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Abstract
Poor prognosis in patients with later stage colorectal cancer (CRC) necessitates the search for new
treatment strategies. Ceramide, because of its role in orchestrating death cascades in cancer cells,
is a versatile alternative. Ceramide can be generated by exposure to chemotherapy or ionizing
radiation, or it can be administered in the form of short-chain analogs (C6-ceramide). Because
intracellular P-glycoprotein (P-gp) plays a role in catalyzing the conversion of ceramide to higher
sphingolipids, we hypothesized that administration of P-gp antagonists with C6-ceramide would
magnify cell death cascades. Human CRC cell lines were employed, HCT-15, HT-29, and LoVo.
The addition of either tamoxifen, VX-710, verapamil, or cyclosporin A, antagonists of P-gp,
enhanced C6-ceramide cytotoxicity in all cell lines. In depth studies with C6-ceramide and
tamoxifen in LoVo cells showed the regimen induced PARP cleavage, caspase-dependent
apoptosis, mitochondrial membrane permeabilization (MMP), and cell cycle arrest at G1 and G2.
At the molecular level, the regimen, but not single agents, induced time-dependent upregulation of
tumor suppressor protein p53; however, introduction of a p53 inhibitor staved neither MMP nor
apoptosis. Nanoliposomal formulations of C6-ceramide and tamoxifen were also effective,
yielding synergistic cell kill. We conclude that tamoxifen is a favorable adjuvant for enhancing
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C6-ceramide cytotoxicity in CRC, and demonstrates uniquely integrated effects. The high
frequency of expression of P-gp in CRC presents an adventitious target for complementing
ceramide-based therapies, a strategy that could hold promise for treatment of resistant disease.
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1. Introduction
Colorectal cancer (CRC) is the third most common cancer in both men and women; in 2012
an estimated 51,690 deaths are predicted. Surgical removal may be curative for colorectal
cancers that have not spread; however, cure is not possible for most patients with metastatic
disease. Conventional and targeted chemotherapies are available for these patients. For
example, orally active capecitabine (Xeloda®), Oxaplatin (Eloxatin®), and Irinotecan
(Camptosar®) work as most anticancer agents, by interfering with the ability of rapidly
growing cancer cells to divide, whereas targeted agents like Bevacizumab (Avastin®) and
Cetuximab (Erbitux®) are monoclonal antibodies that bind to vascular endothelial growth
factor, hindering development of tumor blood supply and blocking the epidermal growth
factor receptor, respectively. Conventional and targeted agents are often used in combination
in chemotherapy-naïve patients with newly diagnosed metastatic disease. When colorectal
cancers are detected early, the 5-year survival is 91%. However, only approximately 39% of
patients are diagnosed with localized disease. Poor prognosis in patients with later stage
diseases necessitates the search for new treatment strategies.

Cancer cell response to chemotherapy is often associated with induction of apoptosis, and
resistance to apoptosis often accompanies tumor progression [1]. The reinstatement of
apoptotic pathways in tumor cells that have acquired blocks is a promising area of
investigation [2]. Of the many signaling molecules at work, it is now well known that a
number of cell death cascades engage the sphingolipid ceramide as intracellular orchestrator
[3]. Ceramide can be generated in mass in response to stressors such as radiation and
chemotherapy [4–7]. Once generated, either through a de novo pathway or by
sphingomyelin hydrolysis, intracellular conversion of ceramide to a variety of metabolites is
key in regulating apoptotic versus mitogenic downstream events [8–10]. For example,
hydrolysis by ceramidase and glycosylation by glucosylceramide synthase (GCS) limit
ceramide potency, and in the case of the former, contribute to generation of mitogenic
sphingolipids [11–13].

A number of studies demonstrate that modulation of ceramide metabolism is an effective
means for increasing sensitivity to anticancer agents [5, 7, 10, 14, 15]. Whereas GCS and
acid ceramidase have been investigated as prime targets, our group was the first to
demonstrate that antagonists of the multidrug transporter protein, P-glycoprotein (P-gp)
(gene symbol ABCB1), inhibit conversion of ceramide to glucosylceramide (GC) in
multidrug resistant cancer cells [16]. Thus, multidrug transporters like P-gp present an
alternative to GCS for regulation of ceramide metabolism and possibly for regulation of
ceramide potency.

The present study focuses on short-chain ceramides, analogs of natural long-chain ceramides
and candidates for clinical investigation [17, 18]. Agents like C6-ceramide can be used in
place of ceramide-generating drugs [6, 7, 19], and whereas metabolism can be controlled in
much the same manner [20–22], short-chain ceramides offer the advantage of nanoliposomal
formulation, including combinatorial formulations [17]. Here we demonstrate, in several
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human CRC cell lines, that C6-ceramide cytotoxicity can be magnified by a variety of P-gp
antagonists such as tamoxifen, cyclosporin A, VX-710 (biricodar), and verapamil [23].
Cytotoxic response to C6-ceramide-P-gp antagonist combinations was accompanied by
caspase activation, poly ADP ribose polymerase (PARP) cleavage, DNA fragmentation, cell
cycle arrest, increased mitochondrial membrane permeability (MMP), and enhanced protein
expression of tumor suppressor p53.

Increased expression of multidrug resistance proteins occurs early in colorectal
carcinogenesis [24], and these proteins are often constituents of colorectal cancer cells
regardless of chemotherapy history. The high frequency of expression of drug transporter
proteins in CRC presents a novel target for enhancing ceramide-based therapies, a strategy
that could hold promise for patients with local and distant metastatic disease.

2. Materials and methods
2.1 Cell culture

Three CRC lines were used, LoVo, HT-29, and HCT-15. All were obtained from the
American Type Culture Collection (Manassas, VA) and propagated in RPMI-1640 medium
(Invitrogen Corp, Carlsbad, CA) containing 10% fetal bovine serum (FBS) (HyClone,
Logan, UT, and Atlanta Biological, Atlanta, GA), 50 units/ml penicillin, 50 μg/ml
streptomycin, and 584 mg/L L-glutamine (Invitrogen Corp, Carlsbad, CA). The cell lines
were expanded and cryopreserved in liquid nitrogen in the investigator’s laboratory. The cell
lines were not tested or authenticated over and above documentation provided by the ATCC,
which included antigen expression, DNA profile, and cytogenic analysis. Cells were grown
in humidified conditions in a tissue culture incubator with 95% air and 5% CO2, at 37 °C.
Confluent cells were subcultured using Gibco 0.05% trypsin/0.53 mM EDTA solution
(Invitrogen Corp, Carlsbad, CA). N-hexanoyl[1-14C]-D-erythro-sphingosine (C6-ceramide)
(55 mCi/mmol) was from American Radiolabeled Chemicals (St. Louis, MO). Pifithrin-α, a
p53 inhibitor, was from Cayman Chemical (Ann Arbor, MI). Pan-caspase inhibitor, Z-VAD-
FMK, from BD Pharmigen (San Diego), was solubilized in ethanol and stored as a 40 mM
stock at −20°C.

2.2 Cell viability assays
Cells were seeded in 96-well plates. LoVo and HT-29 cells were seeded at 10,000 cells/well,
and HCT-15 cells were seeded at 5,000 cells/well. Cells were seeded in 0.1 ml complete
medium and allowed to attach at 37°C for 24 h before adding drugs. Verapamil-HCl,
cyclosporin A, tamoxifen-HCl, and N-desmethyltamoxifen-HCl were purchased from Sigma
Chemical Co, St. Louis, MO. C6-Ceramide (N-hexanoyl-D-erthyro-sphingosine) was
purchased from Avanti Polar Lipids, Alabaster, AL. VX-710 (biricodar) was a gift from
Vertex Pharmaceuticals, Cambridge, MA. All drugs, except VX-710, were dissolved in
100% ethanol and stored as stock solutions (10 mM) at −20 °C. VX-710 was dissolved in
dimethyl sulfoxide at a concentration of 10 mM and stored at −20 °C. Drugs were diluted
freshly into culture medium containing 1% FBS and added to wells to a total volume of 0.2
ml, thus the final concentration of FBS during treatment was 5.5%. After addition of agents,
cells were incubated at 37 °C for 72 or 96 hr, and cell viability was determined using
CellTiter 96 Aqueous One Solution cell proliferation assay kit, Promega, Milwaukee, WI. A
Microplate Fluorescent Reader FL600, BIO-TEK Instruments (Winooski, VT) was used to
record absorbance at 490 nm.

2.3 Caspace-Glo® 3/7 assay
Cells were seeded in 96-well plates in 50 μl complete medium, and grown at 37 °C for 24 h.
Agents were then added to a final volume of 0.1 ml/well, and cells were incubated for an
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additional 24 h at 37°C and then treated with Caspace-Glo® 3/7 Assay mixture (Promega,
Milwaukee, WI). Plates were covered and incubated at room temperature for 1–2 h. Results
were evaluated using the Glomax Multi Detection System (Promega, Milwaukee, WI),
following the luminescence protocol supplied.

2.4 Western blotting, PARP cleavage, caspase-3 assay
Primary antibody detecting β-tubulin (clone TUB 2.1, catalog # T4026) was from Sigma-
Aldrich, St. Louis, MO. PARP, cleaved PARP (catalog # 9542), caspase-3 (catalog # 9662),
p53 (clone 7F5, catalog # 2527), and GAPDH (clone 14C10, catalog # 2118) were from Cell
Signaling Technology, Danvers, MA. LoVo cells were seeded in 6-cm dishes (5 × 105) 24 h
prior to treatment. Cells were then given fresh medium, and floating cells were removed.
Cells were treated for 24 h with C6-ceramide, tamoxifen, or combinations thereof, and
controls were treated with ethanol vehicle. After treatment, floating cells were collected and
attached cells were trypsinized and centrifuged together with the floating population. Cell
pellets were lysed in NP-40 lysis buffer [50 mM Tris/HCl, pH 7.4, 150 mM NaCl and 1%
Nonidet P40, supplemented with Complete Protease Inhibitor Cocktail tablets and PhosStop
phosphatase inhibitors (Roche, Indianapolis, Indiana) along with 0.5 mM PMSF] and
centrifuged to remove insoluble material. Protein (40 μg), boiled in 2X Laemmli sample
buffer, was then resolved on SDS/PAGE (12 or 15% gels) and transferred onto Immobilon
PVDF membrane. The membrane was blocked for 1 h at room temperature in blocking
buffer containing 5% (w/v) non-fat dried skimmed milk in TBS-Tween 20 (TBST) (20 mM
Tris/HCl, pH 7.6, 137 mM NaCl, 0.2% Tween 20). Membranes were probed overnight with
appropriate primary antibodies in blocking buffer. After extensive washing in TBST buffer,
blots were probed with either anti-rabbit or anti-mouse IgG-horseradish peroxidase (HRP)-
conjugated secondary antibodies (Cell Signaling Technology, Danvers, MA) in blocking
buffer for 30 min. After extensive washing in TBST, membranes were incubated in
Immobilon Western Blot Chemiluminescent HRP Substrate (Millipore) and the signals
developed on biomax XAR film (Kodak).

2.5 DNA fragmentation and cell cycle analyses
Progression of cells through cell cycle and DNA fragmentation were examined using flow
cytometry. DNA content was measured according to published protocol [25] with
modification. Cells were seeded in 6-cm dishes at 200,000 cells/dish in 10% FBS medium.
The following day the medium was removed, and cells were treated with indicated agents in
fresh medium containing 2.5% FBS for 24 h. Cells were collected by trypsinization then
washed with cold PBS and fixed in 70% ethanol. DNA was stained for 4 h in the dark with
0.5 ml hypotonic propidium iodide buffer (0.1% sodium citrate, 50 μg/mL DNase-free
RNase A, 0.1% Triton X-100). DNA content was analyzed using a FACScan, and cell cycle
analysis and sub G0 (apoptosis marker) were assessed using FCS Express 4 (De Novo
Software).

2.6 Mitochondrial membrane permeabilization
MMP was measured using JC-1 (Cell Technology, Mountain View, CA) to gauge changes
in mitochondrial membrane potential via depolarization. CRC cells were plated as in the
DNA fragmentation experiments and treated the following day with agents for 18 h. JC-1 is
a radiometric dye that exists as a monomer in the cytosol (green) and also accumulates as
aggregates in the mitochondria which stain red. Quantitative analysis of MMP was detected
by JC-1 at FL-1 (green) and FL-2 (red) using flow cytometry.
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2.7 Cellular metabolism of C6-ceramide
LoVo cells were seeded into 6-well plates (300,000/well) in medium containing 5% FBS.
The following day cells were pretreated in the absence or presence of tamoxifen (5.0 μM,
ethanol vehicle) for 1 h after which [14C]C6-ceramide was added (20 μM) using ethanol
vehicle. After a 24 h incubation, total cellular lipids were extracted from PBS-washed
monolayers [26] and analyzed by thin-layer chromatography (TLC) and liquid scintillation
counting (LSC) as described previously [20]. A versatile solvent system for separation of
C6-ceramide, C6-GC, C6-lactosylceramide (LC), and C6-sphingomyelin (SM) consisted of
chloroform/methanol/acetic acid/water (65:25:2:2, v/v) in filter paper-lined chromatography
tanks. Commercial lipid standards were co-chromatographed (Avanti Polar Lipids,
Alabaster, AL; Matreya, Pleasant Gap, PA).

2.8 Nanoliposomal formulation
Pegylated nanoliposomes were prepared as described in earlier studies [17, 27]. Preparations
were stable at room temperature for 1–2 months.

2.9 Statistical analysis
The results are expressed as the mean ± S.E. (standard error) and were analyzed by
ANOVA. Differences among treatment groups were assessed by Tukey’s test. Differences
were considered significant at P ≤ 0.05. An asterisk (*) used in specific figures, denotes
significance; figure legends also provide comments on statistical significance.

3. Results
3.1 Tamoxifen enhances C6-ceramide cytotoxicity in CRC cells

Earlier we reported that antagonists of P-gp inhibit ceramide metabolism in multidrug
resistant cancer cells at the step of glycosylation, a finding that posed the possibility of
employing P-gp antagonists to intensify the ‘ceramide effect.’ Of the agents assessed,
tamoxifen was shown to be the most potent inhibitor of GC synthesis in human ovarian
cancer cells, NCI/ADR-RES, formerly designated MCF-7/AdrR. Because P-gp expression
correlates with pathological grading of CRC, being highly expressed in well differentiated
tumors [28], we focused our study on CRC and initiated work using tamoxifen as lead
compound. Figure 1A shows that the CRC cell line, LoVo, was relatively refractory to C6-
ceramide exposure, with viability maintained at 80% of control at 5 μM, after a 72 h
exposure. However, the inclusion of tamoxifen, which alone decreased viability to 86% of
control, produced 18% viability (Fig. 1B). Combination C6-ceramide-tamoxifen was also
effective in other CRC cell lines, although the effect was more additive (Fig. 1C, D). The
data in Table 1 show that glycosylation was the principle route of C6-ceramide metabolism
in LoVo cells. C6-GC accounted for 82.3 and 58.9% of total cellular 14C in cells in the
absence and presence of tamoxifen, respectively. Tamoxifen exposure doubled the amount
of free intracellular C6-ceramide. Interestingly, we believe in order to compensate for the
decrease in C6-GC synthesis and the increase in free C6-ceramide when tamoxifen was
present, LoVo cells increased the amount of C6-SM synthesized by 2.6-fold. It should be
noted that these results are exclusive of hydrolysis, a route that could not be evaluated using
[1-14C]C6-ceramide. Cells were exposed to 20 μM C6-ceramide in an effort to improve
uptake and drive metabolic routing.

3.2 Representative P-gp antagonists enhance C6-ceramide cytotoxicity in LoVo cells and
alter C6-ceramide metabolism

Whereas one significant off-target effect of tamoxifen is P-gp antagonism [29], we next
sought to determine whether other P-gp-interacting agents would enhance C6-ceramide
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cytotoxicity. As shown in Fig. 2A, verapamil and cyclosporine A, first-generation
modulators, and VX-710, a third generation P-gp modulator, were effective enhancers of
C6-ceramide response in LoVo cells. Verapamil and VX-710 demonstrated weak
cytotoxicity alone; however, when administered with C6-ceramide, which was only
moderately cytotoxic, viability fell precipitously (Fig. 2A, cross-hatch). The data in Fig. 2B
demonstrate that N-desmethyltamoxifen, the major in vivo metabolite of tamoxifen in
humans, was also effective in combination with C6-ceramide, as shown in side-by-side
comparisons with tamoxifen. In addition, Fig. 2B shows that the effect of tamoxifen on C6-
ceramide cytotoxicity was dose-dependent, being more effective at 10 than at 5 μM
(compare cross-hatch data). These results clearly show that P-gp antagonists enhance the
cytotoxic activity of C6-ceramide in human CRC cells, and in LoVo cells we demonstrate
that tamoxifen modifies C6-ceramide metabolism (see Table 1).

3.3 C6-ceramide and tamoxifen promote hallmark apoptotic responses and block cell cycle
in LoVo cells

We next endeavored to identify the type of cell death elicited by combination C6-ceramide-
tamoxifen. As shown in Fig. 3, drug consolidation produced strong activation of caspase 3/7
in LoVo, HCT-15, and HT-29 cells. For example, in HT-29 cells C6-ceramide, tamoxifen,
and the combination produced an approximate 1.5-, 1.5-, and 5-fold increase in caspase 3/7
activation. The data in Fig. 3B demonstrate the effects of single agent versus combination
treatment on other hallmarks of apoptosis. It is noteworthy that neither single agent
tamoxifen nor C6-ceramide elicited production of the active, cleaved form of effector
caspase 3; however, drug co-administration was markedly effective in caspase 3 activation.
This response followed suit with PARP cleavage, and yielded a robust increase with
combination C6-ceramide-tamoxifen (Fig. 3B). DNA fragmentation, another feature of
programmed cell death, likewise occurred only in response to the drug duo as opposed to the
single agents (Fig. 3C). Apoptosis (DNA fragmentation) was reversed in toto by inclusion of
a pan-caspase inhibitor (Fig. 3C), demonstrating that C6-ceramide-tamoxifen induce
caspase-dependent cell death. In addition to apoptotsis, C6-ceramide-tamoxifen promoted
cell cycle arrest at both G1 and G2 (Fig. 4), tumor cell growth and division phases.

3.4 Combination C6-ceramide-tamoxifen upregulate p53 expression and induce
mitochondrial depolarization in LoVo cells

p53 is a tumor suppressor in many cancers, and expression induces growth arrest or
apoptosis, depending on the physiological circumstances and cell type. p53 activation has
been shown to induce mitochondrial signaling by binding to BCL2 [30]. In colorectal
cancer, activation of p53 is associated with induction of apoptosis [31–33]. In order to
elucidate molecular responses to C6-ceramide-tamoxifen, we studied the effect of this drug
combination on p53 expression. As shown in Fig. 5A, C6-ceramide-tamoxifen upregulated
p53 expression in a time-dependent fashion, with initial increases noted by 12 h. The
influence of single agents versus combination on p53 expression is shown in Fig. 5B.
Whereas tamoxifen at 5 and 10 μM had little effect on expression and single agent C6-
ceramide (5 μM) displayed moderate impact, the combination was clearly a strong inducer
of p53 expression. Ceramide can induce MMP [3], a key event in apoptotic signaling. The
data in Fig. 4C demonstrate that C6-ceramide-tamoxifen enhances MMP in LoVo cells, as
reflected by the >30% increase in mitochondrial depolarization (Δψm), compared with 10%
in control. Inactivation of p53 by inclusion of pifithrin-α that blocks p53-dependent
transcriptional activation and apoptosis, failed to diminish C6-ceramide-tamoxifen-enhanced
MMP (Fig. 5C). Inactivation of p53 also failed to reverse apoptosis (DNA fragmentation)
caused by C6-ceramide-tamoxifen (Fig. 5D). These results suggest that p53 activation is not
an essential element in the apoptotic response to C6-ceramide-tamoxifen exposure in CRC
cells.
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3.5 Nanoliposomal formulations of C6-ceramide and tamoxifen are synergistic for LoVo
cell kill

Kester and colleagues have demonstrated that nanoliposomal formulations of C6-ceramide
improve delivery and systemic retention, in vivo [34]. With future in vivo studies in mind,
we sought to establish whether nanoliposomal formulations of C6-ceramide and tamoxifen
would be efficacious in in vitro systems. Two reagents were formulated for this work,
nanoliposomal tamoxifen and a composite nanoliposome that contains both C6-ceramide
and tamoxifen in the same particle, which is to say that the C6-ceramide nanoliposomes
serve as the vehicle for tamoxifen. The data in Fig. 6A demonstrate that whereas low-dose
nanoliposomal tamoxifen (5 μM) imparted no cytotoxicity and low-dose nanoliposomal C6-
ceramide (5 μM) was only slightly cytotoxic (78% viability), the combination reduced cell
viability to 34% of control, a response that was synergistic with a CI (combination index) of
0.37, as noted in the figure. In addition, exposure to composite nanoliposomes yielded
higher cytotoxicity than did mixing of individual nanoliposomes. Therefore, composite
nanoliposomes could comprise a promising platform for delivery of this apoptosis-inducing
drug regimen. N-desmethyltamoxifen, the major in vivo tamoxifen metabolite in humans,
was also effective when administered in combination with nanoliposomal C6-ceramide (Fig.
6B). For example, whereas nanoliposomal C6-ceramide (5 μM) reduced viability to only
80% of control and N-desmethyltamoxifen (5 μM) was essentially without influence, the
combination brought viability to 45% of control.

4. Discussion
Tamoxifen has been the subject of several investigations in CRC; however, few studies have
enlisted tamoxifen as an adjuvant with ceramide in this neoplasm. In in vivo experiments,
Shen et al [35] demonstrated that tamoxifen reversed multidrug resistance in CRC in nude
mice, independent of estrogen receptor expression, and a forerunner study showed that
tamoxifen circumvented doxorubicin resistance in freshly isolated human gastrointestinal
cells [36]. These actions likely occur via antagonism of P-gp, because tamoxifen directly
binds and inhibits P-gp [29, 37]. Other works have also demonstrated growth-inhibitory
effects of tamoxifen in CRC [38–40]. Thus, tamoxifen has a myriad of interesting, beneficial
effects in colon cancer.

Whereas tamoxifen at the concentrations we employed was only mildly cytotoxic, the
addition of a cell-deliverable ceramide, C6-ceramide, resulted in magnified cytotoxic
responses. Other more representative P-gp antagonists, in combination with C6-ceramide,
produced similar cytotoxic endpoints, and we have previously demonstrated that these
agents as well block GC production in cultured multidrug resistant cancer cells [16].
Therefore, one plausible explanation for the enhanced effect is that P-gp antagonists extend
the intracellular residence time of C6-ceramide, an action that would perpetuate ceramide
signaling. Because LoVo cells convert C6-ceramide to higher sphingolipids (see Table 1),
preserving intracellular levels of C6-ceramide could be a contributing factor underlying the
intensified cytotoxicity of this drug combination; however, as discussed below, maintaining
high levels of C6-ceramide might not be an essential element in eliciting response.

Our work demonstrates that cell death was via caspase-dependent apoptosis. It is noteworthy
that neither C6-ceramide nor tamoxifen caused DNA fragmentation (see Fig. 3C, bar graph),
whereas the combination produced both supra-additive DNA fragmentation and caspase-3
activation and subsequent PARP cleavage. It is well known that natural ceramides activate
pro-apoptotic events; the same has been demonstrated with short-chain ceramides [41–43].
Interestingly, in a model of human keratinocytes, C6-ceramide exposure induced apoptosis
via the salvage pathway [44], wherein C6-ceramide is hydrolyzed by ceramidase, and the
liberated sphingosine reacylated by ceramide synthase to generate long-chain ceramides. We
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have previously shown that tamoxifen enhances the formation of long-chain ceramide from
C6-ceramide in LoVo cells [20]. Whereas ceramidase and the salvage pathway can diminish
the potency of short-chain ceramides, this biochemistry can be a double-edged sword
producing specific apoptosis-inducing molecular species of long-chain ceramides and also
yield sphingosine for synthesis of sphingosine 1-phosphate, a mitogenic entity. The extent to
which long-chain ceramides generated in response to C6-ceramide-tamoxifen treatment in
LoVo cells contribute to cytotoxicity is a subject of our ongoing work.

Tamoxifen can affect apoptosis via the mitochondrial pathway [38, 39], and both tamoxifen
and ceramide can exact downstream antiproliferative response through multiple cascades
[39, 45]. In our studies herein, we propose that C6-ceramide and tamoxifen act
independently as well as in concert to elicit signaling events culminating in cell cycle arrest
and apoptosis. In this context, only the combination increased the expression of p53 (see
Fig. 5), a regulator of cell cycle that functions as a tumor sensor in cancer. Interestingly,
previous studies have shown that restoration of p53 is essential and sufficient for the
induction of apoptosis in CRC [31–33]. In our study we show that the drug duo induces
apoptosis and MMP independent of p53 upregulation and independent of p53 status, because
LoVo, HCT-15, and HT-29 cells are p53 wild-type, p53 mutant, and p53 mutant,
respectively.

C6-ceramide in nanoliposomal form has been shown effective in vitro and in vivo [17, 34,
45–47]. In the present work, we have formulated a composite platform that uses C6-
ceramide nanoliposomes as the vehicle for tamoxifen and shown this course to be equal or
superior to co-administration of single agent C6-ceramide and tamoxifen nanoliposomes.

5. Conclusions
Taken together, we propose that combination C6-ceramide-tamoxifen, which we show
elicits aggressive apoptotic responses, comprises a promising, innovative treatment strategy
in CRC. This drug duo demonstrates uniquely orchestrated effects. Fittingly, there is an
extensive literature on tamoxifen in colon cancer; however, the present work illustrates a
new aspect of tamoxifen potential. In addition, the use of P-gp antagonists to direct ceramide
metabolism ought be considered as a means to enhance ceramide-orchestrated events for the
induction of cancer cell death.
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Abbreviation

CRC colorectal cancer

P-gp P-glycoprotein

GCS glucosylceramide synthase

GC glucosylceramide

PARP poly ADP ribose polymerase

MMP mitochondrial membrane permeabilization

FBS fetal bovine serum

ATCC American Type Culture Collection
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HRP IgG-horseradish peroxidase

TLC thin layer chromatography

LSC liquid scintillation counting

LC C6-lactosylceramide

SM C6-sphingomyelin

Δψm mitochondrial depolarization

C6-GC C6-glucosylceramide

C6-SM C6-sphingomyelin
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Fig. 1.
Effect of C6-ceramide and tamoxifen on colorectal cancer cell viability. (A) C6-ceramide
dose-response in LoVo cells. (B–D) Effect of single agent and combination treatments. Cells
were seeded in 96-well plates and treated the following day as shown; concentrations (μM)
noted in parentheses. Viability was assessed after 72 h exposure using Promega MTS
reagent. n=6 per experimental group; values are the mean ± S.E. Drug combinations are
statistically significant (P ≤ 0.05) compared to control and single agents. Repeated
experiments yielded similar results. C6-cer, C6-ceramide; tam, tamoxifen.
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Fig. 2.
Effect of conventional P-gp antagonists, tamoxifen, and the tamoxifen metabolite N-
desmethyltamoxifen on C6-ceramide cytotoxicity in LoVo cells. (A) Effect of Verapamil,
VX-710, and cyclosporin A on C6-ceramide cytotoxicity. (B) Effect of tamoxifen and N-
desmethyltamoxifen on C6-ceramide cytotoxicity. LoVo cells were seeded in 96-well plates
and treated the following day as indicated; concentrations (μM) noted in parentheses.
Ethanol was the vehicle for all agents. Viability was measured after 72 h. n=6 per
experimental group; values are the mean ± S.E. Drug combinations are statistically
significant (P ≤ 0.05) compared to control and single agents. C6-cer, C6-ceramide; ver,
verapamil; cyc A; cyclosporin A; desMe-tam, N-desmethyltamoxifen.
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Fig. 3.
Effect of C6-ceramide and tamoxifen on caspase activation, PARP cleavage, and DNA
fragmentation, in LoVo cells. (A) Caspase-3/7 activation. Cells were seeded in 96-well
plates and treated the following day as indicated. Caspase-3/7 activation was determined
after 24 h exposure, using a Promega kit, as described. (B) Caspase-3 activation and PARP
cleavage. Cells (500,000) were seeded in 6-cm dishes 24 h prior to 24 h treatment as
indicated. Activities were determined by Western blot as detailed in Methods. (C) DNA
fragmentation. Cells (200,000/6-cm dish) were seeded in 10% FBS medium and treated the
following day, as indicated, in medium containing 2.5% FBS, for 24 h. DNA was stained
and content analyzed by flow cytometry as detailed in Methods. (C) Left panel, flow
cytometry read-out; right panel, quantitation by bar graph. Concentrations (μM) noted in
parentheses. Caspi, pan-caspase inhibitor Z-VAD-FMK. *, P ≤ 0.05.
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Fig. 4.
Effect of C6-ceramide-tamoxifen on LoVo cell cycle traverse. Cells (200,000/6-cm dish)
were seeded and treated after 24 h with C6-ceramide-tamoxifen, each at 5 μM, for 24 h.
Analyses were performed using FCS express 4 (De Novo Software). Left panel, flow
cytometry analysis of DNA content; right panel, cell cycle phase quantitation. Mix, C6-
ceramide-tamoxifen. *, P ≤ 0.05.
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Fig. 5.
Effect of C6-ceramide and tamoxifen on p53 expression, and the effect of p53 inactivator on
C6-ceramide-tamoxifen-induced mitochondrial depolarization and DNA fragmentation in
LoVo cells. (A) Effect of exposure time on p53 expression. Treatment consisted of the
mixed drug regimen. (B) Effect of single agents and combination treatment on p53
expression. Cells (500,000/6-cm dish) were seeded 24 h prior to treatment. At the times
indicated (A), or after 24 h (B), cell lysates (40 μg protein) were resolved by SDS-PAGE
and probed with antibody as detailed in Methods. Quantitation was by densitometry.
Concentrations (μM) noted in parenthesis. (C) MMP response and the effect of p53
inhibitor. (D) DNA fragmentation and effect of p53 inhibitor. Cells were seeded as above
and treated as shown, and MMP and DNA fragmentation were measured as described in
Methods. Triplicate cultures were used for all experimental conditions, and data are the
mean ± S.E. Mix, C6-ceramide-tamoxifen combination; p53i, p53 inactivator (Pifithrin-α)
(10 μM). (C–D) C6-ceramide, 5 μM; tamoxifen, 10 μM. *, P ≤0.05.
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Fig. 6.
Effect of nanoliposomal formulations of C6-ceramide, tamoxifen, and N-
desmethyltamoxifen on LoVo cell viability. (A) Effect of nanoliposomal formulations.
Cells, seeded in 96-well plates, were exposed the following day to the nano-formulated
agents shown, at increasing concentrations. Viability was determined after 72 h exposure. CI
denotes combination index, which was 0.37. Nanoliposomes were formulated as described
in Methods. Composite nanoliposomes contained both C6-ceramide and tamoxifen in the
same particle. n=6 per experimental group; values are the mean ± S.E. (B) Effect of
nanoliposomal C6-ceramide and N-desmethyltamoxifen (desMe-tam) (ethanol vehicle) on
LoVo cell viability. Cell seeding and exposure time, as in A. n=6 per experimental group;
values are the mean ± S.E. Drug combination effects are statistically significant (P ≤ 0.05)
compared to control and single agents. Concentrations (μM) noted in parenthesis.
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Table 1

Effect of tamoxifen on metabolism of C6-ceramide in LoVo cells

Additions
Sphingolipids (% of total 14C)

C6-cer C6-GC C6-LC C6-SM

− tamoxifen 10.43 ± 0.8 82.3 ± 1.1 0.96 ± 0.07 6.31 ± 0.26

+ tamoxifen 23.1 ± 1.73* 58.87 ± 1.15* 1.4 ± 0.35 16.63 ± 0.25*

Cells were pretreated with tamoxifen (5.0 μM) 1 h before addition of [14C]C6-ceramide (20 μM) for 24 h. This concentration of C6-ceramide was
not cytotoxic at 24 h. Total cellular lipids were extracted and analyzed by TLC and LSC as detailed in Methods. Percentages of each lipid class

were calculated from the total lipid 14C dpm. Results represent the average of triplicate cultures ± S.E. C6-cer, C6-ceramide; GC,
glucosylceramide; LC, lactosylceramide; SM, sphingomyelin.

*
P ≤ 0.05, Student’s t Test.
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