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Abstract

The overactivation of signaling pathways, such as the PI3K and MAPK, which are crucial to cell 

growth and survival, is a common feature in many cancer types. Though a number of advances 

have been made in the development of molecular agents targeting these pathways, their 

application as monotherapies has not significantly improved clinical outcome. A novel liposomal 

preparation was developed, co-loaded with NCL-240, a small-molecule inhibitor of the PI3K/

mTOR pathway, along with cobimetinib, a MEK/ERK pathway inhibitor. This combination drug-

loaded nanocarrier, (N+C)-LP, was able to significantly enhance the cytotoxicity of these drugs 

against colon carcinoma cells in vitro demonstrating a clear synergistic effect (combination index 

of 0.79). The (N+C)-LP was also able to induce cell cycle arrest of the cells, specifically in the G1 

phase thereby preventing their progression to the S-phase, typical of the action of MEK inhibitors. 

Analyzing the apoptotic events, it was found that this effect on cell cycle regulation is followed by 

the induction of apoptosis. The quantified distribution of apoptotic events showed that the (N+C)-

LP induced apoptosis significantly by over 3–4 fold (P<0.001) compared to other treatment 

groups. The co-loaded liposomal preparation was also targeted to the transferrin receptor of cancer 

cells by modifying the surface of the liposome with transferrin. FACS analysis showed that 

transferrin-mediated targeting enhanced the association of liposomes to HCT 116 cells by almost 
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5-fold. This could potentially allow for cancer cell-specific effects in vivo thereby minimizing any 

non-specific interactions of the liposomes with non-cancerous cells. Taken together, this study 

clearly shows that the combined inhibition of the PI3K and MEK pathways correlates with a 

significant anti-proliferative effect, due to cell-cycle regulation leading to the induction of 

apoptosis.
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INTRODUCTION

Some of the hallmark capabilities of cancer cells involve their sustained proliferative 

signaling, evasion of growth suppressors, activation of metastasis, acquisition of replicative 

immortality, induction of angiogenesis and resistance to cell death mechanisms thus making 

them complex targets.1 More importantly, their ability to sustain proliferative signaling 

pathways by activating mutations in specific components of these pathways has been the 

subject of more recent approaches to effective cancer therapy.2 The PI3K/AKT and the 

MEK/ERK pathways are thought to play central roles in the intracellular transduction of 

proliferative signals in a variety of cancer types. Phosphoinositide 3-kinase (PI3K) belongs 

to a family of lipid kinases, which work by activating phosphatidylinositol in the plasma 

membrane of the cell leading to the recruitment and activation of AKT, a serine-threonine 

kinase.3 Activation of the PI3K/AKT pathway is critical to the survival, proliferation and 

growth of cancer. Similarly, mitogen-activated protein kinases (MAPKs) are also a 

ubiquitous family of enzymes, which link extracellular signals to gene expression 

pathways.4 The key players in the MAPK cascade involve the mitogen-activated protein 

kinase kinase kinase (RAF or MAP3K), mitogen-activated protein kinase kinase (MEK or 

MAP2K), and extracellular signal regulated protein kinase (ERK). This MAPK cascade is 

known to critically regulate a number of cellular activities such as migration, proliferation 

and cell cycle regulation. Therefore, targeting of these pathways with small molecule 

inhibitors represents a promising strategy to the development of effective cancer 

therapies.5, 6
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Cobimetinib (formerly XL518/GDC-0973 from Exelixis/Genentech), is a potent small 

molecule MEK inhibitor.7, 8 Preclinical studies involving cobimetinib have shown the 

sustained MEK-mediated inhibition of melanoma, pancreatic as well as colon carcinoma 

tumors in vivo.9, 10 Recently, it was evaluated in combination with vemurafenib in a phase 3 

clinical trial for patients with advanced or metastatic melanoma harboring a BRAF (V600) 

mutation.11 The study successfully showed a significant increase in progression-free 

survival.

Previously, our group had reported on the development and enhanced anti-tumor activity of 

NCL-240, a novel PI3K/AKT pathway inhibitor (DM-PIT1 analog).12 NCL-240 

demonstrated robust inhibition of the TORC1/p70S6K/S6 pathway downstream from AKT 

in human glioblastoma (U87MG) and ovarian carcinoma (A2780) cells. Furthermore, 

NCL-240 also showed significant inhibition of cell migration in an A2780 wound healing 

assay. However, the high lipophilicity of this molecule (calculated log P = 5.3) makes its in 

vivo delivery challenging. In order to overcome this, our group had recently developed a 

formulation of NCL-240 in polyethyleneglycol (PEG)-based micelles. The NCL-240 

micelles showed significant inhibition of A2780 tumors in a subcutaneous murine xenograft 

model.13

Though the PI3K/AKT and MEK/ERK are two distinct pathways, studies have clearly 

shown that there are a number of feedback loops between these two pathways.14 Blocking 

MAPK is known to increase activity of the PI3K and vice versa.15, 16 Interestingly, the 

activation of the PI3K pathway has been shown to drive the resistance to MAPK cascade 

inhibitors.17 Therefore in order to overcome these feedback loops, the use of combinational 

treatment regimens simultaneously targeting these two pathways may prove 

advantageous.10, 18, 19 With this in mind, the effects of combinational treatment with both 

NCL-240 and cobimetinib was investigated. Since oncogenic mutations in these pathways 

are present in a majority of colorectal carcinomas, the cytotoxic potential of these drugs was 

evaluated in HCT 116 colon carcinoma cells in vitro.20

However, the administration of two different drugs in vivo may lead to their accumulation in 

different parts of the tumor due to the heterogeneous nature of cancer, preventing a dramatic 

improvement in tumor inhibition. It is therefore imperative that both these drugs are 

delivered to the same cancer cells so as to effect a better treatment outcome. To overcome 

the challenge of delivering two hydrophobic anti-cancer compounds together, a novel 

liposome-based formulation co-loaded with both NCL-240 and cobimetinib was developed. 

Furthermore, to better facilitate cancer cell-specific effects, these liposomes were targeted 

with transferrin since the transferrin receptor is frequently over-expressed in many cancer 

cell types.21

EXPERIMENTAL SECTION

Materials, Cell Culture and Animals

FITC-labeled mouse monoclonal anti-transferrin receptor antibody (ab47095) was 

purchased from Abcam (San Francisco, CA). FITC-labeled normal mouse IgG (sc-2855) (as 

negative control) was purchased from Santa Cruz Biotechnology (Dallas, TX). 
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Nitrophenylcarbonyl-PEG3400-nitrophenylcarbonyl (NPC-PEG-NPC) was from Laysan Bio 

(Arab, AL). Eggphosphatidylcholine (ePC), cholesterol, cholesteryl hemisuccinate 

(CHEMS), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), 1,2-distearoyl-sn-

glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (PEG2000-DSPE) 

and (lissamine rhodamine) DPPE (rhodamine) were purchased from Avanti (Alabaster, AL). 

Dragendorff’s reagent, molybdenum blue, triethylamine (TEA), Sepharose CL-4B (40–165 

μm) and human holo-transferrin (Tf) were purchased from Sigma-Aldrich (St. Louis, MO). 

The microBCA™ Protein Assay Kit, Whatman nucleopore polycarbonate membranes 19 

mm at 0.2μ, 0.1μ and 0.05μ pore sizes and bovine serum albumin (BSA) were purchased 

from Fisher/Thermo Scientific (Waltham, MA). Spectra/Por pre-wetted 300,000 MWCO 

dialysis membrane was purchased from Spectrum Labs Inc. (Rancho Dominguez, CA). 

CellTiter-Glo® cell viability assay was purchased from Promega Corporation (Madison, 

WI). NCL-240 was synthesized at the National Chemical Laboratory (Pune, India).12 

Cobimetinib was purchased from MedChem Express (Monmouth Jn, NJ). Hoechst33342, 

Yo-Pro-1 and propidium iodide were purchased from Life Technologies (Carlsbad, CA).

Streptomycin (25μg/mL)/Penicillin (10,000 U/mL) solution, Trypsin/EDTA and 

Cellstripper™ solution were purchased from Corning/Mediatech (Manassas, VA). Fetal 

bovine serum (FBS) was purchased from Atlanta Biologicals (Flowery Branch, GA). Human 

colon adenocarcinoma cells (HCT 116), human umbilical vein endothelial cells (HUVEC), 

F-12K and McCoy’s media were purchased from ATCC (Manassas, VA). HCT 116 cells 

were grown in McCoy’s media. HUVEC cells were grown in F-12K media supplemented 

with 0.1 mg/mL heparin and 0.03 mg/mL endothelial cell growth supplement. All media 

were supplemented with 10% FBS and 1% penicillin-streptomycin solution. Cells were all 

grown at 37°C with 5% CO2.

Preparation of Liposomes

A lipid film consisting of ePC, cholesterol, CHEMS and DOPE (64:24:6:6 mole %) (Table 

1) as well as the drugs (at 2% w/w to the total lipid) was obtained by removal of chloroform 

by rotary evaporation followed by freeze drying on a Freezone 4.5L Freeze Dry System 

(Labconco, Kansas City, MO) for a minimum of 4 hours. The drugs were included at a mole 

ratio of 6:1 of NCL-240: cobimetinib. The film was then hydrated with phosphate buffered 

saline (PBS) pH 7.4 to maintain a lipid concentration of 10 mg/mL. The solution was 

vortexed and then extruded through 200 nm polycarbonate membranes. The extruded 

liposomes were then filtered through 0.2μm filters (Nalgene, Rochester, NY) to remove any 

unencapsulated drug, since these form aggregates due to their hydrophobic nature. 

Following this, PEG2000-DSPE and the Tf-PEG3400-DOPE were added to the respective 

liposomal formulations at 2 and 0.025 mole % by the post-insertion method. Briefly, a thin 

film of the PEG2000-DSPE obtained by the removal of organic solvent by drying under a 

stream of nitrogen gas followed by freeze drying for a minimum of 4 hours, was hydrated 

with the Tf-PEG3400-DOPE solution and/or PBS to form mixed micelles. These were then 

added to the liposomal solution and incubated at 37°C overnight to allow for complete 

incorporation of the PEG chains into the liposome membrane.
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Characterization of Liposomes

Particle size and zeta potential analysis was carried out using a N4 Coulter particle size 

analyzer (Weste Lafayette, IN) and Zetaplus (Brookhaven Instruments Corporation, 

Holtsville, NY) respectively. For particle size analysis, 5μL of the liposomal solution was 

mixed with 990μL of 1mM KCl while for zeta potential, 50μL was mixed with 1.5mL of 

1mM KCl. For analysis using transmission electron microscopy (TEM), the sample was 

stained using 1.5% phosphotungstic acid (PTA) by the negative staining technique. HPLC 

(Hitachi Elite LaChrom Pleasanton, CA) determination of liposomal drug content was 

carried out using a C18 column (XBridge, 4.6 × 250 mm, 5μm) (Waters Corporation, 

Milford, MA) and a mobile phase consisting of 60% acetonitrile and 40% (v/v) 10mM 

ammonium acetate at pH 4 (detection wavelength of 240 nm for both drugs) at a flow rate of 

1 mL/min.

In Vitro Cytotoxicity Experiments

3,000 HCT 116 cells were seeded in each well of a 96-well plate 24 hours prior to the 

experiment. Formulations were sterile filtered and incubated with the cells for 48 hours 

following which the cell viability was measured using the Cell Titer Glo® cell viability 

assay according to the manufacturer’s protocol. The combination index (CI) was also 

calculated to check for synergism between the two drugs using the formula:

where: IC50ab1 e IC50ab2 are the IC50 values when the drugs are administered in 

combination, and IC50a e IC50b are the IC50 values when the drugs are administered as 

single agents.22

Analysis of Apoptosis and Cell Cycle Distribution

3,000 cells per well were seeded in Whatman black-walled polystyrene 96-well plates 24 

hours prior to the experiment. Formulations were sterile filtered and incubated with the cells 

for 48 hours. Hoechst33342 (5μg/mL) followed by the markers, Yo-Pro (0.12μg/mL) for 

early apoptosis and propidium iodide (1μg/mL) for late apoptosis/necrosis were diluted in 

media and all added together directly onto the cells. After incubation at 37°C for 30 minutes, 

the stained cells were analyzed without washing using the iCyte imaging cytometer 

(Compucyte Corp., Westwood MA). A 40x objective lens was used with 0.25 μm spatial 

resolution in two-pass scanning. In the first pass, the 405 nm laser was used to excite 

Hoechst and fluorescence was collected through a 440/30 bandpass filter. In the second pass, 

the 488 nm argon laser was used, with a 515/30 bandwidth filter for green Yo-Pro 

fluorescence, and a 650 nm long pass filter for the red propidium iodide fluorescence. Cells 

were segmented using Hoechst fluorescence, and total cellular DNA fluorescence was 

quantified. For cell cycle distribution, live single cells were gated into the G1, S and G2 

phases based on their combined DNA content and nuclear area. For analysis of apoptotic 

events, cells were gated based on their green Yo-Pro fluorescence and red propidium iodide 

signal and quantified by random segmentation.
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Synthesis of pNP-PEG3400-DOPE

The pNP-PEG3400-DOPE was synthesized and purified by slight modifications to a 

previously established method.23 64.6 μmol NPC-PEG3400-NPC (or pNP-PEG3400-pNP) 

was first dissolved in 1mL chloroform and then reacted with 12.9 μmol DOPE in the 

presence of 38.8 μmol TEA. The reaction was incubated overnight at room temperature (RT) 

in an argon atmosphere under constant stirring. The reaction was monitored using thin-layer 

chromatography (TLC) in a mixture of chloroform-methanol as an eluent at an 80:20 

volumetric ratio. Dragendorff’s reagent and molybdenum blue were used to visualize the 

PEG and DOPE respectively. After completion of the reaction, the solvent was removed 

from the mixture using rotary evaporation followed by freeze drying. The product was then 

dissolved in 0.001 M HCl, pH 3 at a lipid concentration of 200 mg/mL and separated on a 

column loaded with Sepharose CL-4B and eluted with 0.001M HCl. The various fractions 

collected were then analyzed for the presence of the product by TLC. Only those fractions 

containing the product were then pooled together and freeze dried. The resulting lyophilized 

product was dissolved in chloroform (at 5 mg/mL) and stored in −80°C until further use.

Synthesis of Transferrin-PEG3400-PE

A thin film containing 2 mg of pNP-PEG3400-DOPE was obtained by removing the 

chloroform by drying under a stream of nitrogen gas followed by freeze drying for a 

minimum of 4 hours. The film was hydrated with 1mL of a 15mg/mL solution of Tf in PBS 

pH 8.5. The reaction was incubated at RT overnight under constant stirring. Following this, 

the unreacted Tf was removed by dialyzing the reaction mixture against 2L of deionized 

water followed by dialysis against 2L of PBS pH 7.4 using an MWCO of 300,000 Da for 3 

to 4 hours. The concentration of the product, Tf-PEG3400-DOPE was then determined using 

the microBCA™ assay kit. The product was stored at 4°C until further use.

Transferrin Receptor Characterization

For the characterization of the transferrin receptor, cells were detached using cell stripper 

solution (10 mins incubation at 37°C). Detached cells were then neutralized with complete 

media and centrifuged at 2000 RPM for 5 mins. Cell pellets were then resuspended in 3% 

BSA/PBS and counted. 200,000 cells were taken in each centrifuge tube. To the control, 100 

μL 3% BSA/PBS was added; to the control antibody group, 100 μL of normal mouse IgG1-

FITC was added (final dilution of 1:50 in cell suspension); to the transferrin antibody group 

100 μL of anti-transferrin receptor IgG1-FITC was added (final dilution of 1:50 in cell 

suspension). These were incubated at 4°C for 30 mins following which the cell suspensions 

were centrifuged at 2000 RPM, 5 mins and washed with 3% BSA/PBS. Cell pellets were 

then resuspended in 3% BSA/PBS, kept on ice and immediately analyzed by flow cytometry 

(BD FACS Calibur®, Bedford, MA).

Cell Association Studies

The liposomes were labeled with 1 mole % rhodamine which was included along with the 

other lipids prior to film-hydration. 75,000 cells were seeded per well of a 12-well plate 24 

hours prior to the experiment. Following this, the cells were treated with the formulations at 

a liposomal concentration of 0.1 mg/mL for 4 hours. The formulations were then washed off 
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with PBS and the cells were trypsinized, washed and maintained as a cell suspension in PBS 

on ice. Cells were then immediately analyzed by flow cytometry for their fluorescent 

intensity. All samples were normalized with a control cell population based on their mean 

fluorescent intensity and subsequently analyzed.

Statistical Analysis

Data was generated in triplicates and expressed as mean +/− S.D. Statistical analyses were 

performed using one-way ANOVA followed by post-hoc analyses. Significance was 

determined by a P-value < 0.05 (denoted by *), P<0.01 (denoted by **) and P< 0.001 

(denoted by ***).

RESULTS

Characterization of Liposomes

The NCL-240-loaded (NCL-LP), cobimetinib-loaded (Cobi-LP) as well as the co-loaded ((N

+C)-LP) liposomes all showed a uniform size distribution of ca 200 nm with a low 

polydispersity index reflecting a homogeneous particle size distribution (Table 2). The size 

range was further confirmed by analysis using transmission electron microscopy, which 

showed the roughly spherical/elliptical appearance of the nanoparticles when visualized with 

a PTA stain (Fig 1). Zeta potential analysis was then carried out on the nanoparticles. All the 

particles had an overall negative charge of around −30 mV due to the presence of neutral as 

well as anionic lipids. Furthermore, this overall negative surface charge along with the 

coating of PEG2000-DSPE, allows for the increased stability of the liposomes in solution 

preventing their flocculation and settling over time. In addition, fusogenic lipids such as 

CHEMS and DOPE were included to allow for release of the cargo from the late endosomes 

which are characterized by a drop in pH.24 It was found that at a lower pH of 5, the 

liposomes showed a significant drop in the zeta potential from −28 to −13 mV due to the pH 

sensitive nature of DOPE and CHEMS.

Next, the liposomes were characterized for their drug loading efficiency using HPLC. In 

order to effectively separate both drug peaks, a mobile phase consisting of 60% (v/v) 

acetonitrile and 40% (v/v) 10mM ammonium acetate (pH 4) was used. Cobimetinib had a 

retention time of about 3 minutes, while that of NCL-240 was 10 minutes. The concentration 

of encapsulated cobimetinib was about 53–56 μM and NCL-240 was about 355–361 μM for 

a 10 mg/mL liposomal lipid concentration. This translated to an encapsulation efficiency of 

about 90–98% for both drugs as due to their highly hydrophobic nature, they were able to 

assemble preferentially into the lipid bilayer of the liposomes. The concentrations of the 

liposome-encapsulated drugs as well as their loading efficiencies are summarized in Table 2. 

In addition, the long-term stability of these liposomes was also evaluated on storage at 4°C 

in PBS pH 7.4, by checking their size after 3 months. Any significant drug leakage from the 

liposomes should result in the formation of precipitates due to their hydrophobic nature. The 

stable size of the liposomes was confirmed within the 180–200 nm range with the lack of 

any aggregates present in solution using DLS (Supplementary Table 1).
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Free and Liposomal Combinations of Cobimetinib and NCL-240 Demonstrate Synergistic 
Cytotoxic Effects on HCT 116 Cells

The cytotoxic response of HCT 116 cells to treatments with NCL-240, cobimetinib as well 

as a combination of these drugs both in their free and liposomal forms was evaluated. Cells 

were treated at concentrations ranging from 60 nM to 60 μM with NCL-240 and from 10 nM 

to 10 μM with cobimetinib. The combinational treatment with NCL and cobimetinib clearly 

showed significant cytotoxic effects at all of the concentrations when administered in their 

liposomal form, as compared to the treatment with single drugs only (Fig 2). The free drug 

combinations showed significantly higher cytotoxicity only at the higher NCL/Cobi 

concentrations of 6/1 and 1.9/0.33 μM. Also, compared to the NCL-LP, the (N+C)-LP 

showed a significant 2.5-fold reduction in the IC50 values for NCL from 3.58 μM to 1.36 

μM while free (N+C) treatment reduced the IC50 2-fold from 1.85 μM to 0.89 μM. As was 

expected, when comparing the cytotoxicity of the free drugs to their liposomal counterparts, 

the liposomal drugs showed lesser cytotoxicity due to their slower drug release as compared 

to the free drugs which are solubilized in methanol. More importantly, it is evident that both 

cobimetinib and NCL-240 retain their cytotoxic activity after encapsulation into liposomes. 

Next, the combination index (CI) of the drugs in combination both in their liposomal and 

free forms was determined. A CI of 1 indicates additive effects of the drugs while a CI of <1 

shows a clear synergistic effect. It was found that when used in liposomes, the CI was 0.79 

as opposed to a CI of 0.97 when used in their free drug forms clearly highlighting the 

increased synergistic effects of these drugs when combined together in liposomes.

Cobimetinib Mediates Cell Cycle Arrest of HCT 116 Cells in G1

Next, using the iCyte imaging cytometer, the effect of the various drug-loaded liposomal 

formulations on the cell cycle distribution of the HCT 116 cells was analyzed. The DNA 

content of the cells was quantified based on their Hoechst signal, and after gating to 

eliminate multiple cells, DNA content histograms were obtained, and regions were defined 

corresponding to the G1, S and G2 DNA content levels. First a modified Kolmogorov-

Smirnov (KS) test 25–27 was used to quantify the difference in the cell cycle distribution 

when compared to the control cell population (higher unsigned numbers indicate higher 

differences in the cell cycle distribution). The KS test numbers of the various formulations 

in triplicates are shown in Fig 3A. Interestingly, it was found that though treatment with 

NCL-240 did not seem to alter the cell cycle distribution of the cells, treatment with 

cobimetinib (both Cobi-LP and (N+C)-LP) showed a dramatic alteration confirmed by the 

higher KS test numbers. On further analysis, it was found that cobimetinib (both in Cobi-LP 

as well as (N+C)-LP) mediated cell cycle arrest specifically in the G1-phase, preventing 

their further progression into the S-phase. The semi-quantitative as well as quantitative cell 

cycle distributions are shown in Fig 3B.

Treatment with (N+C)-LP Increases the Apoptotic Events in HCT 116 Cells

As was done earlier for the analysis of the cell cycle distribution, the apoptotic potential of 

the NCL-LP, Cobi-LP as well (N+C)-LP was evaluated using the iCyte imaging cytometer 

using the appropriate markers (Hoechst-DNA, YoPro-1- early apoptosis via membrane 

permeability and propidium iodide- late apoptosis/necrosis). Compared to the control, at a 
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NCL/Cobi concentration of 6/1 μM, all the three liposomal treatment groups showed a 

significant inhibitory effect on the cell proliferation as seen by the low density of cells as 

well as an increase in apoptotic cells (Fig 4). Compared to the NCL-LP and Cobi-LP, the (N

+C)-LP showed a dramatic increase in the number of early apoptotic cells shown in yellow 

as well as late apoptotic cells shown in magenta. In addition, the presence of apoptotic 

bodies or ‘apobodies’ was also clearly visualized in these cells (shown with arrows) further 

confirming their progression to apoptosis (Fig 4 inset). The quantified distribution of 

apoptotic events showed that the (N+C)-LP induced apoptosis significantly by over 3–4 fold 

(P<0.001) as compared to the other treatment groups. (Fig 4 lower right panel).

Characterization of Transferrin Receptor Expression and Cell Association of Transferrin-
Targeted Liposomes

The next aim was to evaluate the application of a proof-of-concept targeting moiety. The 

expression pattern of the transferrin receptor in the HCT 116 cell line was characterized 

since it is a well-known fact that the transferrin receptor is over-expressed in a wide range of 

cancer types. Using a FITC-labeled transferrin receptor antibody it was found that compared 

to the HUVEC, a non-cancerous human cell line, the HCT 116 cells showed a 5–6 fold 

increase in the FITC fluorescence confirming their transferrin receptor over-expression (Fig 

5A). As a negative control, a non-specific FITC-labeled antibody was used to negate the 

effect of non-specific antibody binding.

Next, the liposomes were fluorescently labeled with rhodamine and targeted with the 

transferrin conjugate (Tf-PEG3400-DOPE). On analysis by flow cytometry, it was found that 

compared to the untargeted PEGylated liposomes (PL), the Tf-targeted liposomes (Tf LP) 

showed a significant 5-fold increase in cell association further highlighting their ability to 

effectively target cancer cells (Fig 5B).

Investigation of the Cytotoxicity of Transferrin-Targeted Drug-Loaded Liposomes

The various drug-loaded liposomes were then targeted with transferrin by addition of the Tf-

PEG3400-DOPE to preformed liposomes by the post-insertion method. As was done earlier, 

the cells were treated with varying concentrations of these liposomes from 60nM to 60μM 

for NCL and 10 nM to 10 μM for cobi. It was found that the transferrin-targeted NCL 

liposomes (Tf-NCL-LP), cobimetinib liposomes (Tf-Cobi-LP) as well as the co-loaded (Tf-

(N+C)-LP) did not significantly increase the cytotoxicity of their untargeted counterparts 

(Fig 6). More importantly, it was seen that even after addition of the transferrin moiety, the 

synergistic relationship between the two co-loaded drugs was maintained in vitro. We 

hypothesize that the targeting will play a more crucial role in an in vivo setting allowing for 

cancer cell-specific effects.

DISCUSSIONS AND CONCLUSIONS

As alluded to earlier, the dependence of cancer cells on their various cell signaling pathways 

has been critical to the development of a number of selective molecular-targeted therapies. 

However, there is increasing evidence to show that even strategically targeting crucial 

pathways with single agents may not be sufficient as the cancer cells are still able to get by, 
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by acquiring somatic mutations thereby developing resistance to the primary treatment 

modality.28 Although, MEK and PI3K are very relevant molecular targets, targeting these 

using small molecule inhibitors has not led to any significant success in the clinic as yet. The 

ability to therefore effectively target multiple pathways crucial to the survival of cancer 

simultaneously, could represent a useful approach. Furthermore, it has been shown that 

resistance to a number of MEK pathway inhibitors could be mediated by activation of the 

PI3K/AKT/mTOR pathway.14, 17 The combined administration of NCL-240, a recently 

developed PI3K/AKT/mTOR pathway inhibitor, with cobimetinib, a MEK pathway 

inhibitor was therefore investigated. However, the high lipophilicity of both these drugs 

(calculated log P of 5.18 for NCL-240 and 5.96 for cobimetinib) could complicate dosing 

regimens in vivo. Furthermore, dosing of hydrophobic drugs separately may prove 

ineffective since the optimal concentrations of the drug may not end up reaching the tumor 

site causing heterogeneous drug distribution allowing the tumor cells to overcome treatment 

by the development of drug-resistance.29, 30 The liposomal delivery of such hydrophobic 

drugs represent an efficient way to deliver these potent molecules at their optimal dose ratios 

to tumor cells.31

Therefore a novel liposomal formulation co-loaded with both NCL-240 and cobimetinib was 

developed. The developed nanopreparations were in the 200 nm size range as the size of 

nanomedicines is also known to govern their effective extravasation into the tumor 

microspace by the enhanced permeability and retention effect as well as their efficient 

intracellular internalization.32–34 Using cytotoxicity assays, it was demonstrated that when 

NCL-240 and cobimetinib are administered as free drugs at a mole ratio of 6:1 respectively, 

they are able to significantly enhance their cytotoxicity on HCT 116 cells. These drugs were 

loaded into a single liposomal carrier at the same ratio with high loading efficiencies, as they 

were able to self-assemble into the lipid bilayers due to their hydrophobicity. Similar to the 

free drug combinations, the drug co-loaded (N+C)-LPs showed higher cytotoxicity than the 

single drug-loaded NCL-LP and Cobi-LP (Fig 2), Interestingly, calculation of the 

combination index (CI<1 indicates synergism) clearly showed synergistic effects of the 

liposomal form (CI of 0.79) over their combined administration as free drugs (CI of 0.97) 

highlighting the advantages of combining these drugs in a single liposomal carrier in vitro.

The effect of the various liposomal formulations on the regulation of cell cycle was then 

evaluated. It was found that though NCL-240 did not have a significant effect on the cell 

cycle distribution, both the Cobi-LP as well as the (N+C)-LP induced cell cycle arrest in G1, 

clearly preventing their progression to the S-phase (Fig 3). This result was consistent with a 

number of reports in literature, which demonstrated that this was typical of MEK inhibitors, 

since ERK activation is necessary for S-phase progression.35, 36

On analysis of the apoptotic events, progression of the cells to apoptosis following cell cycle 

arrest in G1 was confirmed. The (N+C)-LP was able to significantly enhance induction of 

apoptotic events by over 2–3 fold as compared to the other treatment groups (Fig 4). To be 

able to further the therapeutic applications of these liposomes, they were subsequently 

targeted with transferrin. The transferrin receptor is overexpressed in many cancer types due 

to its role in iron homeostasis and has been widely exploited to facilitate the cancer-specific 

delivery of a wide portfolio of small molecule as well as gene-based drugs into cancer 
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cells.37–40 FACS analysis showed that the addition of transferrin-targeting enhanced the 

association of liposomes to HCT 116 cells almost 5-fold (Fig 5). This could potentially 

allow for cancer cell-specific effects in vivo thereby minimizing any non-specific 

interactions of the liposomes with non-cancerous cells.

In this work, the novelty of simultaneously delivering PI3K/AKT and MEK inhibitors using 

a liposomal formulation has been successfully demonstrated. To the best of our knowledge, 

the use of lipid nanoparticles to effectively target these two cell signaling pathways 

simultaneously has not been reported before. This study clearly shows that the combined 

inhibition of the PI3K and MEK pathways correlates with a significant anti-proliferative 

effect, due to cell-cycle regulation, leading to the induction of apoptosis. The highlighted in 

vitro efficiency of these co-loaded liposomes definitely warrants their further investigation 

on in vivo cancer models.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Transmission electron microscopy images of (A) Blank liposomes, (B) NCL liposomes, (C) 

Cobi liposomes and (D) NCL+Cobi liposomes by negative staining technique. (scale bar = 

500 nm)
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Figure 2. 
In vitro cytotoxicity analysis on HCT 116 cells showing enhanced cancer cell cytotoxicity of 

NCL and cobimetinib combinations
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Figure 3. 
Analysis of cell cycle distribution showing cobimetinib-mediated cell cycle arrest in G1. (A) 

Histograms show the KS test which calculates difference in cell cycle distribution of the 

treatment groups compared to the control (the numerical value is an unsigned integer) 

followed by (B) the quantification of their distribution in the G1, S and G2 phases.
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Figure 4. 
Analysis of NCL-240- and cobimetinib-mediated apoptosis.

Images showing increased apoptosis of NCL+Cobi liposomes followed by the quantification 

of apoptotic events by random segmentation. (Apoptotic bodies shown with arrows) (Scale 

bar= 50 μm)
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Figure 5. 
(A) Transferrin receptor expression and (B) cell association of transferrin-targeted 

liposomes.
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Figure 6. 
In vitro cytotoxicity analysis of transferrin-targeted liposomes on HCT 116 cells.
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Table 1

Composition of Liposomes

Lipid Mole Percentage %

ePC 64%

Cholesterol 24%

Dioleoyl-sn-glycero-phosphoethanolamine (DOPE) 6%

Cholesteryl hemisuccinate (CHEMS) 6%

PEG2000-DSPE 2 %

Tf-PEG3400-DOPE 0.025%
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