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Abstract
Lipid rafts are microdomains of the plasma membrane enriched in cholesterol and sphingolipids,
and play an important role in the initiation of many pharmacological agent-induced signaling
pathways and toxicological effects. The structure of lipid rafts is dynamic, resulting in an ever-
changing content of both lipids and proteins. Cholesterol, as a major component of lipid rafts, is
critical for the formation and configuration of lipid rafts microdomains, which provide signaling
platforms capable of activating both pro-apoptotic and anti-apoptotic signaling pathways. A
change of cholesterol level can result in lipid rafts disruption and activate or deactivate raft-
associated proteins, such as death receptor proteins, protein kinases, and calcium channels. Several
anti-cancer drugs are able to suppress growth and induce apoptosis of tumor cells through
alteration of lipid raft contents via disrupting lipid raft integrity.
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Introduction
Lipid rafts are microdomains of the plasma membrane enriched in cholesterol and
sphingolipids, and play many important roles in cell signal transduction (Simons and
Toomre, 2000). Lipid rafts are heterogeneous in both protein and lipid content, and coexist
within a cell (Pike, 2005). The structure of lipid rafts is dynamic, resulting in an ever-
changing content of both lipids and proteins. The heterogeneous and dynamic makeup of
these lipid raft domains contributes to the large number of signals capable of being
transduced from the outer membrane of the cell to cellular organelles of the cytoplasm or the
nucleus of the cell, through the lipid rafts. In many cases, the function of proteins depends
greatly on their association with lipid rafts. The inclusion of proteins into lipid raft domains
is dependent on the makeup of lipids and other proteins of each lipid raft. Cholesterol is a
main lipid component of lipid rafts. The presence of cholesterol is critical for membrane raft
formation; however, its absolute configuration is not, as cholesterol's interaction with other
lipids is not chiral in nature (Westover and Covey, 2003; Westover et al., 2003). Some rafts
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require less cholesterol than others in order to maintain their integrity. Ceramide is one of
the other main lipid components of lipid rafts. Acid sphingomyelinase converts sphingolipid
to ceramide, and released ceramide self-aggregates into lipid raft domains, reordering the
lipid raft domain to form a signaling structure that produces raft fusion resulting in signaling
platforms (Grassme et al., 2001). In accordance with “The Induced-Fit Model of Raft
Heterogeneity”, the association of proteins with lipid rafts can affect the lipid content of the
lipid rafts and vice versa (Abrami et al., 2001; Pike, 2004). Lipid raft microdomains provide
signaling platforms capable of activating various cellular signaling pathways, both pro-
apoptotic and anti-apoptotic, which may be inhibited upon lipid raft disruption (Algeciras-
Schimnich et al., 2002; Li et al., 2003b; Bang et al., 2005). In this review, the role of lipid
rafts in mediating apoptosis and as a therapeutic target for cancer treatment will be
discussed.

Lipid Rafts Cholesterol and Apoptosis
While many regulatory mechanisms of apoptosis are well elucidated (Tournier et al., 2000;
Elmore, 2007; Bialik et al., 2010; Benbrook and Masamha, 2011; Indran et al., 2011;
Takekawa et al., 2011), the role of lipid rafts in programmed cell death has only recently
begun to be explored. Alteration of ceramide has been shown to attribute to the process of
apoptosis (Obeid et al., 1993; Colombini; Gorgoglione et al., 2010). However, although
ceramide is present in the lipid rafts of cells, the most commonly documented apoptotic
functions of ceramide take place on the mitochondria of the cell and in formation of
ceramide channels on the cellular membrane (Ion et al., 2006; Woodcock, 2006;
Colombini). Lipid rafts may play a role in these apoptotic functions by in- or exclusion of
ceramide into raft domains, allowing for ceramide shuttling or channel formation
(Colombini). On other hand, it has been documented that alterations of raft cholesterol levels
can directly lead to activation of multiple pathways: including but not limited to protein
kinase activation or deactivation, apoptotic membrane receptor activation, and through an
increase in intracellular calcium levels (Fig. 1).

Lipid raft analysis
The roles of raft cholesterol and lipid rafts in apoptosis are often examined by analysis of the
alteration of apoptotic events following lipid raft disruption, which is achieved by lipid raft
component alteration, such as cholesterol depletion. A variety of techniques have been
developed to analyze the changes of lipid raft-associated lipids and proteins during lipid raft
disruption. Traditionally, lipid rafts have been isolated from cells for analysis based on the
fact that they are insoluble in Triton X-100 at 4˚C and have a light buoyant density on
iodoxinal gradients (Jacobson et al., 2007). Although it has been shown that this method of
raft isolation is plagued by the ability of detergent to promote fusion of heterogeneous rafts,
isolating different subsets of rafts together in the preparation, it remains one of the most
popular forms of lipid raft isolation for analysis (Shogomori and Brown, 2003). Non-
detergent isolation methods have been explored, in which the isolation is based only on the
low buoyant density of the lipid raft domains, resulting in non-raft contamination during
isolation.

Isolation methods employing moderately selective detergents have given mixed results. In
some cases, a combination of the aforementioned negative effects seen in the detergent and
non-detergent preparations were observed. In other cases, these negative effects were
alleviated by using low concentrations of moderately selective detergent during isolation
(Prior et al., 2003; Shogomori and Brown, 2003; Pike, 2004; George et al.). Additionally,
membrane protein crosslinking has been employed in order to preserve protein-protein and
protein-lipid interactions across the cellular membrane for analysis (George et al.). Avoiding
all plagues of isolating lipid rafts, some researchers are focusing on using microscopic
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techniques to observe physical lipid raft-protein interactions on the membrane of the whole
cell. These techniques include atomic force microscopy (AFM) and fluorescence resonance
energy transfer (FRET) (Hooper, 1999; El Kirat and Morandat, 2007; Chiantia et al., 2008).

Pro- and Anti-apoptotic Effects of Lipid Raft Disruption
Depending on the stimulation and apoptotic factors involved, disruption of lipid rafts
integrity can be pro- or anti-apoptotic (Algeciras-Schimnich et al., 2002; Li et al., 2003b;
Mu et al., 2003; Bang et al., 2005). Without any additional stimuli, methyl-β-cyclodextrin
(MβCD), filipin III, cholesterol oxidase, and mevastatin have all shown pro-apoptotic
effects upon disruption of lipid rafts of HaCaT keratinocytes (Gniadecki, 2004; Bang et al.,
2005). MβCD induces cholesterol efflux from the plasma membrane by binding the
molecule with high affinity, disrupting the structure of membrane lipid rafts (Ohtani et al.,
1989; Bang et al., 2005). Filipin III is known to form complexes with cholesterol on the
membrane of the cell, again disrupting the structure of the lipid rafts (Bang et al., 2005).
Mevastatin is a 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMG-CoA reductase)
inhibitor that interferes with cholesterol synthesis, affecting the cholesterol content and
overall organization of the lipid rafts (Gniadecki, 2004; Bang et al., 2005). These results
suggest that the apoptotic response to the aforementioned agents was not specific to a single
drug treatment, but to cellular lipid raft disruption, since apoptosis was evidenced following
treatment with any one of the chemicals.

While disruption of lipid rafts promotes apoptosis, it can also prevent apoptosis induced by
various stimuli. MβCD is capable of inhibiting avicin D-induced apoptosis in Jurkat cells, an
immortalized T lymphocyte leukemia cell line (Xu et al., 2009), completely blocking
anandamide-induced apoptosis in rat pheochromocytoma (PC12) cells, rat glioma (C6) cells,
mouse neuroblastoma (Neuro-2a) cells, Chinese hamster ovary (CHO) cells, human
embryonic kidney (HEK) cells, smooth muscle cells (SMC), human Jurkat cells and human
promyelocytic leukemia (HL-60) cells (Sarker and Maruyama, 2003) and reducing UVB-
induced apoptotic death of human melanoma (M624) cells (George et al., 2011). Another
cyclodextrin, 2,6-di-O-methyl-α-cyclodextrin (DM-α-CD), prevented stearlyamine-
liposome-induced macrophage apoptosis, as incorporation of stearlyamine-liposomes into
lipid raft domains was inhibited (Arisaka et al.). In conclusion, the integrity of lipid rafts,
and raft cholesterol levels in particular, is important in maintaining cellular homeostasis and
in providing signaling platforms for incorporation of both pro- and anti-apoptotic factors.
This may explain why both proand anti-apoptotic effects are observed upon lipid raft
disruption.

The Role of Lipid Rafts in Mediating Membrane Receptor and Channel-
Induced Apoptosis

There are a number of membrane receptors and channels that are capable of promoting
apoptosis when activated. Some of these membrane proteins can be activated in the absence
of their ligand molecules; this type of activation often takes place through aggregation of
receptor molecules in lipid raft domains. Raft-dependent membrane receptor aggregation is
likely due to changes of lipid raft domains caused by changes in lipid and protein content of
the membrane, which lead to the formation of signaling platforms within lipid raft domains.
The functions of the following membrane receptors and channels have been shown to be
lipid raft-dependent under certain circumstances.

Fas
Fas (CD95, Apo1) is a member of tumor necrosis factor (TNF)-receptor family that plays a
critical role in apoptosis (Lavrik). Upon binding of the Fas ligand (FasL), Fas is trimerized
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and activated, which initiates apoptotic signaling cascades (Algeciras-Schimnich et al.,
2002; Legler et al., 2003). However, Fas can aggregate and become activated in the absence
of the Fas ligand (FasL) (Bang et al., 2003; Gajate et al., 2004). It has been proposed that
redistribution of Fas into lipid rafts is important in the activation of ligand-independent Fas-
induced apoptosis (Scheel-Toellner et al., 2002; Gniadecki, 2004). Fas receptor activation
results in recruitment/translocation of additional pro-apoptotic proteins into the lipid raft
domains, initializing the apoptotic caspase cascade and/or activating the JNK apoptotic
pathway (Wu et al., 2002). It is well documented that Fas oligomerization within lipid raft
microdomains results in sequential recruitment of Fas-associated death domain (FADD) and
then procaspase-8, allowing formation of death-inducing signaling complex (DISC) and
autocleavage of caspase 8. This results in activation of a caspase cascade which promotes
apoptosis. Lipid raft-dependent Fas aggregation and apoptosis have been shown to be
induced by various stimuli, including but not limited to UVB irradiation of M624 melanoma
cells and HaCaT keratinocytes (Elyassaki and Wu, 2006; George et al., 2011); Fas ligand-
binding of antigen-activated CD4+ T-cells (Scheel-Toellner et al., 2002; Muppidi and
Siegel, 2004); and uptake of an antitumor drug Edelfosine (1-O-octadecyl-2- O-methyl-rac-
glycero-3-phosphocholine) by various cancer cells, such as leukemic T cells, multiple
myeloma and Jurkat cells (Gajate et al., 2004; Gajate and Mollinedo, 2007; Gajate et al.,
2009).

CD5
Cluster of differentiation 5 (CD5, Leu-1, Ly-1, T1 and Tp67) is a 67 kD single chain type I
glycoprotein found on the membrane of B lymphocytes and T lymphocytes. CD5 has been
shown to be associated with the CD79, another cluster of differentiation protein that
complexes with the B-cell receptor (Alfarano et al., 1999; Rolinski et al., 1999).
Crosslinking of CD5 by antibodies leads to apoptotic death of resting B cells, but not T cells
(Pers et al., 1998). A monoclonal anti-CD5 antibody (UCHT2) has been used to induce
apoptosis of B-cell chronic lymphocytic leukemia (B-CLL) cells (Renaudineau et al., 2005).
Upon crosslinking of CD5 on the membrane of B-CLL cells by the antibody, both the CD79
dimer (CD79a/CD79b) and CD5 are translocated to the lipid rafts of the cells. This
translocation of the two cluster of differentiation proteins into the lipid raft domains results
in the activation of a number of protein kinases, consequently activating the CD79 protein
resulting in apoptosis. In one subgroup of BCLL cells shown to be nonresponsive to CD5-
crosslinking and CD5-induced apoptosis, CD5 and CD79 were segregated to different sets
of lipid rafts domains, resulting in no apoptotic signal transduction (Renaudineau et al.,
2005). These results indicate that heterogeneous raft domains exist upon a cellular
membrane, and that lipid rafts provide signaling platforms necessary for CD5-induced
apoptosis.

CD20
B-lymphocyte antigen CD20 is expressed on the surface of B lymphocytes and functions as
a store-operated calcium channel (Tedder et al., 1988; Bubien et al., 1993; Li et al., 2003a).
Lipid rafts have been shown to play a critical role in the regulation of CD20-mediated
calcium-dependent apoptosis (Deans et al., 1993; Deans et al., 2002; Janas et al., 2005). Like
Fas and other cell membrane receptor proteins, translocation of CD20 into the lipid rafts is
required for activation (Li et al., 2003a; Janas et al., 2005). Activation of CD20 results in
increased calcium influx in the cell, resulting in apoptosis, suggesting an important role in
Ca2+-dependent apoptosis for the integration of CD20 into cellular lipid rafts (Bubien et al.,
1993; Li et al., 2003a). Rituxan/Rituximab, an anti-CD20 antibody used clinically to initiate
CD20-mediated apoptosis, was used for the study of the activation mechanism of CD20
(Sacchi et al., 2001). Upon activation, CD20 translocated to the lipid rafts domains of the
cell where they were activated to initiate apoptosis. Using MβCD to disrupt the lipid raft
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domains resulted in inhibition of Rituxan-induced translocation of CD20 to the rafts,
calcium influx of the cells, and caspase-mediated apoptosis (Janas et al., 2005), which
indicates that lipid rafts of B lymphocytes provide activation platforms for CD20-induced
apoptosis. The integrity of lipid rafts, and specifically the proper concentration of
cholesterol, is important for CD20 activation and CD20-mediated apoptosis of B
lymphocytes (Janas et al., 2005).

Trpc-1
Activation of transient receptor potential calcium channel 1 (Trpc-1) occurs upon
recruitment into the rafts, which results in an increase in cytosolic Ca2+ concentration,
calcineurin activation, the Bcl-2 associated death promoter protein (BAD)
dephosphorylation, and apoptosis (Berthier et al., 2004; Letai, 2005). Treating human acute
monocytic leukemia (THP-1) cells with 7-ketocholesterol (7KC), a dietary oxysterol
presented in human atherosclerotic plaque, leads to the integration of 7KC into cellular
membrane lipid rafts, recruitment of Trpc-1 into these lipid raft domains and calcium-
dependent apoptosis. Calcium channel blockers can inhibit 7KC-induced apoptosis of
THP-1 cells (Berthier et al., 2004). The integration of 7KC into lipid raft domains indicates
that an alteration in lipid content has occurred, with naturally occurring forms of cholesterol
being replaced by 7-ketocholesterol. This change in cholesterol content is accompanied by
changes in concentration of other lipids and proteins in the rafts, in accordance with “The
Induced Fit Model of Raft Heterogeneity” (Pike, 2004). These changes in the integrity of the
lipid raft domains are responsible for the recruitment of Trpc-1 into the rafts and activation
of this calcium channel, ultimately resulting in apoptosis.

The Role of Lipid Rafts in Protein Kinase-Induced Apoptosis
There are a number of protein kinases that can promote or inhibit apoptosis through post-
translational modification by phosphorylation of cellular proteins. The integration of certain
protein kinases into lipid raft domains is a prerequisite for activation in some cases. Just as
with the integration of pro-apoptotic receptor proteins into lipid raft domains, the integration
of protein kinases into these domains relies on proper integrity of the rafts. Kinases are
recruited into and out of the lipid rafts of a cell depending on the lipid and protein content of
the raft. While protein kinase phosphorylation can occur on both proteins involved in pro-
apoptotic and anti-apoptotic pathways, the phosphorylation process similarly takes place on
activation platforms within the lipid rafts of the cells. Activation of the following kinases
has been shown to be lipid raft-dependent.

Akt
Akt is a serine/threonine protein kinase that plays an important role in regulation of cell
survival (Datta et al., 1999; Pommier et al., 2010; Benbrook and Masamha, 2011). An
increase in activity of Akt protects cells from apoptotic death and is correlated to the
progression of human prostate cancer cells (Coffer et al., 1998; Liao et al., 2003). Akt can be
activated by stimulation of a number of cell membrane receptor proteins, which eventually
results in phosphorylation of Akt at Thr308 and Ser473 (Alessi et al., 1997). This interaction
between Akt and membrane receptor proteins has been suggested to take place in the lipid
rafts of the cell. It has been shown that Akt is more effectively activated when located in
lipid raft domains (Gao and Zhang, 2008; Lasserre et al., 2008). Disruption of lipid raft
domains using MβCD destabilizes raft activation platforms of Akt, resulting in impaired Akt
phosphorylation at Thr308 and Ser473, diminished Akt activity, and increased apoptosis of
normal/transformed keratinocytes, rat alveolar macrophage (NR8383) cells, human lung
adenocarcinoma epithelial (A549) cells and Jurkat cells (Motoyama et al., 2009; Calay et
al.). In order to determine that the apoptotic response was not specific to MβCD, but to
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cholesterol depletion of lipid rafts, simvastatin, filipin III and 5-cholesten-5-β-ol (5-chol)
were also used to deplete cholesterol, and similar pro-apoptotic effects were observed (Calay
et al.). The results of these studies lead to the conclusion that lipid rafts of cells require
proper concentrations of cholesterol and other lipids in order to serve as signaling platforms
for Akt phosphorylation at regulatory sites Thr308 and Ser473. In the absence of lipid rafts
of proper integrity, Akt activation and cell survival signaling does not take place.

JNK
c-Jun N-terminal kinase (JNK) is a MAP kinase that plays an important role in cellular
apoptosis (Lin and Dibling, 2002; Liu and Lin, 2005; Dhanasekaran and Reddy, 2008). It
has been shown that JNK plays a role in both death receptor-initiated extrinsic and
mitochondrial intrinsic apoptotic pathways (Dhanasekaran and Reddy, 2008). Recently, it
has been demonstrated that lipid rafts play a role in regulation of JNK activation via a FasL-
independent Fas aggregation pathway. Edelfosine, an anti-cancer drug that is known to
induce aggregation of Fas in lipid raft signaling domains and recruitment of pro-apoptotic
proteins, has been shown to cause a persistent activation of JNK during edelfosine-induced
apoptosis (Gajate et al., 1998; Nieto-Miguel et al., 2008; Gajate et al., 2009). Upon
edelfosine treatment, JNK becomes concentrated in the lipid rafts with Heat shock protein
90 (Hsp90) in Jurkat and HL-60 cells (Nieto-Miguel et al., 2008). These results suggest a
novel pro-apoptotic signaling chaperoning function for Hsp90 and a new mechanism for
JNK activation occurring when JNK is located in the lipid rafts.

Src family kinases
Src kinases are a family of tyrosine protein kinases that have been shown to play a role in a
number of diverse cell signaling pathways including cellular proliferation, cell cycle control
and apoptosis (Aleshin and Finn). Lipid rafts provide a platform for activation of certain src
kinases, and the action of these kinases is required for apoptosis. Lipid raft-mediated
activation of src kinases has been shown to be associated with the activation of CD20 and
CD5, which were discussed earlier. Upon activation of CD20 (using an anti-CD20
antibody), lipid raft clustering occurred which resulted in the trans-activation of the
associated src kinases and initiation of apoptosis in B lymphocytes (Deans et al., 2002).
Besides CD20, lipid rafts also play a role in mediating the activation of src kinase Lyn in
CD5-induced apoptosis of chronic lymphocytic leukemia cells. Lyn is responsible for
tyrosine phosphorylation of CD79a/CD79b following its partitioning into lipid raft domains,
where Lyn resides (Renaudineau et al., 2005). During CD5-induced apoptosis, the lipid rafts
provide a platform for activation of Lyn and modification of the CD79 dimer; both of these
actions are necessary in the promotion of apoptosis in leukemia cells. Activation of src
kinases and recruitment/modification/activation of pro-apoptotic proteins and molecules in
the lipid rafts requires the formation of raft signaling activation platforms, concluding that
the integrity of raft contents is important in src kinase activation.

PKC family proteins
Protein kinase C (PKC) are serine/threonine kinases that phosphorylate upon activation
resulting from increased concentrations of diacylglycerol (DIG) or Ca2+ and play an
important role in many signaling pathways, including those resulting in apoptosis (Gonelli et
al., 2009). It has recently been demonstrated that lipid rafts play a role in activation of PKC
in regulation of apoptosis (zum Buschenfelde et al.; Arisaka et al.). The activation of PKCδ
occurs within lipid rafts during macrophage apoptosis induced by cationic liposomes
(Arisaka et al.). Upon co-localization of stearylamineliposomes with lipid rafts, PKCδ is
activated which leads to apoptosis. Using 2,6-di-O-methyl-α-cyclodextrin (DM-α-CD) to
disrupt cellular lipid rafts led to suppression of activity of PKCδ and decreased levels of
apoptosis, while lipid raft disruption using nystatin did not interrupt PKCδ activity (Arisaka
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et al.). DM-α-CD is known to disrupt the structure and integrity of lipid raft domains via
extracting sphingolipids, while nystatin is a cholesterol-sequestering agent, indicating that
the sphingolipids of lipid rafts play a more important role in stearylamine-liposome-induced
macrophage apoptosis than raft cholesterol (Arisaka et al.). Besides PKCδ, expression of
ZAP-70, a key factor in regulation of T-cell receptor activation in chronic lymphocytic
leukemia B-cells, enhances the recruitment of PKCβII to the lipid rafts where it is activated
(zum Buschenfelde et al.). Activation of PKCβII in the lipid rafts of these cells results in
phosphorylation of Bcl-2 (zum Buschenfelde et al.), which is an anti-apoptotic protein that
prevents apoptosis by inhibiting the activation of pro-apoptotic proteins (Lindsay et al.).
ZAP-70 enhanced phosphorylation of Bcl-2 in leukemia cells leads to the development of
apoptosis-resistant cells; the recruitment of PKCβII to the lipid rafts plays an important role
in this process. Since lipid raft domains are demonstrated to provide an activation platform
for PKCβII in the described mechanism, disruption of lipid raft domains may lead to
suppression of both PKCβII activation and anti-apoptotic properties.

Lipid Raft Targeting For Cancer Treatment
The integrity of lipid raft domains, in both lipid and protein content, is important when
providing signaling and activation platforms for membrane receptor proteins, protein
kinases, and calcium channels. A specific or narrow concentration range of each type of
lipid and protein is required for each different signaling platform, and these concentrations
dictate the function of these heterogeneous microdomains. The integrity of lipid rafts is also
required for cellular homeostasis. Disruption of lipid raft integrity disrupts homeostasis by
altering cellular survival and apoptotic pathways. Several anti-cancer drugs have been
shown to suppress growth and induce apoptosis of tumor cells through alteration of lipid raft
contents.

Edelfosine
Fas-enriched lipid rafts play an important role in the pro-apoptotic response of edelfosine,
which was the first drug reported to promote apoptosis through lipid rafts (Gajate and
Mollinedo, 2001; Gajate et al., 2004; Gajate and Mollinedo, 2007). Edelfosine is a synthetic
alkyl-lysophospholipid analogue that is capable of inducing apoptosis of human
promyelocytic leukemia (HL-60) cells and human erythroblast leukemia (HEL) cells while
sparing normal cells (Mollinedo et al., 1997). Using Jurkat cells, it has been show that
edelfosine induces apoptosis through concentration of the drug in lipid raft domains of the
cells (Gajate et al., 2009). Upon accumulation of edelfosine in lipid rafts, Fas is activated
independent of the Fas ligand and pro-apoptotic proteins are recruited to the rafts to form
DISC, which activates the caspase cascade resulting in apoptosis (Gajate et al., 2009).
Besides edelfosine, several other antitumor drugs, including cisplatin, aplidin, and
perifosine, have also been shown to induce apoptosis through Fas receptor translocation and/
or activation in cellular lipid rafts in various cancer cell lines (Lacour et al., 2004; Gajate
and Mollinedo, 2005; Gajate and Mollinedo, 2007). It has also been shown that edelfosine-
concentrated lipid rafts are capable of altering the functional characteristics of proteins
located within the raft domains. Hsp90 plays a pro-apoptotic role in edelfosine-induced
apoptosis in Jurkat cells and HL-60 cells; Hsp90 inhibitors were shown to decrease
edelfosine-induced apoptosis in leukemic cells (Nieto-Miguel et al., 2008). Hsp90, known as
a survival signaling chaperone, was recruited into edelfosine-concentrated, Fas-enriched
lipid rafts, but no other anti-apoptotic, survival signaling molecules were recruited or
activated. Instead, Hsp90 acted as a stabilizer for the apoptotic JNK signaling pathway
(Nieto-Miguel et al., 2008). These results suggest that a switch from an anti-apoptotic to a
pro-apoptotic function for Hsp90 occurs upon integration of the protein into lipid rafts and
provide newly found evidence that proteins located within lipid raft domains may be capable
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of new cellular functions as compared to the characteristic functions of the protein outside
the rafts.

Avicin D
Avicin D is also capable of inducing apoptosis through recruitment of Fas into the lipid rafts
of cells. Avicin D, a plant triterpenoid, can selectively inhibit the growth of tumor cells
through activation of the pro-apoptotic caspase pathway and down regulation of anti-
apoptotic proteins (Haridas et al., 2001; Mujoo et al., 2001; Gaikwad et al., 2005). Using a
series of death receptor-deficient cancer cell lines, it has been shown that the avicin D-
induced pro-apoptotic caspase pathway was activated through translocation of Fas into the
lipid rafts and recruitment of other pro-apoptotic proteins to the lipid rafts forming DISC
(Xu et al., 2009). Apoptosis, was decreased upon lipid raft disruption using MβCD, by
preventing Fas clustering and DISC formation in the lipid rafts and reducing the overall
sensitivity of the cells to Avicin D (Xu et al., 2009). These studies demonstrated that lipid
rafts of cells provide signaling platform domains required for avicin D-induced Fas
clustering and apoptosis.

Resveratrol
The mechanism of apoptosis induced by resveratrol also requires the integrity of Fas-
enriched lipid rafts in human multiple myeloma cells and human T-cell leukemia cells (Reis-
Sobreiro et al., 2009). Resveratrol (trans-3,4’,5-trihydroxystilbene) is a polyphenolic
phytoalexin that has been shown to inhibit tumor cell growth (Jang et al., 1997; Aziz et al.,
2003). Resveratrol-induced apoptosis is inhibited by raft disruption with MβCD, indicating
the necessity of proper concentrations of cholesterol and other lipids and proper organization
in lipid raft domains for resveratrol-induced activation of Fas death receptors (Reis-Sobreiro
et al., 2009). Resveratrol-induced apoptosis occurs in much the same way as edelfosine- and
avicin D-induced apoptosis, through FasL-independent activation of Fas and recruitment of
pro-apoptotic proteins to the lipid raft domains of the membrane resulting in activation of
the caspase cascade. However, additional pro-apoptotic membrane death receptors, tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL) receptors, have also been
recruited to the lipid rafts of these myeloma and leukemia cells and activated in resveratrol-
induced apoptosis (Reis-Sobreiro et al., 2009). These results indicate that lipid raft domains
can simultaneously provide activation platforms for more than one membrane receptor
protein, confirming the heterogeneous and dynamic nature of lipid raft domains.

Liver X receptors
Liver X receptors (LXRs) have been shown to change the lipid content of lipid rafts upon
stimulation resulting in apoptosis in human prostate cancer cells (Pommier et al.). LXRs
belong to nuclear receptor family of transcription factors and play an important role in
regulation of cholesterol, fatty acids and glucose homeostasis (Ogihara et al., 2010). LXRs
bind to naturally occurring oxidized forms of cholesterol upon stimulation (Tontonoz and
Mangelsdorf, 2003; Volle and Lobaccaro, 2007) and affect the structural integrity of lipid
raft domains in a similar way as cholesterol depletion drugs (Pike, 2004; Pommier et al.).
Upon LXR stimulation (using the synthetic receptor agonist T0901317) cellular cholesterol
levels decreased resulting in smaller and thinner lipid rafts in prostate cancer cells.
Simultaneously, a decrease in Akt phosphorylation and subsequent increase in apoptosis
occurred (Pommier et al.). When LXRs are stimulated and binding oxidized cholesterol,
some of which is located in raft domains, the integrity of the lipid rafts is altered. Improper
lipid concentrations of the rafts leads to their inability to provide a proper signaling platform
for the process of Akt phosphorylation required for survival signaling, leading to apoptosis
in the cells (Pommier et al.). Upon addition of exogenous cholesterol to the cells, a reversal
of stimulated LXR effects was observed, which provides evidence that the integrity of lipid
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raft domains and specifically the concentration of cholesterol is very important in this raft
signaling platform formation (Pommier et al.).

Conclusion
The pro- or anti-apoptotic function of each heterogeneous lipid raft microdomain depends
on its lipid and protein content. Specific or narrow concentrations of lipids and proteins are
necessary in order for lipid rafts to carry out each of their specific apoptotic functions. The
dynamic nature of the rafts and their contents allow for various functions to be carried out
on the membrane of the cell. We have highlighted the importance of lipid rafts in the use of
therapeutics to initiate apoptotic pathways; these therapeutic agents and their lipid raft-
associated targets are summarized in Table 1. In this review, we have documented the
importance of the role of lipid rafts in the initiation of apoptosis: Lipid rafts provide
signaling platforms for activation of pro-apoptotic membrane receptor molecules; this
activation occurs through receptor aggregation in the lipid rafts, in the absence of receptor
ligand molecules in most cases. Lipid rafts provide signaling platforms for the activation of
protein kinases that occurs through integration of kinases into the rafts and produces pro- or
anti-apoptotic effects. Phosphorylation action of kinase molecules often takes place in the
lipid rafts, also, requiring the recruitment of the protein or molecule to be modified into the
rafts. Lipid rafts provide signaling platforms for the activation of calcium channels of the
cellular membrane, which causes intracellular increases in calcium and apoptosis. Figure 2
illustrates a theory for how these receptors, kinases, and calcium channels are activated
within lipid rafts of cells: (a) molecules to be activated may residually be located in the lipid
rafts, but become activated upon lipid raft content modification/signaling complex
formation, (b) molecules to be activated may be located outside of the lipid rafts, but
translocate into raft domains upon lipid raft content modification/signaling complex
formation, (c) molecules to be activated may be located in smaller lipid raft domains that
combine to form larger lipid raft domains/signaling complexes where molecules are
activated. Lipid raft content modification may occur as a result of raft disruption caused by
alteration of cholesterol levels or as a result of drug stimulation. The integrity of the lipid
rafts of a cell is important in maintaining homeostasis. Alterations in lipid content of the cell
can lead to changes in the functions of lipid raft domains, capable of promoting or
suppressing both pro- and anti-apoptotic signaling pathways.
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Lipid Raft: A Floating Island Of Death or Survival

• The role of lipid rafts in apoptosis

• The pro- and anti-apoptotic effects of lipid raft disruption

• Cancer treatments targeting lipid rafts
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Figure 1.
Apoptotic pathways mediated by lipid rafts involving protein kinase activation or
deactivation, apoptotic membrane receptor activation, or increased intracellular calcium
levels
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Figure 2.
Mechanism of activation of receptors, kinases, and calcium channels within lipid rafts of
cells: (a) activated molecules may residually be located in lipid rafts, (b) molecules may
translocate into lipid rafts upon activation, (c) smaller lipid rafts may combine to form larger
lipid rafts containing activated molecules
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Table 1

Therapeutics That Target Lipid Raft-Associated Factors

Therapeutics Targets Cancer cell type References

Edelfosine Fas, JNK, Hsp90 Leukemia, multiple myeloma, Gajate and Mollinedo, 2001; Gajate et
al., 2004; Gajate et al., 2009; Gajate and
Mollinedo, 2007 Gajate et al., 1998;
Nieto-Miguel et al., 2008

Resveratrol Fas, TRAIL Multiple myeloma, T-cell leukemia Reis-Sobreiro et al., 2009

Avicin D Fas T-cell leukemia Xu et al., 2009

Cisplatin Fas Colon Lacour et al., 2004

Perifosine Fas Multiple myeloma Gajate and Mollinedo, 2007

Agonist T0901317 Liver X receptor, AKT Prostate Pommier et al., 2010

Rituximab/Rituxan CD20 Non-Hodgkin's B-cell lymphoma Janas et al., 2005

7-ketocholesterol Trpc-1 Monocytic leukemia Berthier et al., 2004

Stearylamine-liposomes PKCδ Arisaka et al., 2011

Anti-CD5 antibody CD5 Chronic lymphocytic leukemia Renaudineau et al., 2005

MβCD, simvastatin, filipin III
and 5-cholesten-5-β-ol

AKT Prostate Calay et al., 2010
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