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Abstract

Although the sphingolipid ceramide exhibits potent tumor suppressor effects, efforts to harness
this have been hampered by poor solubility, uptake, bioavailability, and metabolic conversion.
Therefore, identification of avenues to improve efficacy is necessary for development of
ceramide-based therapies. In this study we used mutant p53, triple negative breast cancer (TNBC)
cells, a type of breast cancer highly refractory to treatment, and cell-permeable nanoliposomal C6-
ceramide in conjunction with the antiestrogen tamoxifen, which has been shown to be an effective
modulator of ceramide metabolism. We show for the first time that nanoliposomal tamoxifen
enhances nanoliposomal C6-ceramide cytotoxicity in cultured TNBC cells, a response that was
accompanied by induction of cell cycle arrest at G1 and G2, caspase-dependent induction of DNA
fragmentation, and enhanced mitochondrial and lysosomal membrane permeability, at 18 and 2 hr,
respectively. Tamoxifen metabolites were also effective. Only tamoxifen promoted lysosomal
membrane permeability. In addition, we demonstrate for the first time that tamoxifen inhibits acid
ceramidase, as measured in intact cell assays; this effect was irreversible. Together, our findings
show that tamoxifen magnifies the antiproliferative effects of C6-ceramide via combined targeting
of cell cycle traverse and lysosomal and mitochondrial integrity. We adduce that C6-ceramide-
induced apoptosis is amplified by tamoxifen's impact on lysosomes and perhaps accompanying
inhibition of acid ceramidase, which could result in decreased levels of sphingosine 1-phosphate.
This drug regimen could serve as a promising therapy for chemoresistant and triple negative types
of breast cancer, and thus represents an indication for tamoxifen, irrespective of estrogen receptor
status.
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Introduction

Triple negative breast cancer (TNBC), a difficult to treat problematic subtype of breast
cancer, accounts for approximately 15% of all breast cancers and disproportionally affects
African American and Hispanic women. Despite improvements in the clinical outcome of
breast cancer patients through use of endocrine-targeted agents and cytotoxic
chemotherapies, overcoming drug resistance and the development of rational therapies for
TNBC remain menacing therapeutic hurdles. The goal of the present work was to identify
and evaluate new treatment combinations for TNBC, irrespective of estrogen and
progesterone receptor status, HER2/neu expression, and the multidrug resistant phenotype.
We have addressed this issue by formulating and evaluating novel combinatorial therapies
consisting of short-chain ceramide-containing (C6-ceramide) nanoliposomes and adjuvants
that are capable of regulating ceramide metabolism while affecting other independent targets
as well, and propose this approach could restore breast tumor cell death programs that have
been overridden by the cancer process.

Ceramide, a potent tumor suppressor lipid, can be generated /7 situ or administered
exogenously. The sphingolipid-metabolizing machinery of cancer cells can work however to
dampen ceramide's tumor-censoring effects. For example, conversion of ceramide to
glucosylceramide (GC) by glucosylceramide synthase (GCS) is a main anabolic route
utilized by cancer cells to neutralize ceramide downstream death signals (1-3). Ceramide
cytotoxicity can also be limited by sphingomyelin synthase (SMS) and ceramide kinase
(CerK) (4, 5). Ceramide hydrolysis via ceramidase is also an effective means to eliminate
ceramide; however, the sphingosine generated can be phosphorylated by sphingosine kinase
(SK) to yield sphingosine 1-phosphate (S1-P), a mitogenic sphingolipid with its own
important place in cancer biology (6, 7). Maintaining balance between ceramide and S1-P
has been viewed as paramount in maintaining ceramide's tumor suppressor properties, and to
this end a number of pharmalogical and molecular approaches have been investigated to
enhance ceramide's inhibition of tumor cell proliferation (8-13). Apropos here is a recent
study by van Vlerken et al (14) that demonstrates, through polymer-blend nanoparticles, that
combination therapy with exogenous C6-ceramide or tamoxifen, used as a GCS inhibitor,
with paclitaxel, was more effective than single agent paclitaxel.

In the present study we assessed a nanoliposomal formulation of C6-ceramide, which has
demonstrated enhanced activity in /n vitro and in vivo models (15-18), and paired it with
tamoxifen, in order to determine whether the antiproliferative effects of ceramide could be
amplified. Although tamoxifen is an antiestrogen used for treatment of estrogen receptor-
positive types of breast cancer, this drug has a number of estrogen receptor-independent
actions, including circumvention of multidrug resistance (19), inhibition of ceramide
glycosylation (20), and downregulation of survivin (21). In addition, we now show that
tamoxifen inhibits acid ceramidase, an enzyme indispensible for cellular ceramide
degradation. For the present study, we developed a stable formulation of tamoxifen
nanoliposomes containing 30 mole percent tamoxifen and evaluated the impact of C6-
ceramide-tamoxifen combinatorial regimens in TNBC cells. This combination was
synergistic for reduction of cell viability, and at 24 hr the combination induced cell cycle
arrest at G1 and G2, independent of retinoblastoma protein (RB) expression. One function of
RB protein is to prevent excessive cell growth by inhibiting cell cycle, thus this protein can
function as a tumor suppressor. Testing upstream revealed that enhanced mitochondrial and
lysosomal membrane permeability were important elements of the apoptotic cascade.
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Materials and Methods

Cell Lines and Reagents

Human breast cancer cell lines MDA-MB-468, MDA-MB-231, and Hs578T were obtained
from the American Type Culture Collection (ATCC) (Manassas, VA). The cell lines were
expanded and cryopreserved in liquid nitrogen in the investigators laboratory. The cell lines
were not tested or authenticated over and above documentation provided by the ATCC,
which includes antigen expression, DNA profile, and cytogenic analysis. Cells were
maintained (approximately 25 passages) in RPMI-1640 Glutamax™ medium (Invitrogen,
Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS) (Atlanta Biologicals,
Lawrenceville, GA) and 100 units/ml each of penicillin and streptomycin plus 0.3 mg/ml L-
glutamine. Cells were grown in humidified atmosphere, 95% air, 5% CO» at 37°C and
subcultured at confluence using 0.05% trypsin/0.53 mM EDTA (Invitrogen). DM102 was
provided by the Department of Biomedicinal Chemistry, Institute of Advanced Chemistry of
Catalonia, Barcelona, Spain.

C6-ceramide (M-hexanoyl-D-erythro-sphingosine) was from Avanti Polar Lipids (Alabaster,
AL) and dissolved in 100% ethanol and stored as a 10 mM stock at -20°C. Tamoxifen-HCI,
N-desmethyltamoxifen HCI, and (Z)-4-hydroxytamoxifen were from Sigma Chemical Co,
and dissolved and stored as was C6-ceramide. Pan caspase inhibitor, Z-VADFMK, from BD
Pharmigen™ (San Diego, CA), was solubilized in ethanol and stored as 40 mM stock at
-20°C.

Preparation of Nanoliposomes

Pegylated nanoliposomes were prepared based upon earlier studies (22-24). Liposome
formulations were made from specific lipids, at particular molar ratios (shown below), prior
to nano-sizing. We used 1,2-distearoyl-srglycero-3-phosphocholine (DSPC), 1,2-dioleoyl-
smylycero-3-phosphoethanolamine (DOPE), 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (PEG(2000)-DSPE), C6-
ceramide, C8-ceramide-1-succinyl[methoxy(polyethylene glycol)-750] (PEG(750)-C8), and/
or tamoxifen. Briefly, lipids dissolved in chloroform, dried to a film under a stream of
nitrogen, and then hydrated by addition of 0.9% NacCl. Solutions were sealed, heated at 55°C
(60 min), and subjected to vortex mixing and sonicated for 5 min until light no longer
diffracted through the suspension. The lipid vesicle-containing solution was quickly
extruded at 55°C by passing the solution 10 times through 100 nm polycarbonate filters in
an Avanti Mini-Extruder (Avanti Polar Lipids, Alabaster, AL). Nanoliposomal size for
triplicate replicates of each formulation, and a neutral zeta potential were validated using a
Malvern Zetasizer Nano ZS at 25°C. Nanoliposome solutions were stored at room
temperature until use. All formulations were designed to deliver equal masses of total lipids.
Ghost nanoliposomes were prepared from the same components excluding C6-ceramide.

(mole percent) DSPC DOPE PEG(2000)-DSPE PEG(750)-C8 C6 tamoxifen Size (nm)
Lip-Ghost 5.66 2.87 1.47 - - - 85
Lip-C6 3.75 1.75 0.75 0.75 30 - 86
Lip-tamoxifen 3.75 2.25 1.00 -- - 3.0 86
Lip-C6-tamoxifen  3.75 1.75 0.75 0.75 15 15 87
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Cell Viability

Viability was assessed by the Cell Titer 96® AQueous One solution cell proliferation assay
(Promega, Madison, WI). Cells were seeded (3,000 cells/well) in 96-well plates in medium
containing 5% FBS and the following day treated with the indicated agents using 1% FBS
medium (final FBS concentration, approximately 2.5%) for 72-96 hr. Viability was
measured as mean (n=6) absorbance (minus ghost and/or ethanol vehicle) at 490 nm using a
microplate reader FL600, Bio-Tek (Winooski, VT).

Cell Cycle and Apoptosis Analysis

Progression of cells through cell cycle and DNA fragmentation were examined using flow
cytometry. DNA fragmentation was measured according to published protocol (25), with
modification. MDA-MB-468 and MDA-MB-231 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 medium containing 2.5% FBS for 24 hr.
Monolayers were then washed with cold PBS, and fixed in 70% ethanol. DNA was stained
for 4 hr in the dark with 0.5 ml hypotonic propidium iodide buffer (0.1% sodium citrate, 50
pg/mL DNase-free RNase A, 0.1% Triton X-100). DNA content was analyzed using a
FACScan, and cell-cycle analysis and subGO (apoptosis marker) was performed using FCS
Express 4 (De Novo Software).

Acid Ceramidase

AC was measured in intact cells and in cell lysates by fluorgenic assay as described (26).
For intact cell assay, MDA-MB 468 cells (10,000 well) were seeded into 96-well plates in
10% FBS medium. After 24 hr, medium was removed and replaced with 5% FBS medium.
Cells were preincubated at 37°C for 1 hr with either the AC inhibitor DM102, [2R, 3Z]- N-
(1-hydroxyoctadec-3-en-2-yl)pivaloylamine (26) or tamoxifen (ethanol vehicles), after
which, fluoregenic substrate (ethanol vehicle) was added to a final concentration of 16 M,
and the cells were incubated (125 pl final well volume) in a tissue culture incubator (37°C)
for either 3 or 23 additional hr. At this point, the assay can either be continued to completion
or the 96-well plates can be placed at -20°C and assayed the following day. To complete the
assay, 50 .l methanol and 100 pl NalOg4 (2.5 mg/ml) in 0.1 M glycine buffer, pH 10.6, was
added and the plates were placed in the dark at room temperature for 2 hr. Fluorescence was
measured in the UV range (365 nm excitation/410-460 nm emission) using a GloMax®
multi-detection system (Promega, Madison, WI). To measure AC in cell lysates, cultured
cells were pretreated in the absence and presence of tamoxifen (5, 10 wM) for 4 hr. Cells
were then washed, harvested, pelleted, briefly sonicated in 0.25 M sucrose, and centrifuged
to remove debris. Cell-free assays (37 g protein) contained sodium acetate-acetic acid
buffer, pH 4.5 (25 mM), 40 uM substrate, and were incubated at 37°C for 3 hr (26).
Fluorescence was then measured as above. Similar assays were conducted using cell lysates
derived from tamoxifen-naive cultures to which either DM102 or tamoxifen was then added.

Lysosomal Stability and Mitochondrial Membrane Potential (MMP)

Cells were assessed for lysosomal stability using the acridine orange (AO) relocation
methods (27, 28). Acridine orange is a metachromatic fluorochrome and a weak base that
exhibits red fluorescence when highly concentrated in acidic lysosomes and green
fluorescence when outside the lysosomes. Lysosomal integrity was evaluated by assessing
red fluorescence (FL3) by flow cytometry. Briefly, cells were stained with acridine orange
(5 pg/ml) for 15 min in RPMI-1640 complete media followed by PBS washing and
treatment with tamoxifen for 2 hr. After treatment, cells were trypsinized, washed with PBS,
and placed on ice for flow cytometry. The shift of red fluorescence indicates lysosomal
permeabilization.
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MMP (A¥'m) was measured using JC-1 (Cell Technology, Mountain View, CA). Cells were
plated as in the apoptosis experiments and treated the following day with agents for 18 hr.
JC-1is a ratiometric dye that exists as a monomer in the cytosol (green) and also
accumulates as aggregates in the mitochondria which stain red. Quantitative analysis of
A¥'m was detected by JC-1 at FL-1 (green) and FL-2 (red) using flow cytometry.

Statistical Analysis

Results

The results are expressed as means + SE and were analyzed by ANOVA. Differences among
the treatment groups were assessed by Tukey's Post Hoc Test. Differences were considered
significant at £< 0.05.

Unless otherwise stated, all experiments were carried out using nanoliposomal formulations.
The first experiments were conducted to assess the effects of combinatorial C6-ceramide
and tamoxifen on cell viability. As shown in Fig. 1, these combinations were more effective
than single agents in reducing viability in all cell lines. In some instances, the effects were
supradditive. For example, in Hs578T cells (Fig. 1A), whereas tamoxifen did not effect
viability, and C6-ceramide reduced viability to approximately 60% of control, concomitant
exposure elicited amplified antiproliferative responses (viability < 20%). Similarly, in
MDA-MB-231 cells (Fig. 1B), C6-ceramide, tamoxifen, and the combination reduced
viability to 70, 90, and 40% of control, respectively, with like results in MDA-MB-468 cells
(Fig. 1C). Interestingly, AV-desmethyltamoxifen, the primary metabolite of tamoxifen, and 4-
hydroxytamoxifen, a metabolite with more potent antiestrogenic activity that the parent
drug, were also affective when co-administered with C6-ceramide (Fig. 1D), albeit N\~
desmethyltamoxifen was the most effective. We also compared the activity of free ceramide
(ethanol vehicle) with nanoliposomal C6-ceramide and found that at a dose of 2.0 uM,
MDA-MD-468 cell viability was 72 £ 6.27 and 2 + 10.28 % of control after 96 hr exposure
to the respective ceramide forms. These findings are similar with observations using free
and nanoformulated C6-ceramide in a murine mammary adenocarcinoma cell line model
(29).

Because of the strong antiproliferative responses demonstrated with C6-ceramidetamoxifen
combinations, we next sought to determine whether treatment impacted cell cycle. In MDA-
MB-468 cells, which do not express RB protein, the drug duo promoted cell cycle arrest at
G1 and G2 (Fig. 2A). Similar results were obtained in MDA-MB-231 cells (Fig. 2B), which
express RB-protein. With single agents, the data demonstrate that C6-ceramide principally
influenced G1 as did tamoxifen, only although slightly; the combination also increased cells
in G2 (Fig. 2B), indicating that the combination induces cell cycle arrest independent of RB
expression.

We next investigated the influence of single agents and combinatorial regimens on the type
of cell death. It is well known that ceramide produces many of its tumor suppressor effects
through the induction of apoptosis. Using DNA fragmentation as a gauge, the data in Fig.
3A show that C6-ceramide, as opposed to tamoxifen, was the major player in eliciting
apoptosis in MDA-MB-468 cells; however, concurrent administration produced a response
that was supra-additive. For example, whereas 5.0 .M tamoxifen had no significant effect,
and 2.5 pM C6-ceramide increased DNA fragmentation to 13% (7% over control), the
combination yielded 29% fragmentation (23% over control). A similar trend was evidenced
in MDA-MB-231 cells (Fig. 3B). Apoptosis was caspase-dependent as shown by inhibition
of DNA fragmentation in MDAMB-468 cells exposed to C6-ceramide-tamoxifen in the
presence of a pan caspase inhibitor (Fig. 3A). A-desmethyltamoxifen also effectively
enhanced DNA fragmentation when co-administered with C6-ceramide (Fig. 3C).

Mol Cancer Ther. Author manuscript; available in PMC 2013 November 01.
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Mitochondria are the orchestrators of the intrinsic pathway of apoptosis, and ceramide can
elicit this process via mitochondrial involved avenues (30, 31). One way that ceramide
impacts mitochondria is by increasing outer membrane permeabilization through induction
of mitochondrial transmembrane depolarization (A'¥'m); this promotes leakage of apoptotic
proteins. In order to determine if the C6-ceramide-tamoxifen regimen targeted the
mitochondrial pathway, we measured A'¥'m in response to treatment. The data in Fig. 4A
demonstrate a robust increase in A¥'m in MDA-MB-468 cells in response to combination
C6-ceramide-tamoxifen and C6-ceramide-A-~desmethyltamoxifen (Fig. 4B). It is noteworthy
that A'¥'m was evident as early as 18 hr and was promoted using concentrations of C6-
ceramide and tamoxifen similar to those that affected decreased viability at 96 hr (see Fig.
1C). Evaluating the effects of single agents on A'¥'m revealed that C6-ceramide was the
predominant player in eliciting altered mitochondrial membrane integrity (Fig. 4A).
Although A¥'m constitutes a major checkpoint in apoptotic cell death, lysosomal membrane
permeabilization (LMP) has also been shown, in certain circumstances, to trigger cell death.
LMP causes release of proteases into the cytosol with deleterious consequences. The
experiment in Fig. 4C shows that tamoxifen affected enhanced LMP in MDA-MB-468 cells
after only a 2 hr exposure (quantification data on right); the same was not produced upon
exposure to C6-ceramide. Thus, LMP appears to be an early event contributing to cell death
that is chiefly regulated by tamoxifen.

The structure of tamoxifen is similar to other amphiphilic agents that have been shown to
inhibit acid ceramidase (AC) (32), the lysosomal enzyme indispensable for cellular ceramide
degradation. We were therefore interested in determining whether tamoxifen influenced AC
activity. Here we demonstrate for the first time that tamoxifen inhibits AC activity as
assessed in intact cells. Inhibition was dose-dependent (Table 1, 4 hr) and A-
desmethyltamoxifen and 4-hydroxytamoxifen were as effective as tamoxifen (Table 1, 24
hr). Free tamoxifen (ethanol vehicle) and tamoxifen nanoliposomes were equally effective.
As negative control we assessed triphenylbutene, which is the tamoxifen nucleus devoid of
the dimethylaminoethanol function; it did not inhibit AC activity in MDA-BM-468 cells
when tested at concentrations of 5 — 20 M (10 M shown). Two other tricyclic cationic
amphiphilic agents with a nitrogen-containing side group similar to tamoxifen,
chloropromazine and desipramine, inhibited AC activity in intact MDA-MB-468 cells by 66
and 42%, respectively (at 10 M) (data not shown). The action of the cysteine protease,
cathepsin B, has been shown to exert a role in inhibition of AC (32). To determine whether
AC inhibition by tamoxifen could be linked to degradation of AC protein by lysosomal
cathepsin, we employed CA074ME, a cathepsin B/L inhibitor; however, when introduced
over a concentration range of 5 — 20 M (1 hr pre-incubation), CA074ME failed to reverse
the inhibitory effects of tamoxifen on AC. These data indicate that inhibition of AC by
tamoxifen is not related to cathepsin degradation of the enzyme. Lastly, we determined the
effect of tamoxifen on AC activity using MDA-MB-468 cell lysates. For this, two types of
experiments were conducted: i) pre-exposure of intact cells to tamoxifen followed by cell
disruption and assay, ii) cell disruption and addition of tamoxifen or DM102 to the cell-free
assay. As shown in Fig. 5A, preincubation of intact cells with tamoxifen resulted in
inhibition of AC activity as assayed in the resultant lysates. On the other hand, tamoxifen
did not inhibit AC activity when added directly to the cell lysates (Fig. 5B), demonstrating
that the mechanism underlying enzyme inhibition requires intact cells. DM102, an AC
substrate mimic, inhibited cell-free AC activity.

Discussion

This promise of ceramide-based therapeutics has largely been boosted by the use of short-
chain ceramides, which are more hydrophilic, and by the employ of nanoliposomal
formulations, which demonstrate enhanced bioavailability (15, 17, 33), few side effects (17),
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and efficacy via anti-proliferative and pro-apoptotic properties (15, 18, 29). In some
instances, nanoliposomal ceramides demonstrate enhanced activity when co-administered
with other anticancer agents such as sorafenib or gemcitabine, or the GCS inhibitor D-
threo-1-phenyl-2-decanoylamino-3-morpholino-1-propanol (PDMP) (16, 22). The discovery
that tamoxifen inhibits ceramide metabolism at the step of glycosylation (20) suggests that
this antiestrogen could have estrogen receptor-independent utility in the extant of ceramide
therapies. A recent study from our group, using ethanol vehicle, showed the value of
combination C6-ceramide-tamoxifen for limiting proliferation in several human cancer cell
lines; however, neither the mechanism nor the targets were defined (34). In the present study
we have focused on breast cancer, and specifically, because we have employed tamoxifen,
on TNBC, which is devoid of estrogen receptor and thus not amiable to antiestrogen
therapy.

The present work shows that a C6-ceramide-tamoxifen regimen produced cell cycle arrest in
G1 and G2, phases in which growth and preparation for mitosis occur. This regimen was
effective in RB-expressing and in RB-non-expressing breast cancer cells. This is important
because RB, which maintains cell proliferative balance, is functionally inactivated, mutated,
or lost in most human neoplasms. From data accrued, it appears that both agents contribute
(see Fig. 2). Ceramide and tamoxifen have been shown to induce cell cycle arrest (35-37).
We have also established that cell death is by caspase-dependent apoptosis, but whereas C6-
ceramide was the major single agent player, the addition of tamoxifen provided enhanced
effects (see Fig. 3A). Interestingly, in mammary tumor studies, Mandlekar et al (38) showed
that N-desmethyltamoxifen as well as tamoxifen and 4-hydroxytamoxifen, induced caspase-
dependent apoptosis, and in a comparative study in multidrug resistant human leukemia
cells, both tamoxifen and A-desmethyltamoxifen functioned equally in restoring
daunorubicin sensitivity. Tamoxifen is also a P-glycoprotein antagonist (39), and in this
capacity functions to retard ceramide glycosylation by virtue of its competence to block
sphingolipid trafficking at the Golgi (40, 41).

With regard to subcellular targets, we documented a clear impact on mitochondria, as
gauged by an increase in A'¥'m in response to C6-ceramide-tamoxifen. An interesting aspect
here, as seen in the viability studies, was that AV-desmethyltamoxifen was as effective as
tamoxifen when co-administered with C6-ceramide. This has clinical relevance as V-
desmethyltamoxifen is the major /n vivo tamoxifen metabolite in humans. Short-chain
ceramides induce cytochrome c release from mitochondria (42), augment curcumin-induced
cell death in melanoma via mitochondrial apoptosis (43), and induce cell death through
induction of hari-kari gene (HRK)-mediated mitochondrial dysfunction (44). Our studies
with nanoliposomal ceramide also demonstrate that mitochondrial targeting perpetuates cell
death.

Lysosomal destabilization was the earliest upstream event that we detected. Using LMP as a
measure, lysosomal destabilization was seen at 2 hr and was initiated by tamoxifen, dose
dependently. C6-ceramide at 2 hr had no effect. LMP occurs in response to a myriad of
stimuli, and this process is a factor in the regulation of apoptosis (45) through release of
lysosomal constituents such as destructive cathepsins. For this reason, lysosomes are
promising therapeutic targets in cancer. Because tamoxifen induced LMP, we were
interested in learning whether tamoxifen affected AC activity, as AC is localized in the
lysosomal lumen, and AC is another important target in cancer (46-49). Herein we show that
tamoxifen as well as tamoxifen metabolites inhibited AC activity in intact MDA-MB-468
cells at concentrations that induced LMP. Tamoxifen did not inhibit AC when added directly
to the cell lysate, whereas cell preincubation with tamoxifen was effective in the inhibition
of AC when tested in the resultant lysate. Tamoxifen is a cationic amphilic drug, as are
chlorpromazine and desipramine, which we demonstrated also inhibited AC activity. Along
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these lines, Elojeimy et al (32) demonstrated that desipramine inhibited AC in prostate
cancer cells, based on downregulation of AC protein, and that CA074ME, a cathepsin B/C
inhibitor, blocked the effect on AC. In our system, CA074ME failed to block tamoxifen-
regulated inhibition of AC, suggesting that cathepsin hydrolysis of AC protein is not a factor
in the mechanism of enzyme inhibition. Further, exposure of cells to NH4ClI, which
neutralizes lysosomal pH, did not affect cellular AC activity. Although we have not defined
the mechanism by which tamoxifen inhibits AC, in light of the above discussion we propose
that lysosomal destabilization is a factor involved in inhibition of AC by tamoxifen, and that
this response requires intact cell machinery.

To our knowledge this is the first report showing that tamoxifen inhibits AC activity, an
action we suggest is related to LMP. In MCF-7 cells, Hwang et al (50) showed that
tamoxifen-induced cell death was accompanied by increased oxidative stress and LMP. We
have previously demonstrated that tamoxifen blocks C6-ceramide glycosylation (34) which
would, in our case, extend the intracellular residence time of C6-ceramide and thus amplify
cellular responses. That tamoxifen also inhibits AC, leads to a number of interesting avenues
for pursuit. For the present, we offer the following scenario (Fig. 6). Increasing the levels or
residence time of intracellular C6-ceramide by virtue of tamoxifen's inhibitory effect on
ceramide metabolism may not be a chief factor in cellular response. We propose that
tamoxifen and C6-ceramide each have common as well as distinct targets, and this
perpetuates the perfect storm. We suggest that initial targeting of lysosomes by tamoxifen
initiates cellular demise. This action can directly engage apoptosis and/or elicit A¥'m, which
could be driven by lysosomal cathepsins. The overall C6-ceramide mitochondrial response
could be magnified by tamoxifen's indirect impact on A'¥'m through LMP. Thus, apoptosis
can be driven by a trio of events, which as shown, enlist lysosomal, mitochondrial, and anti-
mitogenic responses.
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Figure 1.

Effect of tamoxifen on C6-ceramide cytotoxicity in TNBC. A-D. Cells were seeded in 96-
well plates (3,000 cells/well) in RPMI-1640 medium containing 10% FBS and cultured at
37°C. The next day, growth medium was replaced with 2.5 % FBS medium, agents were
added and cells were incubated for 96 hr. D. MDA-MB-468 cells treated with A-
desmethyltamoxifen (dme-tam) and 4-hydroxytamoxifen (4-OH tam). Viability was
evaluated by MTS assay. [LM] concentrations. Data are the mean (n=6) + SE, relative to
vehicle controls and/or the ghost. Experiments were repeated and yielded similar results.
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Figure2.

Effect of tamoxifen and C6-ceramide on cell cycle progression in TNBC. Cells were treated
with C6-ceramide, tamoxifen, and the mix for 24 hr, collected and fixed in ethanol, stained
with propidium iodide, and analyzed by flow cytometry as detailed in Methods. The
distribution of cells in the different phases of the cell cycle was analyzed using FCS express
software. Data are mean * SE from three independent experiments. [LM] concentrations.
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Influence of C6-ceramide, tamoxifen, and caspase inhibition on apoptosis in TNBC. A.
MDA-MB-468 cells. B. MDA-MB-231 cells. C. MDA-MB-468 cells with N/-
desmethyltamoxifen. Cells were treated with C6-ceramide, tamoxifen, A-
desmethyltamoxifen, or the combination for 24 hr. Cells were then trypsinized, fixed in
ethanol, stained with propidium iodide, and analyzed for DNA fragmentation by flow
cytometry. SubGg (apoptosis marker) was analyzed using FCS express software. Data are
means + SE from three independent experiments. Concentrations [lLM] noted in brackets.

Caspl [50 wM], caspase inhibitor.
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Figure4.

Effect of C6-ceramide and tamoxifen on mitochondrial and lysosomal integrity. A. Effect of
C6-ceramide on mitochondrial depolarization. B. Effect of C6-ceramide and V-
desmethyltamoxifen on mitochondrial depolarization. MDA-MB-468 cells were treated with
C6-ceramide, tamoxifen, A-desmethyltamoxifen, or the combination for 18 hr. Cells were
then stained with JC-1 for 15 min in phenol red-free RPMI, trypsinized, washed with PBS,
and placed on ice until quantitation by FACS. Quantitative analysis of Aym was detected
by JC-1 at FL-1 (green) and FL-2 (red). Data are mean from 3-4 independent experiments.
C. Effect of C6-ceramide and tamoxifen on lysosomal permeabilization. MDA-MB-468
cultures were stained with Acridine orange for 15 minutes followed by PBS washing, and
treated with tamoxifen for 2 hr. After treatment, cells were trypsinized, washed with PBS,
and placed on ice until FACS analysis. A shift in red fluorescence (FL-3) indicates
lysosomal peremeabilization. Data was analyzed using FCS express software. Data are
means + SE from at least three independent experiments.

Mol Cancer Ther. Author manuscript; available in PMC 2013 November 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Morad et al. Page 16

A B
100
= 125 3
5 [
o 75 =100
— Q
o — (&)
L 5
= >
B % 50
0 25 ©
< Q 25 .
L
0 T T T 0 \
0 5 10 &€ $®° @\&
Tamoxifen [uM] O /\(§° Q

Figureb5.

Effect of tamoxifen and DM102 on AC activity in MDA-MB-468 cell lysates. A. Cell-free
assay. Cells were preincubated with tamoxifen for 4 hr, washed, lysed, and assayed for AC
activity as described in Methods. B. Cell-free assays with tamoxifen [20 pM] and DM102
[20 wM] added after lysis. Data are means + SE, n = 3 from two independent experiments.
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Figure®6.

Scheme for C6-ceramide-tamoxifen elicitation of apoptosis. Tamoxifen can block C6-
ceramide glycosylation and hydrolysis, the latter mediated via enhanced LMP. LMP can
also impact mitochondria as can C6-ceramide, directly. Blocking AC dampens S1-P
mitogenic responses and potentiates lysosomal and mitochondrial driven apoptosis. AC, acid
ceramidase; S1-P, sphingosine 1-phosphate.
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