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Abstract
Autophagy, a catabolic survival pathway, is gaining attention as a potential target in cancer. In
human liver and colon cancer cells, treatment with an autophagy inducer, nanoliposomal C6-
ceramide, in combination with the autophagy maturation inhibitor, vinblastine, synergistically
enhanced apoptotic cell death. Combination treatment resulted in a marked increase in autophagic
vacuole accumulation and decreased autophagy maturation, without diminution of the autophagy
flux protein P62. In a colon cancer xenograft model, a single intravenous injection of the drug
combination significantly decreased tumor growth in comparison to the individual treatments.
Most importantly, the combination treatment did not result in increased toxicity as assessed by
body weight loss. The mechanism of combination treatment-induced cell death both in vitro and in
vivo appeared to be apoptosis. Supportive of autophagy flux blockade as the underlying synergy
mechanism, treatment with other autophagy maturation inhibitors, but not autophagy initiation
inhibitors, were similarly synergistic with vinblastine. Additionally, knockout of the autophagy
protein Beclin-1 suppressed combination treatment-induced apoptosis in vitro. In conclusion, in
vitro and in vivo data support a synergistic antitumor activity of the nanoliposomal C6-ceramide
and vinblastine combination, potentially mediated by an autophagic mechanism.
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1. Introduction
Many chemotherapeutics induce cancer cell apoptosis through mitochondrial or endoplasmic
reticulum stress pathways [17]. Another pathway that has gained recent attention as a
potential cancer drug target is the autophagy pathway. Autophagy, literally “self-eating”, is a
survival pathway responsible for the breakdown of damaged organelles, protein aggregates,
and long-lived proteins [19]. This process is initiated by double-membrane vacuoles, termed
autophagosomes, engulfing these cellular components. Subsequently, fusion of
autophagosomes with lysosomes results in the formation of single membrane autolysosomes
in which the cellular contents are degraded by hydrolytic lysosomal enzymes [19].

Autophagy is known to play a role in both cancer suppression and survival depending on the
stage of cancer development. From an evolutionary standpoint, autophagy (termed
macroautophagy) is a survival mechanism whereby cellular proteins and organelles are
recycled during periods of starvation in order to maintain cellular homeostasis. Similarly,
tumors undergoing metabolic stress require autophagy. Once tumorigenesis is initiated,
cancer cells in the progressive phase of the disease need a constant supply of nutrients to
thrive. In solid tumors, however, these nutrients are deprived due to poor vascularization.
Autophagy allows these tumor cells to survive under metabolic stress [8].

In addition to providing cellular building blocks necessary during times of nutrient
deprivation, selective autophagy also functions to remove damaged organelles and proteins
that can harm the cell and potentially cause disease, such as cancer. A role for autophagy as
a tumor suppressor is supported by the fact that many cancers have a mono-allelic loss of
Beclin 1, a gene required for the formation of autophagosomes [24]. In human breast,
ovarian and prostate cancers, loss of Beclin 1 gene function is associated with tumorigenesis
[24, 34]. Haploinsufficient Beclin 1+/−mice, as well as mice deficient in the autophagy gene
Atg4C, develop spontaneous tumors [29, 47]. Further confirming the role of autophagy
genes in the suppression of tumorigenesis , loss of expression of other autophagy related
genes , such as Atg5, Bax-interacting factor 1 (Bif-1), and ultraviolet radiation resistance-
associated gene (UVRAG), have been identified in several human cancers [6, 13, 23].
Interestingly, defects in the autophagy pathway also appear to be involved in
neurodegeneration, premature aging, muscular disease, and lysosomal storage disorders [21,
25, 28].

Currently, several agents that modulate autophagy are undergoing evaluation as cancer
therapeutic agents [1]. In light of the dual role autophagy plays in cancer initiation and
progression, there is an ongoing controversy surrounding whether the autophagy pathway
primarily represents a pro-survival or pro-cell death mechanism with regard to cancer
therapy [45]. The induction of autophagy by anti-cancer therapies (e.g., mTOR inhibitor
rapamycin) could provide nutrients to proliferating cancer cells, or, conversely, initiate
autophagic (type II programmed cell death) cell death. Alternatively, blockade of autophagy
by agents that inhibit autophagy initiation (e.g., PI3K inhibitor 3-methyladenine (3-MA)) or
autophagosome maturation/degradation inhibitors (e.g., lysosomotropic agent chloroquine)
could block nutrient supply, effectively starving the cancer cells, or allow accumulation of
damaged organelles, such as mitochondria, that could induce oxidative stress and further
cancer progression. While the effect of autophagy modulating agents appears to be highly
dependent upon the cancer being evaluated, it is interesting to note that agents which inhibit
autophagosome maturation/degradation, as opposed to autophagy initiation, often have
distinct effects on cancer cells when combined with an inducer of autophagy
(chemotherapeutics or radiation) [22]. These autophagosome maturation/degradation
inhibitors, such as the lysosomotropic agent hydroxychloroquine, block fusion of
autophagosomes with lysosomes, preventing subsequent degradation of the autophagosomes
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and resulting in futile autophagy cycling [22]. When combined with agents that induce
autophagy in cancer cells, inhibitors of autophagy initiation (e.g., 3-MA), often antagonize
cytotoxicity, while autophagosome maturation/degradation inhibitors synergistically
increase cytotoxicity and induce apoptosis. For example, the autophagy initiation inhibitor
3-MA decreased the toxicity of temozolomide (TMZ), a known autophagy inducer, in
glioma cells, while the autophagosome maturation/degradation inhibitor bafilomycin A1
potentiated TMZ cytotoxicity and induced apoptosis in the same cells [16]. Several studies
have demonstrated that treatment of cancers with agents that induce autophagy in
combination with agents that block autophagosome maturation/degradation result in
synergistic apoptotic cell death. For example, co-treatment of hepatocellular carcinoma
HepG3B and Huh7 xenografts with the autophagy inducer temosirolimus (mTOR inhibitor)
and autophagy maturation/degradation inhibitor vinblastine (microtubule destabilizing
agent) resulted in synergistic antitumor activity and decreased expression of anti-apoptotic
proteins [49]. Similarly, another mTOR inhibitor and autophagy inducer, rapamycin, in
combination with vinblastine synergistically suppressed growth, induced apoptosis, and
increased survival in an orthotopic human neuroblastoma xenograft model [27].

The antitumor activity of short-chain cell-permeable ceramides (C2 and C6) has been
demonstrated against various cancer cell lines in vitro and in vivo [7, 26, 40–42]. Ceramides
are well-documented bioactive sphingolipid second-messengers involved in various cellular
processes such as cell growth, differentiation, apoptosis, and autophagy [31]. It has been
well established that ceramide treatment can induce autophagy by downregulating nutrient
transporters, similar to the selective homeostatic response observed during nutrient
deprivation [12]. With regard to the use of C6-ceramide as a therapeutic, systemic delivery
of C6-ceramide is challenging due to its poor solubility. This has been overcome by
incorporating C6-ceramide in the lipid bilayer of a nanoliposome [40]. Nanoliposomal C6-
ceramide is soluble and the nanoliposome protects the ceramide from enzymatic
degradation, increasing antitumor activity [41]. The C6-ceramide nanoliposomes are stable
in biological fluids and nontoxic in animal [50].

Recent studies have demonstrated that vinblastine, a well-known microtubule-
depolymerizing vinca alkaloid, disrupts autophagosome maturation/degradation by
preventing movement of autophagosomes and their fusion with lysosomes [20, 46].
Acetylated microtubules, in particular, are critical for fusion of autophagosomes and
lysosomes to form autolysosomes, and are selectively affected by vinblastine, unlike other
microtubule toxins such as paclitaxel [46]. Consequently, vinblastine has been shown to be a
powerful disruptor of autophagy flux in vitro and in vivo [2, 36]. While vinblastine is used
clinically for acute leukemias and some solid tumors in combination with other
chemotherapeutics, it is used marginally in hepatocellular carcinoma and colon cancer due
to limited efficacy and toxicities (e.g., myelosuppression, nausea). Thus, improving the
efficacy of vinblastine with ceramide combinatorial therapy offers new potential for this old
drug. The human HepG2 and LS 174T cell lines were chosen as representative models of
hepatocarcinoma and colon cancers, respectively. The present study evaluates the in vitro
and in vivo effects of combination treatment with the autophagy inducer, C6-ceramide and
the autophagosome maturation/degradation inhibitor vinblastine in multiple cancer models.
To understand the synergistic cytotoxicity observed with combination treatment in the
human hepatocarcinoma and colon cancer cell lines, we further evaluated autophagy
disruption and apoptosis as potential mechanisms. In addition to these in vitro mechanistic
studies, we also conducted an in vivo efficacy study in a human colon cancer xenograft
utilizing a single systemic administration of the individual agents or their combination to
confirm the in vivo relevance of the observed synergy. Data support the hypothesis that the
nanoliposomal C6-ceramide-vinblastine combination therapy results in synergistic anti-
cancer activity via blockade of pro-survival autophagy.
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2. Materials and Methods
2.1 Materials

Vinblastine sulfate, protease inhibitor cocktail, phenylmethylsulphonyl fluoride (PMSF),
methanol, Tween 20, Dulbecco’s phosphate buffered saline (PBS), acetaminophen and
cisplatin were purchased from Sigma (St. Louis, MO). 1,2-Dioleoyl-sn-glycero-3-
phosphocholine, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine, N-hexanoyl-D-erythro-
sphingosine (C6), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy
polyethylene glycol-2000], N-octanoyl-sphingosine-1-[succinyl(methoxy polyethylene
glycol-750)] (PEG(750)-C8), N-[6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanoyl]-D-
erythro-sphingosine (NBD-C6), and N,N-dimethyl-D-erythro-sphingosine (DMSph) were
purchased from Avanti Polar Lipids (Alabaster, AL). Clinical grade Taxol (paclitaxel
formulation) for in vitro experiments and vinblastine sulfate for animal studies were
purchased from the NIH pharmacy. Cell extraction buffer, 4–20% Tris-Glycine gels, Tris-
Glycine running buffer (10X), NuPAGE LDS 4X sample buffer, Tris-Glycine transfer buffer
(25X), SeeBlue® Plus2 pre-stained standard, Hank’s balanced salt solution (with calcium
and magnesium) (HBSS), Lysotracker Red DND-99, and Celltracker Green CMFDA were
purchased from Invitrogen (Carlsbad, CA). Blotting paper, Westran S, polyvinylidene
fluoride (PVDF) protein blotting membrane, and Hyperfilm ECL were purchased from GE
Healthcare/Whatman (Piscataway, New Jersey). Tris-buffered saline (TBS) (25X) was
purchased from Amresco (Solon, OH). StartingBlock blocking buffer, ECL Western blotting
substrate, BCA protein assay, fetal bovine serum (FBS), RPMI-1640 cell culture media
(phenol-free), RPMI-1640 cell culture media (with phenol), and L-glutamine were
purchased from Thermo Scientific/Pierce/Hyclone (Rockford, IL). Mouse monoclonal
antibody (anti-LC3 antibody) was purchased from nanoTools USA (San Diego, CA). M199
Cell culture media was purchased from Cambrex (East Rutherford, NJ). Peroxidase-
conjugated AffiniPure donkey anti-mouse IgG was purchased from Jackson
ImmunoResearch Labs (West Grove, PA). Rabbit polyclonal antibody (SQSTM1/p62
antibody) was purchased from Cell Signaling Technology (Danvers, MA). Quick Start
Bradford dye reagent (1X) was purchased from Bio-Rad (Hercules, CA). Caspase-3
fluorometric assay kit was purchased from BioVision, Inc. (Mountain View, California).
Apo-ONE homogeneous caspase-3/7 assay kit was purchased from Promega (Madison, WI).
All other chemicals and reagents were obtained from Fisher Chemical Co. (Fair Lawn, NJ)
or one of the above suppliers, and all were of reagent grade or better.

2.2 Cell lines and culture conditions
The human hepatocarcinoma cell line (HepG2) and human colon cancer cell line (LS174T)
were obtained from ATCC (Manassas, VA). Both cell lines were passaged for no more than
12 times, and not more than 3 months from initial stock plating. Species and organ
authencity of the HepG2 and LS 174T cell lines were determined by the ATCC using COI
assay and STR analysis, respectively. Both cell lines were cultured as monolayers in RPMI
1640 supplemented with 2 mM L-glutamine and 10% FBS, at 37°C in 5% CO2.

2.3 Nanoliposomal formulation
PEGylated C6-ceramide (30 mol% ceramide) and ghost (no C6-ceramide) nanoliposomal
formulations were prepared as described previously [41]. In brief, chloroform solubilized
lipids were combined in a specific molar ratio [1,2-dioleoyl-sn-glycero-3-phosphocholine
(DSPC)/1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE)/1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[methoxy PEG(2000)] (PEG2000-DSPC)/PEG(750)-C8-
ceramide/C6-ceramide (3.75:1.75:0.75:0.75:3.0 molar ratio)] for the formulation of C6-
ceramide containing nanoliposome; the ghost nanoliposome was prepared by combining
DSPC, DOPE, and PEG2000-DSPC in a 5.66:2.87:1.47 molar ratio. The chloroform
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solubilized lipids were then dried under a stream of nitrogen above the lipid transition
temperatures for each lipid, and hydrated with sterile isotonic 0.9% NaCl solution. The
resulting solution was sonicated for 2 minutes followed by extrusion through 100 nm
polycarbonate membranes using an Avanti Mini Extruder (Avanti Polar Lipids, Alabaster,
AL).

2.4 Hydrodynamic size determination
The hydrodynamic diameter of the nanoliposomes were measured using a Malvern Zetasizer
Nano ZS instrument (Malvern Instruments, Southborough, MA) with a backscattering
detector in batch mode at 25°C using a low volume quartz microcuvette. Stock solutions of
C6-ceramide nanoliposomes and ghost nanoliposomes were diluted in saline to 1 mg/mL of
total lipid (corresponding to 0.3 mM ceramide) concentration. Hydrodynamic size for
nanoliposomes is reported as the intensity-weighted average. A total of 12 measurements per
sample were made. Hydrodynamic diameters between different batches of nanoliposomes
were analyzed to ensure consistent synthesis.

2.5 Zeta potential determination
Zeta potential of the ghost and C6-ceramide nanoliposomes were determined using a
Malvern Zetasizer Nano ZS instrument at 25°C. Ghost- and C6-ceramide nanoliposomes
were diluted to 1 mg/mL of total lipid (corresponding to 0.3 mM ceramide) concentration in
10 mM NaCl and the samples were loaded into folded capillary cells. An applied voltage of
100 V was used. The pH of the ghost- and C6-ceramide nanoliposomes was measured
before and after zeta potential measurements. Three measurements were taken for each
nanoliposomal samples. Zeta potential between different batches of nanoliposomes was
analyzed to ensure consistent synthesis.

2.6 C6-Ceramide concentration determination
The C6-ceramide concentration in the nanoliposomes was determined by RP-HPLC. The
chromatographic system consisted of a degasser (Agilent G1379A, Palo Alto, CA), capillary
pump (Agilent G1378A), micro well-plate autosampler (Agilent G1377A), Zorbax 300SB-
C18 column (1.0 mm ID × 150 mm, 3.5 µm, Agilent), and a diode array detector (Agilent
G1315B). The mobile phase consisted of acetonitrile with 30% (v/v) water and methanol
(HPLC grade, with 0.14% (w/v) trifluoroacetic acid) at a flow rate of 50 µL/min. The elution
gradient was 20% methanol for 5 minutes, ramp to 40% methanol in 10 minutes, hold at
40% methanol for 5 minutes, and ramp down to 20% methanol in 5 minutes. Calibration
standards of C6-ceramide (Avanti Polar Lipids; Alabaster, AL) were prepared at various
concentrations ranging from 50 – 500 µg/mL in 20% methanol. Samples were prepared by
lyophilizing 25 µL C6-ceramide liposomes and reconstituting in 360 µL of 20% methanol
and 80% acetonitrile with 30% (v/v) water. Samples were vortexed and centrifuged, and the
supernatant was analyzed via RP-HPLC. The sample volume injected was 5 µL and the
ceramide analyte was detected at 205 nm. Samples were run in triplicate. C6-ceramide
loading between different batches of nanoliposomes was analyzed to ensure consistency.

2.7 In vitro cytotoxicity assays
In vitro cytotoxicity in HepG2 and LS174T cells was performed using an MTT [32] or SRB
cell viability [15] assay, respectively. In brief, HepG2 cells (5 × 104 cells/well) or LS174T
cells (2 × 104 cells/well) were seeded into 96-well microtiter plates. Cells were pre-
incubated for 24 h prior to drug treatment and were approximately 80% confluent. To obtain
a concentration-response curve, cells were treated with varying concentrations of ghost
nanoliposomes (volume equivalent to C6-ceramide nanoliposomes) and C6-ceramide
nanoliposomes (1.4 – 360 µM of C6-ceramide for HepG2; 0.7 – 180 µM of C6-ceramide for
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LS174T), serially diluted in cell culture media. Cells were treated with drug concentrations,
media control (negative control) or 50 µM cisplatin (positive control) in the dark for 48 h, in
triplicate. Cell viability in HepG2 cells was determined by the MTT assay with absorbance
at 570 nm and a reference wavelength of 680 nm. Cell viability in LS174T cells was
determined by the SRB assay with absorbance at 510 nm. Viability for both cell lines was
expressed as percent media treated control.

To evaluate synergy, we performed C6-ceramide-vinblastine combination experiments in
HepG2 and LS174T cell lines. Cells were treated with varying concentrations of vinblastine
(0.0078 – 1 µM for HepG2; 10−12 – 100 µM for LS174T) alone, or in combination with
ghost nanoliposomes (volume equivalent to C6-ceramide), or C6-ceramide nanoliposomes
(12, 23, and 47 µM C6-ceramide for HepG2; 2.5, 5, and 10 µM C6-ceramide for LS174T) in
cell culture media, and further incubated for 48 h. Cytotoxicity was assessed by the MTT
assay for HepG2 cells and the SRB cell viability assay for LS174T cells. In addition, we
performed C6-ceramide-chloroquine and C6-ceramide-paclitaxel combination experiments
in the HepG2 cell line. Cells were treated with varying concentrations of chloroquine (1.6
µM – 200 µM) or paclitaxel (0.5 µM – 62.5 µM; Taxol formulation was used for in vitro
studies due to poor solubilty of paclitaxel in cell culture media) alone, or in combination
with ghost nanoliposomes (volume equivalent to C6-ceramide) or C6-ceramide
nanoliposomes (23 µM C6-ceramide in combination with chloroquine; 12, 23, and 45 µM
C6-ceramide in combination with paclitaxel) in cell culture media. Cytotoxicity was
assessed by the MTT assay after 24 h for paclitaxel and 48 h for chloroquine treatments.

In order to determine the IC50 values, the MTT or SRB cytotoxicity assay 48 h
concentration- response curves with eight vinblastine concentrations were analyzed by log-
probit analysis (Finney method; BioStat Professional 5.8.4, AnalystSoft, Inc., Vancouver,
Canada).

In order to evaluate the combination response in comparison to the individual agents, in
vitro cytotoxicity data was analyzed by median effect analysis (as described elsewhere [5] to
obtain a combination index (CI) value. The formula used for the CI analysis was:

CI values less than 1 indicate synergism, while CI values equal to 1 or greater than 1
indicate additive and antagonistic drug effects, respectively.

2.8 Caspase activation assay
Activation of the caspase 3 enzyme, a marker of caspase-dependent apoptosis, was
measured by two different assays. The first assay normalized caspase 3 activity in cell
lysates to total protein concentration, using the Caspase-3 fluorometric assay kit (BioVision,
Inc., Mountain View, California), as described previously [33]. The total protein
concentration was estimated by the Bradford protein assay kit. The second method utilized
the Apo-One Homogeneous Caspase 3/7 Assay kit (Promega, Madison, WI), a high
throughput screening method to evaluate activation of caspase 3/7 enzymes. This method
does not involve isolation of cell lysates, and the caspase 3/7 levels are not normalized to
total protein. In an initial experiment, caspase 3 activation was evaluated in HepG2 cells.
The cells were plated at 1.5 × 106 cells/well in 6-well plates and were allowed to grow for
an additional 24 h, reaching an approximate 80% confluence. The cells were treated with
C6-ceramide nanoliposomes alone at 11, 23, and 45 µM concentrations, or 25 mM
acetaminophen (APAP; positive control), and caspase 3 enzyme activity was evaluated
following incubation for 24 and 48 h. Caspase 3 enzyme activity was measured by
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spectrophotometer at an excitation of 415 nm and emission at 505 nm, and normalized to
total lysate protein, which was measured by Bradford assay at 595 nm absorbance. In the
combination agent studies, apoptosis was monitored using the Apo-One Homogeneous
caspase 3/7 assay kit. HepG2 cells were plated at 2 × 105 cells/well into 96-well plate format
and were allowed to grow for an additional 24 h reaching an approximate 80% confluence.
C6-ceramide nanoliposomes (12 or 24 µM) were co-treated in the presence of varying
concentrations of vinblastine (0.004 – 1 µM). Similarly, LS174T cells were plated at 4 × 104

cells/well into 96-well plate format and were allowed to grow for an additional 24 h,
reaching an approximate 80% confluence. C6-ceramide nanoliposomes (24 µM) were co-
treated in the presence of varying concentrations of vinblastine (0.004 – 1 µM). All
treatments were performed in triplicate. Following incubation in the dark for 24 h at 37°C,
cells were washed with media and incubated for an hour with kit reagents on a shaker (300–
500 rpm). Caspase 3/7 enzyme activity was measured by spectrophotometer at an excitation
of 499 nm and emission at 521 nm per vendor’s instructions. Data are presented as
percentage control caspase 3/7 activity.

2.9 Lysotracker Assay
The detailed protocol for this assay has been described previously [15]. Briefly, HepG2 cells
were plated at 2 × 104 cells/well into 96-well microtiter plate format. Cells were treated with
24 µM C6-ceramide nanoliposomes in combination with varying concentrations of
vinblastine (0.0078 – 1 µM) for 6, 24, and 48 h. Media was used as the negative control.
Following incubation, cells were washed twice with cell culture media and incubated for an
hour at 37°C in 100 µL of 50 nM Lysotracker Red DND-99 (Invitrogen Inc., Carlsbad, CA)
and 10 µM Celltracker Green CMFDA (Invitrogen Inc., Carlsbad, CA) co-stain in phenol-
free RPMI 1640 media, which stain lysosomes and viable cells, respectively. The cells were
washed twice with 200 µL of phenol-free RPMI 1640 media. The plate fluorescence for
Lysotracker Red and Celltracker Green was read at 544 nm/590 nm and 492 nm/517 nm,
respectively. Lysotracker response was recorded as percent control response normalized to
percent control Celltracker response.

2.10 Western blot
LC3 western blot analysis in HepG2 and LS17T cell lines was performed previously [39]. In
brief, cells were treated with C6-ceramide nanoliposomes alone (47 µM for HepG2 cells; 12
µM for LS174T cells), 0.2 µM vinblastine alone, or in combination for 24 h. Media was used
as the negative control and serum-starvation as the positive control. Total protein was
isolated using Invitrogen Cell Extraction Buffer containing protease inhibitors (Sigma, St.
Louis, MO). Total protein lysates (20 µg) from each treatment were loaded, separated on 4–
20% tris-glycine SDS-PAGE gels, and transferred onto PVDF nylon membranes for
immunoblotting.

The protein-transferred membrane was probed with primary antibody specific to anti-LC3
(1:200 dilution in StartingBlock blocking buffer) or anti-P62 (1:1000 dilution in 5% BSA
blocking buffer) for 2 h at room temperature. The membrane was washed twice with tris-
buffered saline containing 0.01%Tween-20 for 15 min each, followed by incubation with
secondary donkey anti-mouse IgG-HRP conjugate (1:50,000 dilution in StartingBlock
blocking buffer) for 1 h at room temperature. The membrane was then washed twice with
tris-buffered saline containing 0.01% Tween-20 for 15 min each. The washed membrane
was incubated with ECL peroxidase substrate solution and the immunoblot was developed
using Hyperfilm ECL. The membrane was then incubated with stripping buffer followed by
re-probing with antiβ-actin antibodies.
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2.11 Autophagy analysis in mCherry-EGFP-LC3 transfected cells
HepG2 cells were stably transfected with the pBABE-puro-mCherry-EGFP-LC3B plasmid,
a gift from Dr. Jayanta Debnath (Addgene plasmid #22418). The stably transfected HepG2
cells were plated onto 8-well chamber slides at a density of 2×10 cells/mL and incubated at
37°C for 24 h.

Each well was treated with media (negative control), 0.1 µM vinblastine, 12 µM C6-
ceramide nanoliposomes, or 12 µM C6-ceramide nanoliposomes in combination with 0.1
µM vinblastine treatment and incubated at 37°C for 6 h. At an appropriate time point, media
was aspirated and cells were washed twice with ice cold PBS. Cells were fixed with 4%
formaldehyde and incubated at 4°C for 20 min. Following incubation, cells were washed
with ice cold PBS and stored at 4°C. The slides were imaged using a Zeiss LSM NLO510
confocal microscope with 40x oil objective. The excitation wavelengths used for the GFP
and mCherry were 488 nm and 543nm, respectively.

2.12 Short interfering RNA
SMARTpool siRNA targeting against Beclin-1, ON-TARGET pooled oligonucleotides (Cat
# L-010552-00-0010), and scrambled siRNA (Cat # D-001810-10-05) duplexes were
procured from Dharmacon RNAi Technologies. HepG2 cells were seeded at 20,000 cells/
well (30–40% confluence) in 96-well plates and were transfected with varying
concentrations of the siRNA using DharmaFECT 4 transfection reagent (Dharmacon RNAi
Technologies) for 48 h. By Western blot analysis (as in section 2.10), protein lysates were
prepared from the siRNA transfected cells and probed with Beclin-1 antibody (1:1000
dilution, Dharmacon RNAi Technologies) and the protein loading was normalized to β-
actin.

For caspase 3/7 activity analysis, cells were transfected with 50, 100, or 200 nM mock
(DharmaFECT 4), scrambled, and Beclin-1 specific siRNA for 48 h followed by treatment
with 12 µM C6-ceramide nanoliposomes alone, 0.1 µM vinblastine alone, or combination
treatment for 24 h. Apo-One Homogeneous Caspase 3/7 Assay kit (Promega, Madison, WI)
was utilized to evaluate activation of caspase 3/7 enzymes.

2.13 Transmission electron microscopy
HepG2 cells were plated in 6-well chambers and allowed to grow for 24 h prior to initiation
of treatment. Cells were treated for 24 h with complete media (negative control), C6-
ceramide nanoliposomes alone (47 µM for HepG2 cells; 12 µM for LS174T cells), 0.2 µM
vinblastine alone, or in combination, in duplicate. Following 24 h treatment, cells were
washed twice with media prior to fixing (4% formaldehyde, 2% glutaraldehyde in 0.1 M
sodium cacodylate buffer). Post-fixation staining of cells was performed in osmium
tetroxide (1% osmium tetroxide in 0.1 M cacodylate buffer) and uranyl acetate (0.5% uranyl
acetate in 0.1 M cacodylate buffer). Following the post-fixation staining step, cells were
dehydrated stepwise in ethanol and embedded in embed-182 epoxy resin. Thin sections of
70–90 nm were trimmed using an ultramicrotome and were transferred onto formvar-copper
mesh grids. Sections were then further stained with 3% uranyl acetate and lead citrate.
Stained sections were carbon coated and imaged with a Hitachi H7600 microscope at 80 kV.

2.14 In vivo therapeutic efficacy of combination treatment
The in vivo efficacy of C6-ceramide nanoliposomes in combination with vinblastine was
evaluated in a human colon cancer xenograft model (LS174T). Animals were acclimated to
the study environment for two weeks prior to study initiation. Animal rooms were kept at
50% relative humidity, 68–72°F with 12 h light/dark cycles. Female athymic NCr-nu/nu
mice 7 weeks-old were housed by treatment group, with 5 animals/cage, with ¼” corncob
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bedding. Animals were allowed ad libitum access to Purina 18% NIH Block and chlorinated
tap water. The Frederick National Laboratory for Cancer Research (FNLCR; formerly the
National Cancer Institute at Frederick) is accredited by Association for Assessment and
Accreditation of Laboratory Animal Care (AAALAC) International and follows the Public
Health Service Policy for the Care and Use of Laboratory Animals (Health Research
Extension Act of 1985, Public Law 99–158, 1986). Animal care was provided in accordance
with the procedures outlined in the Guide for Care and Use of Laboratory Animals (National
Research Council, 1996; National Academy Press, Washington, D.C.). All animal protocols
were approved by the FNLCR institutional Animal Care and Use Committee. The
experiments outlined herein are scientifically justified and do not represent an unnecessary
duplication of previous work.

Tumor cells were inoculated into the left flank of 7 week-old female athymic nude mice
(Charles River laboratories, Frederick, MD) by subcutaneous injection of 6 × 106 LS174T
cells in 0.1 mL Hanks Balanced Salt Solution. Tumors were allowed to grow for 7 days
post-implantation, or until tumors reached approximately 5 mm in longest diameter, at
which time chemotherapy treatment was initiated. Animals were randomly assigned to
saline vehicle or treatment groups. Each dosing group consisted of five animals with flank
tumors. Treatment groups were 20 mg/kg of the clinical formulation of vinblastine
(vinblastine sulfate) administered in 20 mL/kg dosing volume, 20 mg C6-ceramide/kg of the
nanoliposomal formulation administered in 5 mL/kg dosing volume, combination treatment
with C6-ceramide and vinblastine, or equivalent volumes of ghost nanoliposome or saline
controls. Study drugs were given as single doses by intravenous tail vein injection, with
vinblastine dosed 15 min post nanoliposome dose for combination treatments. Animals were
monitored daily for mortality and signs of pharmacologic or toxicologic effects. Body
weights and tumor growth were measured on alternate days until the study was terminated
on study day 29.

Tumor measurement for each mouse was recorded using vernier calipers, and tumor
volumes were calculated according to the formula: (width2 × length)/2 (in mm3), where
width is always the smaller of the two caliper measurements. The neoplasia-related endpoint
criteria were ulcerated tumor and tumor diameter ≥2 cm, at which point animals were
euthanized. The morbidity criteria for euthanization included loss of greater than 20% of
initial body weight and immobility. All surviving animals were euthanized at study
termination on day 29 and necropsy, consisting of tumor sizing, organ weight measurement,
gross organ description, hematology and clinical chemistry, and histopathology of all organs
identified with gross lesions, was performed.

In addition, the LS174T colon cancer model was used to evaluate the induction of apoptosis
by the combination treatment in comparison to single agent as described above. Each dosing
group consisted of three animals with flank tumors. Treatment groups were 15 mg/kg of the
clinical formulation of vinblastine (vinblastine sulfate) administered in 15 mL/kg dosing
volume, 45 mg C6-ceramide/kg of the nanoliposomal formulation administered in 15 mL/kg
dosing volume, combination treatment with C6-ceramide and vinblastine, or equivalent
volumes of ghost nanoliposome or saline controls. Study drugs were given as single doses
by intravenous tail vein injection, with vinblastine dosed 15 min post nanoliposome dose for
combination treatments. Animals were euthanized after 72 h post treatment and resected
tumors were fixed for the analysis of apoptosis by deoxynucleotidyl transferase-mediated
nick end-labeling (TUNEL) using a commercial kit (Millipore S7100 Apoptag Peroxidase
In-situ Apoptosis Detection Kit).
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2.15 Statistical analysis
Statistical differences were determined using Student’s T Test and ANOVA, with post-hoc
comparisons by Duncan’s test using Statistica version 7.1 software (StatSoft Inc, Tulsa,
OK).

3.0 Results
3.1 Physicochemical characteristics of nanoliposomes

The hydrodynamic diameters and zeta potentials of ghost- and C6-ceramide nanoliposomes
were measured in saline and 10 mM NaCl, respectively, using dynamic light scattering at
25°C. The intensity weighted hydrodynamic diameter of ghost- and C6-ceramide
nanoliposomes in saline were 88 nm and 89 nm, respectively (Supplementary Fig. S1A;
Supplementary Table S1). Both nanoliposomes had neutral zeta potentials due to the
presence of the hydrophilic PEG coating (Supplementary data Fig. S1B). Zeta potential
values ±10 mV are generally considered neutral. By HPLC analysis, the concentration of
C6-ceramide in the nanoliposomes was determined to be 2 mg C6-ceramide/mL
(Supplementary Fig. S2).

3.2 Cytotoxicity and apoptotic activity of C6-ceramide nanoliposome in HepG2 cells
In an initial in vitro cytotoxicity experiment, nanoliposomal C6-ceramide treatment resulted
in a greater concentration-dependent decrease in HepG2 cell viability compared to treatment
with the ghost nanoliposomal formulation (formulation with no drug) (Fig. 1A). The
calculated 48 h IC50 value from the dose-response curve for nanoliposomal C6-ceramide
was 51 µM (Supplementary Table S2).

Based on initial in vitro cytotoxicity results, nanoliposomal C6-ceramide was tested at three
different concentrations (11, 23, and 45 µM of C6-ceramide), up to the calculated 48 h IC50,
for the activation of caspase 3, a marker for apoptosis (Fig. 1B). C6-ceramide nanoliposome
treatment did not significantly increase the activation of caspase 3 in comparison to the
media control.

3.3 Nanoliposomal C6-ceramide in combination with vinblastine synergistically enhances
in vitro cytotoxicit

The in vitro cytotoxicity of nanoliposomal C6-ceramide (an established autophagy inducer)
[12] in combination with vinblastine (a known autophagosome maturation/degradation
inhibitor) [46] was evaluated in HepG2 and LS174T cells. The concentrations of C6-
ceramide evaluated were 12, 23, and 47 µM for HepG2 cells; 2.5, 5.0, and 10 µM for
LS174T cells. In combination with non-toxic concentrations of vinblastine, between
7.8×10−3 - 1 µM for HepG2 and 10−12 – 102 µM for LS174T cells, all three concentrations
of the C6-ceramide nanoliposomes synergistically decreased the cell viability of the HepG2
(Fig. 2A) and LS174T cells (Fig. 2C) at 48 h as measured by the MTT or SRB cell viability
assay, respectively. Treatment of HepG2 and LS174T cells with ghost nanoliposome in
combination with vinblastine, however, did not increase cell death (Figs. 2B and 2D). IC50
values were estimated based on the concentration-response of ghost or C6-ceramide
nanoliposomes in combination with vinblastine in HepG2 and LS174T cells (Supplementary
Table S2). In addition, there was a synergistic decrease in HepG2 cell viablity when treated
with chloroquine, a known autophagosome maturation/degradation inhibitor, in combination
with C6-ceramide nanoliposomes at 48 h (Supplementary Fig. S3A). Chloroquine in
combination with ghost nanoliposomes did not affect cell viability. By contrast, synergy was
not observed with a C6-ceramide-paclitaxel combination treatment (Supplementary Fig.
S3B).
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The combination index (CI) analysis was used to determine an additive or synergistic
response to the combination treatment. Based on the 48 h cytotoxicity analysis, CI values for
the combination treatment were 0.24 and 0.47 in the HepG2 cell line, indicating a
synergistic increase in cell death (Supplementary Table S2). Similar CI values were obtained
in LS174T cells also supporting synergism (Supplementary Table S2). The CI value for C6-
ceramide-chloroquine combination treatment was 0.7, indicating a synergistic increase in
cell death. On the contrary, based on 24 h cell viability analysis, synergy was not observed
for the C6-ceramide-paclitaxel treatment (CI = 1.4).

3.4 Combination treatment results in blockade of autophagosome maturation/degradation
To determine if the synergy observed with combination treatment was indeed associated
with autophagy blockade, cells were evaluated for Lysotracker Red dye uptake, expression
of the autophagy marker microtubule associated protein light chain 3 (LC3) and autophagy
flux marker P62. Accumulation of autophagic vacuoles, indicative of autophagy blockade,
was also assessed by transmission electron microscopy.

The Lysotracker Red dye uptake assay was performed using HepG2 cells. HepG2 cells were
treated with 24 µM of C6-ceramide nanoliposome in combination with varying
concentrations of vinblastine, for 6, 24, or 48 h time periods. Following treatment, the cells
were stained with Lysotracker Red dye and Celltracker Green dye, which are selectively
taken up by the acidic lysosomes and viable cells, respectively. The Lysotracker Red
fluorescence was normalized to Celltracker Green fluorescence to account for viable cells
and expressed as percent control (Fig. 3A). The combination treatment resulted in a
maximum value of over 200% control at 24 and 48 h.

Autophagy was further evaluated by an immunoblot analysis for LC3-II. During the
formation of the double membrane autophagosome, cytosolic LC3-I is cleaved and lipidated
to form LC3-II, which is then recruited to the early phagophore membrane, making LC3-II
an excellent marker for autophagosomes. The cell lysates isolated from cells treated with the
C6-ceramide nanoliposome and vinblastine combination showed a synergistic increase in
the levels of LC3-II compared to either of the agents alone (Fig. 3B). P62 protein is a marker
for autophagic flux, as the autophagy pathway normally degrades this protein. In agreement
with the autophagy blockade hypothesis, degradation of P62 protein was not found in
response to the combination treatment. This, taken together with the synergistic increases in
LC3-II, is indicative of a blockade of autophagosome degradation.

In addition to the Lysotracker Red dye uptake assay and LC3-II protein analysis in HepG2
cells, the accumulation of autophagic vacuoles was also assessed by transmission electron
microscopy. Electron microscopy is considered the gold standard for evaluating
ultrastructural features of cells undergoing autophagy. Combination treatment resulted in a
significant increase in autophagic vacuoles (autophagosomes, and early and late stage
autolysosomes) in comparison to either of the treatments alone or media control (Fig. 3C).
In addition to these results from the HepG2 cell line, we observed similar trends in
autophagy markers LC3-II and P62, as well as autophagic vacuoles in response to
combination treatment of LS174T cells (Supplementary data Fig. S4).

We further clarified the proposed blockade hypothesis of autophagy flux by utilizing the
dual tagged mCherry-GFP-LC3 reporter construct, which allows simultaneous monitoring of
autophagy induction and maturation/degradation. Treatment of stably transfected HepG2
cells with C6-ceramide resulted in increased red fluorescent puncta at 6 h suggesting the
fusion of autophagosomes to lysosomes (mCherry-positive and GFP-negative; Fig. 3D).
Vinblastine alone resulted in fewer colocalized GFP-positive and mCherry-positive
fluorescent puncta (yellow), suggesting blockade of autophagosome degradation by the
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treatment (Fig. 3D). We observed increased colocalization of GFP-positive and mCherry-
positive fluorescent (yellow) in cells treated with C6-ceramide in combination with
vinblastine. Enhanced accumulation of colocalized puncta confirms the inhibition of
autophagosome degradation by vinblastine (Fig.3D).

3.5 Combination treatment increases caspase 3/7 activity
Caspase 3/7 activity, a marker of caspase-dependent apoptosis, was analyzed to evaluate
whether the blockade of autophagy flux by co-treatment of C6-ceramide and vinblastine
resulted in enhanced apoptotic cell death. Indeed, co-treatment of C6-ceramide
nanoliposome (12 and 24 µM for HepG2; 24 µM for LS174T) and vinblastine in both
HepG2 and LS174T cell lines led to a dramatic increase in caspase 3/7 activity as compared
to the vinblastine treatment alone at 24 h (Fig. 4; Supplementary Fig. S5). As the apoptosis
assay did not normalize to viable cell number, the decrease in caspase 3/7 activity at higher
concentrations of vinblastine is likely due to a decreased number of viable cells contributing
to caspase 3/7 activity (Fig. 4). These results suggest that C6-ceramide synergistically
enhanced vinblastine-induced caspase-dependent apoptosis in HepG2 and LS174T cells.

3.6 Knockdown of Beclin-1 abrogates combination treatment induced caspase 3/7 activity
Beclin-1 is one of the key proteins required for the formation of the autophagosome [24].
We employed Beclin-1 knockdown to further clarify the autophagy-mediated cell death by
combination treatment in HepG2 cells. By immunoblot analysis, we confirmed that Beclin-1
siRNA transfection for 48 h resulted in knockdown of Beclin-1 protein expression (Fig. S6).
Transfection of HepG2 cells with scrambled siRNA did not affect Beclin-1 protein levels,
which was similar to untransfected cells (data not shown). No decrease in cell viability was
observed at the tested siRNA concentrations (data not shown). Inhibition of autophagy
induction by Beclin-1 siRNA resulted in decreased caspase 3/7 activation by combination
treatment, which was statistically significant in comparison to scrambled siRNA treated with
combination agents (Fig. S6). In addition, an increase in caspase 3/7 activation was observed
in C6-ceramide treated Beclin-1 siRNA transfected cells, suggesting inhibition of autophagy
induction upon C6-ceramide treatment also results in increased apoptosis of cancer cells, but
to a lesser degree than inhibition of autophagy maturation.

3.7 C6-ceramide synergistically enhances vinblastine antitumor activity
To explore if the synergy observed in vitro could be reproduced in vivo, an in vivo efficacy
experiment was conducted in female nude mice with subcutaneously implanted LS174T
human colon cancer cells. Combination treatment with a single intravenous injection of C6-
ceramide nanoliposomes followed by vinblastine 15 min later resulted in a statistically
significant suppression of tumor growth in comparison to vinblastine and C6-ceramide
nanoliposome alone (Fig. 5A). Single dose treatment with either ghost or C6-ceramide
nanoliposomes alone was ineffective and comparable to saline treatment. Administration of
vinblastine alone resulted in an initial decrease in body weight, which was not exacerbated
when the vinblastine was combined with C6-ceramide (Fig. 5B). In addition, organ weight,
hematology, and clinical chemistry data provided no evidence of increased toxicity for the
combination treatment over vinblastine treatment alone (data not shown). Animals
euthanized from the study were either due to tumor diameter greater than 2 cm or tumor
ulceration.

In order to evaluate apoptotic response to combination treatment, tumors were harvested 72
h post treatment for TUNEL staining. Combination treatment increased TUNEL staining in
the tumors in comparison to single or control treatments (Fig. 5C). The synergistic increase
in apoptotic activity by combination treatment in tumors corresponded with the enhanced
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cell death and caspase 3/7 activity observed under in vitro conditions, suggestive of a
common apoptotic cell death mechanism.

4.0 Discussion
In the present study, combination treatment with the autophagy inducer nanoliposomal C6-
ceramide and autophagy maturation/degradation inhibitor vinblastine resulted in a
synergistic increase in cytotoxic potency and apoptosis in human hepatocarcinoma (HepG2)
and colon cancer (LS174T) cell lines. These data were further supported by in vivo findings
demonstrating synergistic tumor growth suppression and increased TUNEL staining
indicative of enhanced apoptosis by the drug combination in the LS174T xenograft. A single
tail-vein administration of nanoliposomal C6-ceramide in combination with vinblastine in
the LS174T tumor model resulted in prolonged inhibition of tumor growth over a two-week
period without exacerbation of animal weight loss in comparison to vinblastine alone.
Autophagy blockade was examined as a potential mechanism underlying the synergistic
enhancement of anticancer activity by C6-ceramide-vinblastine combination treatment.

Systemic delivery of nanoliposomal C6-ceramide has been shown to have antitumor activity
in various tumor models [26, 41, 42]. Encouragingly, the efficacy seen with our single dose
combinatorial therapy in the LS174T nude mouse model is as good or even better than every
other day dosing of C6-ceramide alone in breast cancer [41] or hepatocellular carcinoma
[42] in vivo models. The primary mechanism proposed in these previous studies has been a
pro-apoptotic mechanism. For example, C6-ceramide has been shown to decrease cell
viability by diminution of AKT phosphorylation, which is a key kinase involved in pro-
survival cell signaling, resulting in apoptotic cell death [42]. Several studies in the literature
have also reported a pronounced increase in cytotoxic potency when C6-ceramide has been
combined with doxorubicin [14] and paclitaxel [43], with enhanced apoptotic signaling
suggested as a common mechanism underlying the therapeutic action of these C6-ceramide
drug combinations.

Currently, there is significant interest in targeting the autophagy pathway to improve
anticancer therapy and overcome multidrug resistance. Cancer cells may evade anticancer
therapy by inducing autophagy, a survival response, and blocking the autophagy pathway
has been shown to improve therapeutic response in some cases [1]. The lysosomotropic
autophagosome maturation/degradation inhibitors chloroquine and hydroxychloroquine have
been shown to sensitize various cancer cells to the cytotoxic effects of anticancer agents and
ionizing radiation [38]. Based on encouraging preclinical studies, hydroxychloroquine is
currently being evaluated in several clinical trials in combination with standard-of-care
treatment regimens for a variety of cancers [1,11].

The present results are in agreement with findings from other researchers demonstrating that
autophagy blockade can sensitize cancer cells to autophagy inducing chemotherapeutics
through an apoptotic cell death mechanism [35, 37]. Previous studies have shown induction
of autophagy by ceramides, which is suggested to be a homeostatic response resulting from
down regulation of nutrient transporter proteins [12]. Consistent with the previous studies,
ceramide-induced cytotoxicity is also synergistically enhanced by combination treatment
with the autophagosome maturation/degradation inhibitor chloroquine [12]. To support the
involvement of autophagy blockade as a mechanism involved in the therapeutic response of
the C6-ceramide-vinblastine drug combination, LC3 levels, Lysotracker Red dye uptake,
mCherry-GFP-LC3 fluorescent analysis, and accumulation of autophagic vacuoles by
electron microscopy were evaluated. Indeed, C6-ceramide in combination with vinblastine
treatment increased the levels of autophagic marker LC3-II, suggesting increased conversion
of LC3-I to LC3-II and/or impaired clearance of autophagic vacuoles. Increased LC3-II
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levels correlated with increased Lysotracker Red dye uptake, consistent with an
accumulation of autolysosomal vacuoles. The an accumulation of autophagic vacuoles was
confirmed by EM for the combination treatment in comparison to individual treatments.

Under homeostatic conditions, a balance exists between autophagosome formation and
degradation, termed autophagic flux. Autophagic flux requires initial autophagosome
formation followed by maturation of the autophagosome in a sequential process: 1) vesicular
transport of autophagosomes to lysosomes; 2) autolysosome formation by organelle fusion;
3) and finally, degradation of the autolysosome contents (Fig. 6) [3]. Vinblastine, a
microtubule-depolymerizing agent, disrupts cytoskeleton-mediated transport of vesicles and
impairs the fusion of autophagosomes with lysosomes, blocking autophagosome maturation
and degradation, and, thereby, autophagy flux [20]. For example, treatment of neuronal cells
with vinblastine resulted in massive accumulation of autophagic vacuoles, similar to what is
observed in neurodegenerative diseases [3]. In the present studies, the increase in LC3-II
protein in response to the combination treatment, combined with lack of P62 protein
diminution, is consistent with a blockade in autophagosome maturation.To further
investigate autophagy flux, we transfected Hep G2 cells with dual tagged mCherry-GFP-
LC3. Since the GFP green fluorescence is quenched by lysosomal acidic pH and mCherry
red fluorescence is stable, red fluorescent puncta identify autolysosome and dual fluorescent
puncta identify autophagosome. We observed increased GFP-negative/mCherry-positive
puncta in C6-ceramide treated cells, confirming the induction of autophagy and increased
formation of autolysosomes. By contrast, the increased colocalization of mCherry-positive/
GFP-positive puncta observed in the combination treated cells supports disruption of
autophagy flux.

The question remains how dysregulation of the autophagy pathway could result in apoptotic
cell death. From the literature, it is evident that the apoptosis and autophagy pathways share
several key signaling components and several opportunities for crosstalk exist [18, 30, 48].
One possible mechanisms of crosstalk is regulation of caspase-8 and −3 activation by the
autophagy proteins Beclin 1 and LC3B, which are required for the induction of apoptosis by
cigarette smoke extract (CSE) in human bronchial epithelial cells (Beas-2b) [18]. SiRNA
knockdown of Beclin 1 and LC3B significantly inhibited the apoptotic response stimulated
by CSE, suggesting an important role for these autophagy proteins in the interrelationship
between the two pathways. In the present study, Beclin 1 knockdown by siRNA also
resulted in a significant decrease in apoptosis in response to combination treatment, as
measured by caspase 3/7 activitation. Another mechanism of crosstalk between the two
pathways is via JNK1 -mediated phosphorylation of Bcl-2 [44]. For example, short-term
nutrient starvation (4 h) in Hela cells induced JNK1-mediated phosphorylation of Bcl-2,
leading to the dissociation of Beclin 1 from the Bcl-2 complex and resulting in initiation of
autophagy. Following sustained activation of JNK1 in response to prolonged nutrient
deprivation (16 h), Bax (a pro-apoptotic protein) was eventually released from the
phosphorylated Bcl-2 complex, promoting apoptosis. These data suggest phosphorylation of
Bcl-2 by JNK1 may act as a key switch in selecting between pro-survival (autophagy) and
pro-death (apoptosis) responses. Interestingly, both ceramide and vinblastine have been
shown to activate JNK-1 -mediated BCL-2 phosphorylation [4, 10, 30].

A recent report has suggested that vinblastine blockade of autophagosome maturation/
degradation is mediated by depolymerization of acetylated microtubules [46]. In contrast,
the microtubule stabilizing agent paclitaxel does not affect acetylated microtubules, does not
block the autophagosome maturation/degradation step [46], and resulted in a less-than
additive cytotoxic response when combined with C6-ceramide in HepG2 cells
(Supplementary Fig. S3B). Since paclitaxel is an inhibitor of autophagy initiation [46], but
not autophagosome maturation/degradation, this would suggest that blockade of

Adiseshaiah et al. Page 14

Cancer Lett. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



autophagosome maturation/degradation is crucial for synergy with C6-ceramide, rather than
simply disruption of autophagy. This is similar to a study with the autophagy inducer TMZ,
in which the inhibitor of autophagy initiation, 3-MA, did not improve drug efficacy, while
the inhibitor of autophagosome maturation/degradation, bafilomycin A1, was very effective
[16]. A similar synergistic enhancement of cytotoxicity and in vivo tumor growth
suppression was observed in PTEN-null PC3 prostate cancer models, by the simultaneous
knockdown of the autophagy suppressor Akt and treatment with the autophagosome
maturation/degradation inhibitors chloroquine or bafilomycin A1[9]. Consistent with our
findings, the autophagy initiation inhibitor 3-MA was ineffective in comparison to
chloroquine in enhancing PC3 cytotoxicity induced by Akt knockdown, and actually
antagonized chloroquine synergy. Cumulatively, these data and ours provide a rationale for
therapeutic intervention in cancer whereby the initiation and maturation steps of the
autophagy pathway are simultaneously targeted.

In conclusion, these results support the hypothesis that nanoliposomal C6-ceramide in
combination with vinblastine enhances antitumor activity by targeting the autophagy
pathway, via bloackade of pro-survival autophagy. Future studies will optimize dosing,
investigate the underlying signaling mechanisms responsible for combination treatment
synergy, and further clarify the importance of autophagy dysfunction in this process.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Analysis of cytotoxic potency and apoptotic activity of C6-ceramide nanoliposomes in
HepG2 cells. A. Cytotoxicity in HepG2 cells determined by the MTT assay. Data is
presented as the % control cell viability, mean ± SD, N=3. HepG2 cells were treated for 48 h
with varying concentrations of C6-ceramide nanoliposomes or an equivalent volume of
ghost nanoliposomes. B. Caspase 3/7 activity in HepG2 cells. Cells were treated for 24 and
48 h with 11, 23, and 45 µM concentrations of C6-ceramide nanoliposomes. Acetaminophen
(25 mM; APAP) was used as the positive control and cell culture media as a negative
control. Data are presented as % negative control caspase 3/7 activity, mean ± SD of three
individual samples.

Adiseshaiah et al. Page 19

Cancer Lett. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Cytotoxicity assay of ghost or C6-ceramide nanoliposomes in combination with vinblastine
in HepG2 and LS174T cells. HepG2 and LS174T cells were treated for 48 h with vinblastine
(0.008–1 µM for HepG2 cells and 10−12 – 102 µM for LS174T cells) in cell culture media,
alone or in combination with C6-ceramide nanoliposomes (12, 24, and 47 µM for HepG2
cells and 2.5, 5.0, and 10 µM for LS174T cells), or equivalent dilution of ghost
nanoliposomes. Displayed are data for C6-ceramide nanoliposomes (A and C) and ghost
nanoliposomes (B and D). in HepG2 and LS174T cells, respectively. Cytotoxicity was
determined by the MTT assay for HepG2 cells and SRB assay for LS174T cells, as
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described in the Materials and Methods. Data represents the % media control, mean ± SD,
N=3.
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Figure 3.
Autophagy induction by combination treatment. A. Evaluating autophagic response by the
Lysotracker Red dye uptake assay. HepG2 cells were treated for 6, 24, or 48 h with 24 µM
C6-ceramide nanoliposomes in combination with vinblastine(0.008 – 1 µM). Data is plotted
as the percent control Lysotracker Red fluorescence normalized to Celltracker Green
fluorescence. Values presented are the mean ± SD of three individual samples. B. LC3, P62
and β-actin immunoblot analysis in HepG2 cells. HepG2 cells were treated for 24 h with cell
culture media alone (negative control), 47 µM of C6-ceramide nanoliposomes, 0.2 µM of
vinblastine, or C6-ceramide nanoliposomes in combination with vinblastine. The
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experiments were performed in duplicate. C. TEM photomicrographs of HepG2 cells.
HepG2 cells were treated with cell culture media (negative control), 47 µM C6-ceramide
nanoliposomes, 0.2 µM vinblastine, or 47 µM C6-ceramide nanoliposomes in combination
with 0.2 µM vinblastine. A representative low (top row) and high (bottom row)
magnification photomicrograph for each treatment is displayed. Arrows indicate autophagic
vacuoles. Top row images, scale bar = 2µm and magnification = 1500x; bottom row images,
scale bar = 500 nm and magnification = 6000x. D. Representative images of stably
transfected mCherry-GFP-LC3 HepG2 cells. Cells were treated for 6 h with media (negative
control), 12 µM C6-ceramide nanoliposomes alone, 0.1 µM vinblastine alone, and 12 µM
C6-ceramide nanoliposomes in combination with 0.1 µM vinblastine.
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Figure 4.
Analysis of caspase 3/7 activity in HepG2 cells. HepG2 cells were treated for 24 h with cell
culture media (negative control) or vinblastine (0.008 – 1 µM) alone, or in combination with
12 (A) or 24 µM (B) C6-ceramide nanoliposomes. Data are presented as % negative control
caspase 3/7 activity. Data presented is the mean ± SD of three individual samples. *
indicates statistically significance in comparison to vinblastine treatment alone p<0.05
(ANOVA with Dunnett’s T test).
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Figure 5.
Antitumor activity of C6-ceramide nanoliposomes in combination with vinblastine in an
LS174T xenograft model. A. Tumor growth in response to C6-ceramide nanoliposome and
vinblastine combination therapy or single agent therapy, in a subcutaneously implanted
LS174T human colon cancer model. Asterisks indicate significantly different from
vinblastine treatment group (20 mg/kg), p<0.05 (ANOVA, with post hoc comparisons by
Duncan’s multiple range test). B. Body weight over the study period by treatment group are
presented, as an indicator of toxicity. Data represents mean ± SD. C. TUNEL staining of
tumors from animals treated with saline (vehicle control), C6-ceramide or ghost
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nanoliposomes alone, vinblastine alone, and C6-ceramide or ghost nanoliposomes in
combination with vinblastine. Enhanced TUNEL staining of tumor sections by C6-ceramide
in combination with vinblastine suggest increased apoptotic activity in comparison to the
individual treatments and controls.
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Figure 6.
Schematic representation of autophagy and therapeutic intervention strategies. Treatment of
cancer cells with autophagy inducers (e.g., rapamycin, ceramide, tamoxifen) or autophagy
initiation inhibitors (e.g., 3-methyladenine, paclitaxel) regulate the initiation step of
autophagy. Autophagy involves the initial formation of double membrane autophagosomes
and sequestering of cellular components (e.g., aggregated cellular proteins and damaged
organelles). Maturation of autophagosome requires the fusion with lysosomes to form
autolysosomes, which is followed by degradation of cellular components by lysosomal
enzymes. Autophagy maturation/degradation inhibitors (e.g., hydroxychloroquine,
bafilomycin A1, vinblastine, nocodazole) block autophagosome fusion with lysosomes,
resulting in blockade of autophagy flux and the accumulation of autophagic vacuoles.
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