kit mixture. Protein 

concentration was measured using a Pierce BCA protein quantification assay kit, according 

to the manufacturer’s protocol (Thermo Scientific, Waltham, MA). Lysates containing equal 

amounts of proteins (40–50 μg of protein) were separated by electrophoresis on a 12% SDS-

polyacrylamide gel and then proteins transferred onto polyvinylidene difluoride (PVDF) 

membranes (0.2 μm pore size, Bio-Rad, Hercules, CA). Membranes were blocked for 1 h at 

room temperature with blocking buffer (5 % nonfat milk in TBS-T (50 mmol/L Tris-HCl, 

150 mmol/L NaCl, and 0.1% Tween 20). All antibodies were diluted with the blocking 

buffer. The membranes were incubated with K-Ras, caspase-8, caspase-9, caspase-3/7 

primary antibody overnight at 4°C. Membranes were then washed and incubated in a 

solution of TBST containing GAPDH at room temperature for 2 h. After this incubation, the 

membranes were again washed and the corresponding horseradish peroxidase-conjugated 

secondary antibody (Santa Cruz Biotechnologies) was added and incubated for 3h at room 

temperature. Proteins were visualized using the ECL regent (Bio-Rad, Hercules, CA). 

Images were captured and protein levels were quantified by densitometry of bands 

normalized to GAPDH using the Image Lab 6.0 (BioRad, Hercules CA),

1.1.9 Immunofluorescence microscopy

A549, H1573 and H661 cells were cultured on 6-well μ-slide VI (Ibidi, Fitchburg, WI) at a 

density of 3 × 105 cells/mL at 37°C and 5% CO2/95% humidity and treated with NSL-

BA-055 for 48 h. Cells were then fixed with 4% paraformaldehyde for 30 min and then 

permeabilized for 30 min with 0.3% Triton X-100 before being blocked with 1% BSA in 

PBS for 30 min. After blocking, cells were incubated overnight at 4°C with K-Ras (10 

μg/ml, Sigma Aldrich) or GAPDH (GeneTex) primary antibodies. Secondary antibodies 

conjugated with Alexa Fluor 488-anti-mouse IgG (Cell Signaling) were incubated for 24 h at 

4°C. Before imaging, cells were stained with DAPI. Images were captured at room 
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temperature on a Nikon Eclipse Ti Microscope at 40× magnification. The brightness and 

contrast were adjusted with Nikon NIS-Elements software for optimal images acquisition. 

All operations on the control image (untreated cells) were replicated to the images of the 

treated cells to allow for accurate comparisons of fluorescent intensities and cropping (using 

the same area). Images were copied as a single image from a stack and pasted as a picture 

(enhanced metafile) for publication. The FITC intensity for each cell was quantified as the 

mean sum intensity per cell and plotted using GraphPad Prism.

1.1.10 Effect of PCAIs on MAPK activation

A549 cells (2×106 in 60.8 cm2 wells) were seeded overnight and treated with the indicated 

concentrations of NSL-BA-040 and NSL-BA-055 for 48 h. They were rinsed with PBS, 

lysed with RIPA buffer mixed with 0.1% v/v cocktail of protease inhibitors. SDS-PAGE 

sample buffer was immediately added to the samples followed by boiling for 5 min. The 

samples were then analyzed by western blot for P44/42 MAPK and β-Actin for the effect of 

PCAIs on their phosphorylation levels using the phospho-p44/42 MAPK (ERK1/2) (Thr202/

Tyr204) as the primary antibody.

1.1.11 Statistical analysis

All results were expressed as the means ± S.E.M. The concentration–response curves were 

obtained by plotting the percentage inhibition against the log of the inhibitor concentrations. 

Nonlinear regression plots were generated using GraphPad Prism version 5.0 for Windows 

(San Diego, CA). From these, the concentrations that inhibits cell viability by 50% (EC50) 

were calculated. Statistical significance was determined by either One-way ANOVA with 

Dunnett’s post-hoc test or by Student’s T-test as indicated in figure legends. P-values of less 

than 0.05 were considered statistically significant.

1.2 Results

1.2.1 PCAIs inhibit lung cancer cell viability and clonogenic cell survival.

PCAIs were originally designed to inhibit PMPMEase activity. However, this inhibitory 

effect occurred at relatively higher concentration compared to most of the biological effects 

observed based on previous studies on pancreatic cancer cells [23]. We therefore examined 

the effect of PCAIs on the viability of an array of lung cancer cell lines. Treatment of cells 

with PCAIs for 48 h resulted in a significant concentration-dependent decrease in cell 

viability compared with untreated cells (Fig. 1A). As shown in Table 2, the EC50 for the 

PCAIs, NSL-BA-040 and NSL-BA-055 were the most potent with EC50 values ranging from 

as low as 1.1 to 6.2 μM. The most susceptible cell line is the NCI-H1573 cells, 

adenocarcinoma (stage 4 disease) which harbors K-Ras mutation (EC50 of 1.8 and 1.1 μM 

for NSL-BA-040 and NSL-BA-055 respectively). In general, PCAIs were more effective at 

inhibiting cell viability relative to Docetaxel, Erlotinib and Paclitaxel (Table 2). To assess the 

impact of the polyisoprenyl group on the potency of the PCAIs, cysteinyl amides lacking the 

polyisoprenyl moiety (NSL-100 and NSL-101) were used as a negative control on A549 

cells. The unprenylated cysteinyl amides (NSL-100 and NSL-101) were less effective at 

inducing cell death (EC50 greater than 50 and 45 μM respectively, compared to the PCAIs 

(Fig. 1B).
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We further examined the cytotoxic effect of PCAIs in colony formation assays. We used 

these assays to assess the ability of the PCAIs to prevent tumor relapse after treatment. As 

shown in Figs. 2A and B, NSL-BA-040 and NSL-BA-055 induced concentration dependent 

inhibition of clonogenic cell survival on the cell lines studied. Fig. 2B shows the survival 

curves in terms of residual colony number. The number of colonies treated with PCAIs was 

significantly reduced at concentrations higher than 1 μM. The inhibition of colony numbers 

was concentration-dependent (Fig. 2A) with significantly limited colony formation on 

exposure to 5 μM PCAIs in all the cell lines used. These results are consistent with the 

effects of PCAIs on cell viability.

1.2.2 PCAIs prevents spheroid formation

To better observe drug response characteristics in a system that better simulates the in vivo 
situation of tumors, the effect of PCAIs were studied using 3D spheroids culture [28,29]. As 

shown in Fig. 3, NSL-BA-040 and NSL-BA-055 prevented compact spheroids from being 

formed as well as induced degeneration of already established spheroids generated with 

either A549 or H661 cells. The induction of spheroid degeneration and cell death occurred at 

relatively higher concentrations (9.3 μM and 6.2 μM for NSL-BA-040 and NSL-BA-055, 

respectively) compared to the 2D monolayer culture of the A549 cells (5.2 μM and 5.6 μM 

for NSL-BA-040 and NSL-BA-055, respectively) as indicated in Fig. 3A. PCAIs at low 

micro-molar concentrations (0 – 0.5 μM) prevented spheroid formation (results not shown).

1.2.3 PCAIs induce apoptosis in A549 and H661 cells

We investigated the mode of cell death induced by the PCAIs in A549 and H661 cells by 

measuring Annexin V-positive cells using flow cytometry analysis (Fig. 4). As shown in Fig. 

4A and B, exposure to varying concentrations of PCAIs (0 – 10 μM) resulted in higher 

population of early and late apoptotic cells (3.0±0.3% to 99.3±0.1% in A549 cells; 

3.7±1.0% to 81.3±11.3% in H661 cells) compared to untreated control (2.0±0.1% for A549 

and 2.6±0.4% for H661) for NSL-BA-040. We also observed concentration-dependent 

increments of late apoptotic population when cells were exposed to the PCAIs. We evaluated 

the concentration-dependent effects on the late apoptotic population of A549 (1.2±0.3%, 

14.8±7.8%, 42.2±6.8%, 91.7±2.8%) and H661 cells (5.5±4.2%, 27.0±6.6%, 53.7±4.3%, 

96.9±0.3%) when treated with NSL-BA-055 (1.0, 2.0, 5.0 or 10 μM). Less than 1% (A549) 

or 10% (H661) of the cell population showed necrotic signs when treated with 10 μM of 

PCAIs.

1.2.4 PCAIs induced-apoptosis involves caspase activation

The complex process of apoptosis mobilizes different proteins via caspase-dependent or 

caspase-independent pathways. Caspase-dependent pathway may be either the extrinsic or 

intrinsic pathway which involves the activation of caspase-8 or caspase-9, respectively. 

Either pathway ultimately terminates with the activation of caspase-3/7 which executes 

downstream DNA cleavage molecules. We investigated the molecular mechanism underlying 

the PCAI-induced apoptotic process by employing proluminescent substrates, which 

produce luminescence upon cleavage by caspase as well as immunoblotting techniques using 

caspase specific antibodies. In the caspase-glo assays, treated cells were stained cells with 

aminoluciferin-labeled substrate of caspase and the caspase-3/7, −8, −9 activities were 
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determined by measuring the luminescence intensities. As shown in Fig. 5A, we observed a 

concentration related increase in caspase-8 and caspase-3/7 activities in A549 cells treated 

with 1.0 – 5.0 μM of PCAIs. The increase in activity of caspase-3/7 and 8 was especially 

more significant in NSL-BA-055 treated cells, suggesting that NSL-BA-055 was more 

effective at inducing activation of extrinsic caspase pathway in A549 lung cancer cell line. 

Moreover, NSL-BA-055 suppressed the activity of caspase-9, indicating that the apoptotic 

effects of the PCAIs are mediated by caspase-8 through the extrinsic pathway. These data 

were confirmed with western blot analysis which showed an increase in the levels of 

caspase-8, caspase-3/7 proteins but not caspase-9 following 48 h treatment with PCAIs (Fig. 

5B).

When A549 cells were treated with the PCAIs or caspase inhibitors alone or in combination, 

the caspase inhibitors increased the EC50 values for NSL-BA-040 by 82% (caspase 1), 18% 

(caspase 3), 0% (caspase 8) and 490% (caspase 9) over cells treated with NSL-BA-040 

alone. For cells treated with NSL-BA-055 and caspase inhibitors, the EC50 values were 

elevated only in those cells that were co-treated with caspase 9 inhibitor (92%) over cells 

treated only with NSL-BA-055. The difference between the two PCAIs co-treated with the 

caspase inhibitors may be due to the higher potency of NSL-BA-055 over NSL-BA-055. 

Cells treated with caspase inhibitors alone also decreased cell viability with EC50 values that 

were at least 100-fold higher than those for the PCAIs.

1.2.5 PCAIs significantly reduce K-Ras protein level expressions in lung cancer

Small GTPases of the Ras and Rho families regulate cell proliferation and migration. 

Targeting of these proteins in the treatment of cancer has been limited due to the lack of 

agents that specifically suppress their levels and/or activities without major side effects. We 

previously showed that PCAIs diminish the levels of the Rho proteins to suppress cell 

migration and invasion [26]. Since K-Ras is a major regulator of cell proliferation, we 

investigated the effects of PCAIs on the levels of the K-Ras protein. PCAIs diminished the 

levels of K-Ras in both Western blotting and immunocytochemical analysis (Fig. 6 and 7). 

The effects of the PCAIs on the levels of the K-Ras protein in Western blotting assays was 

most significant in A549 cell lines where 2 μM NSL-BA-040 elicited a 50% decrease and 5 

μM NSL-BA-055 induced a 75% decrease in the levels of the K-Ras protein compared to 

controls (Fig. 6A). In the H1573 cell line, we observed a trend towards decrease in the levels 

of K-Ras with PCAIs exposure, however, this decrease was not statistically significant 

compared to control (Fig. 6B). In agreement with the Western blotting results, we observed a 

concentration-dependent decrease in the fluorescent intensities of K-Ras in H1573, H661 

and A549 cells that were exposed to NSL-BA-055 (Fig. 7). Whereas NSL-BA-055 did not 

significantly alter the fluorescent intensity of GAPDH, a cytosolic housekeeping protein, it 

markedly diminished the fluorescent intensity of the K-Ras protein. Exposure to 2 μM NSL-

BA-055 resulted in an 80%, 60% and 85% decrease in normalized K-Ras (K-Ras/GAPDH) 

fluorescent intensity in A549 (Fig. 7A), H1573 (Fig. 7B), and H661 (Fig. 7C) cells, 

respectively. Taken together, these data demonstrate that PCAIs exposure suppresses the 

levels of K-Ras in a panel of non-small cell lung cancer cells.
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1.2.6 PCAIs stimulate MAPK phosphorylation

When A549 cells were treated with the PCAIs and probed for MAPK (ERK1/2) 

phosphorylation, it was observed that phosphorylated MAPK that was barely observable in 

the untreated controls increased immensely in a concentration-dependent manner following 

treatment with 1 to 5 μM of NSL-BA-040 (Fig. 8). This increase was only when the cells 

were treated with 1 μM of NSL-BA-055. This is more likely due to the more potent nature of 

NSL-BA-055 which likely caused a more rapid degradation of proteins in the cell than the 

less potent NSL-BA-040. This is corroborated by the loss of β-actin when the cells were 

treated with 2 and 5 μM concentrations of NSL-BA-055 (Fig. 8).

1.3. Discussion

Tumor development and metastasis comprises a complex process that include sustaining of 

proliferative signaling, evasion of growth suppression, evasion of apoptosis, enabling of 

replicative immortality, induction of angiogenesis and activation of invasion and metastasis 

[30,31]. These processes are often termed the “hallmark of cancer.” Cancer cells dysregulate 

their signaling to ensure the growth and survival potentials. A lot of effort has been geared 

towards the development of therapeutic agents that shut off a hallmark capability, however 

these efforts have yielded limited success due to drug resistance. In some instances, tumor 

cells were found to develop resistance to a previously potent angiogenic inhibitor by shifting 

their dependence on the angiogenesis hallmark capability to heightened invasion and 

metastasis; another hallmark capability [32–34]. It is thus very likely that effective strategies 

in the treatment of cancers may require therapeutic agents that simultaneously attenuate the 

signaling pathways that regulate growth/proliferation, apoptosis, angiogenesis, invasion and 

metastasis. Moreover, a balance between proliferative versus death signals is tightly 

regulated in normal cells and dysregulated in cancer cells. Agents that tip this balance to 

foster cell death and suppress cell growth/proliferation may be more successful in the 

treatment of cancers.

We recently demonstrated that a novel class of compounds, the PCAIs, block angiogenesis 

in both in vitro and in vivo models of angiogenesis [24] and disrupted the F-actin 

cytoskeleton to suppress lung cancer cell migration and invasion [26]. In this study, we 

investigated the effects of PCAIs on lung cancer cell viability and survival and report that 

the PCAIs (1) suppress the viability of a panel of lung cancer cell line monolayers and 

spheroids, (2) induce G1 cell cycle arrest and cell death by apoptosis, (3) suppress the levels 

of oncogenic K-Ras protein, and (4) suppress survival of lung cancer cells in both 2D and 

3D cultures.

To further assess the anti-survival effects of PCAIs, we examined the viability of a panel of 

lung cancer cells grown as monolayers or spheroids. In these assays, we observed a dose-

dependent inhibition of the viability of several NSCLC cell lines irrespective of their p53 or 

K-Ras status. The p53 protein is a tumor suppressor that regulates uncontrolled growth, 

whereas K-Ras is an oncogene that fosters cell growth. The PCAIs suppressed the viability 

of cells harboring both wildtype and mutant forms of both proteins. Control compounds 

lacking the farnesyl moiety present in PCAIs did not elicit similar effects at inhibiting cell 

viability indicating that the farnesyl moiety in PCAIs is important and essential for the 
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PCAIs-mediated effects on cell viability. To gauge the clinical potential of the PCAIs, we 

compared their potency to the chemo-agents; docetaxel, paclitaxel, and to the EGFR 

inhibitor, Erlotinib, all three agents being anti-cancers drugs currently in clinical use for the 

treatment of lung cancer. PCAIs induced cell death at concentrations (EC50) that were at 

least 50 × lower than the concentration of docetaxel, 10 × lower than the concentration of 

paclitaxel, and 200 × lower than the concentration of erlotinib required to elicit similar 

effects. Chemo-agents include DNA-interacting drugs that inhibit DNA replication and 

destroy cells at different phases of the cell cycle. These agents are non-specific and thus 

toxic to both normal and cancerous cells. Erlotinib, an inhibitor of EGFR signaling acts 

upstream of K-Ras, thus cancers harboring constitutively active K-Ras mutants are resistant 

to erlotinib. The ability of the PCAIs to inhibit the viability of lung cancer cells is not 

surprising as the PCAIs were designed to mimic the polyisoprenylated form of this protein. 

The farnesyl moiety in the PCAIs may thus disrupt interactions of the K-Ras protein with its 

binding partners thereby suppressing the viability of cancer cells. Cell death induced by 

PCAIs may thus be target specific and such a mode of cell death may limit the side-effects 

present with the use of chemo-agents. The PCAIs’ effects on the WI-38 cells was 

comparable to the effects on the lung cancer cells. This was expected as normal cells also 

require polyisoprenylated proteins for their normal cellular functions. This does not however 

mean that the PCAIs cannot be used as anticancer agents as they have been shown to be 

cytostatic and antiangiogenic at submicromolar concentrations [24]. The ability of the 

PCAIs to block angiogenesis while being cytostatic is potentially beneficial for anticancer 

therapy as angiogenesis is required for nutrient supply to feed the growing tumor and only a 

few other physiological processes in adults such as wound healing. These features make 

them more selective against tumor growth. Furthermore, novel strategies for selectively 

targeting agents to various cancer cell types that overexpress cell surface receptors for 

internalization is an area of active research that is rendering indiscriminately cytotoxic 

agents more selective towards cancer cells [35].

The aforementioned observation that the PCAIs inhibit the viability of NSCLC cells, led us 

to investigate the mechanism by which the PCAIs cause the death of these cells. 

Programmed cell death or apoptosis is orchestrated by a series of committed signaling 

events that ultimately lead to the activation of proteases known as caspases [36]. There are 

two major mechanisms by which cells undergo apoptosis; the death receptor (extrinsic) and 

mitochondrial (intrinsic) pathways. One major difference between these pathways lies in the 

initiator caspase. The death receptor mechanism is initiated by caspase-8 whereas the 

mitochondrial mechanism is initiated by caspase-9. Both pathways eventually lead to the 

activation of executioner caspase-3/7. Investigations into the PCAIs-induced mechanism of 

cell death revealed that exposure to the PCAIs resulted in the activation of caspase-8 while 

co-incubation of the PCAIs with caspase inhibitors revealed the greatest reversal of 

apoptosis with the caspase-9 inhibitor. These results show that both pathways may be 

involved in the PCAIs-induced apoptosis.

In addition to inducing apoptosis, inhibiting proliferation, suppressing survival, angiogenesis 

and invasion, an effective cancer agent must have chemo-preventive properties to avoid 

tumor relapse. We investigated the chemo-preventive effects of PCAIs in assays where we 

pre-treated NSCLC cells with PCAIs and then examined their survival and growth to form 
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colonies or spheroids in the absence of PCAIs. In these assays, the PCAIs markedly 

suppressed cell survival, growth and formation of colonies and spheroids indicating that the 

PCAIs have the potential to be effective chemo-preventive agents. We also previously 

demonstrated that the PCAIs diminished the levels of the Rho GTPases, RhoA, Cdc42 and 

Rac1 to suppress cell migration and invasion [26] and blocked angiogenesis in both in vitro 
and in vivo models of angiogenesis [24]. Ras signaling is well-known to regulate 

proliferation, survival, and angiogenesis [7,37–39]. We thus investigated if the PCAIs 

diminish the levels of K-Ras to suppress proliferation, survival and angiogenesis. As 

predicted, we observed a significant decrease in the levels of the K-Ras protein upon 

exposure to PCAIs. This decrease in the levels of K-Ras that disrupts major signaling 

pathways such as the Raf/MEK/ERK and PI3K that regulate cell proliferation, survival, and 

angiogenesis thus making the PCAIs efficient anti-proliferative, anti-survival and anti-

angiogenic agents.

Cancers harboring K-Ras mutations are some of the deadliest cancers. Mutations in the K-

Ras gene are present in 25–35% of all newly diagnosed non-small cell lung cancers, with a 

higher proportion in the adenocarcinoma subtype [40,41]. Mutations in K-Ras abrogates the 

GTPase activity of the protein, resulting in a hyperactive K-Ras protein that constitutively 

turns on signaling pathways pertaining to growth, proliferation, survival and suppression of 

apoptosis [3,4]. Targeting hyperactive K-Ras as a strategy in the treatment of cancer has 

been investigated with limited success [42]. In most of these studies, these inhibitors block 

the K-Ras metabolic pathway and its regulatory proteins [43–45]. Agents that attenuate K-

Ras signaling while directly altering the levels of the protein may constitute an effective 

therapeutic strategy in the treatment of lung cancer as K-Ras ablation using gene therapy in 

mice and cancer cells have demonstrated profound anti-tumorigenic phenotypes [46,47]. The 

mechanism by which the levels of K-Ras are suppressed is presently unclear. It could be that 

the PCAIs fork out K-Ras from its polyisoprenyl-cysteine-mediated interactions with other 

proteins thereby exposing it to degradation. Studies with polyisoprenylated small molecules 

have previously been shown to speed up polyisoprenylated protein degradation [48,49]. 

Given that the PCAIs also promote ERK 1/2 phosphorylation, which are proteins whose 

effects on gene expression are central to their functional mechanism and whose activities are 

preceded upstream by Ras proteins, the observed depletion of K-Ras may also be due to 

gene suppression as a feedback inhibition mechanism.

ERK 1/2 activation is typically associated with increased cell proliferation, migration and 

invasion [50]. It was therefore interesting to observe that the PCAIs, rather than suppressing 

their phosphorylation, instead promoted it. These findings are however consistent with 

numerous other studies showing that various agents induced apoptosis through 

phosphorylation-mediated activation of ERK 1/2 [51–53]. The responses to various RAF-

MEK-ERK signaling have been reported to vary depending on which isoforms of the three 

proteins are complexed together on the scaffold proteins as well as the localization of the 

complexes. Scaffold proteins with activated MEK-ERK complexes bound to the Golgi 

apparatus interact only with cytosolic substrates while transcriptional effects of ERK 1/2 

require translocation into the nucleus where they phosphorylate transcriptional factors [51].
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In summary, we demonstrate that PCAIs, by diminishing the levels and thus activity of the 

K-Ras protein, disrupt its downstream pathways (Raf/MEK/ERK and PI3K), thereby 

suppressing cell growth, proliferation, survival and angiogenesis while promoting the 

activation of death receptor signaling pathways to induce caspase-dependent apoptosis. As 

previously mentioned, the six major hallmarks of cancer are self-sufficiency in growth 

signals, insensitivity to anti-growth signals, evasion of apoptosis, limitless replicative 

potential, induction of angiogenesis and activation of invasion and metastasis. Our previous 

work [24,25] and current work indicate that the PCAIs inhibit growth, induce apoptosis, 

suppress angiogenesis, invasion and metastasis. Collectively, these results indicate that the 

PCAIs attenuate at least four of the six major hallmark capabilities and underscore their 

potential usefulness as effective agents in anti-cancer strategies.
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Figure 1. PCAIs inhibit lung cancer cell viability.
(A) Human lung cancer (A549, NCI-H1573, NCI-H661, NCI-H460, NCI-H1975, NCI-

H1563, and NCI-H1299) and human lung fibroblasts (WI-38) cells were cultured and seeded 

in 96-well plates at a density of 2 × 104 per well and allowed to attach overnight at 37°C in 

5% CO2/95% humidified air. Cells were then treated with either 1 – 50 μM of PCAIs (● 
NSL-BA-036, ○ NSL-BA-040, ▲ NSL-BA-055, ▼ NSL-BA-056) or (■) Paclitaxel, (□) 

Docetaxel and (◊) Erlotinib for 48 h as described in the methods. Cell viability was 

determined after the final treatment by fluorescence using the resazurin reduction assay. 

Each point represents the mean ± SEM relative to the control untreated cells. (B) To evaluate 

the importance of the polyisoprenyl moiety on cytotoxicity, A549 cells were assayed as 

described in (A) above, except cells were treated with NSL-100 and NSL-101. These 

compounds have a similar structure to the PCAIs but lack the polyisoprenyl moiety.
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Figure 2. Clonogenic cell death caused by PCAIs.
Lung cancer cells in culture were treated with PCAIs (1 – 5 μM) for 48 h, washed, 

trypsinized, counted and cultured in the absence of PCAIs for a further 12–14 days at 37°C. 

Cells that survived formed colonies which were fixed and stained with crystal violet. 

Representative images of colonies were captured (A) and then clonogenic survival was 

determined (B). The results are expressed as the means (± SEM, N = 4) relative to the 

controls. Significance (***p < 0.001) was determined by Student’s t-test.
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Figure 3. PCAIs induce degeneration of 3D spheroid cultures.
A549 and H661 cells plated at 20,000 cells/well in a low-attachment, U-shaped, black clear-

bottom plates. Images were acquired 24 h post-plating and 48 h after treatment. 

Representative images of spheroids treated with different PCAIs concentrations are shown in 

(A). Spheroids treated with high concentrations of PCAIs appear to disintegrate. Cell 

viability was determined after the final treatment with PCAIs (1 – 50 μM) by fluorescence 

using the resazurin reduction assay in (B). The EC50s were higher in the spheroids (7.4 and 

9.7 μM for NSL-BA-040 and NSL-BA-055, respectively) compared to that of the 2D culture 

for both compounds (4.1 and 4.7 μM for NSL-BA-040 and NSL-BA-055, respectively). 

Each point represents the mean ± SEM relative to the control untreated cells.
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Figure 4. PCAIs induce apoptosis.
A549 and H661 cells treated with PCAIs (1 – 10 μM) for 48 h were examined for 

externalization of phophatidylserine using Annexin V-FITC and flow cytometry. PCAI 

treatment promoted an increase in the number of cells with an increased Annexin V-FITC 

fluorescence prior to the loss of membrane integrity in early apoptosis (lower right-hand 

quadrant) and late apoptosis (upper right-hand quadrant). The dot plots (A) represent a 

single experiment while the graph (B) is an average from 3 independent experiments.
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Figure 5. PCAIs-induced apoptosis is mediated by Caspase-8 and Caspase-3/7.
(A) A549 cells were seeded at 5000/well for Caspase-3/7 assay and 30,000/well for both 

Caspase-8 and 9 assays in a white-walled 96-well plate for 24 h before start of experiment. 

PCAIs (1 −5 μM) or 1μL of acetone (carrier solution) were then added to triplicate wells. 

Identical amounts of PCAIs were used to supplement the samples at 24 h for 48 h exposure. 

Caspase activity was determined after 48 h incubation with Caspase-glo luminescent assay 

according to manufacturer’s instructions. Data on relative luminescence units (RLU) are 

expressed as mean ± S.D. Significance (*p < 0.05, **p < 0.01, ***p < 0.001) was 

determined by Student’s t-test. (B) A549 cells (2×105 cells/well) grown in 100 mm tissue 

culture dishes were treated with PCAIs (0 – 5 μM) for 48 h. Cell lysates were generated 

using RIPA lysis buffer, protein concentration was determined and lysates containing equal 

amounts of proteins were separated by gel electrophoresis and proteins transferred onto 

polyvinylidene difluoride (PVDF) membranes. Membrane-bound proteins were probed with 

antibodies against caspase-8, caspase-9, caspase-3/7, GAPDH and visualized using HRP-

conjugated secondary antibodies and ECL reagents.
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Figure 6. PCAIs diminish K-Ras protein levels in lung cancer cells.
Whole cell lysates of lung cancer cells, A549 and H1573 treated for 24 h with PCAIs (0 −5 

μM) were analyzed by western blot for K-Ras protein levels expression as described in the 

Materials and Methods. Briefly, 40–50 μg of whole cell lysate proteins were loaded into the 

wells of 12% gels and subjected to SDS-PAGE electrophoresis. Proteins were then 

transferred unto PVDF membranes and membranes were immunoblotted for K-Ras and 

GAPDH. Densitometry of bands was performed using Image Lab Software and normalized 

to GAPDH. Data are representative of three independent experiments. Statistical 

significance (**p < 0.01) was determined by 1-way ANOVA with post hoc Dunnett’s test.
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Figure 7. NSL-BA-055 promotes loss of K-Ras in lung cancer cells.
Adherent cells (H1573, H661 and A549 cell lines) were treated, fixed using 4% 

formaldehyde, and probeded for K-Ras, GAPDH as described in Materials and Methods. 

Images were captured on a Nikon Eclipse Ti Microscope at 40× magnification. Nikon NIS-

Elements software was used to quantify the mean fluorescent intensities per cell. Fluorescent 

intensity shown in graphs are mean ± SEM of N = 50 −100 cells and are representative of 

three independent experiments. Statistical comparison between untreated controls and 

treated groups were determined by 1-way ANOVA with Dunnett’s post-test comparisons. 

Significance was defined as *P < 0.05; **P < 0.01 and ***P < 0.001.
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Figure 8. PCAIs stimulate MAPK phosphorylation in A549 cells.
Cells (2×106 in 60.8 cm2 wells) were seeded overnight and treated with the indicated 

concentrations of NSL-BA-040 and NSL-BA-055 for 48 h. They were rinsed with PBS, 

lysed with RIPA buffer mixed with 0.1%v/v cocktail protease inhibitors and SDS-PAGE 

sample buffer immediately added and boiled. The samples were then analyzed by western 

blot for P44/42 MAPK and β-Actin levels. Note the depletion of proteins in the samples 

treated with the more potent NSL-BA-055 likely due to apoptosis.
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Table 1:

NSCLC cell lines used in this study.

ATCC® No. Name Histology Tumor Source Mutant Gene

CCL75™ WI38 Normal Lung

CCL-185™ A549 Carcinoma explant culture of lung 
carcinomatous tissue

KRAS - G12S (c.34G > A)

CRL-5803™ NCI-H1299 Large cell carcinoma metastasis, lymph node NRAS - Q61K (c.181C > A)

CRL-5875™ NCI-H1563 Non-small-cell lung carcinoma 
(NSCLC)

primary CDKN2A

HTB-177™ NCI-H460  lung: pleural effusion KRAS - Q61H (c.183A > T)

HTB-183™ NCI-H661 Large cell carcinoma metastasis, lymph node CDKN2A
SMARCA4
TP53

CRL-5877™ NCI-H1573 Adenocarcinoma metastasis, soft tissue KRAS

CRL-5908™ NCI-H1975 Non-small-cell lung carcinoma 
(NSCLC)

primary CDKN2A, EGFR - L858R/T790M 
(c.2369C > T)
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Table 2:

The effect of PCAIs on the viability of normal and lung cancer cells. The EC50 values were obtained from 

concentration-response curves from 48 h of exposure to varying concentrations of PCAIs.

Cell line EC50 at 48 h (μM)

NSL-BA-036 NSL-BA-040 NSL-BA-055 NSL-BA-56 Docetaxel Paclitaxel Erlotinib

A549 8.9 5.2 5.6 49 >200 >200 >200

NCI-H1573 8.1 1.8 1.1 14 >200 >200 >200

NCI-H661 24 3.9 2.2 26 >200 11 >200

NCI-H1975 10 3.6 5.4 8.3 ND ND ND

NCI-H1299 5.4 5.5 5.2 12 72 60 >200

NCI-H460 11 4.6 6.2 26 56 26 >200

NCI-H1563 6.8 4.8 3.9 10 80 >200 >200

WI-38 6.8 6.6 6.2 9.0 ND ND ND
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