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Background: Demand for cholesterol is high in certain cancers making them potentially sensitive to therapeutic strategies
targeting cellular cholesterol homoeostasis. A potential approach involves disruption of intracellular cholesterol transport, which
occurs in Niemann–Pick disease as a result of acid sphingomyelinase (ASM) deficiency. Hence, a class of lysosomotropic
compounds that were identified as functional ASM inhibitors (FIASMAs) might exhibit chemotherapeutic activity by disrupting
cancer cell cholesterol homoeostasis.

Methods: Here, the chemotherapeutic utility of ASM inhibition was investigated. The effect of FIASMAs on intracellular
cholesterol levels, cholesterol homoeostasis, cellular endocytosis and signalling cascades were investigated. The in vivo efficacy of
ASM inhibition was demonstrated using melanoma xenografts and a nanoparticle formulation was developed to overcome dose-
limiting CNS-associated side effects of certain FIASMAs.

Results: Functional ASM inhibitors inhibited intracellular cholesterol transport leading to disruption of autophagic flux, cellular
endocytosis and receptor tyrosine kinase signalling. Consequently, major oncogenic signalling cascades on which cancer cells
were reliant for survival were inhibited. Two tested ASM inhibitors, perphenazine and fluphenazine that are also clinically used as
antipsychotics, were effective in inhibiting xenografted tumour growth. Nanoliposomal encapsulation of the perphenazine
enhanced its chemotherapeutic efficacy while decreasing CNS-associated side effects.

Conclusions: This study suggests that disruption of intracellular cholesterol transport by targeting ASM could be utilised as a
potential chemotherapeutic approach for treating cancer.

Cholesterol has an important role in the development of certain
malignancies (Montero et al, 2008; Freed-Pastor et al, 2012; Smith
and Land, 2012; Sorrentino et al, 2014). Epidemiological studies
have shown that elevated serum cholesterol levels can be associated
with cancer risk (Platz et al, 2008; Nielsen et al, 2013). Preclinical
studies also demonstrate that deregulated intracellular cholesterol
homoeostasis can promote cancer development (Montero et al,
2008; Smith and Land, 2012). More recently, an increase in cellular

cholesterol demand was reported with EGFR or RAS-mediated
oncogenic transformation (Gabitova et al, 2015). Hindering
intracellular cholesterol levels by reducing the expression of low-
density lipoprotein (LDL) receptors or enhancing expression of
cholesterol exporters, impeded the growth of skin tumours
(Gabitova et al, 2015). Activation of AKT signalling following loss
of tumour suppressor PTEN, a genetic alteration observed in many
cancers, triggered cholesteryl ester accumulation in prostate cancer
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cells (Yue et al, 2014). Importantly, blocking the cholesterol
accumulation-reduced cancer cell proliferation and suppressed
xenografted tumour growth (Yue et al, 2014). Moreover, in
breast cancers, loss of tumour suppressor p53-induced cancer
cell proliferation and self-renewal by upregulating of the
cholesterol synthesis pathway (Sorrentino et al, 2014). Collec-
tively these studies suggest that therapeutically modulating
cholesterol homoeostasis could be useful for inhibiting cancer
development.

Targeting intracellular cholesterol transport with leelamine, a
naturally derived lysosomotropic compound, has recently been
shown to retard melanoma tumour growth (Kuzu et al, 2014).
Leelamine-mediated cancer cell death is associated with the
shutdown of cholesterol egress from lysosomal/late endosomal cell
compartments. Inhibition of lysosomal cholesterol efflux also
occurs in a lipid storage disorder called Niemann–Pick disease
(Vanier, 2013), loss of function mutations in sphingomyelin
phosphodiesterase-1 (SMPD1), which encodes acid sphingomye-
linase (ASM), causes types A and B forms of the Niemann–Pick
disease (Vanier, 2013). This lysosomal enzyme breaks down
sphingomyelin to phosphorylcholine and ceramide. Lack of
functional ASM, impairs sphingosine efflux from lysosomes,
blocks late endosome-lysosome fusion and causes accumulation
of sphingolipid, as well as LDL-derived cholesterol in lysosomes
(Lloyd-Evans et al, 2008). However, it is currently unknown
whether ASM inhibitors could be used to block intracellular
cholesterol transport to treat cancer.

A class of lysosomotropic antidepressant, antipsychotic or
antihistamine drugs have been identified as functional ASM
inhibitors (FIASMAs) (Kornhuber et al, 2008; Kornhuber et al,
2011). These compounds have also been reported to be effective
against cancer in preclinical and large-scale case–control studies
(Akiyama et al, 1986; Peer and Margalit, 2006; Kornhuber et al,
2008; Kornhuber et al, 2011; Walker et al, 2011). Despite these
observations, the mechanism(s) mediating the anticancer activity
of these agents is unknown. To determine whether ASM inhibitors
could be effective cancer therapeutics by inhibiting intracellular
cholesterol transport, 42 ASM inhibitors were screened. ASM
inhibitors were effective at killing cancer cells depending on genetic
background. Melanoma cell lines harbouring activating BRAF
mutations and loss of functional PTEN, required 2–5-fold lower
concentrations of ASM inhibitors than normal skin cells or
melanoma cells lacking these genetic alterations.

ASM inhibitor-mediated cell death was triggered by inhibition
of cholesterol egress from lysosomes, which consequently deregu-
lated cholesterol homoeostasis and impaired intracellular vesicle
transport, cellular endocytosis as well as autophagic flux. The
activity of AKT and STAT3 signalling pathways, two important
cancer drivers that are downstream of receptor tyrosine kinase/
RAS signalling, were suppressed by FIASMAs. Analysis of the data
from the LincsCloud database, supported these observations by
showing significant similarities between cellular signatures of
certain ASM inhibitors and genetic knockdown of RTK/RAS/PI3K
pathway genes, KRAS, ERBB3 and AKT3.

Orally administered ASM inhibitors, perphenazine or fluphe-
nazine, led to tumour inhibition but caused CNS-related sedation
at concentrations required for anticancer activity. This was
overcome by encapsulating the agents into nanoliposomes to
modulate drug pharmacokinetics and potentially reduce blood–
brain-barrier permeability. Indeed, intravenous delivery of per-
phenazine nanoliposomes effectively enhanced the antitumour
activity while reducing the negative sedative side effects. Since
many ASM inhibitors are clinically viable drugs with well-
established toxicity profiles, these discoveries could lead to the
repurposing of these agents to function as anticancer
cholesterol transport inhibitors by reformulating them within
nanoparticles.

MATERIALS AND METHODS

Cell lines and plasmids. Metastatic melanoma cell line UACC 903
was provided by Dr Mark Nelson (University of Arizona); MelJuSo
cell line was provided by Dr Judith Johnson (University of
Munich); human fibroblast cell line (FF2441) and human foreskin
keratinocytes (HFK) were provided by Dr Craig Myers (Penn State
College of Medicine); FC-0023 epidermal melanocytes were
purchased from Lifeline Cell Technologies (Frederick, MD,
USA); 451Lu, 451LuR cell lines were provided by Dr Xiaowei Xu
(University of Pennsylvania); C8161.Cl9 cell line was provided by
Dr Danny Welch (University of Kansas) and all other melanoma
cell lines were provided by Dr Herlyn (Wistar Institute). Wild-type
and BAX-nockout HCT116 human colon cancer cell lines were
provided by Dr Wafik El-Deiry (Penn State College of Medicine).
Melanoma cell lines and FF2441 fibroblast cell line were
maintained in DMEM (Invitrogen, Carlsbad, CA, USA) supple-
mented with 1% GlutaMAX (Thermo Fisher, Waltham, MA, USA)
and 10% FBS (GE Healthcare, Chicago, IL, USA). HFK and
FC0023 cells were grown in Epilife Medium with Human
Keratinocyte and Melanocyte Growth Supplement (Thermo
Fisher), respectively. Melanoma cell lines were periodically
monitored for genotypic characteristics, phenotypic behaviour
and tumourigenic potential to confirm cell line identity. GFP-
tagged LC3B expressing UACC 903 cell line was generated using
the pBABE-puro mCherry-EGFP-LC3B plasmid (Addgene plas-
mid #22418; Cambridge, MA, USA) (N’Diaye et al, 2009).

Microarray data. Microarray data files (cel files) that contain the
expression profile of MCF7 cells treated with different compounds
and at least three associated vehicle controls were downloaded
from the Connectivity Map project website (www.broadinstitu-
te.org/cmap/; see Supplementary Materials and Methods Section
for the C-Map IDs). ArrayStar software (v 12.2, Dnastar, Madison,
WI, USA) was used to analyse the data. For the details of
microarray analysis please see the Supplementary Materials and
Methods Section.

Drug treatment conditions and assessment of IC50. The viability
of cells following compound (see Supplementary Materials and
Methods Section for compound sources) or liposome treatments
was measured using the MTS assay (Promega, Madison, WI, USA)
as described previously (Gowda et al, 2014). Briefly, cells were
plated in 96-well plates, grown to 70–80% confluency, and treated
with either vehicle or varying concentrations of experimental
agents. 24 h later, the MTS assay was performed and IC50 estimated
for each compound using GraphPad Prism (GraphPad Software,
La Jolla, CA, USA). In co-treatment studies, compounds were
added simultaneously.

Mitochondrial membrane potential (MMP) and caspase-depen-
dence assays. MMP of cells was measured using the TMRE MMP
Assay Kit (Abcam, Cambridge, MA, USA). Caspase-3/7 activity
was measured using a fluorogenic substrate Ac-DEVD-AFC using
the protocol for the Caspase-3 Inhibitor Screening Assay Kit
(Merck, Billerica, MA, USA). Caspase-dependent cell death was
assessed by pre-treatment of cells with pan-caspase inhibitor
z-VAD-fmk (20 mmol l� 1) for 1 h before drug treatments. 24 h
after treatments, cell viability was measured by MTS assay.

Cholesterol localisation assay. Localisation of intracellular cho-
lesterol was detected through Filipin-III staining of cells using the
Cayman’s Cholesterol Cell-Based Detection Assay Kit (Cayman
Chemical, Ann Arbor, MI, USA). Lysosomal/late endosomal
localisation of cholesterol was assessed by co-localisation of
LAMP1-RFP and Filipin-III signals using iVision software
(BioVision Technologies, Chester Springs, PA, USA). An RFP-
tagged LAMP1 expressing UACC 903 cell line was created using
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LAMP1-mRFP-FLAG plasmid (Addgene plasmid #34611) (Zoncu
et al, 2011). Images were taken at � 1000 magnification.

Evaluation of cellular endocytosis. The endocytic capacity of cells
was measured using Alexa Fluor-488-conjugated transferrin
protein (Thermo Fisher) as described previously (Kuzu et al,
2014). Cells were plated into chamber slides (or six-well plates for
flow cytometry analysis) and treated with compounds for 3–4 h.
Cells were then incubated for 30 min with Alexa Fluor 488-
conjugated transferrin protein (5 mg ml� 1), washed with phos-
phate-buffered saline and either fixed with 4% paraformaldehyde
for fluorescence microscopy analysis or trypsinised, and collected
for flow cytometry analysis.

Western blot analysis. One to two million cells were plated in
100 mm dishes and grown to 75–90% confluency. After drug
treatments for various times, cells were harvested in RIPA buffer
containing protease and phosphatase inhibitors (Thermo Fisher).
BCA Assay (Thermo Fisher) was used for protein quantification
and 30 mg of protein was loaded per lane onto NuPage gels (Life
Technologies, Carlsbad, CA, USA). Following electrophoresis,
proteins were transferred to PVDF membrane and blots probed
with antibodies according to supplier’s recommendations (detailed
antibody information provided in Supplementary Materials and
Methods Section). ECL detection (Thermo Fisher) was used to
visualise immunoblots.

Animal studies. All animal experiments were undertaken accord-
ing to protocols approved by the Institutional Animal Care and
Use Committee at The Pennsylvania State University. Effects of the
compounds on xenografted tumour growth were measured in
athymic-Foxn1� /� (nude) mice (Harlan Laboratories, Indiana-
polis, IN, USA). Briefly, one million melanoma cells were injected
subcutaneously above both the left and right rib cages of 4–6-week-
old female mice. Six-days post injection, when the tumour size was
B100 mm3, animals were randomly separated into groups (four
animals/group). For oral administration, perphenazine and
nortriptyline were dissolved in glyceryl trioctanoate, while
fluphenazine and desipramine were dissolved in water and
administered via oral gavage (100 ul per treatment). Nortriptyline
and desipramine were administered on alternate days while
perphenazine and fluphenazine were administered at 4-day
intervals due to the sedation-associated symptoms. Liposomal
formulation of perphenazine was administered via intravenous
(tail-vein) injection on alternate days. Liposomes were prepared as
5 mg ml� 1 drug concentration. Liposomes were diluted with 0.9%
saline and injections were performed as 200 ul per injection. Body
weight and tumour dimensions were measured on treatment days.
At the end of experiments, blood was collected and serum was
separated and analysed for blood markers of major organ function
and toxicity at The Pennsylvania State University Animal Resource
Core. Major organs of the animals were formalin fixed and paraffin
embedded to examine changes in cell morphology and tissue
organisation following haematoxylin and eosin (H&E) staining.

Statistical analysis. Statistical analyses were performed using the
unpaired Student t-test. A P-valueo0.05 was considered statisti-
cally significant. *Po0.05; **Po0.01; ***Po0.001. Unless other-
wise noted, error bars represent s.e.m.

RESULTS

Genetic knockdown of ASM inhibits intracellular cholesterol
transport and decreases cancer cell viability. To determine
whether siRNA-mediated inhibition SMPD1 expression would
inhibit intracellular cholesterol transport and alter the viability of
cancer cell lines, two siRNAs targeting SMPD1 were transfected
into melanoma cells. As assessed by qRT-PCR, SMPD1 expression

was effectively reduced to 10% of that observed for the mock
transfection control (Supplementary Figure 1A). Mimicking the
Niemann–Pick Disease, knockdown of the SMPD1 inhibited
lysosomal cholesterol export as determined by Fillipin-III staining
of the accumulated lysosomal cholesterol (Figure 1A). Further-
more, inhibition of the SMPD1 expression reduced the viability of
both UACC 903 and 1205 Lu melanoma cell lines to 35% of that
observed for the controls suggesting that ASM could be a potential
therapeutic target (Figure 1B).

Identifying ASM inhibitors with anticancer activity. To deter-
mine whether ASM inhibitors could promote cancer cell death by
inhibiting intracellular cholesterol transport, a library of 42 ASM
inhibitors were screened (Kornhuber et al, 2008; Kornhuber et al,
2011). All of these agents have been reported to decrease in ASM
activity by 70–90% (Kornhuber et al, 2008; Kornhuber et al, 2011).
Leelamine and U18666A, two previously identified cholesterol
transport inhibitors, were used as positive controls. Killing efficacy
of each ASM inhibitor was tested on UACC 903 and 1205 Lu
melanoma cells and compared to normal FF2441 skin fibroblasts.
Both melanoma cell lines were killed by ASM inhibitors with
significantly lower IC50 values (paired t-test, Po0.001) compared
to fibroblasts (Figure 1C and Supplementary Table 1). Average
IC50 values for the melanoma cell lines were threefold lower than
for the normal fibroblasts. Since the ASM inhibitors killed cancer
cells more effectively than normal cells the chemotherapeutic
utility of these agents was examined next.

Accumulation of ASM inhibitors in lysosomes was required for
killing cancer cells. To identify the mechanism by which ASM
inhibitors killed cancer cells, five compounds (desipramine,
flupenthixol, fluphenazine, nortriptyline and perphenazine), killing
melanoma cells at low IC50 values, were investigated. These
lysosomotropic compounds have been reported to inhibit ASM by
disrupting the electrostatic attraction between the negatively
charged Bis-monoacyl glycerophosphate and the positively charged
ASM protein (Kornhuber et al, 2011). Similar to other lysosomo-
tropic compounds, the ASM inhibitors had pKa values of 7–11 and
induced cellular vacuolisation following treatment (Supplementary
Table 1 and Supplementary Figures 1B-C) (Nadanaciva et al,
2011). UACC 903 cells were 4–6-fold more sensitive to these ASM
inhibitors compared to normal fibroblasts (Figure 1D). To assess
whether the lysosomotropic accumulation of these ASM inhibitors
was required for induction of cancer cell death, cells were co-
treated with a vacuolar-ATPase (v-ATPase) inhibitor, Bafilomycin-
A1 (BafA1). The v-ATPase functions as a proton pump to ensure
the acidity of acidic organelles, which is the driving force
underlying lysosomotropic drug accumulation. Therefore,
v-ATPase inhibitors, such as BafA1, reduce the uptake of
lysosomotropic compounds (Marceau et al, 2012). BafA1 treat-
ment inhibited the lysosomotropic accumulation of the ASM
inhibitors as observed by the total loss of cellular vacuolisation
induced by these agents (Supplementary Figure 1C). Furthermore,
Bafilomycin-A1 co-treatment effectively suppressed cell death
induced by these agents suggesting that the lysosomotropic
property of the ASM inhibitors was essential for anticancer activity
(Figure 1E and Supplementary Table 1).

ASM inhibitors disrupt cholesterol transport from late endoso-
mal/lysosomal cell compartments mediating cancer cell death.
Leelamine-mediated cell death involves inhibition of cholesterol
egress from lysosomes (Kuzu et al, 2014). To determine whether
ASM inhibitors acted in a similar manner, intracellular cholesterol
levels were measured by Filipin-III staining. After 6 h, ASM
inhibitor treatment promoted intracellular cholesterol accumula-
tion in a manner similar to that occurring with positive controls,
leelamine and U18666A (Figure 1F). Cholesterol accumulation
inside the late endosomal/lysosomal cell compartments was
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observed as co-localisation of RFP-tagged LAMP1 (lysosome-
associated membrane glycoprotein-1) with accumulating
cholesterol (Figure 1F, bottom). At the subcellular level, leela-
mine-mediated lysosomal cholesterol accumulation-induced the
formation of lipofuscin-like lipid-filled lysosomes (Kuzu et al,
2014). Similarly, transmission electron micrographs of UACC 903
cells treated with ASM inhibitors showed lipid-filled lysosomes
further confirming the induction of lysosomal cholesterol accu-
mulation by ASM inhibitors (Supplementary Figure 1D). To
determine whether cell death initiated by ASM inhibitors could be
reversed by restoring cellular cholesterol levels, cells were
supplemented with excess amounts of LDL-cholesterol which
increased intracellular cholesterol by alternate LDL internalisation
processes (Zhao et al, 2006). As predicted, supplementation of
LDL-cholesterol overrode the inhibition of lysosomal cholesterol
egress and protected UACC 903 cells from cell death induced by
the ASM inhibitors (Figure 1G). The protective effect of

LDL-cholesterol was dose-dependent and also occurred with
1205 Lu cells (Supplementary Figure 1E). Thus, ASM inhibitors
disrupted intracellular cholesterol transport.

ASM inhibitors deregulated cholesterol homoeostasis. Inhibi-
tion of intracellular cholesterol transport was predicted to
deregulate cholesterol homoeostasis. To identify the signalling
cascades altered by ASM inhibitors, genome-wide mRNA sequen-
cing experiments were performed on perphenazine, fluphenazine,
nortriptyline or leelamine treated UACC 903 cells. In total, 177
genes were significantly deregulated by ASM inhibitors (Figure 1H
and Supplementary Table 2). Ninety-nine of these alterations were
common to at least two out of the four treatments (Figure 1H).
Enrichment analysis of the altered genes to identify biological
processes, pathways and transcription factors affected by the
compound showed significant deregulation of cholesterol homo-
eostasis (Figure 1H, right and Table 1A). The binding site for the
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Figure 1. ASM inhibitors induce melanoma-specific cell death by inhibiting intracellular cholesterol transport. (A) fluorescence microscopy of
intracellular cholesterol localisation following knockdown of SMPD1 (ASM1) as detected by Filipin-III staining (arrows show accumulated
cholesterol); (B) the viability of UACC 903 and 1205 Lu melanoma cells following knockdown of SMPD1; (C) IC50 values of various melanoma cell
lines and FF2441 fibroblasts treated with ASM inhibitors. Dose–response curves were drawn in OriginPro (OriginLab) using Levenberg Marquardt
algorithm; (D) viability of UACC 903 and FF2441 cells following 24 h of treatment with increasing concentrations of ASM inhibitors; (E) viability of
melanoma cells treated with various ASM inhibitors in the absence or presence of v-ATPase inhibitor, Bafilomycin-A1; (F) intracellular cholesterol
localisation following leelamine, U18666A or ASM inhibitor treatments as detected by Filipin-III staining. (lower) Co-localisation of RFP-tagged
lysosomal LAMP1 protein with cholesterol; (G) LDL treatment protects UACC 903 cells from ASM inhibitor-mediated cell death; (H) Venn diagram
showing number of significantly altered genes identified by RNA-sequencing of UACC 903 cells treated with ASM inhibitors (left); and enrichment
analysis of significantly altered 177 genes; (I) expression level of cholesterol synthesis genes following ASM treatment as detected by RNA-
sequencing; (J) cholesterol synthesis pathway. White highlighted genes were identified as significantly deregulated by RNA-sequencing;
(K) distribution of log-2-fold change in expression levels of cholesterol synthesis genes identified by microarray analysis following treatment of
MCF7 cells with ASM inhibitors.
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transcription factor SREBF, the major regulator of the cholesterol
homoeostasis, was significantly enriched among the promoters of
the 177 genes (P-Value: 3.1� 10� 10; z-score: � 2.05) (Table 1A).
Several genes involved in cholesterol biosynthesis were upregulated
while cholesterol export genes were downregulated (Figure 1I). As
an alternative approach to analyse the RNA-Seq data, cholesterol
transport inhibitors were grouped together and compared to the
control group using the differential expression analysis tool (DeSeq
tool) (Anders and Huber, 2010). Eleven out of the 18 genes in the

cholesterol synthesis pathway were among the most significantly
altered 300 genes (Figure 1J and Supplementary Table 3) (Anders
and Huber, 2010). Cholesterol biosynthetic (P-value: 7.95� 10� 13;
z-score: � 2.41) and metabolic (P-value: 5.49� 10� 13; z-score:
� 2.21) processes were significantly altered with the ASM
inhibitors (Table 1B).

To confirm that ASM inhibitors deregulate cholesterol homo-
eostasis in a second cancer type, gene expression profiles of MCF7
breast cancer cells treated independently with 20 different ASM
inhibitors and respective vehicle controls were downloaded from
the Connectivity Map database (c-Map) and analysed using the
ArrayStar software (Lamb et al, 2006). Comparison of each
treatment to its respective control showed that 41 genes were
significantly deregulated by at least 10 out of the 20 compounds
(Supplementary Table 4). Cholesterol biosynthesis (P-value:
1.19� 10� 10; z-score: � 2.42) and metabolism (P-value:
1.85� 10� 9; z-score: � 2.2) were significantly enriched in this
set of ‘commonly deregulated genes’ (Table 1C). INSIG1, a
cholesterol sensor in the endoplasmic reticulum (ER), was
upregulated by all 20 compounds, and five cholesterol synthesis
genes (HMGCR, HMGCS1, SQLE, MVD and SC4MOL) were
among the 41 commonly deregulated genes (Supplementary
Table 4). As a negative control, several randomly chosen
compounds from the c-Map database were selected; however, no
deregulation of cholesterol synthesis/metabolism pathways was
observed (data not shown).

As a confirmatory approach, all 20 ASM inhibitors were
grouped together and compared with the control group, identifying
272 significantly altered probes representing 213 individual genes,
at a 99% confidence level with a moderated t-test (Supplementary
Table 5). Twenty-six out of the 59 (44%) proteins in the Gene
Ontology (GO) category of ‘Cholesterol biosynthetic process’ were
significantly deregulated by the ASM inhibitors (P-value:
5.49� 10� 16; z-score: � 2.42) (Table 1D). Many cholesterol
synthesis (e.g., HMGCS1, SQLE, IDI1) and homoeostasis (e.g.,
INSIG1) genes were 2–4-fold upregulated by the ASM inhibitors
(Figure 1K). Niemann–surya Pick disease, type C1 (NPC1) protein,
which exports cholesterol from lysosomes was also upregulated,
likely as a response to the inhibition of cholesterol transport from
lysosomes (Supplementary Table 5). These results suggested that
inhibition of cholesterol egress from lysosomes by ASM inhibitors
deregulated intracellular cholesterol homoeostasis. Furthermore,
upregulation of the cholesterol biosynthesis genes indicated a
cellular response to decreased levels of cholesterol in the ER
suggesting that lysosomal cholesterol was invisible to the
cholesterol regulatory pathways of the cancer cells. In Niemann–
Pick disease, impaired cholesterol trafficking to the ER also
upregulated cholesterol synthesis despite cholesterol accumulation
in lysosomes (Peake and Vance, 2010), further supporting this
possibility.

ASM inhibitors suppress xenografted melanoma tumour
growth. To measure the chemotherapeutic potential of ASM
inhibition, efficacies of perphenazine, nortriptyline and desipra-
mine were tested on xenografted tumour development. Oral
administration of perphenazine-reduced tumour growth by 60%
whereas nortriptyline and desipramine led to 50% and 30% tumour
inhibition, respectively (Figure 2A). Histological analyses of
tumours harvested from perphenazine-treated animals showed
cellular vacuolisation with a significant decrease in mitotic figure
numbers (Figure 2B and C). Since, perphenazine had the greatest
effect on tumour growth, this agent and a related ASM inhibitor,
fluphenazine, were subsequently tested for inhibiting UACC 903,
1205 Lu and A2058 tumour development. Oral administration of
perphenazine at 50 mg kg� 1 or fluphenazine at 25 mg kg� 1 at 4-
day intervals led to a 40–60% decrease in tumour development
(Figure 2D–H). Tumour weights harvested from the drug-treated

Table 1. Geneset enrichment analysis

Pathway P-value Z-score Tool

(A) RNA-Seq enrichment analysis
Regulation of cholesterol biosynthesis
by SREBF

3.10E� 10 � 2.05 Reactome

Interferon a/b-signalling 4.10E� 06 � 1.93 Reactome
Cholesterol biosynthetic process 1.09E� 11 � 2.42 GOBP
Cholesterol metabolic process 1.87E� 09 � 2.21 GOBP
Response to decreased oxygen levels 3.78E� 08 � 2.48 GOBP
Response to nutrient levels 1.75E� 06 � 2.4 GOBP
Response to endoplasmic reticulum
stress

2.03E� 05 � 2.18 GOBP

Endoplasmic reticulum membrane 2.62E� 04 � 2.29 GOCC
Perinuclear region of cytoplasm 3.86E� 03 � 2.3 GOCC
SREBF1 3.41E� 08 � 1.88 ENCODE

(B) RNA-Seq groupwise comparison enrichment analysis
Cholesterol biosynthetic process 7.95E� 13 � 2.41 GOBP
Cholesterol metabolic process 5.49E� 13 � 2.21 GOBP
Steroid biosynthetic process 1.78E� 07 � 2.22 GOBP
ER-nucleus signalling pathway 3.00E� 07 � 2.19 GOBP
Cellular response to hypoxia 4.97E� 07 � 2.24 GOBP
Response to nutrient levels 2.04E� 06 � 2.42 GOBP
Isoprenoid biosynthetic process 8.76E� 06 � 2.71 GOBP
Response to endoplasmic reticulum
stress

3.79E� 06 � 2.22 GOBP

Regulation of cholesterol biosynthesis
by SREBP

3.12E� 09 � 2.05 Reactome

Activation of gene expression by
SREBF (SREBP)

1.40E� 05 � 2.06 Reactome

UPR 2.15E� 04 � 1.93 Reactome

(C) Microarray pairwise comparison enrichment analysis
Regulation of cholesterol biosynthesis
by SREBP

3.65E� 07 � 2.05 Reactome

PERK regulates gene expression
(ER stress)

5.16E� 06 � 2.14 Reactome

UPR 4.33E� 06 � 1.94 Reactome
Cholesterol biosynthetic process 1.19E� 10 � 2.42 GOBP
Response to nutrient levels 3.27E� 09 � 2.45 GOBP
Response to endoplasmic reticulum
stress

2.13E� 09 � 2.25 GOBP

Cholesterol metabolic process 1.85E� 09 � 2.2 GOBP
Endoplasmic reticulum membrane 1.02E� 07 � 2.29 GOCC
Perinuclear region of cytoplasm 6.27E� 03 � 2.28 GOCC

(D) Microarray groupwise comparison enrichment analysis
Regulation of cholesterol biosynthesis
by SREBP

1.91E� 12 � 2.05 REACTOME

UPR 2.04E� 10 � 1.94 REACTOME
PERK regulates gene expression
(ER stress)

7.94E� 08 � 2.12 REACTOME

Cholesterol biosynthetic process 5.49E� 16 � 2.42 GOBP
Response to endoplasmic reticulum
stress

2.24E� 14 � 2.25 GOBP

Cholesterol metabolic process 3.30E� 12 � 2.2 GOBP
ER-nucleus signalling pathway 7.01E� 12 � 2.2 GOBP
Autophagy 7.75E� 05 � 2.09 GOBP
ER to Golgi vesicle-mediated
transport

1.84E� 04 � 1.92 GOBP

Response to starvation 2.70E� 07 � 2.19 GOBP
Intrinsic apoptotic signalling pathway
in response to ER stress

2.15E� 06 � 2.36 GOBP

Abbreviations: ER¼ endoplasmic reticulum; GOBP¼Gene Ontology Biological Process,
GOCC¼Gene Ontology Cellular Component; UPR¼ unfolded protein response.

Intracellular cholesterol transport inhibitors BRITISH JOURNAL OF CANCER

www.bjcancer.com | DOI:10.1038/bjc.2017.200 517

http://www.bjcancer.com


animals at the end of treatment were 40–60% lower than control
groups (Figure 2E and H).

At the end of the perphenazine treatment, blood serum was
collected and analysed for blood biomarkers indicative of major
organ toxicity. Compared to controls, total bilirubin levels were
significantly higher in perphenazine-treated animals, likely due to
haemolytic anaemia, a known side effect of phenothiazine
antipsychotics, such as perphenazine (Supplementary Table 6)
(Ohlow and Moosmann, 2011). Histological analysis of vital organs
showed no alteration in cell morphology or tissue architecture
(Supplementary Figure 2D). However, both perphenazine and
fluphenazine caused CNS-related side effects limiting the max-
imum drug dosage that could be administered to animals. Thirty to
sixty minutes after oral administration, animals became sedated,
which persisted for 424 h, limiting feeding and causing a 10% loss
of body weight (Figure 2I and Supplementary Figure 2A–C). Thus,
administration of certain clinically used ASM inhibitors at doses
causing an anticancer effect was limited due to sedative CNS-
related effects, necessitating reformulation for use in cancer
therapy.

Nanoliposomal encapsulation of perphenazine reduced side
effects while enhancing chemotherapeutic efficacy. Liposomal
encapsulation of the CNS-active ASM inhibitors was hypothesised
to able to decrease CNS-related side effects by reducing blood–
brain-barrier permeability. This approach was also predicted to
increase efficacy by prolonging the drug circulation lifetime, and
through the enhanced permeability and retention (EPR) effect
(Greish, 2007). Therefore, perphenazine was encapsulated into
nanoliposomes having a neutral charge (in saline) and an average
size of 70 nM. Encapsulation efficiency was 66%±3 (s.e.m.) with a
drug to lipid ratio of 0.2 (m/m). Nanoliposomal perphenazine was

as effective as the free drug at killing cultured cancer cells and was
stable at 4 1C for 20 weeks (Supplementary Table 7). Encapsulated
perphenazine was released from liposomes at a rate of 2.6% per
hour over a 24-h time period (Supplementary Figure 3A).
Furthermore, nanoliposomal encapsulation eliminated the haemo-
lytic activity occurring with orally administered perphenazine
suggesting that this approach could also lessen haemolytic anaemia
associated with high doses of this drug (Supplementary Figure 3B).

To determine whether nanoliposomal encapsulation of perphe-
nazine decreased CNS-related sedative effects, Swiss-Webster mice
were examined using video surveillance following treatment.
Control mice spent approximately 40% of the day awake and
motile, which decreased to 6% when 50 mg kg� 1 perphenazine was
administered orally (P¼ 5.05� 10� 15) (Figure 3A and B). In
contrast, mice treated intravenously with nanoliposomal perphe-
nazine at 15 mg kg� 1 were awake and active 30% of the day,
which was a significant improvement compared to oral treatment
(P¼ 2.8� 10� 10). A dose-matched oral control of 15 mg kg� 1

perphenazine had a slightly greater sedative effect compared to
liposomal treatment (P¼ 0.037) but caused body weight loss
following treatment for 2 days (Figure 3A–C). Nanoliposomal
perphenazine treated animals did not lose weight compared to a
10% loss observed following oral treatments (Figure 3C). These
results suggest that nanoliposomal encapsulation decreases
CNS-associated sedative side effects of perphenazine.

Nanoliposomal perphenazine was as effective as the free drug at
killing cultured cancer cells, having an IC50 of 10 uM for UACC 903
melanoma cells (Figure 3D). Intravenous administration of
15 mg kg� 1 perphenazine nanoliposomes on alternate days led to
60 and 70% decrease in UACC 903 and 1205 Lu tumour
development, respectively (Figure 3E–G). In contrast, the free
drug was ineffective at inhibiting UACC 903 tumour development

800

700

600

400

300

100

200

500

0

120

100

80

60

40

20

0

120

100

80

60

40

20

0

50

40

30

20

10

0

120

100

80

60

40

20

0

25

24

23

22

21

20

19

18

17

1600

1400

1200

1000

600

800

400

200

0
0Control

Control

ControlUACC 903

A

F G H I

B C D E

Fluphenazine 25 mg kg–1

Fluphenazine 25 mg kg–1

Fluphenazine 25 mg kg–1

Perphenazine 50 mg kg–1

Perphenazine 50 mg kg–1

Perphenazine

Perphenazine 50 mg kg–1

Control

A
ve

ra
ge

 a
ni

m
al

 w
ei

gh
ts

 (
gr

)

Control

T
um

ou
r 

w
ei

gh
ts

 c
om

pa
re

d 
to

co
nt

ro
l t

re
at

m
en

t

T
um

ou
r 

w
ei

gh
ts

 c
om

pa
re

d 
to

co
nt

ro
l t

re
at

m
en

t

Control
Control1205 Lu-VGFPA2058-VGFP

Control

Control

N
S

*** ***

***
P<0.001

***

**

*

*

Nortryp.Desip. Perph. Perph.

Perph.

Day6
Day8

Perph

Perph.

Fluph. Fluph.

Control Perph.Fluph.

Fluph.

6

A
ve

ra
ge

 tu
m

ou
r 

vo
lu

m
e 

(p
er

ce
nt

 o
f c

on
tr

ol
)

A
ve

ra
ge

 n
um

be
r 

of
 m

ito
tic

 fi
gu

re
s 

pe
r 

fie
ld

8 10 12 14 16 18 20 22

0 8 3612 3216 2820 240 6

T
um

ou
r 

vo
lu

m
e 

(m
m

3 )

T
um

ou
r 

vo
lu

m
e 

(m
m

3 )

T
um

ou
r 

vo
lu

m
e 

(m
m

3 )

Days after subcutaneous injection of melanoma cells Days after subcutaneous injection of melanoma cells

Day after subcutaneous injection of melanoma cells

8 10 12 14 16 18

64%

47% 56%

50%

%
58

%
42

2500

2000

1500

1000

500

0

Figure 2. Efficacy of cholesterol transport inhibitors on xenografted melanoma tumour development. (A) bar graph representing the effect of
oral administration of desipramine, nortriptyline and perphenazine on xenografted UACC 903 melanoma tumour growth at day 22; (B) H&E
stained tumour sections showing vacuolisation of tumours harvested from animals treated with perphenazine; (C) bar graph showing average
number of mitotic figures identified in H&E stained sections of tumours harvested from perphenazine or vehicle-treated mice; (D–H) growth
kinetics or tumour weights of UACC 903, 1205 Lu and A2058 xenografted tumours following oral administration of fluphenazine (25 mg kg�1) or
perphenazine (50 mg kg�1). Image (inset in D) showing UACC 903 tumours harvested at the end of the experiment. (E and H) bar graphs showing
tumour weight percentages compared to vehicle-treated animals, harvested from UACC 903 and A2058 xenografts, respectively; (I) bar graph
showing the weight loss of mice with UACC 903 xenografts 2 days after drug treatments. *P o 0.05; **P o 0.01; ***P o 0.001.

BRITISH JOURNAL OF CANCER Intracellular cholesterol transport inhibitors

518 www.bjcancer.com | DOI:10.1038/bjc.2017.200

http://www.bjcancer.com


at 12.5 or 25 mg kg� 1 concentrations (Supplementary Figure 3C).
Weights of the tumours harvested from perphenazine nanolipo-
some treated xenografts were 2–3-fold lower than the vehicle-
treated control group (Figure 3F). No significant weight loss was
observed and all serum markers indicative of major organ toxicity
were comparable to controls (Figure 3E and G; Supplementary
Table 6). Histopathological analysis of major organs showed no
differences between experimental and control groups (Figure 3H).
Thus, nanoliposomal encapsulation of CNS-active ASM cholesterol
transport inhibitors might provide a novel approach for decreasing
CNS-related side effects while enhancing the anticancer activity of
the compound.

Inhibition of intracellular cholesterol transport blocks autopha-
gic flux. Disruption of intracellular cholesterol transport has been
shown to inhibit autophagic flux (Kuzu et al, 2014). Analysis of
microarray data from the c-Map database also suggested that ASM
inhibitors deregulate autophagic processes (Table 1C). To
determine whether ASM inhibitors would deregulate autophagic
flux, levels of the autophagosome marker, LC3B, and autophagic
flux marker, p62/SQSTM1, were examined by western blotting.
Nortriptyline, perphenazine or fluphenazine-treated UACC 903
cells, led to dose-dependent accumulation of LC3B and p62
proteins (Figure 4A). Accumulation of LC3B was also observed
through fluorescence microscopy of GFP-tagged LC3B expressing
UACC 903 cells (Figure 4B). Thus ASM inhibitors suppressed
autophagic flux causing aggregation of autophagosomes in a
manner similar to that occurring with the cholesterol transport
inhibitor leelamine (Kuzu et al, 2014).

Inhibition of intracellular cholesterol transport by ASM
inhibitors suppressed cellular endocytosis. Targeting cholesterol

transport using leelamine or disruption of this process in
Niemann–Pick disease leads to inhibition of cellular endocytosis
(Peake and Vance, 2010; Kuzu et al, 2014). Hence, the effect of
ASM inhibitors on cellular endocytosis was examined by measur-
ing uptake of Alexa Fluor-conjugated transferrin. Transferrin is
typically internalised into early endosomes through clathrin-
mediated endocytosis, which serves as the major pathway for
uptake of receptor-ligand complexes (Liu et al, 2010). Uptake of
Alexa Fluor-conjugated transferrin protein was measured by
fluorescence microscopy and flow cytometry (Kuzu et al, 2014).
In contrast to the vehicle-treated control group, cells treated with
ASM inhibitors did not take up transferrin, suggesting that these
compounds inhibit cellular endocytosis (Figure 4C). Flow cyto-
metric quantitation of transferrin uptake demonstrated a dose-
dependent inhibition of endocytosis (Figure 4D). Cellular endocy-
tosis is critical for cancer cell survival as many oncogenic signals
are initiated by membrane receptors that are regulated by
endocytosis (Polo et al, 2004).

ASM inhibitors deregulated intracellular vesicle trafficking.
Transport of LDL-derived cholesterol from the lysosomes to the
ER involves the trans-Golgi network (TGN) (Urano et al, 2008). In
Niemann–Pick disease, inhibition of cholesterol egress from
lysosomes depletes cholesterol levels both in TGN and ER
(Garver et al, 2002; Urano et al, 2008; Peake and Vance, 2010).
Lower cholesterol levels in these organelles disrupts efficient ER to
Golgi vesicle transport (Ridsdale et al, 2006). Enrichment analysis
of the RNA-Seq data suggested increased ER stress and disrupted
ER to Golgi vesicle-mediated transport following treatment with
ASM inhibitors (Table 1). To confirm the cellular consequences of
ASM inhibitors on intracellular vesicle trafficking, the perturbation
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signature similarity data in Lincscloud database was analysed
(lincscloud.org). This database contains cellular signatures
obtained from various cellular perturbations following chemical
treatments, gene knockdown or overexpression studies, enabling
comparison of similarities between different perturbations over
multiple cell lines. Signature data for 32 ASM inhibitors were
available in LincsCloud database. A set of genetic perturbations
exhibited significant similarity to the ASM inhibitors (Figure 4E
and Supplementary Table 8). Among these, knockdown of the
genes involved in cellular endocytosis and vesicle trafficking
(ATP6V0B, ATP6V0C, CHMP2A), genes involved in the Golgi to
ER retrograde transport (COPA, COPB2, TMED10), and more
interestingly RTK/AKT signalling proteins (ERBB3, KRAS, AKT3)
exhibited similar signatures to ASM inhibitors (Figure 4E).

Disruption of intracellular vesicle trafficking, cellular endocy-
tosis and the trans-Golgi network may retard maturation and
localisation of certain proteins (Gu et al, 2001). Leelamine-
mediated inhibition of cholesterol transport altered the localisation
of several receptor tyrosine kinases and led to the accumulation of
immature forms (Kuzu et al, 2014). Similarly, treatment with ASM

inhibitors delocalised the IGF1R receptors to the perinuclear
region and caused a dose-dependent accumulation of immature
forms of HGFR, IGFIR and cathepsin B proteins while decreasing
the levels of mature forms (Figure 4F and G). In agreement with
RNA-Seq results, western blotting of ER stress markers, HERPUD1
and EROL1a indicated the induction of ER stress by ASM
inhibitors (Figure 4G). Collectively, these results suggested that
inhibition of intracellular cholesterol transport by ASM inhibitors
disrupted intracellular vesicle trafficking in the ER trans-Golgi
network, impaired protein maturation and triggered the ER stress
response(Grice et al, 2010).

Inhibition of intracellular cholesterol transport retarded RTK/
AKT/STAT3 signalling. Disrupted maturation and localisation of
RTKs and inhibition of cellular endocytosis can suppress down-
stream signalling cascades regulated by these receptors (Sorkin and
von Zastrow, 2009). Leelamine-mediated inhibition of intracellular
cholesterol transport inhibited downstream PI3K/AKT and STAT3
signalling pathways (Kuzu et al, 2014). Similarly, ASM inhibitors
suppressed pAKT, pPRAS40 and pSTAT3 levels (Figure 4G).
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Interestingly, pERK1/2 levels were upregulated possibly due to
strong AKT inhibition, which has been observed following genetic
or pharmacological inhibition of AKT signalling (Chen et al, 2012).
Thus, inhibition of RTK/PI3K/AKT/STAT3 signalling could
partially explain the enhanced sensitivity of cancer cells to ASM
inhibitors, as many cancers are addicted to these oncogenic
signalling cascades.

Cancer cells with high PI3K/AKT activity exhibited increased
sensitivity to ASM inhibitors. PTEN deletion promotes prostate
cancer aggressiveness via cholesteryl ester accumulation and
consequent PI3K/AKT activation (Yue et al, 2014). Since, ASM
inhibitors significantly downregulated AKT signalling, the poten-
tial association between loss of PTEN activity and increased
sensitivity to cholesterol transport inhibition was investigated in a
panel of melanoma and normal skin cell lines. Melanoma cells
lacking functional PTEN showed enhanced sensitivity to ASM
inhibitors, suggesting that ASM inhibitors might more effectively
kill those cancer cells in which AKT signalling is activated
(Figure 4H).

Inhibition of intracellular cholesterol transport leads to caspase-
independent cell death that involves mitochondrial localisation
of BAX. To characterise the mechanism of cell death mediated by
ASM inhibitors, alterations in various cell death processes were
examined. To identify alive vs early and late apoptotic cells, UACC
903 cells were treated with ASM inhibitors for 24 h and stained
with Annexin-V/Propidium iodide (PI). All of the tested agents led
to a significant increase in the percentage of early apoptotic cells
(Annexin-Vþ , PI� ) (Figure 5A). In the control cells, only 1%
underwent apoptosis while that was dose-dependently increased to
4–8% following ASM treatment. Furthermore, a dramatic increase
from 0.5% to 10–37% was observed in late apoptotic/necrotic
Annexin-V, PI-positive cells. Necrosis was not the cause of cell
accumulation in this quadrant as neither of the two necrosis
inhibitors, IM-54 and Necrostatin-5, protected UACC 903 cells
from ASM inhibitor or leelamine-mediated cell death
(Supplementary Figure 4A and B) (Galluzzi et al, 2012).

Next, loss of mitochondrial membrane potential (MMP) was
assessed since it has a central role in many apoptotic processes and
leelamine treatment decreased MMP (Ly et al, 2003; Kuzu et al,
2014). Following treatment with ASM inhibitors, UACC 903 cells
were stained with Tetramethylrhodamine Ethyl Ester (TMRE), a
cell-permeant fluorescent dye that accumulates in mitochondria in
a membrane potential-dependent manner (Bernas and Dobrucki,
2002). As a positive control, FCCP which is an oxidative
phosphorylation uncoupler was used, which effectively reduced
the MMP of treated cells. Following 3 h of 10 umol l� 1 nortripty-
line or perphenazine treatment, 15% of the cells lost MMP
(Figure 5B). The decrease in MMP was dose and time-dependent
as evidenced by a 19 and 28% decrease after 6 h of 10 or 15 uM

perphenazine treatments, respectively.
To determine whether BAX, a proapoptotic member of the Bcl-

2 protein family that induces loss of MMP by translocating to the
mitochondrial membrane, was involved in cell death, the
sensitivity of wild-type and BAX-knockout HCT116 cells to ASM
inhibitors was compared (Smaili et al, 2001). BAX-knockout cells
were more resistant to increasing concentrations of perphenazine
(Figure 5C; left). Moreover, all of the tested ASM inhibitors, more
effectively killed wild-type HCT116 cells (Figure 5C; right).
Mitochondrial localisation of BAX promotes assembly of the
apoptosome and subsequent activation of caspases (Gomez-
Crisostomo et al, 2013). Interestingly, the response of cells to
NS-3694, an inhibitor of apoptosome formation, was variable,
following co-treatment with various ASM inhibitors (Figure 5D).
50 mMol/l NS-3694 partially protected cells from death mediated
by perphenazine, fluphenazine or flupenthixol, but not
desipramine, nortriptyline or leelamine treatments (Figure 5D).

Furthermore, cell death induced by ASM inhibitors was
caspase-independent (Figure 5E). Pan-caspase inhibitor z-VAD-
fmk, protected cells from apoptosis induced by positive control
TRAIL treatment (Figure 5E; left). However, it was ineffective
against cell death mediated by ASM inhibitors, suggesting
induction of a caspase-independent cell death program
(Figure 5E; right).

DISCUSSION

Cholesterol is an essential lipid for the proper functioning of the
cell membrane and membrane-bound organelles (Ikonen, 2008). It
has a key role modulating signal transduction from the membrane
to cytoplasm and participates in intracellular vesicle trafficking
(Ridsdale et al, 2006; Ikonen, 2008). Increased levels of cellular
cholesterol and deregulation of its homoeostasis occur in various
malignancies (Yue et al, 2014).

Recent studies have dissected the role of cellular cholesterol in
cancer progression and suggested targeting it as a potential
chemotherapeutic approach (Guo et al, 2011; Freed-Pastor et al,
2012; Sorrentino et al, 2014; Yue et al, 2014; Gabitova et al, 2015).
Oncogenic signals initiated from RTK/MAPK, RTK/PI3K/AKT/
mTOR or mutant p53 were found to deregulate cholesterol
synthesis in cancer cells (Guo et al, 2011; Freed-Pastor et al, 2012;
Sorrentino et al, 2014; Gabitova et al, 2015). Mutant KRAS-
mediated transformation increased the cellular demand for
cholesterol (Gabitova et al, 2015). Activation of AKT pathway
induced SREBP-mediated cholesterol synthesis and LDL receptor-
mediated cholesterol import while shutting down ABCA1-
mediated cholesterol export (Porstmann et al, 2008; Guo et al,
2011). In prostate cancer, intracellular cholesterol levels enhanced
by AKT signalling contributed to cancer aggressiveness and bone
metastases (Thysell et al, 2010; Yue et al, 2014). In glioblastoma,
LDL receptors were induced by over-activated AKT signalling and
their pharmacological targeting effectively killed tumour cells (Guo
et al, 2011). SREBP-mediated upregulation of cholesterol synthesis
was induced by mutant p53, contributing to proliferation and self-
renewal of breast cancer cells (Freed-Pastor et al, 2012; Sorrentino
et al, 2014). Collectively, these studies suggest that deregulated
intracellular cholesterol homoeostasis plays an important role in
cancer development.

Recently, inhibition of intracellular cholesterol transport has been
shown to induce melanoma cell death (Kuzu et al, 2014). This study
expands on these studies by showing that like Niemann–Pick
disease, where loss of function mutations in ASM retard intracellular
cholesterol transport, certain ASM inhibitors can block cholesterol
egress from lysosomes to inhibit cancer cell survival. Upregulation of
the genes in the cholesterol synthesis pathway following ASM
inhibition suggested decreased cholesterol levels in the ER and
potentially also in other membrane-bound organelles. The inhibition
of intracellular cholesterol transport mediated by ASM inhibitors
also disrupted cellular endocytosis and autophagic flux while causing
ER stress and inhibiting AKT as well as STAT3 signalling cascades.
Cancer cells with over-activated MAP kinase and PI3K/AKT
pathways were threefold more sensitive to ASM inhibitors compared
to normal skin cells. This observation could be associated with
increased cholesterol demand by these cells due to upregulated
MAPK/AKT/SREBP signalling. Moreover, activated AKT/mTOR
signalling has been reported to increase proteasomal degradation of
NPC1 protein which could also sensitise cancer cells to inhibition of
cholesterol egress from lysosomes (Du et al, 2015).

Although lysosomotropic ASM inhibitors have been suggested
to inhibit the function of the enzyme by disrupting the electrostatic
attraction between intraluminal membranes and ASM, causing
degradation of the enzyme by cathepsins, the exact mechanism still
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needs further study (Schulze et al, 2009; Petersen et al, 2013).
Following lysosomotropic accumulation of ASM inhibitors, these
agents could interfere with other lysosomal proteins such as NPC1
and NPC2. A recent study suggested U18666A to be a direct
inhibitor of NPC1 (Lu et al, 2015).

CNS-active agents, such as tricyclic antidepressants and
antipsychotics, also act as ASM inhibitor and have been suggested
to prevent cancer in case–control and preclinical studies
(Kornhuber et al, 2008; Lieb, 2008; Kornhuber et al, 2011).
A case–control study that involved follow-up of a cohort of 6168
chronic schizophrenic patients over 27 years, identified decreased
cancer risk for the respiratory system, prostate, bladder and uterine
cervix cancers by using high-dose tricyclic antidepressants
(Mortensen, 1989). Another case–control study showed an
association between previous tricyclic antidepressant usage and
cancer incidence (Walker et al, 2011). After stratifying for age,
gender, smoking and alcohol usage, a statistically significant
inverse association was found between previous tricyclic anti-
depressant usage and incidence of glioma as well as colorectal

cancer, in a dose- and time-dependent manner. No linkage of the
anti-ASM activity of these agents was reported, making this study
the first to suggest a possible mechanism for these observations.

In preclinical studies, many antidepressants that also act as ASM
inhibitors, have been shown to trigger cancer cell death and restore
sensitivity of multidrug-resistant (MDR) cancer cell lines (Akiyama
et al, 1986; Peer and Margalit, 2006). Perphenazine induced
mitochondria-mediated cell death in human neuroblastoma cells
and triggered apoptosis in both wild-type and MDR-B16
melanoma cells (Gil-Ad et al, 2006; Perez-Alvarez et al, 2011).
Fluphenazine was also effective at killing MDR-B16 cells (Gil-Ad
et al, 2006). Flupentixol enhanced the sensitivity of murine
fibrosarcoma cells to anticancer drugs (Fan et al, 1994). Another
antidepressant, desipramine-triggered apoptotic cell death of colon
carcinoma cells (Arimochi and Morita, 2008). Thus, epidemiolo-
gical and preclinical studies suggest that tricyclic antidepressants
may also function as chemotherapeutic agents. Since many ASM
inhibitors were shown to enhance sensitivity of drug-resistant cell
lines to chemotherapeutic agents, it is possible that these agents

0.6

Annexin V

D
M

S
O

D
esipram

ine
15 �m

ol l –1

F
lu

pe
nt

ix
ol

8 
�m

ol
 l–1

F
lupentixol

12 �m
ol l –1

P
erphenazine
10 �m

ol l –1N
or

tr
ip

ty
lin

e
15

 �
m

ol
 l–1

P
ro

pi
di

um
 io

di
de

0.4 3.2 3.5
120

100

80

60

40

20

0
DMSO

Con
tro

l

Le
ela

m
ine

(6
 �

m
ol 

l–
1 )

Des
ipr

am
ine

(5
0 
�m

ol 
l–
1 )

Flup
en

tix
ol

(1
5 
�m

ol 
l–
1 )

Flup
he

na
zin

e

(1
5 
�m

ol 
l–
1 )

%
 o

f v
ia

bl
e 

ce
lls

 c
om

pa
re

d 
to

co
nt

ro
l t

re
at

m
en

t

120
6000

5000

4000

3000

2000

1000

0
Control

C
as

pa
se

 3
/7

 a
ct

iv
ity

 (
R

F
U

)

Trail

D
M

S
O

D
M

S
O

Tr
ai

l
(1

00
 �

m
ol

 l–1
)

Le
el

am
in

e
(3

 �
m

ol
 l–1

)

Le
el

am
in

e
(3

 �
m

ol
 l–1

)

D
es

ip
ra

m
in

e
(2

0 
�m

ol
 l–1

)

D
es

ip
ra

m
in

e
(2

0 
�m

ol
 l–1

)

F
lu

pe
nt

ix
ol

(1
2 

�m
ol

 l–1
)

F
lu

pe
nt

ix
ol

(6
 �

m
ol

 l–1
)

F
lu

ph
en

az
in

e
(1

0 
�m

ol
 l–1

)

F
lu

ph
en

az
in

e
(1

0 
�m

ol
 l–1

)

N
or

tr
ip

ty
lin

e
(1

5 
�m

ol
 l–1

)

N
or

tr
ip

ty
lin

e
(1

4 
�m

ol
 l–1

)

P
er

ph
en

az
in

e
(1

0 
�m

ol
 l–1

)

P
er

ph
en

az
in

e
(1

2 
�m

ol
 l–1

) Trail
zVADfm k

NS

Alone
NS3694 (50 �mol l

–1
) Alone

+ zVADfmk (20 �mol l
–1

)

*
*** ***

**

**
** * *

**

NS

100

80

60

40

20

0

%
 o

f v
ia

bl
e 

ce
lls

 c
om

pa
re

d 
to

co
nt

ro
l t

re
at

m
en

t

120

100

80

60

40

20

0

%
 o

f v
ia

bl
e 

ce
lls

 c
om

pa
re

d 
to

co
nt

ro
l t

re
at

m
en

t

120

100

80

60

40

20

0%
 o

f v
ia

bl
e 

ce
lls

 c
om

pa
re

d 
to

co
nt

ro
l t

re
at

m
en

t

15

1 2

BAX

ERK 1/2

1 – HCT116 BAX
wt/wt

HCT116 BAX
wt/wt

2 – HCT116 HCT116 BAX
–/–

HCT116 BAX
–/–

HCT116 BAX
wt/wt

A B C

D E

HCT116 BAX
–/–

17.5 20
Perphenazine (μmol l–1)

22.5 25 27.5 30 32.5

BLANK

DMSO

Δψmt

FCCP

100%

– +

100%

13%

15%

15%

24%

19%

28%6 h 15 �M

100 101 102 103 104

P
er

ph
en

az
in

e
N

or
tr

ip
ty

lin
e

6 h 10 �M

3 h 15 �M

3 h 10 �M

3 h15 μM

3 h 10 �M

96%4.289.11.597.5

4.7

87.3

25 19 28.6 27.3

836.1749

2.5 43.3 9.3

4.5 17.7 29.7

Figure 5. ASM inhibitor-mediated cell death involves disruption of MMP but not Caspase-3/7 activity. (A) flow cytometry analysis showing
Annexin-V/PI staining of UACC 903 cells. Cells, in the lower and upper right quadrant show early and late apoptotic cells, respectively;
(B) histogram showing MMP following treatment with ASM inhibitors or FCCP; (C) viability of wild-type or BAX-knockout HCT116 cells after 24 h of
treatment with increasing concentrations of perphenazine (left) or other ASM inhibitors (right); (D) viability of UACC 903 cells treated with leelamine
or ASM inhibitors in the absence or presence of apoptosome inhibitor NS3694; (E) caspase-dependent cell death measured by treatment of UACC
903 cells with or without pan-caspase inhibitor, z-VAD-fmk. TRAIL (50 ng ml�1) treatment served as a positive control for caspase-dependent cell
death (left). *P o 0.05; **P o 0.01; ***P o 0.001.

BRITISH JOURNAL OF CANCER Intracellular cholesterol transport inhibitors

522 www.bjcancer.com | DOI:10.1038/bjc.2017.200

http://www.bjcancer.com


could reverse the resistance to V600E-BRAF inhibitors in
melanoma, which has been reported to involve activation of
AKT and STAT3 signalling (Shao and Aplin, 2010; Liu et al, 2013).

Several compounds that act as an ASM inhibitor are currently
being tested in clinical trials for therapeutic efficacy against
leukaemia, myeloma, lung, prostate and colorectal cancers (Clinical
Trial ID: NCT02096289, NCT00821301, NCT00417274,
NCT01719861). The chemotherapeutic potential of quinacrine
(mepacrine) on prostate cancer has been assessed in a phase-2 trial
(Clinical Trial Id: NCT00417274). The trial was conducted in
patients who had not responded to previous chemotherapies.
Although only one of the 31 patients showed a partial response to
the treatment, B50% of the patients showed stabilisation or
decrease in the rate of disease progression. More recently, the
chemotherapeutic activity of desipramine was examined in a
phase-IIa clinical study for small cell lung cancer (Clinical Trial Id:
NCT01719861). The plan was to start treating patients at
75 mg day� 1 and increase dosing to 450 mg day� 1. However, only
one patient was able to tolerate a dose above 150 mg day� 1

(personal communication). Failure to reach therapeutically effec-
tive dosing levels and lack of efficacy led to early study termination
suggesting that alternative approaches for administering these
drugs may be required for anticancer efficacy.

In this report, the significant anticancer activity of two ASM
inhibitors, perphenazine and fluphenazine, was observed. Both
agents led to decreased xenografted tumour development, but
efficacy was limited by CNS-associated sedative side effects. The
dose required for anticancer activity in mice were 4–10 times
greater than the standard doses used in the clinic. These levels are
impractical in humans and caused sedation of mice. In this study,
nanoliposomal encapsulation of perphenazine was identified as a
strategy to overcome the side effects of CNS-active agents that are
ASM inhibitors. Nanoliposomal encapsulation would alter the
pharmacokinetics and tissue distribution of the CNS-active agents
by decreasing blood–brain-barrier permeability, protecting the
agents from liver metabolism, and assisting in tumour penetration
due to the EPR effect (Greish, 2007). Nanoliposomal encapsulation
of perphenazine-reduced CNS-associated sedative effects of
perphenazine, while enhancing the anticancer activity of the
compound. Therefore certain ASM compounds with well-known
toxicity profiles might be repurposed for use as anticancer agents
by reformulation into nanoparticles.
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