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Abstract

The oxidized phospholipids (oxPL) 1-palmitoyl-2-(5-oxovaleroyl)-sn-glycero-3-phos-

phocholine (POVPC) and 1-palmitoyl-2-glutaroyl-sn-glycero-3-phosphocholine (PGPC)

are formed upon oxidation of 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphocholine

(PAPC) in lipoproteins and cell membranes. Both oxPL share high structural similari-

ties: they contain a long hydrophobic chain at the sn-1 position, and a shortened polar

chain at position sn-2, which is part of a very large headgroup. Therefore, PGPC and

POVPC are highly amphipathic molecules and as a consequence exchange easily be-

tween cells, membranes and lipoproteins, where they perturb lipid organization and

protein function.

We found for the first time that PGPC and POVPC selectively induce cell death

in squamous cell carcinoma cell lines as well as in cultured human and murine

melanoma cells isolated from different stages of tumor progression. Their toxicity

was limited to tumorigenic cells, as primary human melanocytes and keratinocytes

were much less affected. The toxicity of both compounds was associated with effi-

cient lipid uptake into the tumor cells, activation of acid sphingomyelinase and cell

line-dependent formation of the apoptotic second messenger ceramide.

In summary, these compounds show useful properties for the treatment of melanomas

and non-melanoma skin tumors: their toxicity is preferentially expressed in malignant

cells, they are naturally formed in the body and resistance to these compounds is not

likely to occur.



Zusammenfassung

Die oxidierten Phospholipide (oxPL) 1-Palmitoyl-2-glutaroyl-sn-glycero-3-phospho-

cholin (PGPC) und 1-Palmitoyl-2-(5-oxovaleroyl)-sn-glycero-3-phosphocholin (POVPC)

werden durch Oxidation von 1-Palmitoyl-2-arachidonoyl-sn-glycero-3-phosphocholin

in Lipoproteinen und in Zellmembranen gebildet. Beide oxidierten Phospholipide

weisen hohe strukturelle Ähnlichkeiten auf: sie besitzen eine lange hydrophobe Fett-

säure an der sn-1 Position, und eine kurze polare Seitenkette an Position sn-2, die

Teil einer sehr gro§en Kopfgruppe ist. Aufgrund dieser strukturellen Eigenschaften

sind PGPC und POVPC hoch amphipathische Moleküle und als Konsequenz leicht

zwischen Zellen, Membranen und Lipoproteinen austauschbar. Durch diese Eigen-

schaften können sie sowohl die Lipidorganisation von Membranen als auch Protein-

funktionen in Zellen verändern.

Wir konnten zum ersten Mal nachweisen, dass PGPC und POVPC selektiv Zelltod

in Plattenepithelkarzinomzelllinien sowie in humanen und murinen Melanomzel-

llinien unterschiedlicher Tumorstadien auslösen. Die Toxizität dieser Substanzen ist

auf Tumorzellen beschränkt und die Viabilität von primären humanen Melanozyten

sowie Keratinozyten ist weit weniger beeinflusst. Die Toxizität beider Lipide ist

mit effizienter Aufnahme in Tumorzellen verbunden, Aktivierung der sauren Sphin-

gomyelinase und zelllinienabhängiger Bildung des apoptotischen sekundären Boten-

stoffes Ceramid.



Zusammenfassend konnten wir zeigen, dass oxidierte Lipide sehr nützliche Eigen-

schaften für die Therapie von Melanomen und anderen Hauttumoren besitzen: ihre

Toxizität ist beschränkt auf Tumorzellen, sie werden im Körper natürlich gebildet und

Resistenzen gegen diese Substanzen sind unwahrscheinlich.



Scope and aims of this study

It was the objective of this doctoral thesis to examine whether and to what extent

apoptotic cell death can be induced by truncated oxidized phospholipids in cultured

human melanoma cell lines (Chapter 2), murine B16-BL6 cells (Chapter 3) and squa-

mous carcinoma cell lines (Chapter 4). For this purpose, we used the chemically

defined oxidized diacyl-phospholipids PGPC and POVPC, the corresponding alkyl-

acyl phospholipids E-PGPC and E-POVPC as well as the synthetic lysophospholipid

analogue Edelfosine, which is known to possess anti-cancer activities. We determined

the toxic effects of these compounds in several human melanoma cell lines of different

malignancies (SBcl2, WM35, WM9, WM164), in the murine melanoma cell line B16-

BL6, and in various squamous carcinoma cell lines (SCC12, SCC13). Toxic effects of

oxPL in cancer cell lines were studied and compared to melanocytes (Fom) as well as

keratinocytes (HaCaT). Here we provide evidence, that oxidized phospholipids pref-

erentially induce apoptosis in skin cancer cells, but not in healthy cells of the skin.

However, the toxicity of these compounds differed depending on cell line, lipid struc-

ture and lipid concentration.

In the first part of this doctoral thesis we investigated whether cell death, prefer-

entially apoptosis, was elicited by oxPL in human melanoma cell lines. We found

that the oxidized phospholipids efficiently killed human melanoma cells of different

stages but left primary human melanocytes almost unaffected. The favored mode of

cell death was always apoptosis, but not necrosis, with POVPC being more toxic than

PGPC. The toxicity of PGPC and POVPC was associated with efficient uptake of these



lipids into cancer cells but not melanocytes, activation of acid sphingomyelinase and

the formation of the pro-apoptotic second messenger ceramide.

The second part of the thesis was devoted to the uptake and the toxicity of oxPL,

ether-oxPL and Edelfosine in murine B16-BL6 melanoma cells. The BODIPY-labeled

ethanolamine phospholipids BY-PGPE and BY-POVPE were used for visualization

of oxPL in live cells. Here we could show that B16-BL6 cells rapidly internalized

both oxPL. Both lipids localized to the ER as proven by co-staining experiments.

In addition, we could demonstrate that oxidized phospholipids, especially PGPC

and POVPC, triggered different cellular responses in B16-BL6 cells depending on

their concentration. Intermediate concentrations (25 µM) elicited apoptotic cell death,

whereas higher amounts of oxPL (50 µM) led to necrosis. Migration of melanoma cells

was inhibited by low concentrations of POVPC (5 µM). This result can be regarded as

a favorable requirement for an anti-tumor agent, especially with respect to the spread

of tumor cells to distant tissues and the subsequent formation of metastatic tumors.

The third part of the thesis was dedicated to the question, whether the toxic effects of

oxPL previously shown in melanoma cells were also detectable in other tumor cells

of the skin. For this purpose, we screened several squamous carcinoma cell lines for

morphological changes induced by PGPC and POVPC. We were able to prove uptake

differences in healthy and tumorigenic cells. Both oxPL were retained in the plasma

membrane of HaCaT keratinocytes, whereas in SCC13 cells they were rapidly internal-

ized and transported to the ER. Oxidized phospholipids induced apoptotic cell death

in SCC13 cancer cells but not in HaCaT cells, which was accompanied by activation

of aSMase and ceramide formation. In addition to toxicity studies, primary protein

targets of the aldehydo phospholipid BY-POVPE in SCC13 cells were analyzed. Cova-

lent formation of Schiff base adducts between BY-POVPE and NH2 groups of proteins

was shown to be rather a selective than a random process. The protein targets in total



cell lysates were isolated and identified by MS/MS analysis. The identified targets are

involved in RNA processing and splicing (e.g. splicing factors, heterogeneous nuclear

ribonucleoproteins, ribosomal proteins), membrane transport (e.g. VDAC), cellular

stress response (e.g. heat shock proteins), apoptosis (e.g. Diablo homolog), cell mi-

gration, cell structure and mobility (e.g. myosin, integrin) as well as other processes.

In summary, we have shown for the first time that oxidized phospholipids possess

high potential for cancer treatment, for the following reasons: First of all, their toxicity

is preferentially expressed in malignant tumor cells. Secondly, they trigger more ge-

neral membrane effects based on the compositional and structural differences between

healthy cells and cancer cells, rather than activating/inactivating specific mutated

signaling pathways. Finally, the oxPL are naturally formed in the body and resistances

to these compounds are not very likely to occur.
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1.1 Oxidized phospholipids

Glycerophospholipids comprise a heterogeneous group of lipids, consisting of a gly-

cerol backbone, a polar phosphate-containing headgroup and two fatty acid residues.

The residue at the sn-1 position of the glycerol backbone is either a saturated acyl or

an alkyl residue bound via an ester or an ether bond, respectively. The latter bond-

ing element is characteristic to saturated ether phospholipids or their unsaturated

enolether counterparts (plasmalogens). Polyunsaturated fatty acids (PUFAs) at the

sn-2 position are a major target for enzymatic or non-enzymatic oxidation processes.

Lipid oxidizing enzymes include lipoxygenase (Hammarstrom, 1983), cyclooxygenase

(Änggård and Samuelsson, 1965), myeloperoxidase, NADPH oxidase and cytochrome

P450 (Samuelsson et al., 1987). Additionally, in the absence of enzymes, lipid oxida-

tion can occur as a consequence of free radical attack, and propagates via the classical

mechanisms of lipid peroxidation chain reaction. The oxidative modification of phos-

pholipids leads to the formation of several oxidation products with multiple biological

activities, depending on the degree of unsaturation and the chain length of the fatty

acid at the sn-2 position. These reaction products differ in the degree of modifica-

tion, hydrophobicity, chemical reactivity, physical properties and biological activities

(Fruhwirth et al., 2007).

Most oxidized phospholipids contain a choline headgroup, as PC is the most abun-

dant phospholipid in mammalian cells. In addition to phosphatidylcholine, other

phospholipids containing different polar headgroups like phosphatidylethanolamine

and phosphatidylserine can be oxidatively modified.
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Figure 1.1. Classification of phospholipid oxidation products

Peroxidation of PL-esterified PUFAs is initiated by formation of hydroperoxides or peroxyl radicals.
Further oxidation proceeds via three major pathways. First, intramolecular cyclization, rearrangement,
and further oxidation can lead to the formation of isoprostanes, isolevuglandins, isothromboxanes and
isofurans. The second pathway involves additional oxidation within the same PUFA generating oxPL
with multiple functional groups (hydroperoxides, hydroxides, keto-groups, epoxy-groups). The third
group of transformations results from several chemical reactions finally leading to fragmentation of
PUFAs and generation of short residues. (Figure from Bochkov et al. (Bochkov et al., 2010))
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Enzyme-catalyzed and non-enzymatic reactions lead to the formation of non-frag-

mented and fragmented oxidized phospholipids. The first group includes isopros-

tanes, isolevuglandins, isothromboxanes, isofurans and phospholipids with multiple

functional groups. The latter group consists of α,β-unsaturated, saturated and furan-

containing fragmented oxidized phospholipids (Figure 1.1).

Typical derivatives of fragmented phospholipids are POVPC (1-palmitoyl-2-(5-oxova-

leroyl)-sn-glycero-3-phosphocholine) and PGPC (1-palmitoyl-2-glutaroyl-sn-glycero-

3-phosphocholine) (Figure 1.2). These compounds share structural similarities: both

contain a single long-chain carboxylic acid at the sn-1 position of the glycerol back-

bone and they only differ in their functional group at the ω-end of the truncated acyl

residue at the sn-2 position. In PGPC, this is a carboxylate group, whereas POVPC

contains a chemically highly reactive aldehyde function. The latter compound can

therefore undergo Schiff base formation with NH2 groups of proteins and aminophos-

pholipids such as phosphatidylethanolamine and phosphatidylserine.
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Figure 1.2. Chemical structures of the oxidized phospholipids PGPC and POVPC

1-palmitoyl-2-glutaroyl-sn-glycero-3-phosphocholine (PGPC)
1-palmitoyl-2-(5-oxovaleroyl)-sn-glycero-3-phosphocholine (POVPC)
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1.1.1 Biophysical properties of oxPL

Phospholipid oxidation products can dramatically change the properties of phospho-

lipid bilayers. Their polarity and their shape differ from the molecules they originate

from. Thus, they can unspecifically alter lipid-lipid and lipid-protein interactions and

as a consequence, membrane protein functions (Fruhwirth et al., 2007).

Figure 1.3. Schematic representation of the Lipid Whisker Model

Cell membranes of senescent or apoptotic cells contain oxPL with a variety of oxidized fatty acyl chains
of different structures protruding into the aqueous compartment. This conformation renders them
accessible to interaction with scavenger receptors and other (pattern recognition) receptors on the surface
of macrophages. It may also make them more accessible for some phospholipases, promoting membrane
remodeling by release of oxidized fatty acids and reacylation of the formed lysophospholipids. (Figure
from Greenberg et al. (Greenberg et al., 2008)

Greenberg et al. were able to demonstrate that phospholipid oxidation leads to con-
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formational changes of oxPL within the lipid bilayer (Greenberg et al., 2008). Upon

oxidation, the truncated lipid acyl chains are no longer buried within the interior of

the bilayer, but they rather protrude into the aqueous compartment, forming whisker-

like structures (Figure 1.3). In addition, there are no significant conformational alter-

ations in the headgroup during the oxidation. This reorientation in the lipid bilayer

enables contact between pattern recognition receptors and molecular pattern ligands,

e.g. recognition of truncated oxPL by the scavenger receptor CD36 and Toll-like re-

ceptors. The oxPL on the cell surface may also bind to the PAF receptor though their

binding affinities are much lower compared to PAF which is the “natural” ligand.

Finally, oxPL exert significant effects on membrane curvature and stability. Carboxy

and aldehydo phospholipids induce positive membrane curvatures and consequently

facilitate the formation of membrane vesicles (Stemmer and Hermetter, 2012).

1.1.2 Biochemical reactivity of oxidized phospholipids

Many oxidized phospholipids contain reactive groups including aldehyde residues,

epoxide rings and double bonds conjugated to carbonyl groups. Consequently, oxPL

bearing these groups can undergo chemical reactions with biological molecules (Fruh-

wirth et al., 2007).

OxPL containing aldehyde groups (e.g. POVPC) can form Schiff bases with NH2

groups of proteins and aminophospholipids (Figure 1.4). This covalent modification

may modulate the functional properties of biomolecules, thus changing localization,

net charge, conformation, state of association, enzymatic and signaling functions and

biological recognition by receptors and the immune system. Interactions depend on
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the localization of the functional aldehyde group, the molecular lipid mobility and

the steric constraints due to lateral lipid and protein packing. Formation of covalent

lipid-lipid adducts may also change membrane organization thereby affecting lateral

lipid organization, local membrane curvature and lipid mobilities. This may finally

affect membrane protein function, membrane stability and the tendency to release

membrane vesicles (Stemmer and Hermetter, 2012).

Target NH2 LipidO=CH TAG

N=CH Lipid TAG

NH CH2 Lipid TAG

Schiff base formation

stable amine formationchemical reduction

condensation

Target

Target

Figure 1.4. Interaction of aldehydo phospholipids and their protein and lipid targets

The aldehyde group at the sn-2 position of aldehydo phospholipids, e.g. POVPC, can chemically react
with free amino groups of target proteins and lipids by forming Schiff bases. For further analysis of the
formed adducts, the labile imines have to be reduced with NaCNBH3 to generate stable amines. PGPC
can only physically interact with its targets.

1.1.3 Pathophysiological effects of oxidized phospholipids

Oxidized phospholipids mediate many pathophysiological effects in several chronic

diseases, including atherosclerosis. LDL (low density lipoprotein) is a source of cho-
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lesterol for peripheral cells. PUFAs and cholesterol are easily oxidizable. The extent of

lipid and LDL oxidation depends on the reactive oxygen species involved. Oxidation

of LDL is known to be a key step in atherogenesis, leading to inflammation, prolif-

eration and apoptosis of cells of the arterial wall. Highly oxidized LDL (oxLDL) is

modified in both, the lipid and the protein moiety, whereas minimally modified LDL

(mmLDL) mainly contains oxidized lipids. Therefore, mmLDL properties differ from

LDL properties only as a consequence of lipid modification. LDL can be internal-

ized by cells via interaction with the LDL-receptor (apoprotein B/E receptor) which

recognizes the apoprotein B100 on the particle (Goldstein and Brown, 1977), whereas

oxLDL is recognized by the scavenger receptor, which is not able to recognize native

LDL and is expressed on macrophages and endothelial cells (Mahley et al., 1979; Pitas

et al., 1985; Stein and Stein, 1980).

When LDL undergoes oxidation, a large variety of biologically active lipids are formed

(McIntyre et al., 1999; Witztum and Berliner, 1998). Among other lipid degradation

products, PGPC and POVPC are present in mmLDL and they are known for their

critical role in the induction and progression of atherosclerosis by mediating pro-

inflammatory and toxic effects of this particle. Studies from several laboratories have

shown that many biological effects triggered by mmLDL can be attributed to oxi-

dized phospholipids (Leitinger et al., 1998; Watson et al., 1995; Leitinger et al., 1999;

Loidl et al., 2003).

Atherosclerosis is a chronic disease and the major cause of heart attack and stroke.

The early atherosclerotic lesion (“fatty streak”) is characterized by accumulation of

LDL lipids in foam cells derived predominantly from macrophages. In more ad-
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vanced lesions, these foam cells are also derived from smooth muscle cells (Aqel et al.,

1984; Faggiotto et al., 1984; Fowler et al., 1979; Gerrity, 1981a,b; Schaffner et al., 1980).

Lipid deposition and oxidation, infiltration of inflammatory cells, and accumulation

of matrix and cellular debris within the blood vessel wall lead to the development

of atherosclerotic plaques (Ross, 1993; Stocker and Keaney, 2004; Chisolm and Stein-

berg, 2000). These atherosclerotic lesions contain high concentrations of oxidized

phospholipids and during the development and progression of these lesions oxPL are

continuously generated and degraded (Berliner et al., 2001; Watson et al., 1997). It

has been shown that oxPL act on all different cell types involved in the formation of

atherosclerotic lesions, including monocytes, macrophages, endothelial cells, vascular

smooth muscle cells and lymphocytes.

Besides their role in atherosclerosis, phospholipid oxidation products have also been

detected in different organs and pathological states. These include inflamed lung

(Nakamura et al., 1998; Yoshimi et al., 2005), ischemia, apoptotic cells (Chang et al.,

2004; Huber et al., 2002), virus-infected cells (Van Lenten et al., 2004), multiple sclerosis

(Qin et al., 2007) and coronary artery disease (Tsimikas et al., 2007) (Bochkov, 2007).

1.1.4 Detoxification of oxPL

Stability of oxidized phospholipids in biological systems is limited, since several pro-

cesses lead to detoxification of these compounds, including hydrolytic degradation

and/or enzymatic reduction of reactive groups. Cleavage of oxPL by intracellular

and plasma phospholipases release oxidized sn-2 carboxylic acids and as a conse-

quence lysophospholipids are formed. Such hydrolytic reactions may be due to the
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activity of Platelet activating factor acetylhydrolase (PAF-AH, Lp-PLA2), which hy-

drolyzes PAF and truncated oxidized phospholipids including PGPC and POVPC

(Chakraborti, 2003; Fruhwirth et al., 2007). Finally, some oxPL are capable of forming

covalent adducts with proteins, and this represents an additional pathway for their

inactivation. However, adduct formation might also increase their toxicity. Coupling

of oxPL to NH2 groups of proteins might inactivate functional amino acid residues or

induce polymerization of proteins. Both reactions ultimately lead to protein dysfunc-

tion.

1.1.5 Oxidized phospholipids and apoptosis

In the context of atherosclerosis, apoptotic cells represent an additional source of

oxidized phospholipids and thus can actively contribute to inflammatory processes

(Huber et al., 2002). Apoptotic cell death is a phenomenon predominant in the late

phase of atherosclerosis (Martinet and Kockx, 2001). In early lesions, apoptosis helps

to reduce lesion size (Pollman et al., 1998; Wang et al., 1999), whereas at later stages ac-

cumulation of apoptotic cells contributes to the formation of unstable plaques (Kockx,

1998; Libby et al., 1997; Fruhwirth et al., 2007). Since the toxicity of oxidized phospho-

lipids depends on their structure, it is important to use defined oxidized phospholipid

species in biomedical studies.

Apoptosis as an intrinsic suicide program of the cell is an important mechanism to re-

move infected, transformed or damaged cells (Fadeel, 2003; Mallat and Tedgui, 2009).

It is an active process, characterized by cell shrinkage, membrane blebbing, chromatin

condensation with internucleosomal fragmentation of DNA, organelle relocalization,

formation of discrete membrane enclosed vesicles (apoptotic bodies) and finally cell
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fragmentation without leakage of cytosolic macromolecules (McConkey, 1998). In

contrast, necrosis is a passive process characterized by an increase in cell volume,

swelling of the mitochondria and loss of membrane integrity, resulting in cell lysis

and spillage of cellular contents into the environment, that generally leads to an in-

flammatory response (Fruhwirth et al., 2006).

Fruhwirth et al. showed, that PGPC and POVPC inhibit cell proliferation and in-

duce cytotoxic effects in VSMCs under low serum conditions (Fruhwirth et al., 2006).

Analysis of the characteristic signs of cell death as described above led to the con-

clusion that apoptosis was the predominant form of cell death, POVPC being more

active than PGPC. In addition, Loidl et al. could show that the oxidized phospholipids

PGPC and POVPC activate acid sphingomyelinase in VSMCs, which participates in

the very early apoptotic stress response. Downstream targets like mitogen-activated

protein kinase (MAPK), c-Jun N-terminal kinase (JNK) and p35 were phosphorylated

in response to stimulation with oxPL, finally leading to the activation of caspase 3. In

contrast, components of survival and proliferation pathways including ERK, NF-κB

or AKT-kinase/PKB were not activated by PGPC and POVPC (Loidl et al., 2003).

The toxic lipids were efficiently incorporated by the cells although in a different man-

ner. Moumtzi et al. could show, that the fluorescent oxPL BY-PGPE and BY-POVPE

were rapidly transferred from the aqueous phospholipid dispersion into VSMCs.

PGPC localized to the lysosomes, whereas POVPC was initially captured in the plasma

membrane, most likely due to formation of covalent adducts with free amino and

sulfhydryl groups of proteins and aminophospholipids (Moumtzi et al., 2007).
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Recent studies by Stemmer et al. revealed cellular toxicities of PGPC and POVPC in

RAW 264.7 macrophages (Stemmer et al., 2012). PGPC was rapidly taken up into RAW

264.7 macrophages, whereas POVPC was initially trapped in the plasma membrane,

most likely due to covalent interaction of POVPC with amino groups of proteins and

aminophospholipids and subsequent Schiff base formation. Due to their amphipathic

structure, both oxPL were easily exchangeable between cells membranes and other

lipid carriers such as LDL and BSA (Stemmer et al., 2012).

PGPC and POVPC induced apoptosis in RAW 264.7 macrophages as well as in pri-

mary bone marrow-derived macrophages. Lipid toxicity was causally related to ac-

tivation of acid sphingomyelinase. Another facet of lipid toxicity in these stimulated

cells was release of oxPL-containing apoptotic blebs (Stemmer et al., 2012).
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1.2 Skin cancer

Cancer is a group of diseases characterized by uncontrolled cell growth, invasiveness

and spread of abnormal cells. About 1.6 million new skin cancer cases are expected to

be diagnosed in 2012. This makes cancer the second most common cause of death in

the US, exceeded only by heart disease. Although there are various treatment options

for cancer, like surgery, radiation, chemotherapy, hormone therapy and targeted ther-

apy, the survival rates for some cancers, especially the treatment of distant metastases,

often remains a challenge.

There are several requirements for malignant transformation of a cell. These require-

ments (“hallmarks of cancer”) include self-sufficiency of growth signals (e.g. by alter-

ation in growth signals, up-regulation of growth factor receptors, mutations in growth

signaling pathways), insensitivity to antigrowth signaling, resistance towards apop-

tosis (e.g. by defects in the activation of FAS death signaling pathway or mutation

in p53), limitless replicative potential (e.g. by maintenance of telomere length by

up-regulation of telomerase activity), sustained angiogenesis and tissue invasion and

metastasis (Hanahan and Weinberg, 2000).

Skin cancer is the most common type of cancer worldwide. Each year, more new cases

of skin cancer are diagnosed than total number of cancers of the breast, prostate, lung

and colon. Generally, skin cancers are named after the type of cells that become

malignant. There are two major groups of skin cancer, melanoma and non-melanoma

skin cancers. The latter group comprises basal cell carcinoma (BCC), squamous cell

carcinoma (SCC) and premalignant lesions including actinic keratosis and Bowen’s
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disease. Melanomas account for less than 5% of skin cancer cases, but for the vast

majority of skin cancer deaths. BCC is the most common type of skin cancer, but

mortality of BCC and SCC is generally low when compared to other types of cancer.

However, when allowed to grow, these types of skin cancer can be highly disfiguring

(Center et al., 2011).

1.3 Melanoma

Figure 1.5. Primary melanoma
Melanomas are characterized by asymmetry, ir-
regular borders, variegated color, large diameter
and continuous growth (Figure from Abbasi et
al. (Abbasi et al., 2004)).

Unlike most other types of cancer, the rate

of melanoma has almost doubled in the

past 30 years in the United States. From

1970 to 2009, the incidence of melanoma

increased by 800% among young women

and 400% among young men (Reed et al.,

2012). Although better detection systems

have been developed and a greater aware-

ness of the dangers of sun and UV expo-

sure has risen, this disease is in desperate need of new therapeutic options. Two

new drugs, Ipilimumab (Yervoy) and Vemurafenib (Zelboraf), have recently been ap-

proved by the FDA and reportedly extend short-time survival in people with ad-

vanced melanoma. Despite recent successes in melanoma research, this aggressive

type of skin cancer, which shows a high tendency to spread to other organs, is not

curable so far.
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Melanomas represent a heterogeneous group of neoplasms with variable genotypic

and phenotypic characteristics depending on anatomic location, degree of sun ex-

posure and individual susceptibility (Slipicevic and Herlyn, 2012). They arise from

malignant transformation of the pigment producing melanocytes in the skin as a

consequence of accumulation of genetic alterations. In addition, melanomas can

also develop in the mucosal membranes, uveal tract of the eyes and leptomeninges.

Melanomas usually develop from melanocytes, but they can also arise from preexist-

ing nevi due to sequential accumulation of genetic and molecular alterations. Genetic

predispositions as well as environmental factors such as sunlight contribute to its

formation.

1.3.1 Architecture of the healthy skin

Human skin consists of two layers, the epidermis and the dermis, which are separated

by a basement membrane (Figure 1.6). In the epidermis, keratinocytes represent a pri-

mary barrier to the outside environment. They produce a huge number of molecules

for cell growth and host defense. Undifferentiated basal keratinocytes (“basal cells”)

proliferate and differentiate into a multilayered tissue. Melanocytes are distributed as

single cells within the basal layer of the epidermis (one per 5-10 basal keratinocytes),

forming an epidermal-melanin unit (Nordlund, 2007). Each melanocyte is in contact

with about 36 keratinocytes and transports melanin-containing melanosomes to them

through multiple dendrites. The melanin protects keratinocytes from the harmful

effects of UV light. Proliferation of melanocytes is strictly controlled by keratinocytes.
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Figure 1.6. Anatomy of the skin

Skin consists of three distinct layers, epidermis, dermis and subcutaneous tissue. Melanocytes are
positioned singly between basal cells at the basal layer of the epidermis. Proliferation, division and
migration of melanocytes are tightly controlled by keratinocytes (Figure from Nys et al. (Nys et al.,
2011))

1.3.2 Risk factors

Two major factors are important for the development of melanomas in humans: ge-

netic predisposition and exposure to environmental factors.

Familial melanomas represent 8-12% of all melanomas (Fountain et al., 1990; Goldman

et al., 1986; Greene, 2000; Greene et al., 1983). The development of melanomas is also

linked to the skin color as melanomas occur tenfold more frequently in caucasians

than in blacks (Crombie, 1979). Fair-skinned people who have nevi or frequently suf-

fer from sunburn without tanning have a higher risk of developing melanomas than

people with darker skin (Gallagher et al., 1990). Survivors of melanoma are about

nine times as likely as the general population to develop a new melanoma (Bradford

37



Chapter 1

et al., 2010).

About 86% of melanomas can be attributed to exposure to ultraviolet radiation from

the sun, either causing their formation or contributing to it (Parkin et al., 2011). The

vast majority of mutations found in melanomas are caused by UV light (Pleasance

et al., 2009). Especially intensive exposure to sunlight during childhood or the use of

tanning lamps are known to increase the risk of melanoma dramatically. UV radia-

tion comprises UVA (320-400 nm), UVB (280-320 nm) and UVC (200-280 nm). The

effect of UVC on the human skin can be ignored, as this radiation is absorbed by

oxygen and ozone in the atmosphere. In contrast, UVA and UVB radiation can cause

harmful effects on the skin, including increased DNA instability (Cifone and Fidler,

1981), inactivation of antioxidants (Fuchs and Packer, 1990) and suppression of the

immune system. The role of UVB as a cause of white skin cancer and to a lesser

extent of melanomas is well documented, whereas the role of UVA is still less un-

derstood. UVB radiation is absorbed mainly by the epidermis thus causing DNA

damage to keratinocytes and inducing white skin cancer. It causes direct damage to

the DNA thereby initiating a primary mutation in the skin. UVB induces two ma-

jor types of DNA modifications: pyrimidine-pyrimidone (6-4) photoproducts (6-4PPs)

can be generated between adjacent pyrimidine residues. In addition, pyrimidine and

cyclobutane dimers can be formed between adjacent thymine and cytosine dimers.

Pyrimidine dimers are considered to be more carcinogenic as they are formed three

times more often and are less efficiently repaired. UVB can also cause C –> A and G –

> T changes and DNA strand breaks. In contrast, UVA is able to penetrate deeper into

the skin thus reaching more melanocytes compared to UVB. In contrast to UVB, UVA

causes oxidative damage to the cells by formation of reactive oxygen species (ROS).
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Thus it can induce mutations in the DNA only indirectly. UVA cannot be absorbed

directly by native DNA.

Non-sunlight risk factors include exposure to ionizing radiation and chemicals. How-

ever, synergistic effects with genetic factors and UV radiation have to be taken in

account in this case (Gruber et al., 2008).

1.3.3 Melanoma progression and clinical staging

Major steps of tumor progression according to Clark (Clark, 1991) are defined as fol-

lows (Figure 1.7): The earliest hyperplastic melanocyte lesion is the common acquired

nevus. The dysplastic nevus shows increased levels of cytological and architectural

atypia. The first malignant stage is the radial growth phase (RGP) primary melanoma,

in which melanoma cells are restricted to the epidermis or are only locally invasive.

Vertical growth phase (VGP) melanoma lesions are characterized by infiltration into

the dermis and the subcutaneous tissue. All VGP melanomas are tumorigenic, al-

though to a different extent. Metastasis represents the most advanced step in tumor

progression.

Melanomas are classified histologically based upon their location and stage of pro-

gression. The stages of melanomas are defined as follows (Balch et al., 2009):

Stage 0: The melanoma involves only the top layer of the skin, also called melanoma

in situ.

Stage I: The tumor is no more than 1 mm thick, the surface may appear broken down.

Stage II: The tumor is between 1 and 2 mm thick, the surface appears broken down.
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Stage III: The melanoma cells have spread to at least one nearby lymph node.

Stage IV: Malignant cells have spread to areas of the body far away from original

growth.

Figure 1.7. Proposed molecular alterations associated with the initiation and progression
of melanoma

Human melanoma progression is associated with molecular alterations that can occur at different stages.
Aberrant proliferation of normal melanocytes results in the formation of benign or dysplastic nevi. Ra-
dial growth phase (RGP) melanomas exhibit the ability to grow intra-epidermally, followed by invasion
of the dermis in the vertical growth phase (VGP), and ending with metastasis. Only about half of
the melanomas are known to arise from nevi, and progression can occur without going through all the
stages described. (Figure from Zaidi et al. (Zaidi et al., 2008))

1.3.4 Genetic background

Mutations in two categories of genes are relevant for cancer development and growth:

oncogenes and tumor suppressor genes. Proteins encoded by oncogenes contribute to
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cancer formation through a dominant gain of function mutation. Tumor suppressor

gene products suppress carcinogenic progression and recessive loss-of-function mu-

tations in these genes enable cancer growth.

Multiple mutations have been detected in melanomas, as summarized in Figure 1.8.

These mutations are affecting either proliferative, senescence or apoptotic pathways.

Proliferative pathways

Proliferative pathways including the MAPK-ERK pathway are involved in the control

of cell growth, proliferation and migration, and play a major role in the development

and progression of melanoma. They are implicated in rapid melanoma cell growth,

enhanced cell survival and resistance to apoptosis (Davies et al., 2002; Palmieri et al.,

2009).

PTEN. PTEN (phosphatase and tensin homologue) is a suppressor gene that encodes

for a phosphatase, which regulates extracellular growth signals, cellular division, cell

migration and spreading (Tamura et al., 1998). Mutations lead to activation of the

serine/threonine kinase AKT3 and thus promote cell cycle progression and inhibition

of apoptosis. PTEN is inactivated in 25% to 50% of melanomas by mutation, reduced

expression or deletion.

c-kit. The transmembrane tyrosine kinase receptor c-kit is activated by binding to its

ligand stem cell factor, which leads to the stimulation of the mitogen-activated protein

kinase (MAPK), AKT1 and JAK-STAT signaling pathway, thereby producing prolifer-

ative and survival effects. c-kit expression is up-regulated in 60% of melanomas but
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Figure 1.8. Melanoma signaling networks

Shown is a simplified diagram of three of the major genetic networks involved in melanoma tumorige-
nesis, survival, and senescence. Included in the NRAS signaling network (green) are the MAPK and
the PI3 Kinase/AKT pathways, which have been implicated in melanoma proliferation, survival, and
progression. The CDKN2A locus encodes two separate tumor suppressors, p16 and p14ARF, both of
which are thought to contribute to senescence and tumor growth restriction. The p53/Bcl-2 signaling
network (red) is a major contributor to melanoma apoptosis and chemosensitivity and is regulated by
many of the oncogenic melanoma pathways. Shown at the top of the figure are selected therapeutic
agents that target each of these genetic networks. (Figure from Hocker et al. (Hocker et al., 2008))
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not in melanocytes (Curtin et al., 2006; Lassam et al., 1992). c-kit-alterations are found

more frequently in melanomas from acral, mucosal and chronic sun-damaged sites

(Nikolaou et al., 2012).

NRAS. The ras signaling cascade promotes proliferation, survival and invasion through

two distinct pathways, the MAPK pathway and the PI3K pathway (Hocker et al., 2008).

Changes in the expression of all RAS genes (NRAS, HRAS and KRAS) have been de-

tected in human melanomas. Mutations in NRAS, leading to a constitutive activation

of this gene, are present in about 20% of human melanomas and within the RAS gene

family it is the most commonly mutated gene. NRAS mutations are very often found

in melanomas on sun-exposed areas of the body. This suggests a strong association

between mutations of this gene and UV light.

BRAF. Three highly conserved RAF genes are present in human cells: ARAF, BRAF

and CRAF. CRAF and ARAF mutations are rare in human cancers (Emuss et al., 2005;

Lee et al., 2005; Zebisch et al., 2006), which might be due to the fact that oncogenic

mutation in these genes requires two coexisting mutations, whereas BRAF can be ac-

tivated by a single amino acid substitution (Beeram et al., 2005; Zebisch et al., 2006).

Mutations in the proto-oncogene BRAF represent approximately 60% of mutations

found in melanomas, and it is the most frequently mutated gene in this skin tu-

mor. The most common mutation (95% of mutations of BRAF) within this gene is a

glutamic acid-for-valine substitution at position 600 (BRAFV600E), which is a gain-of-

function mutation (Davies et al., 2002). BRAF encodes a serine/threonine kinase in

the ras signaling pathway and as a consequence, this mutation leads to constitutive

activation of downstream protein kinases by phosphorylation (MEK/ERK).
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Interestingly, BRAF mutations are necessary but not sufficient for the development

of melanoma. They represent an early event in melanoma development and must be

accompanied by other gene alterations (Haluska et al., 2006). They are already found

in nevi, which implicates that they rather influence proliferation than tumorigenesis.

Activating mutations of BRAF alone constitutively induce up-regulation of p16 and

cell cycle arrest (Michaloglou et al., 2005), therefore in vitro introduction of BRAFV600E

in normal human melanocytes leads to cellular senescence (Slipicevic and Herlyn,

2012).

Mutations of PTEN and BRAF frequently occur together, whereas NRAS mutations

and BRAF mutations are not present in the same melanoma (Goel et al., 2006).

Senescence pathways

Cell senescence is an arrest of proliferation at the somatic level. This is induced by

telomere shortening, oncogenic activation and/or cellular stress due to intense pro-

liferative signals (Di Micco et al., 2006; Mooi and Peeper, 2006; Palmieri et al., 2009).

During melanoma progression, expression and activity of telomerase is up-regulated

(Palmieri et al., 2009).

p16CDKN2A. p16 is one of two products of the cyclin-dependent kinase inhibitor 2A

(CDKN2A) gene, which also encodes for p14 (product of alternative splicing). As a

consequence, p16 and p14 are simultaneously altered in many tumors. p16 is a tumor

suppressor protein involved in the G1/S checkpoint of the cell cycle. It acts as an in-

hibitor of the cyclin-dependent kinases CDK4 and CDK6 and prevents S-phase entry
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during cell cycle. Studies have shown that CDKN2A is mutated in 42% of malignant

melanomas (Talve et al., 1998), in 59% of melanoma metastases (Maelandsmo et al.,

1996) and in 77% of melanoma cell lines (Bartkova et al., 1996). Mutations lead to in-

effective inhibition of cell proliferation. Thus, they promote uncontrolled cell growth,

which may increase the aggressiveness of the transformed melanocytic cells (Haluska

et al., 2006; Palmieri et al., 2009).

Apoptotic pathways

p53. Mutations and over-expression of this gene have been found in melanomas

(Stretch et al., 1991; Volkenandt et al., 2006), but the frequency numbers are very vari-

able from study to study. Under normal conditions, the expression levels of the stress

response protein p53 in cells are low. In response to DNA damage, p53 accumu-

lates and prevents cell division. Inactivation of p53 by mutation results therefore in

an accumulation of genetic damage, which promotes tumor formation (Levine, 1997;

Palmieri et al., 2009). In melanoma, this inactivation of p53 is mainly due to a func-

tional gene silencing, as mutations in p53 are low (Box and Terzian, 2008).

p14CDKN2A. p14 is a tumor suppressor protein which acts by inhibiting the MDM2

protein. The latter protein interacts with p53 by blocking p53-mediated activities and

targeting substrates for rapid degradation (Pomerantz et al., 1998; Palmieri et al., 2009).

It has to be emphasized that single genetic or molecular alterations are not sufficient

for the induction of melanoma formation. According to Palmieri et al. (Palmieri et al.,

2009), the following alterations are needed for melanoma development and progres-

sion:
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- induction of clonal expansion (mutational activation of BRAF or NRAS)

- modifications to overcome mechanisms controlling melanocyte senescence, which

otherwise would halt the lesion as a benign mole (inactivation of the p16 pathway)

- suppression of apoptosis (increased expression of AKT)

1.3.5 Melanoma treatment

The median survival time for melanoma patients with metastatic disease is 8-9 months

(Balch et al., 2009). Despite recent successes in the treatment of melanoma, the 5-year

survival rate of patients suffering from metastasized melanomas (stage III and IV) is

less than 10%. This is mainly due to the aggressiveness of the tumor but also due to a

lack of therapeutic approaches for treating this disease (Kuphal and Bosserhoff, 2009).

Clinical trials of chemotherapy, immunotherapy and biochemotherapy have failed to

significantly improve survival rates. Recent advances have been made with new treat-

ment strategies that target specific molecules and pathways expressed in cancer cells.

Surgery and radiation therapy. Early stage melanoma is curable through surgery.

In advanced disease, surgery and radiation therapy are usually used for palliation of

symptoms due to local tumor growth. Melanoma is considered a relatively radioresis-

tant tumor and radiation therapy is used as an adjunct to the use of systemic therapy

(Bhatia et al., 2009).

Chemotherapy (Systemic therapy). Systemic therapies include chemotherapy with

Dacarbazine (DTIC) and cytokines interleukin-2 (IL-2) and interferon-a2b (IFN-a2b).

Only 5%-10% of patients respond to DTIC treatment with median response durations
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of 5 to 6 months. Immunotherapy with IL-2 treatment using IFN-a2b as an adjuvant

achieves a response in 10%-20% of patients. Effects are usually short-lived and asso-

ciated with high toxicity (Slipicevic and Herlyn, 2012; Tsao et al., 2004). The primary

purpose of Dacarbazine therapy for metastatic melanoma is palliation. Nevertheless,

treatment with Dacarbazine is still the “standard treatment” of metastatic melanoma

(Balch et al., 2009; Bhatia et al., 2009; Blesa et al., 2011).

Other chemotherapeutic agents used in the treatment of metastatic melanoma in-

clude alkylating agents (Temozolomide, nitrosoureas), platinum analogs (cisplatin,

carboplatin), and microtubular toxins (vinca alkaloids such as vindesine and vinblas-

tine; taxanes such as paclitaxel). These agents have been used alone or in combina-

tion. However, combinations of cytotoxic agents may yield higher response rates than

Dacarbazine monotherapy, but they are also associated with greater toxicity and do

not extend survival significantly (Bhatia et al., 2009).

Targeting specific signaling molecules in melanomas (Targeted therapy)

RAS. Farnesyltransferase inhibitors (e.g. Tipifarnib and Lonafarnib) block RAS ac-

tivation by inhibiting posttranslational farnesylation of the protein. This prevents

translocation of RAS to the plasma membrane, which is required for dimerization

of RAF and activation of downstream signaling pathways (Purcell and Donehower,

2002). Single-agent studies were not successful, but there is evidence, that RAS an-

tagonism might enhance the effectiveness of other chemotherapeutic agents. As a

consequence such inhibitors might be used as part of a combination treatment (Niko-

laou et al., 2012).
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BRAF. Sorafenib is a non-selective RAF inhibitor that targets the ATP-binding site of

RAF, and it abolishes MAPK signaling biochemically. Besides RAF, Sorafenib also in-

hibits receptor tyrosine kinases, including c-kit, platelet-derived growth factor (PDGF)

receptors and vascular endothelial growth factor (VEGF). At low concentrations, it

inhibits both wild-type and mutated BRAF. Comparable to farnesyltransferase in-

hibitors, single agent studies were not successful, and also combinations failed to

prove any clinical benefit for metastatic melanoma patients (Bhatia et al., 2009; Niko-

laou et al., 2012).

Other, more selective BRAF inhibitors are currently under investigation, including

Vemurafenib. This agent has a 30fold higher selectivity for the mutated BRAF com-

pared to wild-type BRAF. In a Phase I trial, an 80% response rate to Vemurafenib

among 32 genotype-selected metastatic melanoma patients was found. In addition,

progression-free survival rates were also prolonged (Flaherty et al., 2010). However,

there is increasing evidence, that the promising effects of Vemurafenib are associated

with severe side effects.

Development of keratoacanthomas and invasive squamous cell carcinomas (SCCs)

was associated with Vemurafenib, which might be due to compensatory signaling

through RAS/CRAF (Heidorn et al., 2010; Nikolaou et al., 2012). In addition, after an

initial period of response to the drug, most patients relapse and develop resistance to

Vemurafenib. This resistance can be acquired through several mechanisms including

activation of the serine/threonine kinase COT and RAF isoform switching (Flaherty

et al., 2010; Slipicevic and Herlyn, 2012; Villanueva et al., 2011).
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Targeting angiogenesis. Angiogenesis is an essential process in the development of

melanomas (Hanahan and Weinberg, 2011). Melanoma cells produce a wide variety

of angiogenic factors, including vascular endothelial growth factor (VEGF), basic fi-

broblast growth factor (bFGF), interleukin-8 (IL-8) and platelet-derived growth factor

(PDGF). High serum levels of VEGF correlate with poor prognosis. Several inhibitors

of angiogenesis have been tested so far. Anti-angiogenic agents show promising clin-

ical activity, especially by increasing growth control (Bhatia et al., 2009).

Targeting the immune system. Melanoma is one of the most immunogenic tumors.

Immunological approaches have shown some activity in patients with advanced me-

lanoma. Therapies include the use of high-dose interleukin-2 (IL-2) and IFN-α, au-

tologous and allogeneic cellular vaccines and cytokines. In addition, multiple novel

immunomodulatory agents with activity against melanoma are under development

(Bhatia et al., 2009; Nikolaou et al., 2012).

IL-2 is a lymphokine that stimulates T-cell proliferation and function and triggers the

release of cytokines such as interferon gamma and tumor necrosis factor by activated

lymphocytes. However, high-dose IL-2 shows high toxicity, including fever, chills,

hypotension, increased capillary permeability, rash and others.

Only recently, survival benefits were proven for treatment with Ipilimumab, a human

monoclonal antibody against cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4)

(Hodi et al., 2010), which regulates T-cell activation. Cytotoxic T-lymphocytes (CTLs)

can recognize and destroy cancer cells, but this effect is abolished by an inhibitory

mechanism, which is resolved by Ipilimumab. In resting T-cells, CTLA-4 is expressed
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intracellularly. Upon T-cell activation, the protein is transported to the immune

synapse where CTLs and the antigen-presenting dendritic cell are in physical con-

tact. This interaction with CTLA-4 turns the cytotoxic reaction off, allowing cancer

cells to survive. Monoclonal antibodies that bind to CTLA-4 can block the interaction

and thus enhance immune responses, including anti-tumor immunity (Nikolaou et al.,

2012). In advanced stage melanoma patients, treatment with Ipilimumab resulted in

20% increased survival up to 4 years after treatment (Hodi et al., 2010; Slipicevic and

Herlyn, 2012).

1.3.6 Conclusions

Melanoma remains the deadliest form of skin cancer and until recently, there have

been only few therapeutic options for patients with metastatic disease. Although tar-

geted therapies were successful in the clinics in some instances, more efficient meth-

ods for treatment will be needed.

1.4 Non-melanoma skin cancer

Non-melanoma skin cancers are the most frequent tumors in the world and their in-

cidence is increasing every year by 3-8% (Glass and Hoover, 1989; Green et al., 1992).

These tumors are usually associated with a low rate of death but often cause dis-

figurement when skin lesions are located on the head and neck (Ahmed et al., 2008;

Trakatelli et al., 2007). Non-melanoma skin cancers comprise basal cell carcinomas

(BCCs), squamous cell carcinomas (SCCs) and premalignant lesions such as actinic

keratoses, Bowen’s disease am keratoacanthomas, which can progress to SCCs.
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Figure 1.9. Basal cell carcinoma
Figure from Wong et al. (Wong et al., 2003)

Basal cell carcinoma (BCC). BCCs are the

most common type of skin cancer, associ-

ated with a limited number of sunburns

(one or more severe sunburns). They

represent about 75% of all skin cancers

(Ahmed et al., 2008). BCCs can be cate-

gorized into nodular (50-60%), superficial

spreading (15%), micro-nodular (15%), in-

filtrative (7%), pigmented (2%) and sclerosing (2-3%) BCCs (Chummun and McLean,

2011). BCCs are predominantly found on the face or the neck and develop from basal

keratinocytes. They are characterized by slow growth and the metastatic rate is lower

than 0.1%. However, BCCs are highly invasive and locally destructive (Ahmed et al.,

2008).

Figure 1.10. Squamous cell
carcinoma
Figure from Madan et al.
(Madan et al., 2010)

Squamous cell carcinoma (SCC). SCCs occur less fre-

quently than BCCs, but they are more aggressive. They

arise from basal keratinocytes and show uncontrolled

growth as they develop from the proliferative basal layer

(Chummun and McLean, 2011). SCCs usually arise at

sites of intensive sun exposure, that is the face, neck,

back, hand, forearm and head. SCCs are associated with

recurrent UV exposure (Ahmed et al., 2008). About 10%

of SCCs originate from actinic keratoses. Keratoacanthomas can also be regarded

as precursor lesions (Burnworth et al., 2006). SCCs have a metastatic rate of 1%

(Boukamp, 2005), and they do not only have the capacity to metastasize to the re-
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gional nodal basin, but also to the lungs, liver, brain, skin and bone (Chummun and

McLean, 2011).

Figure 1.11. Actinic ker-
atosis
Figure from Madan et al.
(Madan et al., 2010)

Actinic keratosis (AK). AKs develop on chronically

sun-exposed skin and usually manifest as small, scaly

lesions with proliferation of atypical keratinocytes.

About 25% of AKs regress spontaneously. About

65% of all SCCs and 36% of all BCCs arise in

lesions that have been diagnosed as AKs before

(Criscione et al., 2009). However, the actual rate

of progression of AKs to SCCs is unknown and

ranges between 0.1 and 16% (Chummun and McLean,

2011).

Figure 1.12. Bowen’s disease
Figure from Ogden and Telfer (Ogden and Telfer,
2009)

Bowen’s disease (SCC in situ). Bowen’s dis-

ease is caused by prolonged exposure to

the sun; it is more common in females and

found predominantly on the legs. Bowen’s

disease is an intraepidermal squamous cell

carcinoma that is confined to the epider-

mis with no dermal invasion. It represents

a slowly enlarging, well defined erythema-

tous scaly plaque and is regularly mistaken by non-dermatologists for eczema or

psoriasis (Ogden and Telfer, 2009). The rate of progression to invasive SCCs ranges

between 3 and 5% (Chummun and McLean, 2011).
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Figure 1.13. Keratoacan-
thoma
Figure from Madan et al.
(Madan et al., 2010)

Keratoacanthoma (KA). Keratoacanthomas represent

self-limiting tumors that tend to occur on sun-exposed

sites. Clinically and histologically, these tumors are very

often difficult to distinguish from SCCs. They are struc-

turally characterized by a nodule with a central keratin

plug. Spontaneous involution occurs usually within a

few weeks, leaving a ragged scar (Ogden and Telfer,

2009).

1.4.1 Development of non-melanoma skin cancer lesions

The risk of developing non-melanoma skin cancer depends on genotype, phenotype,

and environmental factors. It is highest in people with light skin, eye and hair color

and in people with benign sun-related skin disorders such as actinic keratosis or

Bowen’s disease (Madan et al., 2010). Sunlight (English et al., 1997; Neale et al., 2007),

viral infections (Asgari et al., 2008; Harwood et al., 2000; Karagas et al., 2006), diet

and immunosuppression in organ transplant recipients can increase the risk of the

formation of non-melanoma skin cancers (Ahmed et al., 2008). In addition, exposure

to carcinogens, such as pesticides, arsenic (Kennedy et al., 2005), hydrocarbons and

betel leaves, ionizing radiation (Lichter et al., 2000), tobacco smoking (Odenbro et al.,

2005) and photosensitizing drugs (Karagas et al., 2007) can lead to the development

SCCs and BCCs (Chummun and McLean, 2011).
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General risk factors

Ultraviolet radiation. UV radiation is a major risk factor for non-melanoma skin can-

cers. It may act as a primary carcinogen or as a promoter of tumor formation (Ahmed

et al., 2008; Molho-Pessach et al., 2007). For detailed information on the mechanism

of how UVA and UVB induce DNA damage in skin cells, see above. Cumulative

sun exposure during a lifetime strongly correlates with the development with SCC,

whereas intermittent sun exposure and exposure during childhood are more impor-

tant for BCC development (Madan et al., 2010). Major targets of UV radiation are the

p53 gene in SCC and BCC, and the patched gene (PTCH) in BCC. Inactivation of these

genes by mutation leads to uncontrolled cell proliferation (Lacour, 2002).

Viral infection. Viral infections due to the human papilloma virus (HPV) correlate

with the simultaneous occurrence of non-melanoma skin cancers. In this context,

UV-induced DNA damage and other factors such as immunosuppression lead to in-

creased HPV replication and as a consequence to persistent viral infections. Further-

more, additional DNA mutations accumulate, apoptosis is prevented and DNA repair

is impaired. Thus, it is suggested that HPV is indirectly involved in the pathogenesis

of non-melanoma skin cancers (Ahmed et al., 2008; Nindl et al., 2007).

Diet. Several studies support the assumption that higher intake of meat and fat

increase the risk of developing SCC. In addition, consumption of high amounts of

unmodified dairy, such as whole milk and cheese may increase the risk of SCC in

susceptible individuals (Ahmed et al., 2008; Hughes et al., 2006; Ibiebele et al., 2007).

Immunosuppresion. In transplant recipients, the risk of developing SCC is increased

65 to 250 fold and the risk of developing BCC is increased 10 to 16 fold compared

54



Chapter 1

with non-transplanted individuals (Madan et al., 2010).

Genetic aberrations

SCC. There is evidence that SCC development is a multistep process (Figure 1.14).

This hypothesis is supported by the fact that these skin tumors develop as a con-

sequence of cumulative UV damage. Actinic keratoses are believed to be precursor

lesions of SCCs, whereas BCCs are thought to develop de novo. p53 mutations can

already be detected in unsuspicious epidermis. Their frequency increases with age

and therefore it has been suggested that p53 mutations represent an early if not ini-

tial event in the formation of squamous cell carcinomas. p53 mutations are found in

about 90% of SCCs (Madan et al., 2010). In addition, changes in glutathione peroxi-

dase activity lead to increased peroxide levels in cells causing increased cell damage

(Walshe et al., 2007). Advanced stages in the development of SCCs are associated with

up-regulation of the cell cycle regulator cyclin D1 and loss of expression of the cell

cycle inhibitor p16 due to genetic or epigenetic silencing (Burnworth et al., 2007, 2006;

Utikal et al., 2005).

BCC. BCCs show a high frequency of p53 mutations (50%), but also other pathways

are frequently mutated, especially the sonic hedgehog (SHH) pathway (Figure 1.14)

(Madan et al., 2010). This pathway regulates cell growth and differentiation. Acti-

vation of the SHH pathway involves the binding of the sonic hedgehog (SHH) pro-

tein to a cell membrane receptor complex consisting of patched (PTCH)1 protein and

smoothened (SMO) protein. PTCH1 gene mutations prevent PTCH1 from binding to

SMO. As a consequence, unbound SMO allows unregulated cell growth through acti-

vation of the transcription factors GLI1 and GLI2, activation of cell proliferation genes

(including cyclin D, cyclin E and myc), and activation of regulators of angiogenesis.
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Figure 1.14. Development of SCCs and BCCs

Solar UVB and UVA radiation are thought to induce non-melanoma skin cancers. Squamous cell
carcinoma development is a multistep process, which involves precursor lesions including actinic ker-
atoses, keratoacanthomas and Bowen’s disease. In contrast, basal cell carcinomas develop de novo.
Immunosuppression, diet, HPV viral infections and immune responses contribute to the formation of
non-melanoma skin cancers. Original figure adapted from Ahmed et al. (Ahmed et al., 2008)

1.4.2 Treatment of non-melanoma skin cancer

The treatment of non-melanoma skin cancer aims to remove the tumor, achieve high

cure rates, preserve as much local tissue as possible and achieve an optimum cosmetic

result (Chummun and McLean, 2011).

Prevention. If possible, prevention is the method of choice. Thus, agents like sun-

screens and antioxidants are highly recommended. In addition, several substances

have been suggested for potential prevention. The respective products include iso-

tretinoin (vitamin A-derived retinoid) (Chakraborti, 2003), COX-2 inhibitors (COX-2

expression is increased by UV light exposure and may play a role in the formation of

non-melanoma skin cancers) (An et al., 2002; Buckman et al., 1998), therapeutic vac-

cines against HPV infections (Lowy et al., 2006) and silibinin (Singh and Agarwal,

2005). The latter compound has been proven to elicit several favorable effects, includ-

ing inhibition of skin inflammation, DNA damage, epithelial cell proliferation and

sunburns, alteration of mitogenic, apoptotic and survival signaling, activation of p53,

induction of cell cycle arrest, and enhanced repair of DNA damage (Ahmed et al.,

2008; Singh and Agarwal, 2005).

Surgical options include surgical excision of the lesion, Mohs micrographic surgery

and curettage and electrodessication. Non-surgical options are preferred if the risk
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of disfigurement and functional impairment is high. The latter treatments include ra-

diation therapy, cryosurgery, topical chemotherapeutic agents, modifier of biological

immune response and photodynamic therapy.

Excisional surgery. Surgery is the most common treatment option for non-melanoma

skin cancers and it is widely used for low-risk tumors. Cure rates are acceptable and

combined with low costs. Furthermore, it allows full histological analysis of the tu-

mor.

Mohs micrographic surgery (MMS). MMS involves several excisions of the tumor (hor-

izontal sections). These sections are microscopically analyzed and re-excision is per-

formed until the whole tumor is removed. MMS allows complete removal of the tu-

mor and is more accurate compared to standard surgery, leading to recurrence rates

of only 1% for BCC and 3% for SCC, compared to 5.3% and 8% recurrence in standard

surgery (Chummun and McLean, 2011; Neville et al., 2007; Thissen et al., 1999).

Curettage and electrodessication. Superficial non-melanoma skin cancers are curetted

down to normal looking tissue, followed by electrodessication of the basal skin layer

to induce necrotic cell death. Cure rates of up to 93% have been achieved with this

method, however, it should not be considered for treatment of recurrent or ill-defined

tumors (Rowe et al., 1989; Telfer et al., 2008; Madan et al., 2010).

Radiation therapy. This treatment option is successful in the management of primary

and recurrent BCCs. It can be used as adjuvant therapy of aggressive SCCs showing

invasion and metastasis (Voss and Kim-Sing, 1998). Furthermore, it is used as a pal-

liative modality to improve quality of life for patients with advanced or incurable
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disease (Veness, 2008; Madan et al., 2010).

Liquid nitrogen cryosurgery. Tumor cells of low-risk primary basal cell and squamous

cell carcinomas can be destroyed by liquid nitrogen. However, this treatment is only

suggested for selected cases, and cosmetic results are worse compared to most stan-

dard surgical treatment options (Mallon et al., 1996; Telfer et al., 2008; Thissen et al.,

2001; Madan et al., 2010).

Topical chemotherapy. 5-fluorouracil (5-FU) is the most commonly used topic agent

in the treatment of non-melanoma skin cancers. It induces tumor cell death because it

interferes with DNA and RNA synthesis by inhibiting the enzyme thymidylate syn-

thetase, thereby preventing purine and pyrimidine from becoming incorporated into

DNA during the S-phase of the cell cycle. 5-FU has been established as a drug for

topical treatment of actinic keratosis and Bowen’s disease but is rarely used to treat

BCCs. Treatment of SCCs with 5-FU is not recommended. Drawbacks of 5-FU are side

effects including inflammation and blistering, as well as the inability of the compound

to penetrate into the dermis. Thus, its use is limited to the treatment of superficially

growing skin cancers (Gross et al., 2007; Sloan et al., 1990; Madan et al., 2010).

Biological immune-response modifier. Imiquimod is a synthetic immune response

modifier belonging to the imidazoquinolone family. It stimulates innate and cell-

mediated immune responses via stimulation of the Toll-like receptor 7. This effect

leads to increased production and release of cytokines and chemokines and sub-

sequent activation of TH-1 cell-mediated immunity (Chummun and McLean, 2011;

Dummer et al., 2003; Madan et al., 2010).
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Injection of interferons or cytostatic agents into the tumor. IFN induces apoptosis in

BCC cells through the release of IL-2 and IL-10. Intralesional IFN is used for patients

with BCC where surgery would lead to disfigurement. Cure rates vary between 50%

and 80% (Chummun and McLean, 2011; Neville et al., 2007).

Photodynamic therapy. This treatment option involves the topic or systemic appli-

cation of photosensitizing agents and preferential accumulation of these compounds

in tumor cells. Activation by a light source leads to production of reactive oxygen,

induction of apoptosis or necrosis and selective damage to the tumor cells (Zeitouni

et al., 2003; Madan et al., 2010).

1.4.3 Summary

Non-melanoma skin cancers are the most common type of cancer. Their incidence

is rising every year. Treatment options are mainly limited to surgery and topical

application of cytostatic agents. However, disfigurement, recurrence of the tumor and

low drug efficiency are current limitations in the treatment of non-melanoma skin

cancers. The development of more powerful therapeutic agents that preferentially kill

tumor cells and show only low toxicity in healthy skin cells is still a challenge in the

treatment of this disease.
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2.1 Abstract

The oxidized phospholipids (oxPL) 1-palmitoyl-2-glutaroyl-sn-glycero-3-phosphocho-

line (PGPC) and 1-palmitoyl-2-(5-oxovaleroyl)-sn-glycero-3-phosphocholine (POVPC)

are formed upon oxidation of 1-palmitoyl-2-arachidonoyl-phosphatidylcholine in lipo-

proteins and cell membranes. Both oxPL share high structural similarities: they con-

tain a long hydrophobic chain at the sn-1 position, and a shortened polar chain at

position sn-2 which is part of a very large headgroup. Therefore, PGPC and POVPC

are highly amphipathic molecules and as a consequence exchange easily between

cells, membranes and lipoproteins, where they perturb lipid organization and protein

function.

We found that PGPC and POVPC selectively induce cell death in human melanoma

cells isolated from different stages of tumor progression but leave primary human

melanocytes almost unaffected. The toxicity of both compounds was associated with

efficient lipid uptake into the tumor cells, activation of acid sphingomyelinase and cell

line-dependent formation of the apoptotic second messenger ceramide. In summary,

both compounds show useful properties. First of all, their toxicity is preferentially

expressed in malignant cells. Secondly, they are naturally formed in the body and

resistance to these compounds is not likely to occur.

2.2 Introduction

Melanomas are highly heterogeneous as are most tumor cells within one lesion (Quin-

tana et al., 2010; Shackleton et al., 2009). There are hundreds of different genetic al-
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terations that drive cancer cells to grow, migrate, invade and survive (Palmieri et al.,

2009; Sauter et al., 1998). As a consequence blocking just a single signaling pathway by

an inhibitor is not sufficient to kill all tumor cells. Malignant cells within one tumor

often differently respond to therapy, some may even be completely unaffected. For in-

stance, some sub-populations may have more efficient efflux pumps for drug removal

(Luo et al., 2012), whereas some do not proliferate at all. Many of these properties

make them inaccessible to most of the currently used drugs, which are prolifera-

tion antagonists. Thus, recent therapeutic strategies are based on the combination of

multiple pathway inhibitors, and new concepts have evolved such as individualized

therapies and combination therapies (Nikolaou et al., 2012). However, the required

identification of mutations for each patient receiving signal transduction inhibitors is

time-consuming and costly. For these reasons, there is a need for a general approach

for the treatment of melanomas, aiming at targeting all cancer cells within a tumor

independent of individual differences in their genetic background.

Here we describe an approach, which is based on oxidized phospholipids, which are

major components of oxidized LDL. The respective compounds are the choline phos-

pholipids 1-palmitoyl-2-glutaroyl-sn-glycero-3-phosphocholine (PGPC) and 1-palmi-

toyl-2-(5-oxovaleroyl)- sn-glycero-3-phosphocholine (POVPC). Next to a variety of

other products, these compounds are oxidative modifications of arachidonic acid in

position sn-2 of phosphatidylcholine in lipoproteins and cell membranes (Fruhwirth

et al., 2007). Both oxPL share high structural similarities: they contain a long hy-

drophobic chain at the sn-1 position, and a shortened polar chain at position sn-2,

which is part of a very large headgroup. As a consequence, PGPC and POVPC are

highly amphipathic molecules and exchange easily between cells, membranes and
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lipoproteins, where they perturb lipid organization (Stemmer et al., 2012).

Here, we present a novel, generalized strategy that can be the basis for the treatment

of skin cancer and other types of cancer irrespective of their genetic background. It

makes use of a subclass of oxidized phospholipids that are formed endogenously

in the human body under oxidative stress. The respective compounds are the trun-

cated phosphatidylcholines PGPC and POVPC (see Figure 2.1) which contain a long

fatty acid and a short carboxylic acid in positions sn-1 and -2 of the phospholipid,

respectively. We provide evidence that these oxidized phospholipids preferentially

kill skin cancer cells in culture but leave primary human melanocytes almost unaf-

fected. In this context, we investigated the toxicity, uptake and target interactions of

the cytotoxic compounds in cultured human melanoma cells of different stages. The

basis for our study was the observation, that truncated oxPL which are components

of oxidized low density lipoprotein (oxLDL) and minimally modified low density

lipoprotein (mmLDL) are cytotoxic in cells of the arterial wall thus playing an impor-

tant role in the development and progression of atherosclerosis. The toxic lipid effects

include inflammation, proliferation and under sustained exposure programmed cell

death (apoptosis).

It was the aim of this study to find out whether such toxic effects, especially apoptosis,

are also elicited by oxPL in cancer cells. We found that the oxidized phospholipids

efficiently kill human melanoma cells of different stages but leave primary human

melanocytes almost unaffected. The toxicity of PGPC and POVPC was associated

with efficient uptake of these lipids into the cells, activation of aSMase and the for-

mation of the apoptotic second messenger ceramide. Several evidences support the
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assumption that the truncated oxidized phospholipids may possess high potential

for cancer treatment. First of all, their toxicity is preferentially expressed in malig-

nant cells. Secondly, they are naturally formed in the body and resistances to these

compounds are not very likely to occur.

2.3 Experimental Procedures

2.3.1 Materials

Oxidized phospholipids (PGPC and POVPC) and their fluorescent analogues (BY-

PGPE and BY-POVPE) were synthesized in our laboratory as previously described

(Moumtzi et al., 2007). 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) was

synthesized according to the method of Hermetter et al. (Hermetter et al., 1989). 1-

Palmitoyl-sn-glyero-3-phosphocholine (PLPC) was purchased from Bachem (Buben-

dorf, Switzerland). Tissue culture dishes and flasks were obtained from Sarstedt

(Nürmbrecht, Germany) or Greiner (Kremsmünster, Austria). RPMI-1640 medium

with or without Phenol red, fetal calf serum (FCS) and Trypsin were purchased from

Gibco (Carlsbad, CA), Melanocyte Growth Medium (MGM) with or without Phe-

nol red were obtained from Promo Cell (Heidelberg, Germany). Phosphate buffered

saline (PBS) and all supplements for cell culture were purchased from PAA Labora-

tories (Linz, Austria), unless otherwise indicated. Chemicals for gel electrophoreses

were obtained from Bio-Rad Laboratories (Hercules, CA, USA). Vybrant® apoptosis

assay kit#2 (V-132451) and staurosporine were from Invitrogen (Leek, Netherlands).

Flow cytometry fluids and FACS tubes were from BD Bioscience (Heidelberg, Ger-

many). Organic solvents and all other standard chemicals were purchased from Carl
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Roth (Karlsruhe, Germany) or Sigma-Aldrich (Vienna, Austria), unless otherwise in-

dicated.

2.3.2 Cell culture and incubation with oxidized phospholipids

Human primary melanoma cell lines (SBcl2, WM35) and metastatic melanoma cell

lines (WM9, WM164) were cultured in RPMI-1640 medium supplemented with 2%

FCS, 200 units/ml penicillin/streptomycin and 4 mM L-glutamine. The melanocytic

cell lines were kindly provided by Dr. Meenhard Herlyn (The Wistar Institute, Philadel-

phia, PA, USA). Human melanocytes (Fom), derived from human foreskin, were cul-

tured in Melanocyte Growth Medium (MGM). All cells were routinely grown at 37°C

in humidified CO2 (5%) atmosphere.

For all experiments, ethanolic solutions of lipids containing the indicated lipid concen-

tration were prepared using the ethanol injection method (Batzri and Korn, 1973). The

final concentration of EtOH was always kept below 1% (v/v). Incubation medium for

all experiments was RPMI-1640 culture medium containing 0.1% FCS without Phenol

red unless otherwise indicated. Control experiments were carried out with incubation

medium containing 0.1% FCS and the same amount of EtOH but without lipids.

2.3.3 Time-dependent stability of PGPC and POVPC in serum con-
taining media

Stability of oxidized phospholipids in RPMI-1640 media supplemented with 0.1% or

2% FCS was determined as previously described (Fruhwirth et al., 2006). In detail,

lipid dispersions containing 100 µM PGPC or POVPC in media supplemented with
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varying concentrations of FCS were prepared and incubated at 37°C under shaking

(550 rpm) for different times. After incubation, phospholipids were extracted with

CHCl3/MeOH 2:1 (v/v) under short intense mixing. Extraction was repeated once,

the organic phases were combined and the solvent was removed under a gentle stream

of nitrogen.

The lipids were dissolved in CHCl3/MeOH 2:1 (v/v) and analyzed by thin layer

chromatography on silica plates. For the separation of POVPC and its degradation

product PLPC, the mobile phase was CHCl3/MeOH/H2O 30:50:10 (v/v/v). PGPC

and PLPC were separated using an acidic mobile phase containing CHCl3/MeOH/

acetone/glacial acetic acid/H2O (20:40:10:10:10 per vol.). After separation, lipid spots

were detected using molybdenum blue reagent which specifically stains phospho-

lipids (Vaskovsky and Kostetsky, 1968). Different phospholipids were identified by

comparison with pure reference compounds.

2.3.4 Fluorescence microscopy

Cells were grown to 70% confluency on Chamber slides (Nunc, Nalgene, Rochester

USA). Cells were incubated with dispersions of 5 µM oxPL in incubation medium for 5

and 30 minutes. After incubation, cells were washed with medium and observed with

an Axiovert 35 inverted fluorescence microscope equipped with a mercury-arc lamp

and a CCD camera, driven by AxioVision software package (Carl Zeiss, Germany).

BODIPY fluorescence (Ex 505 nm, Em 510 nm) was detected using the following filter

set: Excitation filter BP 450-490 nm, Beam splitter 510 nm and barrier filter LP 520

nm. Unlabelled cells were used as a reference to examine autofluorescence.
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2.3.5 Flow cytometric analysis of apoptotic and necrotic cells

For the determination of apoptotic and necrotic cell populations, the Vybrant® apop-

tosis assay kit#2 was used according to a slightly modified manufacturer’s protocol.

Cells were seeded into 24-well plates and grown to 80% confluency. Cells were incu-

bated with 400 µl lipid dispersion in incubation medium (final lipid concentrations

were 25 µM or 50 µM) for 6 hours. Controls were cells incubated with medium

containing 1 vol.% EtOH. Medium containing H2O2 was used as a positive control

(necrosis).

After incubation, the supernatant was removed, the cells were harvested after treat-

ment with accutase, and the wells were washed twice to collect any remaining cells.

All fractions were combined. Cells were isolated by centrifugation followed by wash-

ing with PBS containing 2 mg/ml glucose and resuspension in 100 µl Annexin Bind-

ing Buffer. The cell suspension was mixed with 5 µl AlexaFluor®488 Annexin V, 5.5

µl of an aqueous solution of propidium iodide (final concentration 1 mg/ml) and in-

cubated in the dark at RT for 15 minutes. Subsequently, samples were diluted with

400 µl PBS containing 2 mg/ml glucose, gently mixed and kept on ice until analysis.

Stained samples were analyzed immediately using a FACS Calibur flow cytometer

(BD Bioscience, NJ). The green fluorescence emission at 530 nm and the red fluores-

cence emission above 575 nm were detected upon excitation at 488 nm. Cell popu-

lations were separated into three groups: apoptotic cells were only stained by green

fluorescent AlexaFluor®488 Annexin V. Necrotic cells showed red fluorescence due to

binding of PI to DNA or double staining due to binding of both fluorescence mark-

ers. Intact cells were not stained. Each experiment was carried out three times and
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each sample was done in parallel. The percentage of apoptotic and necrotic cells was

calculated using WinMDI 2.8 software.

2.3.6 Morphological studies

Cells were grown to 60-70% confluency in chamber slides (Nunc, Nalgene, Rochester,

USA) and incubated with oxPL or 1% EtOH (v/v) in media without Phenol red under

low serum conditions. After incubation, the cells were washed twice with medium

and observed with an Axiovert 35 inverted microscope equipped with a charged cou-

pled device camera, driven by AxioVision software package (Carl Zeiss, Germany).

2.3.7 Labelling of cell proteins with BY-POVPE

WM9 metastatic melanoma cells were grown in RPMI-1640 medium to 80% conflu-

ency in Petri dishes (60 mm) and washed twice with RPMI-1640 (0.1% FCS) prior to

stimulation. Cells were incubated in the dark for 30 minutes with 3 ml of a 10 µM BY-

POVPE dispersion or the same amount of incubation medium containing 1% EtOH

(v/v) as a negative control. After treatment, cells were washed twice with ice-cold

PBS and scraped into 3 ml of washing solution (PBS supplemented with 100 mg/l

CaCl2, 100 mg/l MgCl2 x 6 H2O, 1 mM PMSF and 10 mM NaCNBH3). The following

steps were performed at 4°C. Cells were pelleted at 300 g for 3 minutes followed by

lysis in 150 µl of neutral cell lysis buffer for one hour on ice (20 mM HEPES, 2 mM

EDTA, 1% Triton X-100, pH 7.4, 10 mM NaCNBH3, 5 mM DTT, 1 mM PMSF, 10 µg/ml

SBTI, 10 µg/ml leupeptin; stock solutions of soybean Trypsin inhibitor, leupeptin and

NaCNBH3 were added directly before use). The suspension was shaken vigorously

every 15 minutes. To remove nuclei and cell debris, the lysate was centrifuged at 1000
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g for 5 minutes. After reduction of formed Schiff bases at 37°C for 2 hours, samples

were stored at -20°C. Measurements of cell protein content were performed using a

microtiter plate assay based on the method of Bradford (Bradford, 1976).

2.3.8 One-dimensional gel electrophoresis of labelled proteins

For one-dimensional SDS-PAGE, 60 µg of protein per sample were precipitated with

10% trichloroacetic acid on ice for 1 hour and collected by centrifugation at 4°C and

14.000 g for 15 minutes. The pellet was washed once with ice-cold acetone and re-

suspended in sample buffer for 1-D SDS-PAGE (20 mM KH2PO4, 6 mM EDTA, 60

mg/ml SDS, 100 mg/ml glycerol, 0.5 mg/ml Bromophenol blue, 20 µl/ml mercap-

toethanol, pH 6.8). Prior to loading onto the gel, the samples were heated to 95°C for

5 minutes. Proteins were separated by SDS-PAGE (4.5% stacking gel, 10% resolving

gel) (Fling and Gregerson, 1986). After electrophoresis, gels were fixed in aqueous

solution containing 10 vol.% EtOH and 7 vol.% AcOH for 2 hours. Fluorescence of

BODIPY-labelled proteins was detected using a BioRad laser scanner (Ex 488 nm,

Em 530/30). Total protein patterns were visualized by SYPRO Ruby Protein Gel Stain

(Molecular Probes) according to the manufacturer’s protocol (Ex 488 nm, Em 605 nm).

2.3.9 Labelling of cell phospholipids with BY-POVPE and two-di-
mensional TLC separation of labelled cellular lipid extracts

Melanocytes and melanoma cells were grown in 100 mm Petri dishes to 80% conflu-

ency. After washing twice with SFM, cells were treated with 6 ml SFM containing 1

µM BY-POVPE or BY-PGPE for various time points at 37°C. Control cells were treated

with 1 vol.% EtOH in SFM under the same conditions. After discarding the super-

natant, cells were rinsed with PBS twice and lipids were extracted by a modified
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procedure of Folch et al. (Folch et al., 1957). In detail, cells were scraped into 10 ml of

PBS and transferred into 15 ml pyrex tubes. The mixture was incubated with 10 µM

NaCNBH3 for 10 minutes at RT to reduce the formed Schiff bases to stable amines.

After harvesting of the cells by centrifugation (2500 g, 3 min), the cell pellet was re-

suspended in 3 ml of CHCl3/MeOH 2:1 (v/v), NaCNBH3 was added to reach a final

concentration of 10 mM, and the suspension was shaken vigorously for one hour at

4°C. After washing with 700 µl of a MgCl2 solution (0.036% in water w/v) and cen-

trifugation at 2500 g for 2 minutes at RT, the lower chloroform phase was collected

and evaporated to dryness under a nitrogen stream.

The extracted lipids were dissolved in CHCl3/MeOH 2:1 (v/v) and subjected to two-

dimensional TLC (silica gel 60, Merck) using CHCl3/MeOH/25% NH3 (65:25:5 per

vol.) and CHCl3/acetone/MeOH/glacial AcOH/H2O (50:20:10:10:5 per vol.) as sol-

vents in the first and the second dimension, respectively. Total lipids were visu-

alized by iodine vapour after detection of fluorescent spots with a charge-coupled

device camera (Herolab, Vienna, Austria) at an excitation wavelength of 365 nm using

EasyWin® software for data acquisition.

2.3.10 Analysis of phospholipid composition

Cells were grown to 80% confluency on Petri dishes (100 mm) in full growth medium.

Total lipids of all cell lines were extracted with CHCl3/MeOH 2:1 (v/v) according to

the procedure of Folch et al. (Folch et al., 1957). The supernatant medium was dis-

carded, cells were rinsed with PBS twice and scraped into 10 ml of PBS. Cells were

harvested by centrifugation (2500 g, 3 min), the cell pellet was resuspended in 3 ml

of CHCl3/MeOH 2:1 (v/v) and the suspension was shaken vigorously for one hour
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at 4°C. After washing with 700 µl of a MgCl2 solution (0.036% in water w/v) and

centrifugation at 2500 g for 2 minutes at RT to separate the aqueous phase from the

organic phase, the lower chloroform phase was collected and evaporated to dryness

under a nitrogen stream.

Phospholipid composition was analyzed by normal-phase HPLC (high-pressure liq-

uid chromatography), using an Agilent 1100 HPLC system (Agilent Technologies,

Waldbronn, Germany) which was equipped with an evaporative light scattering de-

tector (PL-ELS 1000, Polymer Labs, Amherst, Massachusetts). The stationary phase

was an YMC-Pack™Diol column (250x4.6 mm, 5 µm). The elution gradient was based

on a previously reported method (Sas et al., 1999), ranging changed from acetone to

acetone/MeOH (46.2/53.8 v/v). Elution time was 32 minutes at a flow rate of 0.4

ml/min. Both solvents contained a constant amount of hexane (7% v/v), acetic acid

(1.9% w/w) and triethylamine (1.6% w/w). Quantification of phosphatidylethanol-

amine and phosphatidylcholine levels was achieved by external standardization using

standards from Avanti Polar Lipids Inc. (Alabaster, Alabama). HPLC grade solvents

were purchased from Carl Roth GesmbH (Karlsruhe, Germany), acetic acid and tri-

ethylamine were purchased from Merck (Darmstadt, Germany).

2.3.11 Determination of acid sphingomyelinase activity

Human melanocytes (Fom), primary melanoma cells (SBcl2, WM35) and metastatic

melanoma cells (WM9, WM164) were grown on 60 mm Petri dishes to 80% conflu-

ency in full growth medium. Prior to stimulation with the oxPL, cells were washed

twice with medium containing 0.1% FCS to remove excess serum. Cells were subse-

quently incubated with 2 ml of a 50 µM oxPL dispersion in RPMI-1640 medium (0.1%

89



Chapter 2

FCS) or MGM, or the same medium containing 1 vol.% EtOH (negative control) for 5

minutes or 15 minutes.

After incubation, cells were washed with ice-cold PBS, scraped, harvested by centrifu-

gation (1500 rpm, 10 min, 4°C) and lysed by incubation with acid lysis buffer (250 mM

sodium acetate, 0.2% Triton X-100, pH 5.0). The protein content of the samples was

determined by the method of Bradford (Bradford, 1976). Aliquots of cell lysates con-

taining 15 µg of protein were used for the determination of acid sphingomyelinase

activity using a fluorescent sphingomyelin substrate as described previously (Loidl

et al., 2002). Fluorescent sphingomyelin was separated from fluorescent ceramide by

thin layer chromatography (mobile phase was CHCl3:MeOH:H2O 65:25:4 v/v/v). The

labelled fluorescent lipid spots were quantified with a charged coupled device camera

(Herolab, Vienna) at an excitation wavelength of 365 nm using EasyWin software.

2.3.12 Identification and quantification of ceramide and sphingomye-
lin species

All cell lines were grown in 100 mm Petri dishes to 80% confluency in full growth

media. Prior to stimulation with the oxPL, cells were washed twice with medium

containing 0.1% FCS to remove excess serum. Cells were subsequently incubated

with 4.5 ml of a 50 µM oxPL dispersion in either RPMI-1640 (0.1% FCS) or in MGM

for 6 hours. 1 vol.% EtOH in the respective media was used as a negative control.

After incubation, cells were washed with ice-cold PBS, scraped into PBS and har-

vested by centrifugation (1500 rpm, 5 min, 4°C). Cells were resuspended in 1 ml PBS

and 100 µl aliquots were used for measuring sample protein concentrations. For this

purpose, cells were harvested by centrifugation (640 g, 5 min, 4°C) and lysed in 70
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µl of neutral lysis buffer for one hour on ice (20 mM HEPES, 10 mM MgCl2, 2 mM

EDTA, 5 mM DTT, 0.1 mM Na2MoO4, 1 mM PMSF, 1 mg/ml 4-aminobenzamidine

dihydrochloride, 1 mM NaF, 0.2% Triton X-100, pH 7.5; stock solutions of DTT, PMSF

and 4-ABA were added just before use). The suspension was shaken vigorously every

15 minutes. To remove nuclei and cell debris, the lysate was centrifuged for 5 minutes

at 1000 g. Aliquots of the lysate were used to determine the protein concentration by

the method of Bradford (Bradford, 1976).

The remaining 900 µl cell suspension was centrifuged under the conditions described

above and cells were resuspended in 3 ml CHCl3/MeOH 2:1 (v/v). The suspension

was shaken vigorously for 1 hour at 4°C. The organic phase was washed with 700 µl

of a MgCl2 solution (0.036% in water w/v) for 15 minutes and centrifuged at 300 g

for 2 minutes at RT to separate the aqueous phase from the organic phase. The lower

chloroform phase was collected and evaporated to dryness under a nitrogen stream.

For mild alkaline hydrolysis, 400 µl of CHCl3/MeOH/H2O (16/16/5 per vol.) were

added to the solvent-free lipid extracts and the solution was shaken vigorously. Af-

ter addition of 400 µl 0.2 M NaOH in MeOH, the samples were incubated at RT

for 45 minutes. Following addition of 400 µl 0.5 M EDTA and 150 µl CH3COOH

and vigorous shaking, 1 ml CHCl3 was added to extract the lipids. Extracts were

shaken for 5 minutes and centrifuged for 3 minutes at 300 g to facilitate phase sep-

aration. The chloroform phase was transferred to a new vial and the solvent was

removed under a nitrogen stream. Solvent-free lipid extracts were dissolved in 100 µl

CHCl3/MeOH (1:1 v/v) containing 100 pmol CER 12:0, CER 25:0 and SM 12:0 each

as internal standards. Lipids were separated by Accela HPLC (Thermo Scientific) on
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a Thermo Hypersil GOLD C18, 100x1 mm, 1.9 µm column. Solvent A was an aqueous

solution of 1% ammonium acetate (v/v) and 0.1% formic acid (v/v). Solvent B was

acetonitrile/2-propanol (5:2, v/v) supplemented with 1% ammonium acetate (v/v)

and 0.1% formic acid (v/v), respectively. The gradient was run from 35% to 70%.

Elution time was 4 minutes. Finally, elution was continued with 100% B for 16 min-

utes with a subsequent hold at 100% for 10 minutes. The flow rate was 250 µl/min.

Sphingolipid species were determined using a TSQ Quantum Ultra (Thermo Scien-

tific) triple quadrupole instrument in positive ESI mode. Spray voltage and capillary

voltage were set 5000 V and 35 V, respectively. SM and CER species were detected

in positive ionization by precursor ion scan at m/z 184, 35 eV and at m/z 264, 30

eV, respectively as described previously (Bielawski et al., 2009; Brügger et al., 1997).

CER and SM peak areas were calculated by QuanBrowser for all lipid species and

quantification was performed by correlation to internal standards.

2.3.13 Statistical analysis

Data are expressed as means ± standard deviation (SD). Two-tailed unpaired Stu-

dent’s t-test was used to determine the significance of the differences. A p-value ≤

0.05 was considered significant.
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2.4 Results

2.4.1 Stability of PGPC and POVPC in culture medium containing
fetal calf serum

PGPC and POVPC contain a single hydrophobic fatty acid at the sn-1 position. They

only differ in their short polar fatty acyl chains in position 2 of glycerol (Figure 2.1).
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Figure 2.1. Chemical structures of oxidized phospholipids

1-palmitoyl-2-glutaroyl-sn-glycero-3-phosphocholine (PGPC)
1-palmitoyl-2-(5-oxovaleroyl)-sn-glycero-3-phosphocholine (POVPC)
N-BY-1-palmitoyl-2-glutaroyl-sn-glycero-3-phosphoethanolamine (BY-PGPE)
N-BY-1-palmitoyl-2-(5-oxovaleroyl)-sn-glycero-3-phosphoethanolamine (BY-POVPE)

The residue at the sn-2 position of PGPC contains an ω-carboxyl function. In contrast,

the sn-2 acyl residue of POVPC contains a highly reactive ω-aldehydo group that al-

lows the molecule to interact chemically with its targets by Schiff base formation. The

uptake and intracellular partitioning of oxidized phospholipids in the cells, as well as

the interaction of these compounds with the cellular proteins and lipids was studied

using BODIPY-labelled analogues of PGPC and POVPC (Figure 2.1). In forgoing ex-

periments we showed that these BODIPY-labelled oxidized phospholipids are reliable
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analogues of their unlabelled counterparts (Moumtzi et al., 2007) with respect to bio-

physical and biochemical properties.

Figure 2.2. Time dependent hydrolysis of PGPC and POVPC under low serum conditions

Oxidized phospholipids were incubated in RPMI-1640 medium supplemented with 0.1% FCS for
various times. After incubation, lipids were extracted with organic solvents and separated by thin-layer
chromatography. For separation of POVPC (RF=0.38) and PLPC (RF=0.26) from other phospholipids,
a neutral mobile phase was used, whereas for separation of PGPC (RF=0.41) and PLPC (RF=0.30) an
acidic mobile phase was applied (see Experimental Procedures.

Under high serum conditions, hydrolysis of both oxPL starts after 3 hours (data not shown). However,
under low serum conditions, PGPC is stable for at least 6 hours (A), whereas degradation of POVPC
begins after 3 hours and is still ongoing at 6 hours of incubation (B). For all experiments, a significant
amount of oxPL remains intact over the entire incubation time period (n = 3).

Previous studies showed that the cytotoxic effects of oxidized phospholipids on vas-

cular smooth muscle cells in DMEM were abolished under high serum conditions
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(10% FCS) (Fruhwirth et al., 2006). In order to find out, if the oxidized phospholipids

PGPC and POVPC are stable in the culture media under different serum conditions

used in this study, we incubated the oxPL in RPMI-1640 growth media supplemented

with 0.1% FCS or 2% FCS, extracted and analyzed the lipids by TLC. In medium con-

taining 2% FCS, hydrolytic cleavage of the oxidized sn-2 chain of PGPC and POVPC

starts after 3 hours of incubation and is still ongoing after 6 hours (data not shown).

However, at low serum conditions, PGPC is stable for at least 6 hours and no degra-

dation products are detectable. In case of POVPC, hydrolysis starts after 3 hours,

leading to the formation of PLPC (Figure 2.2). After 20 hours of incubation, about

50% of the intact oxPL are still detectable (data not shown).

2.4.2 Import and intracellular distribution of fluorescent PGPC and
POVPC analogues

To study the import and intracellular distribution of oxPL in melanoma cells, we

used the fluorescent oxPL analogues BY-PGPE and BY-POVPE. These experiments

were performed in culture medium supplemented with 0.1% FCS (except for FOM

melanocytes, which were cultured in full growth medium) to avoid degradation of

the oxidized phospholipids by lipolytic enzymes (see above).

In all cell lines, the fluorescent oxidized phospholipids are internalized rapidly. How-

ever, intracellular localization is different depending on the lipid and the cell line

(Figure 2.3).

After 5 minutes of incubation, both BY-POVPE and BY-PGPE are distributed quite

uniformly in all cell lines, except for SBcl2 cells. In the latter cell line, both lipids are
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internalized rapidly and localize to just one single area within the cell, most likely the

endoplasmic reticulum.

After 30 minutes of incubation, all cell lines show nearly the same fluorescence pat-

tern. Both lipids are concentrated near the nucleus, but can also be found in the

cytoplasm. The amounts of BY-POVPE and BY-PGPE within these areas vary widely

between the cell lines. Even after longer incubation times, more BY-POVPE than BY-

PGPE is seen in the plasma membrane.
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Figure 2.3. Time-dependent cellular uptake of fluorescent oxidized phospholipids

Cells (Fom, SBcl2, WM35, WM9, WM164) were incubated with 5 µM BY-POVPE or 5 µM BY-
PGPE in Phenol red-free Melanocyte Growth Medium (Fom) or Phenol red-free RPMI-1640 medium
supplemented with 0.1% FCS (melanoma cell lines) for 5 minutes or 30 minutes at 37°C. Cells were
observed by fluorescence microscopy (320x magnification). The fluorescent oxidized phospholipids are
rapidly internalized by all cell lines. However, localization of lipids is cell line dependent. Scale bar =
50 µm (n = 3)
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2.4.3 Oxidized phospholipids induce apoptosis in human melanoma
cells

We determined the effects of PGPC and POVPC on cell viability and identified the

mode of cell death using FACS (fluorescence-activated cell sorting) to analyze cell

staining by green fluorescent AlexaFluor488® Annexin V, which binds to PS at the

cell’s outer plasma membrane leaflet (apoptosis marker) and the red fluorescent PI,

which binds to the DNA of permeable cells (necrosis marker).

Typically, Fom melanocytes, primary melanoma cells (SBcl2, WM35) or metastatic

melanoma cells (WM9, WM164) were exposed to PGPC or POVPC (25 µM, 50 µM)

for 6 hours and the percentage of apoptotic and necrotic cells was determined and

compared to untreated control cells (Figure 2.4). These effects largely depend on the

lipid and the cell line used with the aldehyde-containing lipid POVPC being more

cytotoxic than PGPC at low concentrations.

Both, 25 µM or 50 µM PGPC induce apoptosis in SBcl2 cells. In contrast, all other

cell lines used in this study are unaffected by PGPC. 50 µM POVPC is apoptotic in

all cell lines with the Fom melanocytes being least affected. The metastatic cell lines

WM9 and WM164 show the highest sensitivity. 25 µM POVPC induce apoptosis only

in SBcl2 cells, whereas 50 µM concentrations of this lipid are apoptotic in all cells

under investigation. In control FACS experiments, necrosis was induces in all cells by

H2O2. Staurosporine, an inducer of apoptosis did not show any detectable effect on

all cancer cell lines used.
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Figure 2.4. FACS analysis of cell death induced by oxidized phospholipids

Cells were incubated with the indicated concentrations of oxPL for 6 hours in incubation medium.
Control cells were treated with H2O2 (positive control for necrosis) or 1% (v/v) EtOH (negative
control). Cells were stained with Annexin and PI and cell populations were analyzed by flow cytometry
(for details see Experimental Procedures).

Panel A: Neither PGPC nor POVPC induce necrosis under the described experimental conditions.
Panel B: POVPC and PGPC induce apoptosis melanoma cell lines but not in Fom cells.
Panel C: FL1 overlay histogram of WM9 cells, stained by fluorescent Annexin V.
Panel D: Formation of apoptotic blebs (arrows) in WM9 cells stained with BY-POVPE for 30 minutes.

Results were obtained from 2 replicates of at least three independent experiments. Values represent
means ± SD *P<0.05 compared with control (n ≥ 3).
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2.4.4 POVPC covalently interacts with protein and lipid targets

The aldehydophospholipid POVPC covalently binds to free amino groups of proteins

and phospholipids by Schiff base formation (Stemmer and Hermetter, 2012; Stemmer

et al., 2012) (Figure 2.5).

Target NH2 LipidO=CH TAG

N=CH Lipid TAG

NH CH2 Lipid TAG

Schiff base formation

stable amine formationchemical reduction

condensation

Target

Target

Figure 2.5. Interaction of POVPC with its targets

The aldehyde group at the sn-2 position of POVPC can chemically react with free amino groups of target
proteins and lipids by forming Schiff bases. For further analysis of the formed adducts, labile imines
have to be reduced with NaCNBH3 to generate stable amines. PGPC can only physically interact with
its targets.

However, the lipid-protein and lipid-lipid adducts cannot be isolated directly since

they are unstable. Before isolation, they have to be stabilized by chemical reduction

with NaCNBH3 leading to the formation of the respective amines. For detection of

POVPC-proteins adducts, cells were incubated with 10 µM fluorescent BY-POVPE for

30 minutes, followed by protein isolation, chemical reduction of the formed Schiff
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base adducts and separation of the proteins by 1-D gel electrophoresis.
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Figure 2.6. Detection of primary protein targets of BY-POVPE in the human melanoma cell
line WM9

Cells were incubated with 10 µM BY-POVPE for 30 minutes and lysed in lysis buffer under reductive
conditions with NaCNBH3 to stabilize the formed lipid-protein complexes. Proteins were precipitated
and separated by one-dimensional SDS gel electrophoresis. Protein adducts with the fluorescent lipid
were detected using a fluorescence laser scanner (for details see Experimental Procedures). The BODIPY
stain represents proteins that are covalently labelled by BY-POVPE. The SYPRO Ruby Protein gel stain
represents the full proteome.

Figure 2.6 shows a representative 1-D electrophoresis gel of labelled proteins which

were isolated from the metastatic cell line WM9. Multiple fluorescent protein spots

can be detected that reflect covalently labelled protein targets. It is remarkable that

the number of the lipid stained proteins is much smaller than the number of total
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proteins that can be stained by SYPRO Ruby.

In addition to the interaction of POVPC with target proteins, this oxidized phos-

pholipid can also interact with free amino groups of lipids. Candidate aminophos-

pholipids are phosphatidylserine (PS) and phosphatidylethanolamine (PE). To iden-

tify lipid-lipid adducts, cells were incubated with 1 µM BY-POVPE for 30 minutes.

Formed Schiff bases were stabilized by chemical reduction, lipids were extracted with

organic solvents and separated by 2-D TLC. After fluorescence imaging, two spots

can be detected in addition to the spot of the substrate BY-POVPE in all melanoma

cells, but not in melanocytes (Figure 2.7). RF-values of the newly formed fluorescent

spots indicate that they are less polar than BY-POVPE. The quantity of these new

spots is cell line-dependent but is not influenced by incubation times or BY-POVPE

concentration (data not shown). Currently, the putative adducts of BY-POVPE with

phosphatidylserine or phosphatidylethanolamine are chemically synthesized as ref-

erence compounds for identification of the cellular lipid products of BY-POVPE by

NMR and MS/MS analysis.

Differences between the different cell lines in lipid-lipid adduct formation can in part

be explained by the localization of PS in the plasma membrane of the cells. The ab-

solute amounts of phosphatidylethanolamine and phosphatidylserine in the different

cell lines are almost the same (Figure 2.8). However, PS in Fom melanocytes localizes

to the cytoplasmic leaflet of the plasma membrane, whereas it is exposed on the outer

leaflet of the PM of cancer cells (Riedl et al., 2011). Therefore, the accessibility of this

PL is much better in melanoma cells and as a consequence, more “lipid adducts” are

formed.

101



Chapter 2

WM35SBcl2

WM164

Fom

WM9

unlabelled
lipid extract BY-POVPE

1
µ

M
B

Y
-P

O
V

P
E

c
o

n
tr

o
ls

Figure 2.7. Detection of covalent BY-POVPE lipid adducts in cultured melanocytes and
melanoma cells

Cells were incubated with 1 µM BY-POVPE for 30 minutes in RPMI-1640 medium supplemented
with 0.1% FBS (SBcl2, WM35, WM9, WM164) or in Melanocyte Growth Medium (Fom). After lipid
extraction and reduction of formed Schiff bases with 50 µM NaCNBH3, lipids were separated by two-
dimensional TLC using CHCl3/MeOH/25% NH3 (65:25:5 v/v/v) and CHCl3/acetone/MeOH/glacial
AcOH/H2O (50:20:10:10:5 per vol.) in the first and second dimension, respectively. Lipid adducts
of the fluorescent oxPL were detected with a charge-coupled device camera (see Experimental Proce-
dures). Circles mark lipid products that are likely to be adducts formed between BY-POVPE and
phosphatidylserine or phosphatidylethanolamine. Arrows mark autofluorescent impurities. No adducts
were observed when cells were incubated with BY-PGPE (data not shown) (n = 3).
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Figure 2.8. Phospholipid composition of melanocytes and melanoma cell lines

Total lipids of all cell lines were extracted with CHCl3/MeOH 2:1 (v/v) according to Folch et al. (Folch
et al., 1957) and analyzed by normal-phase HPLC (for details see Experimental Procedures). No signif-
icant differences in the relative amounts of phosphatidylethanolamine (PE), phosphatidylcholine (PE)
and phosphatidylinositol (PI) can be observed between melanocytes and melanoma cell lines. The abso-
lute amount of phosphatidylserine (PS) is highest in Fom melanocytes. However, it has to be emphasized
that most of the PS found in Fom melanocytes localizes to the inner cytoplasmic leaflet. In contrast, the
major fraction of PS of melanomas localizes to the outside of the plasma membrane (Riedl et al., 2011).
Therefore it is a potential target for the interaction with POVPC. All data are means ± SD (n ≥ 3).

2.4.5 PGPC and POVPC activate acid sphingomyelinase

Sphingomyelinases are central elements of stress-induced signal transduction. They

catalyze the hydrolysis of sphingomyelin, thus generating the second messenger ce-

ramide which is a key upstream component of apoptotic signaling. In previous stud-

ies it has been shown that PGPC and POVPC activate acid sphingomyelinase in vas-

cular smooth muscle cells (Loidl et al., 2003).

Figure 2.9 shows the activity of sphingomyelinase in response to stimulation by 50

µM POVPC or PGPC for 5 minutes and 15 minutes. In primary human melanocytes,
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POVPC and PGPC only show minor effects on the activation level of acid sphin-

gomyelinase activity within 15 minutes (Figure 2.9 B). In contrast, stimulation of the

melanoma cells by the same compounds induces a substantial increase in aSMase ac-

tivity. This activation is dependent on cell line, the oxPL and the incubation time.

All melanoma cell lines show a significant increase of aSMase activity after stimula-

tion with PGPC or POVPC for 15 minutes. However, the extent of activation differs

widely between the cell lines, the SBcl2 cells (Figure 2.9 C) and WM9 cells (Figure 2.9

E) showing the highest activation of aSMase. Incubation of WM35 cells (Figure 2.9 D)

and WM164 cells (Figure 2.9 F) with oxPL leads to a significant but less substantial

activation of aSMase. In all cell lines, aSMase activities return to control levels after

60 minutes of stimulation (data not shown).

2.4.6 PGPC and POVPC elicit the formation of distinct ceramide spe-
cies in melanoma cells

Sphingomyelinases catalyze the conversion of sphingomyelin to ceramide. Figure 2.10

summarizes the oxPL dependent formation of different ceramide species and the sph-

ingomyelin patterns in melanocytes and melanoma cells. OxPL did not affect ce-

ramide and sphingomyelin composition in melanocytes (Figure 2.10 A), in primary

melanoma cells WM35 (Figure 2.10 C) and the metastatic melanoma cells WM164

(Figure 2.10 E). In contrast, activation of acid sphingomyelinase in SBcl2 cells and

WM9 cells by POVPC correlates with an increase in ceramide levels. C16:0 ceramide,

C18:2 ceramide and C24:2 ceramide are significantly increased in both SBcl2 cells and

WM9 cells after incubation with POVPC for 6 hours (Figure 2.10 B and Figure 2.10

D). In addition, C24:0 ceramide and C24:1 ceramide are also elevated in SBcl2 cells,

but not in the other cell lines used in this study.
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Figure 2.9. Effect of oxPL on aSMase activity

Human melanocytes (Fom) and melanoma cell lines were incubated with 50 µM oxPL or 1% (v/v)
EtOH as a control for 5 and 15 minutes. Cells were harvested and lysed in lysis buffer (see Experimental
Procedures). Enzyme activities were determined as described previously (Loidl et al., 2002) using NBD-
labelled sphingomyelin as substrate. The ratio of NBD-ceramide to total NBD lipid (Cer+SM) was
determined and expressed as fold of control at time point zero. A: Representative TLC of lipids from the
cell line SBcl2 after treatment with 50 µM oxPL or EtOH (1% v/v), B-F: Relative aSMase activities
in Fom melanocytes (B), and melanoma cells: SBcl2 (C), WM35 (D), WM9 (E), WM164 (F). Data
are expressed as means ± SD (n ≥ 4). *P < 0.05 compared with control. **P < 0.005 compared with
control.
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Figure 2.10. Effect of oxPL on cellular ceramide and sphingomyelin patterns

Cells were incubated with 50 µM oxPL for 6 hours. Lipids were extracted and ceramide and sph-
ingomyelin species were analyzed as described. Relative lipid amounts were obtained by referencing
measured lipid amounts to an internal standard and the cellular protein content. Panels A-E: Relative
amounts of ceramide species (left column) and sphingomyelin species (right column) after stimulation
with 50 µM POVPC or 50 µM PGPC for 6 hours. A: Fom melanocytes, B: primary melanoma cell line
SBcl2, C: primary melanoma cell line WM35, D:: metastatic melanoma cell line WM9, E: metastatic
melanoma cell line WM164. Values represent means ± SD (n = 3).

2.5 Discussion

In the present study, we report on the cytotoxicity of the truncated oxidized phospho-

lipids PGPC and POVPC in different human melanoma cell lines in vitro. PGPC and

POVPC are characterized by a long hydrophobic chain at the sn-1 position, a short-

ened polar chain at position sn-2 and a very large polar headgroup. These truncated

oxidized phospholipids are amphipathic molecules and thus highly exchangeable be-

tween cells, membranes and lipoproteins (Stemmer et al., 2012).

PGPC and POVPC are components of oxidized low density lipoprotein (oxLDL). They

elicit cytotoxic effects on vascular cells (Fruhwirth et al., 2006; Loidl et al., 2003) and

they play a fundamental role in the development and progression of atherosclerosis

(Chisolm and Steinberg, 2000; Parthasarathy and Rankin, 1992; Steinberg, 2009; Stein-

brecher et al., 1990). Depending on lipid concentrations and exposure time, oxPL may

induce inflammation, cell proliferation or apoptotic cell death in the vascular wall

(Bochkov, 2007; Leitinger, 2005).

We found for the first time that PGPC and POVPC are also capable of inducing cell

death in cancer cells. We found that PGPC and POVPC preferentially induced apop-
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totic cell death in these cells in a concentration- and time-dependent manner (Fig-

ure 3.5). However, the cytotoxicity of the oxidized phospholipids depended on the

tested cell lines. At low lipid concentrations (25 µM), SBcl2 cells were most sensitive

to both oxidized phospholipids, which is in line with the very fast uptake of the lipids

in this cell line. Higher concentrations of the oxPL (50 µM) were required to induce

apoptosis in all other melanoma cell lines (WM35, WM9, WM164). In primary human

melanocytes, both oxidized phospholipids were much less toxic compared to the can-

cer cells.

We provide evidence that the observed cellular effects on the viability of cancer cells

were due to the intact oxPL within the first three hours. After longer incubation times

POVPC is degraded by serum components in the culture medium, leading to the for-

mation of PLPC, which is also cytotoxic (data not shown). As a consequence, the

observed effects are likely to be caused by a complex reaction mixture containing the

intact lipid and the degradation products.

OxPL are recognized by different receptors (Leitinger et al., 1999; Subbanagounder

et al., 1999). However, it has to be emphasized that apart from receptor-mediated

pathways, many other modes of interaction between oxPL and their target cells are

effective. For instance, aldehydo oxPL (POVPC) interact with proteins and lipids by

Schiff base formation. In addition, oxPL may elicit general membrane effects mod-

ulating physical membrane properties (Stemmer et al., 2012) and as a consequence

membrane protein functions.

According to the Lipid Whisker model of Greenberg et al. (Greenberg et al., 2008),

the short polar side chains at the sn-2 position of the oxPL become part of an en-
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larged headgroup and protrude into the aqueous compartment thus giving rise to

activation of cell (receptor) binding to these motifs. Since oxidized phospholipids are

easily exchangeable between cells, target lipids and proteins (Stemmer et al., 2012),

their biological interactions may be observed far distant from the site of their origin

or application.

We used fluorescently labelled derivates of PGPC and POVPC to study the time-

dependent uptake of oxPL in cells and the interaction of these truncated phospho-

lipids with proteins and lipids. In previous studies, we found that the uptake of oxPL

labelled with different fluorophores always led to the same fluorescence pattern ir-

respective of the attached fluorophore indicating that the label does not affect lipid

properties. This assumption is supported by the observation that labelled oxidized

phospholipids elicited the same intracellular signaling compared to the unlabelled

counterparts (Moumtzi et al., 2007; Stemmer et al., 2012).

In vascular smooth muscle cells BY-PGPE and BY-POVPE were rapidly taken up by

the cells (within minutes). BY-PGPE finally localized to the lysosomes, whereas BY-

POVPE stained the plasma membrane due to covalent reaction with amino and other

groups in lipids and proteins (Moumtzi et al., 2007). Similar effects were observed for

both fluorescent lipids in RAW 264.7 macrophages (Stemmer et al., 2012).

Contrarily to these earlier findings, the uptake of BY-POVPE and BY-PGPE in human

melanoma cells led to entirely different fluorescence patterns (Figure 2.3). The up-

take of both oxidized phospholipids into melanoma cells was very fast. Surprisingly,

only little BY-POVPE fluorescence was detectable in the plasma membrane. Both flu-

orescent lipids mainly localized to the endoplasmic reticulum, which was co-stained
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with an organelle-specific marker (data not shown). Uptake in the primary melanoma

cell line SBcl2 and the metastatic melanoma cell line WM9 were particularly efficient.

Most of the fluorescent lipid concentrated around the nucleus in those cells. The high

amount of PS in the plasma membrane’s outer leaflet (Riedl et al., 2011) may lead to

a differing polarity of the plasma membrane which could explain the rapid uptake of

these amphipatic molecules into melanoma cells but not into Fom melanocytes.

The mechanism of the efficient BY-PGPE uptake can be elucidated on the basis of

previous findings (Rhode et al., 2004). Immediately after insertion into the plasma

membrane, this compound forms clusters that are rapidly endocytosed. This effect

can be explained in terms of the conical molecular lipid shape favoring high mem-

brane curvature and membrane blebbing.

At present, we can only speculate about the unusually fast uptake of BY-POVPE by

the cancer cells. This phospholipid aldehyde is initially enriched due to chemical com-

plexation with lipids and proteins in the plasma membrane of vascular cells, followed

by slow internalization. The surface of cancer cells contains the aminophospholipids

phosphatidylethanolamine and phosphatidylserine (Riedl et al., 2011). If BY-POVPE

reacts with these phospholipids, large amounts of lipid-lipid Schiff bases containing

three hydrophobic chains and a relatively small headgroup are formed. Such products

could destabilize the bilayer and favor release of non-bilayer aggregates. Obviously,

reaction of BY-POVPE with PS must play a specific role in fast lipid uptake by can-

cer cells because PS does not localize to the surface of healthy cells. In addition, the

total lipid patterns including PE in control melanocytes and melanoma cells are very

similar (Figure 2.8). We have preliminary results indicating that fluorescently labelled
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BY-POVPE forms covalent lipid-lipid adducts with PE and PS (Figure 2.7). This new

compound is currently being isolated for identification by NMR and mass spectrom-

etry. In addition, we are synthesizing the putative Schiff bases to test this hypothesis

in artificial membranes.

Whereas POVPC can covalently react with primary NH2 groups of proteins and

aminophospholipids by Schiff base formation (Stemmer and Hermetter, 2012), PGPC

can only physically interact with its targets on the cell surface and within the cell.

Stemmer et al. identified the primary protein targets of POVPC in RAW 264.7 macro-

phages (Stemmer et al., 2012).The respective candidates include proteins involved in

cell death and survival, stress response, transport and lipid metabolism. Here, we

provide evidence that POVPC also forms covalent Schiff bases with a defined subset

of proteins in the human melanoma cell line WM9 (Figure 2.6). Cellular protein target-

ing by POVPC is selective (Stemmer and Hermetter, 2012) as the fluorescence pattern

of the labelled proteins is less complex compared to the total proteins. The identifica-

tion of these protein targets and the associated signaling pathways in melanoma cells

is currently subject to a separate study. The total lipid patterns of the melanoma can-

cer cell lines in this study and the control melanocytes are very similar (Figure 2.8).

However, the outside-inside lipid asymmetry is different. Riedl et al. found that can-

cer cells unlike melanocytes contain exceptionally high PS concentrations on the cell

surface (see above) (Riedl et al., 2011).

OxPL induced apoptosis in VSMC (Fruhwirth et al., 2006) and in RAW 264.7 macro-

phages (Stemmer et al., 2012) is associated with activation of acid sphingomyelinase

and formation of ceramide. However, higher concentrations of oxPL are needed to

111



Chapter 2

elicit cell death in these cells compared to melanoma cells. Increased ceramide levels

have also been observed in tumor cells as a consequence of treatment with chemother-

apeutic agents (Senchenkov et al., 2001). The reported drugs induced ceramide for-

mation by de novo synthesis, activation of sphingomyelinase and/or by blocking glu-

cosylceramide formation. Ceramide-based therapies that stimulate the generation

of ceramide and inhibit ceramide catabolism or metabolism have been discussed as

potential cancer therapies (Reynolds et al., 2004). In this context, preclinical studies

suggest that induction of ceramide generation and inhibition of ceramide degrada-

tion might be a useful new approach for killing cancer cells with tolerable toxicity to

normal healthy cells.

Both oxPL elicited fast activation of acid sphingomyelinase in two of the tested cell

lines within minutes (SBcl2, WM9) (Figure 2.9). This effect correlated with higher

rates of apoptosis, fast uptake of the lipids, and the formation of distinct ceramide

species after stimulation with POVPC. The highest amounts of ceramide were found

6 hours after stimulation by the oxPL (Figure 2.10). Thus, we conclude from these

findings that the observed activation of aSMase cannot be solely responsible for the

ceramide formation. It seems as if this enzyme was only important for the initiation

of apoptosis. We have evidence from studies on vascular cells, that oxPL activate de

novo enzymes of ceramide synthesis after longer incubation times. We speculate that

this second wave of the sphingolipid formation is required for the execution phase of

programmed cell death e.g. by membrane destabilization. OxPL-induced apoptosis

seems to be ceramide-independent in the melanoma cell lines WM35 and WM9. Thus,

further studies will aim at identifying the mechanisms of cell death in melanomas un-

der the influence of oxidized phospholipids.
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In summary, toxicity of oxPL in cancer cells is mediated by lipid and membrane ef-

fects. Interactions of oxPL with PS are specific for cancer cells which in contrast to

healthy cells express large amounts of this lipid on the outer leaflet of their plasma

membrane. Such membrane effects of oxPL are primarily independent of the genetic

background of the cells, which makes oxPL potentially useful anti-cancer drugs. In

contrast to pathway-directed treatments aiming at activating or inactivating specif-

ically mutated pathways, the oxPL-based approach could be the basis of a general

“membrane therapy” for the treatment of melanoma and other skin cancers. Our

study provides the first evidence that oxidized phospholipids can be used for such

purposes. Meanwhile we have sound evidence that the oxidized phospholipids pref-

erentially affect skin tumor cells but leave melanocytes and keratinocytes almost unaf-

fected. All these properties can be considered very favorable conditions for employing

oxPL as therapeutics for topical and perhaps systemic treatment of skin cancer.
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3.1 Abstract

The truncated phospholipids 1-palmitoyl-2-(5-oxovaleroyl)-sn-glycero-3-phosphocho-

line (POVPC) and 1-palmitoyl-2-glutaroyl-sn-glycero-3-phosphocholine (PGPC) as well

as their ether analogues 1-O-hexadecyl-2-glutaroyl-sn-glycero-3-phosphocholine (E-

PGPC) and 1-O-hexadecyl-2-(5-oxovaleroyl)-sn-glycero-3-phosphocholine (E-POVPC)

are generated under conditions of oxidative stress from polyunsaturated diacyl- and

alkylacyl-glycero-phosphocholines, respectively. These lipids share high structural

similarities: they contain a long hydrophobic chain at the sn-1 position, and a short-

ened polar chain at position sn-2 which is part of a very large headgroup. As a

consequence, they are highly amphipathic molecules and exchange easily between

cells, membranes and lipoproteins, where they perturb lipid organization and protein

function. We found that B16-BL6 melanoma cells efficiently incorporated oxidized

phospholipids. Oxidized diacyl and alkylacyl phospholipids induced apoptosis or

necrosis in a concentration-dependent manner. Lipid-induced cell death was associ-

ated with activation of acid sphingomyelinase and an increase of distinct ceramide

species. The latter observation is important insofar, as ceramide has been recognized

as a mediator of cell death in cancer cells. The results of this study may be considered

a useful basis for testing the therapeutic potential of oxidized phospholipids in mouse

models.

3.2 Introduction

Malignant melanoma is a highly aggressive type of skin cancer that is characterized

by high metastatic potential, poor survival rates associated with advanced stages of
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this disease, resistance to chemotherapy and poor response to most standard ther-

apies (Hoang et al., 2000; MacKie et al., 2009). Surgery remains the best treatment

option for earlier stages. However, metastatic melanoma is incurable in most affected

patients. Thus, there is an urgent need to develop new therapeutic compounds for

the treatment of melanoma, selectively inducing cytotoxic effects in the tumor but not

in differentiated cells of the skin.

Recent studies in our laboratory led to the discovery that the truncated oxidized phos-

pholipids 1-palmitoyl-2-glutaroyl-sn-glycero-3-phosphocholine (PGPC) and 1-palmi-

toyl-2-(5-oxovaleroyl)-sn-glycero-3-phosphocholine (POVPC) are cytotoxic to cultured

melanoma cells. Both compounds preferentially induced apoptosis but not necrosis in

tumor cells of different stages while melanocytes were almost unaffected (Ramprecht

et al., unpublished data). The toxicities of PGPC and POVPC were associated with

efficient uptake of the lipids into the cells, activation of acid sphingomyelinase and

the formation of the apoptotic second messenger ceramide in a cell- and lipid-specific

manner.

PGPC and POVPC as well as their ether analogues E-PGPC and E-POVPC are gener-

ated under conditions of oxidative stress from polyunsaturated diacyl- and alkylacyl-

glycero-phosphocholines, respectively (Bochkov et al., 2010; Fruhwirth et al., 2007;

Marathe et al., 2000). PGPC and POVPC share high structural similarities (Figure 3.1).

They are characterized by a long hydrophobic chain at the sn-1 position, a truncated

fatty acyl chain at position sn-2 and a very large polar head group. These truncated

lipids are amphipathic molecules and thus highly exchangeable between cells, mem-

branes and lipoproteins (Stemmer et al., 2012).
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Figure 3.1. Chemical structures of oxidized phospholipids and ether analogues

1-palmitoyl-2-glutaroyl-sn-glycero-3-phosphocholine (PGPC)
1-palmitoyl-2-(5-oxovaleroyl)-sn-glycero-3-phosphocholine (POVPC)
1-O-hexadecyl-2-glutaroyl-sn-glycero-3-phosphocholine (E-PGPC)
1-O-hexadecyl-2-(5-oxovaleroyl)-sn-glycero-3-phosphocholine (E-POVPC)
N-BY-1-palmitoyl-2-glutaroyl-sn-glycero-3-phosphoethanolamine (BY-PGPE)
N-BY-1-palmitoyl-2-(5-oxovaleroyl)-sn-glycero-3-phosphoethanolamine (BY-POVPE)
1-octadecyl-2-O-methyl-sn-glycero-3-phosphocholine (Edelfosine)

The 1-O-alkyl ether phospholipid analogues E-PGPC and E-POVPC are structurally

very similar to their respective diacyl counterparts PGPC and POVPC, except that

their sn-1 hydrocarbon chains are linked to the glycerol backbone via an ether bond.

Small amounts of 1-O-alk(en)yl lipids can be found in LDL, whereas large amounts of

ether choline (and ethanolamine) phospholipids are found in cell membranes of ani-

mals and humans (except for the liver) (Schmid and Takahashi, 1968). These oxidized

phospholipids are cytotoxic in cells of the vascular wall (Fruhwirth et al., 2006; Loidl

et al., 2003; Stemmer et al., 2012) hence playing a fundamental role in the development

and progression of atherosclerosis (Chisolm and Steinberg, 2000; Parthasarathy and
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Rankin, 1992; Steinberg, 2009; Steinbrecher et al., 1990). Depending on lipid concen-

tration and exposure time, PGPC and POVPC may induce inflammation, cell prolif-

eration and, under sustained exposure, programmed cell death (apoptosis) (Bochkov,

2007; Leitinger, 2005; Fruhwirth and Hermetter, 2008; Fruhwirth et al., 2007; Loidl

et al., 2004, 2003). We found that very low lipid concentrations were sufficient to in-

duce apoptotic cell death in melanoma cells.

Anti-proliferative properties of synthetic alkyl-lysophospholipids and ether phospho-

lipids on tumor cells have already been studied for decades (Ruiter et al., 2001).

Edelfosine is such a typical compound. It contains a long hydrophobic alkyl chain

at the sn-1 position that is connected to the glycerol backbone via an ether bond, and

an ether-linked methyl group in the sn-2 position (Figure 3.1). Its cytotoxic poten-

tial has been shown in several tumor cells, e.g. human leukemic cells (Gajate and

Mollinedo, 2002; Gajate et al., 2000) or myelomas (Gajate and Mollinedo, 2007).

Considering a potential therapeutic application of oxPL for the treatment of skin

cancer, the ability of PGPC and POVPC to efficiently induce apoptosis in murine

melanoma cells has to be proven in in vitro cell culture experiments, before testing

these compounds in animal models. For this reason, the murine melanoma cell line

B16-BL6 was chosen to investigate toxic effects of oxidatively modified phospholipids.

It was the aim of this study to examine if the oxidized phospholipids PGPC and

POVPC and their ether analogues E-PGPC and E-POVPC are cytotoxic in the murine

melanoma cell line B16-BL6. Edelfosine was used in this study as a reference com-

pound. In addition, we determined the uptake of fluorescently labelled oxPL into the
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cells, the activation of sphingomyelinase and the formation of ceramide in response to

the toxic compounds. We found that the melanoma cells efficiently incorporated oxi-

dized phospholipids. Oxidized diacyl and alkylacyl phospholipids induced apoptosis

or necrosis in a concentration-dependent manner. Lipid-induced cell death was asso-

ciated with activation of acid sphingomyelinase and an increase of distinct ceramide

species. The latter observation is important insofar, as ceramide has been recognized

as a mediator of cell death in cancer cells (Wymann and Schneiter, 2008). The results

of this study may be considered as useful basis for testing the therapeutic potential of

oxidized phospholipids in mouse models.

3.3 Experimental Procedures

3.3.1 Materials

PGPC (1-palmitoyl-2-glutaroyl-sn-glycero-3-phosphocholine) and POVPC (1-palmitoyl-

2-(5-oxovaleroyl)-sn-glycero-3-phosphocholine) as well as their fluorescent analogues

(BY-PGPE and BY-POVPE) were either synthesized in our laboratory as previously

described (Moumtzi et al., 2007) or purchased from Avanti Polar Lipids, Inc. (Al-

abaster, AL). POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) was synthe-

sized according to the method of Hermetter et al. (Hermetter et al., 1989). PLPC

(1-palmitoyl-sn-glycero-3-phosphocholine) was purchased from Bachem (Bubendorf,

Switzerland). Edelfosine (1-octadecyl-2-O-methyl-sn-glycero-3-phosphocholine), E-

PGPC (1-O-hexadecyl-2-glutaroyl-sn-glycero-3-phosphocholine) and E-POVPC (1-O-

hexadecyl-2-(5-oxovaleroyl)-sn-glycero-3-phosphocholine) were synthesized in our lab-

oratory (Hermetter et al., 1989; Stemmer et al., 2012).
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Tissue culture dishes and flasks were purchased from Sarstedt (Nürmbrecht, Ger-

many) or Greiner (Kremsmünster, Austria). DMEM with or without Phenol red, fetal

bovine serum (FCS) and Trypsin were purchased from Gibco (Carlsbad, CA). Phos-

phate buffered saline (PBS) and all other supplements for cell culture were from PAA

Laboratories (Linz, Austria), unless otherwise indicated. Vybrant® MTT Cell prolifera-

tion Assay kit (V-13154), Vybrant® apoptosis assay kit#2 (V-132451) and staurosporine

were from Invitrogen (Leek, Netherlands). Flow cytometry fluids and FACS tubes

were from BD Bioscience (Heidelberg, Germany). Culture-inserts for self-insertion

were from Ibidi GmbH (Munich, Germany). Organic solvents and all other standard

chemicals were obtained from Carl Roth (Karlsruhe, Germany) or Sigma-Aldrich (Vi-

enna, Austria), unless otherwise indicated.

3.3.2 Cell culture and incubation of cells with lipids

B16-BL6 murine melanoma cells were from Dr. Yasuhisa Matsui (Cell Resource Center

for Biomedical Research, Institue of Development, Aging and Cancer, Tohoku Univer-

sity, Sendai, Japan). B16-BL6 cells were routinely grown in DMEM (4.5 g/l glucose,

25 mM HEPES, 4 mM L-glutamine, without sodium pyruvate) supplemented with 2%

fetal bovine serum and 200 units/ml penicillin/streptomycin at 37°C in humidified

CO2 (5%) atmosphere.

For all experiments, aqueous lipid suspensions containing the indicated lipid concen-

trations were prepared using the ethanol injection method (Batzri and Korn, 1973).

The final ethanol concentration in the incubation medium did not exceed 1% (v/v).

Incubation medium for all experiments was DMEM without Phenol red supplemented

with only 0.1% FCS to minimize degradation of the oxidized phospholipids by serum
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components. Control experiments were carried out with incubation medium contain-

ing 0.1% FCS and the same amount of EtOH without lipids.

3.3.3 Fluorescence microscopy

For microscopy experiments, monolayer cultures of B16-BL6 cells were grown to 60-

70% confluency in Chamber slides (Imaging Chambers CG8 Cover Glass Bottom from

MoBiTec, Göttingen, Germany). Fluorescence of the individual probes was observed

with an Axiovert 35 inverted fluorescence microscope equipped with a mercury-arc

lamp (HBO® 50W/AC; OSRAM, Munich, Germany) and a charge-coupled device dig-

ital camera system (AxioCam HR), driven by AxioVision software 3.1 package (Carl

Zeiss Vision GmbH, Germany). Unlabeled cells were used as a reference to examine

autofluorescence. Table 3.1 summarizes the filter sets used. For comparative studies,

all photomicrographs were taken and processed under identical conditions for a given

fluorophore.

Colocalization experiments. To identify the subcellular localization of BY-PGPE or BY-

POVPE, cells were stained with specific organelle markers localizing to the endoplas-

mic reticulum (ER-Tracker™Red dye from Invitrogen, 1 µM final concentration) or

mitochondria (MitoTracker® Red CM-XRos from Invitrogen, 0.3 µM final concentra-

tion). For this purpose, cells were pre-treated with the respective probe for 20 min in

incubation medium (DMEM without Phenol red supplemented with 0.1% FCS) fol-

lowed by two washing steps with medium and incubation with 5 µM fluorescently

labelled oxPL for 5 or 30 min at 37°C. After rinsing the cells twice with medium, cells

were viewed under the fluorescence microscope. Fluorescence images of both the
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BODIPY lipid and the organelle-specific marker were recorded from the same cells

and used to produce overlay images using CorelDRAW X4 software.

Table 3.1. Excitation and emission maxima of fluorescence probes and optical instrument
settings for fluorescence microscopy
Samples were observed with an Axiovert 35 inverted fluorescence microscope equipped with a mercury-
arc lamp.

Fluorophore
(Invitrogen)

Excitation
Maxima [nm]

Emission
Maxima [nm]

Excitation Filter
Beam Splitter
Barrier Filter

BODIPY

DAPI Nucleic Acid Stain

MitoTracker Red CM-XRos®

ER-Tracker Red
TM

505 510 BP 450-490

FT 510

LP 520

358 461

579 599 BP 510-560

FT 580

LP 590

587 615

BP 365

FT 395

LP 397

BP 575-625

FT 665

LP 666-710

For colocalization studies of BY-PGPE or BY-POVPE and the nucleic acid specific

probe DAPI (DAPI nucleic acid stain from Invitrogen, 0.3 µM final concentration),

cells were first incubated with 5 µM labelled lipid for 5 or 30 min at 37°C as described

above. After incubation, cells were carefully rinsed with media, fixed by incubation

with 300 µl 3.7% formaldehyde solution (v/v in PBS) for 10 min at RT, washed and

incubated with the indicated amount of the DAPI stain for 5 min at RT. Fixing of the

cells with formaldehyde did not change the localization of BY-PGPE or BY-POVPE

(data not shown).
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3.3.4 MTT viability assay

To investigate the cytotoxic effects of PGPC, POVPC and Edelfosine on murine B16-

BL6 melanoma cells, the Vybrant® MTT Cell proliferation assay was used according to

the manufacturer’s protocol with slight modification. This assay is based on the con-

version of water soluble MTT to insoluble formazan by living cells (Liu et al., 1997).

The formed purple formazan is solubilised by the addition of SDS and the optical

density is measured at 595 nm; low absorbance values reflect low viability of cells

and vice versa. In brief, cells were seeded in DMEM (supplemented with 2% FCS) in

96-well-plates and allowed to reach 80% confluency. The medium was replaced by the

lipid dispersion containing the indicated lipid (5 to 250 µM) or just organic solvent

(1% EtOH (v/v) or 1% DMSO (v/v)) as negative controls. Cells were also incubated

with 2.5 mM H2O2 or 10 µM staurosporine, which served as controls for necrosis

and apoptosis, respectively. Following incubation, the lipid containing medium was

replaced by 100 µl fresh medium (0.1% FCS) and 10 µl MTT solution (2.5 mg/ml) in

PBS prior to cell incubation at 37°C for 4 hours. Subsequently, 100 µL 10% SDS (w/v)

in 0.01% HCl (v/v) were added and the cells were incubated for another 4 hours

under the same conditions. After incubation, the heterogenous mixture was resus-

pended carefully and optical density was measured at 595 nm using an Anthos plate

reader driven by WinRead 2.3 software (Anthos Labotec, Salzburg, Austria). Data

were obtained from 2 replicates of three or more independent experiments. Values

are means ± SD (n ≥ 3).

3.3.5 Flow cytometric analysis of apoptotic and necrotic cells

The Vybrant® apoptosis assay kit#2 was used for FACS analysis of cell death according

to the manufacturer’s instructions with slight modifications. Cells were seeded into

128



Chapter 3

24 well plates and allowed to reach 80% confluency. After washing with DMEM

containing 0.1% FCS, cells were incubated with 400 µl of a dispersion of 25 µM or 50

µM lipid (PGPC, POVPC, E-PGPC, E-POVPC or Edelfosine) in DMEM (0.1% FCS), or

400 µl incubation medium containing 1% EtOH (v/v) (control), 10 mM H2O2 (induces

necrosis), 10 µM STS (apoptosis inducer) or 1% DMSO (v/v) (control) for 6 hours.

Following incubation, the supernatant was collected and the cells were harvested after

treatment with accutase. Wells were washed twice with DMEM to collect residual

cells and all fractions were combined. After centrifugation, cells were washed with

PBS containing 2% glucose and resuspended in 100 µl Annexin Binding Buffer. 5

µl AlexaFluor®488 Annexin V solution and 5.5 µl of an aqueous solution of PI (final

concentration 1 mg/ml) were added to each sample and incubated in the dark at room

temperature for 15 minutes. Samples were diluted with 400 µl PBS containing 2%

glucose, gently mixed and kept on ice until analysis. Stained samples were analyzed

using a FACS Calibur flow cytometer (BD Bioscience, NJ). The green fluorescence

emission was measured at 530 nm and the red fluorescence emission was determined

at 575 nm. Excitation wavelength was 488 nm. Three cell populations were identified:

living cells were unstained; cells stained by PI only or cells double stained by PI and

Annexin V were considered necrotic; cells showing only the green AlexaFluor®488

Annexin V fluorescence were considered apoptotic cells. The percentage of apoptotic

and necrotic cells was calculated using the WinMDI 2.8 software package. Data were

obtained from 2 replicates of three or more independent experiments. Values are

means ± SD (n ≥ 3).
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3.3.6 Microscopic analysis of apoptotic and necrotic cells

Prior to harvesting cells for FACS analysis of apoptotic and necrotic cells, cells were

observed in the transmission mode with an Axiovert 35 inverted microscope equipped

with a charge-coupled device camera, driven by AxioVision software package (Carl

Zeiss Vision GmbH, Germany) to detect morphological changes induced by oxPL.

3.3.7 Determination of acid sphingomyelinase activity

Murine B6-BL6 melanoma cells were grown on 60 mm Petri dishes to 70-80% con-

fluency in DMEM (supplemented with 2% FCS) over night. Prior to stimulation with

oxPL, the cells were washed once with medium containing 0.1% FCS. Cells were incu-

bated with 3 ml of a 25 µM aqueous lipid dispersion or 3 ml medium containing 0.1%

EtOH (v/v) as a negative control for 15 min, 30 min or 60 min. Following incubation,

cells were rinsed with ice-cold PBS, scraped and harvested by centrifugation (300 g, 10

min, 4°C). Cells were lysed in 50 µl lysis buffer (250 mM sodium acetate, 0.2% Triton

X-100, pH 5.0) for one hour on ice. The suspension was shaken vigorously every 15

minutes. Cell debris and unlysed cells were removed by centrifugation (1000 g, 5 min,

4°C) and the protein content of the samples was determined according to the method

of Bradford (Bradford, 1976). Aliquots of cell lysates containing 15 µg of protein were

incubated with 2 nmol NBD-sphingomyelin in acid reaction buffer for 30 minutes to

determine acid sphingomyelinase activity as previously described (Loidl et al., 2002).

Fluorescent NBD-sphingomyelin was separated from formed NBD-ceramide by thin-

layer chromatography on silica gel (mobile phase was CHCl3:MeOH:H2O 65:24:4 per

vol.). The fluorescent spots were quantified with a charge-coupled device camera

(Herolab, Vienna) at an excitation wavelength of 365 nm using EasyWin software.
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The ratio of NBD-ceramide to total NBD lipid (Cer+SM) was determined and data

(relative aSMase activity) were expressed as means ± SD (n ≥ 3).

3.3.8 Determination of ceramide and sphingomyelin species

Murine B16-BL6 melanoma cells were grown on 100 mm Petri dishes to 70-80% con-

fluency in DMEM (supplemented with 10% FCS) over night. Prior to incubation, cells

were rinsed once with media containing 0.1% FCS to remove excess serum and incu-

bated with 4 ml of 25 µM lipid dispersion in DMEM without Phenol red (0.1% FCS)

or control medium containing 1% EtOH (v/v) for 6 hours. Following incubation, cells

were rinsed once with ice cold PBS, scraped into PBS and harvested by centrifugation

(300 g, 10 min, 4°C). Cells were suspended in 1 ml PBS and 100 µl aliquots were taken

for measuring sample protein concentration. For this purpose, cells were harvested

by centrifugation, resuspended in 0.5 ml buffer (50 mM Tris/HCl, pH 7.4) and lysed

by sonication (5 pulses, 10 sec). To remove cell debris, the lysate was centrifuged (1000

g, 5 min, 4°C) and the protein content was determined according to the method of

Bradford (Bradford, 1976).

The remaining 900 µl cell suspension were centrifuged under the conditions described

above and cells were suspended in 3 ml CHCl3:MeOH (2:1 v/v). The mixture was

shaken for 1 h at 4°C. After addition of 700 µl MgCl2 solution (0.036% in H2O w/v)

for 15 min, the upper aqueous phase was removed and the solvent was removed from

the lower chloroform phase under a gentle stream of nitrogen.

Mild alkaline hydrolysis of lipid esters and detection of ceramide and sphingomyelin

species by HPLC-MS were performed as previously described (Ramprecht et al. un-
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published data). Results were obtained from three independent experiments and data

represent means ± SD (n = 3).

3.3.9 Determination of cell migration using a scratch assay

Cells were seeded into 24 well plates covered with culture-inserts (Ibidi, Planegg/

Martinsried, Germany) containing full growth medium. Cell were grown over night

and allowed to reach 100% confluency. After cell attachment, the culture-inserts were

removed leaving a cell-free gap of approximately 500 µm width. The remaining cells

were washed with medium five times to reduce the number of floating cells that

could reattach to the cell-free zone during further incubation. Cells were incubated

with 5 µM or 10 µM oxPL in DMEM (2% FCS) or 1% (v/v) EtOH in DMEM (2% FCS).

Cell migration into the cell-free zone under the influence of oxidized phospholipids

was followed over a 48 h time period. Micrographs of the scratch were taken after

the indicated incubation times using an Axiovert 35 inverted microscope equipped

with a charge-coupled device camera, driven by AxioVision software package (Carl

Zeiss Vision GmbH, Germany). The microscopy images were always taken from the

identical scratch area within one well. The width of the cell-free zone was measured

using ImageJ software (Abràmoff et al., 2004) and the migration rate was calculated

and expressed as percentage of the initial width of the gap. Results were obtained

from replicates of three or more independent experiments and data represent means

± SD (n ≥ 3).

3.3.10 Statistical analysis

Data are expressed as means ± standard deviation (SD). Two-tailed unpaired Stu-

dent’s t-test was used to determine the significance of the differences. A p-value ≤
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0.05 was considered significant.

3.4 Results

To understand the toxicity of oxidized phosholipids in the murine cell line B16-BL6,

we determined the effects of these lipids on cell viability, cell death, activation of acid

sphingomyelinase and ceramide formation and studied the cellular uptake of fluores-

cent oxPL analogues into these cells.

To ensure that any observed cellular effects of oxPL are exclusively the result of in-

cubation with intact lipids and not elicited by degradation products, all experiments

were performed in DMEM supplemented with 0.1% FCS. Under high serum condi-

tions (10% FCS) the stability of oxPL is decreased due to serum lipases, which cleave

the oxidized fatty acid at the sn-2 position. The so generated PLPC is cytotoxic as well

(Fruhwirth et al., 2006; Stemmer et al., 2012).

3.4.1 Import and localization of fluorescent PGPC and POVPC ana-
logues

We performed microscopic studies to examine the uptake and the intracellular dis-

tribution of the fluorescent PGPC and POVPE analogues BY-PGPE and BY-POVPE,

respectively, in murine B16-BL6 melanoma cells. For this purpose, cells were incu-

bated with the corresponding lipid followed by staining with an organelle specific

marker in serum-free medium to avoid degradation of the lipids by lipases in the

serum.
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Figure 3.2. Uptake and subcellular localization of BY-PGPE in B16-BL6 murine melanoma
cells

Cells were incubated with 5 µM BY-PGPE in Phenol red-free medium supplemented with 0.1% FCS
for the indicated times at 37°C and fixed with formaldehyde-solution. Nuclei were stained with DAPI
Nucleic Acid Stain (0.3 µM) as described in Experimental Procedures (A). Alternatively, cells were
pretreated with MitoTracker® Red CM-XRos (0.3 µM) (B) or ER-Tracker™Red dye (1 µM) (C), fol-
lowed by incubation with 5 µM BY-PGPE in Phenol red-free medium (0.1% FCS) for 5 or 30 minutes
at 37°C. Fluorescence images of both the BODIPY lipid and the organelle-specific marker were recorded
from the same cells and images were overlaid using CorelDRAW X4 software. In control experiments,
no crossover between green (BODIPY-PGPE), blue (DAPI Nucleic Acid Stain), and red (MitoTracker®

Red CM-XRos, ER-Tracker™Red dye) fluorescence was detected at the concentrations indicated above.
No background fluorescence was detected (data not shown). Brightness and contrast were adjusted to
the same levels in all images using CorelDRAW X4 software. Photographs shown are representative
for three or more independent experiments.

Both fluorescent oxidized phospholipids are rapidly internalized by B16-BL6 cells.

BY-PGPE is transferred to the endoplasmatic reticulum (ER) within 5 minutes, where

it remains at least for 30 minutes. This oxPL does not localize to mitochondria and

the nucleus under our experimental conditions, as determined by double staining ex-

periments (Figure 3.2).

Fluorescent BY-POVPE is also rapidly internalized by B16-BL6 cells, and partial de-

livery of the fluorescently labelled lipid to the ER can be observed after 30 minutes

of incubation. No colocalization with the mitochondria-specific probe MitoTracker®

Red CM-XRos or the nucleic acid specific probe DAPI was found (Figure 3.3).

These data are at variance to earlier studies on vascular smooth muscle cells (Moumtzi

et al., 2007) and RAW 264.7 macrophages (Stemmer et al., 2012). In these cells, BY-

POVPE localized to the plasma membrane, whereas BY-PGPE localized to intracellu-

lar membranes.
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Figure 3.3. Uptake and subcellular localization of fluorescent BY-POVPE in murine B16-BL6
melanoma cells

A-C: Cells were incubated with the fluorescent BY-POVPE and organelle specific stains and fluores-
cence images were obtained as described for BY-PGPE (Figure 3.2).
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3.4.2 OxPL reduce viability of B16-BL6 mouse melanoma cells in a
time- and concentration dependent manner

We used the photometric Vybrant® MTT Cell Viability assay to determine time- and

concentration-dependent effects of oxPL on cell viability. For this purpose, B16-BL6

cells were incubated with different concentrations (5-250 µM) of the synthetic lipids

for varying times. POPC and PLPC were used as natural reference phospholipids.

H2O2 and staurosporine were used as positive controls for the induction of necrosis

and apoptosis, respectively.

We found that all oxidized lipids used in this study induce a time- and concentration-

dependent decrease in cell viability, but the extent of cell death is dependent on the

individual lipid (Figure 3.4). Independent of the incubation time, Edelfosine is the

most toxic lipid. 50 µM concentrations of this compound are sufficient to decrease

cell viability by 70% after 2 hours. Longer incubation times lead to a complete loss of

cell viability. If cells are exposed to 50 µM PGPC and POVPC, cell death is already

detectable after 2 hours. Independent of the incubation time, PGPC is in all cases

more toxic to B16-BL6 cells than POVPC. The non-oxidized phospholipid POPC does

not affect cell viability at all. Toxicity of 50 µM PLPC is comparable to Edelfosine,

almost completely killing B16-BL6 cells after short incubation times.

3.4.3 Low concentrations of oxPL preferentially induce apoptosis in
murine melanoma cells

MTT experiments revealed that incubation of B16-BL6 mouse melanoma cells with

oxPL is associated with decreased cell viability (Figure 3.4). To find out whether ox-

idized phospholipid-induced cell death is due to apoptosis and necrosis, we stained
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Figure 3.4. Effect of oxPL on viability of B16-BL6 murine melanoma cells

Viability of B16-BL6 murine melanoma cells was analyzed using the MTT photometric assay (for details
see Experimental Procedures). Cells were incubated with different concentrations of PGPC (•), POVPC
(�) or Edelfosine (�) in DMEM supplemented with 0.1% FCS for 2 h (panel B), 14 h (panel C) or 24
h (panel D). POPC (×) was used as a reference phospholipid. PLPC (�) served as a positive control
for the induction of cell death. Results were obtained from 2 replicates of three or more independent
experiments and values represent means ± SD (n ≥ 3).

the cells with specific fluorescence markers followed by FACS analysis: AlexaFluor488®

Annexin V binds to phosphatidylserine on the cell surface which is indicative for

apoptosis. Red fluorescent propidium iodide (PI) crosses the permeabilized mem-

brane of necrotic cells and stains their DNA. Labelled cells were counted and spec-

troscopically identified by FACS. Cells stained by PI or double stained cells were

defined as necrotic cells, cells showing only the green Annexin V fluorescence were

considered apoptotic. Intact cells were not stained by either fluorescence dye. Stau-

rosporine and H2O2 were used as control reagents that induce apoptosis and necrosis.
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Figure 3.5. Apoptosis and necrosis of cultured B16-BL6 murine melanoma cells in response
to oxidized phospholipids

B16-BL6 cells were incubated with 25 or 50 µM lipid for 6 hours in DMEM (0.1% FCS). Control cells
were treated with EtOH (1% v/v) (negative control), 10 µM STS (positive control for apoptosis) or
10 mM H2O2 (positive control for necrosis). After fluorescence staining, cells were analyzed by flow
cytometry (for details see Experimental Procedures) to determine the fractions of apoptotic and necrotic
cells. Apoptotic cells were stained by green fluorescent AlexaFluor488® Annexin V. Necrotic cells were
stained by fluorescent Annexin V and propidium iodide. Panel A: Stimulation of necrosis. Panel
B: Stimulation of apoptosis. Panel C: Morphological changes after incubation with the same lipids
and control media. Results shown in panels A and B were obtained from 2 replicates of three or more
independent experiments and values represent means ± SD (*P < 0.05 compared with control; **P <
0.005 compared with control; n ≥ 3)

At low concentrations (25 µM) all tested lipids significantly induce apoptosis in B16-

BL6 mouse melanoma cells (Figure 3.5 B). The amount of necrosis is comparable in

stimulated and unstimulated cells (Figure 3.5 A). The sensitivity of the cells towards
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the toxic compounds is highly dependent on lipid structure and concentration. PGPC

is the most toxic oxPL, which is in line with the results from the MTT assay. The

oxidized diacyl phospholipids PGPC and POVPC elicit more severe apoptotic effects

as compared to their alkylacyl counterparts. Raising the lipid concentration to 50 µM

leads to both an increase in the fractions of apoptotic and necrotic cells.

In addition to FACS measurements for the discrimination of apoptotic and necrotic

cell death, we assessed morphological changes associated with apoptosis (Figure 3.5

C). Early phase programmed cell death is characterized by cell shrinkage, conden-

sation of chromatin, membrane blebbing and formation of apoptotic blebs (Elmore,

2007). Typical signs of necrosis are an increase in cell volume caused by loss of plasma

membrane integrity and thus a disturbance of the osmotic balance and the formation

of cytoplasmic vesicles (Elmore, 2007). These morphological changes were observed

in cells treated with staurosporine or hydrogen peroxide for the induction of apopto-

sis and necrosis, respectively. Upon treatment of the cells with higher concentrations

of oxPL (50 µM), cell shrinkage as well as cell rounding were visible. These effects

were more pronounced if cells were exposed to PGPC, E-PGPC and Edelfosine. Latter

lipid showed characteristic signs of necrosis in cells treated with 50 µM Edelfosine,

confirming the FACS results.

3.4.4 Activation of acid sphingomyelinase by PGPC and POVPC

Ceramide mediates the cellular response to various stress stimuli. Specifically, it is a

key upstream component in many apoptotic signaling pathways. It can be generated

by different pathways including the degradation of sphingomyelin by sphingomyeli-

nases, de novo formation from sphinganine by ceramide synthases and the formation
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of ceramide from sphingosine in the salvage pathway utilizing sphingosine for reacy-

lation by ceramide synthase.

Recently, we found that aSMase activity and ceramide formation were stimulated by

oxPL in human melanoma cells (Ramprecht et al., unpublished data). According to

the present study, acid sphingomyelinase activity is activated by oxPL in murine B16-

BL6 melanoma cells, too. Specifically, cells were stimulated with 25 µM PGPC or

POVPC for different times and the rise in aSMase activity was measured (Figure 3.6)

as described in Experimental Procedures.
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Figure 3.6. Effects of oxPL on acid sphingomyelinase activity in B16-BL6 melanoma cells

Murine B16-BL6 melanoma cells were incubated with 25 µM oxPL or 1% (v/v) EtOH as a control in
DMEM (0.1% FCS) without Phenol red for the indicated times. Cells were harvested and lysed in acid
lysis buffer for assaying acid sphingomyelinase activity according to the method of Loidl et al. (Loidl
et al., 2002). Enzyme activities were determined using NBD-labelled sphingomyelin as a substrate.
The fluorescent NBD-ceramide product was separated from the remaining sphingomyelin substrate by
thin-layer chromatography on silica plates using CHCl3:MeOH:H2O (65:24:4, per vol.) as solvent.
Fluorescence intensities were analyzed using a CCD camera, and the ratio of NBD-ceramide to total
NBD lipid (Cer + SM) was determined. Results represent means ± SD (*P < 0.05 compared with
control, n ≥ 3)
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The enzyme was activated by both PGPC and POVPC within minutes and the effi-

ciency of stimulation was similar in both cases. However, at prolonged incubation

time (60 min), aSMase returned to control levels in POVPC-treated cells, whereas the

enzyme remained active in PGPC-treated cells. This finding is very unusual com-

pared to other cell lines insofar as aSMase activities in vascular cells (vascular smooth

muscle cells and macrophages) returned to control levels after one hour (Loidl et al.,

2003; Stemmer et al., 2012).

3.4.5 OxPL affect ceramide and sphingomyelin species in B16-BL6
mouse melanoma cells

Earlier studies demonstrated that ceramide was formed in cultured human melanoma

cells upon exposure to POVPC (Ramprecht et al., unpublished data). Here, we provide

evidence that both PGPC and POVPC lead to a significant rise in total ceramide con-

tent after 6 hours (Figure 3.7 B). PGPC preferentially stimulated formation of C24:0

as well as C24:1 ceramide, whereas POVPC only triggered the formation of C24:0

ceramide (Figure 3.7 A). However, the oxPL-induced formation of ceramide is not

associated with significant changes in apparent sphingomyelin patterns. Total sphin-

gomyelin contents remain constant independent of the stimulus, and no significant

changes in the amounts of the individual sphingomyelin species can be detected (Fig-

ure 6, panels C and D).

3.4.6 POVPC decreases undirected cell movement (chemokinesis)

Cancer cells spread from the initial site of tumor growth into surrounding tissues

and the vasculature. Preventing metastasis represents an important therapeutic ap-

proach to cancer treatment. OxLDL, which contains significant amounts of PGPC and
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Figure 3.7. Effect of oxPL on ceramide and sphingomyelin patterns in B16-BL6 murine
melanoma cells

Cells were incubated with 25 µM PGPC (�), POVPC (�) or 1% EtOH (v/v) (negative control)
(�) for 6 hours in DMEM supplemented with 0.1% FCS. Lipids were extracted and analyzed by
MS as described in Experimental Procedures. Panels A+C: Lipid-protein ratios of ceramide (A) and
sphingomyelin (C) species characterized by the N-acyl residues indicated on the abscissa. Panels B+D:
Lipid-protein ratios of total ceramide (B) and sphingomyelin (D) content. Values represent means ±
SD (*P < 0.05 compared with control, n = 3)
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POVPC, has already been known to induce different responses (proliferation or cell

death) in vascular cells depending on concentration, incubation time and extent of

particle oxidation (Han et al., 1999). Thus, we further investigated the effects of lower

(5 µM or 10 µM) oxPL concentrations on proliferation and migration of murine B16-

BL6 melanoma cells.
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Figure 3.8. Effects of oxPL on migration of cultured murine B16-BL6 melanoma cells

Cultured B16-BL6 melanoma cells were analyzed for their potential to migrate into a cell-free scratch
region under the influence of 5 µM oxPL (see Experimental Procedures). Panel A: Microscopy images
of cells after 0 h, 10 h and 30 h incubation with oxPL. The % width of the cell-free scratches relative
to control cells are expressed as reciprocal values (% closure) in panels B and C. Panel B: Effects of 5
µM PGPC or POVPC or 1% (v/v) EtOH (negative control). Panel C: Effects of 5 µM oxidized ether-
phospholipids E-PGPC or E-POVPC, in comparison to untreated control cells. Data are expressed as
means ± SD (n ≥ 3).
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Figure 3.8 A shows phase-contrast optical micrographs of melanoma cells migrating

across a cell free zone after incubation with 5 µM oxPL for 0 h, 10 h and 30 h. De-

pending on the oxPL used, cells show a different tendency to migrate into this cell

free zone over 48 hours. Cells preincubated with the ether-oxPL show the same mi-

gration rate compared with control cells (Figure 3.8 C). Treatment of B16-BL6 cells

with PGPC leads to an increased motility leading to complete gap closure within 30

hours, whereas incubation with POVPC significantly inhibits cell migration. Most

interestingly, higher concentrations of oxPL (10 µM) do not show any effects on cell

migration. If in contact with POVPC, the cells would even die. They show cell shrink-

age, membrane blebbing and detachment from the plate surface (data not shown).

3.5 Discussion

In the present study we report on the cytotoxicity of oxidized phospholipids in murine

melanoma cells. We found that these compounds induce cell death in B16-BL6 cells.

Fluorescent analogues of PGPC and POVPC are rapidly taken up by the cells and lo-

calize to the ER. Cell death is associated with activation of acid sphingomyelinase and

increased levels of distinct ceramide species. Activity patterns of PGPC, POVPC and

their respective ether analogues are different, because POVPC is chemically reactive

and PGPC is not.

Efficient uptake of a drug by its target cells is a prerequisite for its cellular activity.

Thus, we used fluorescently labelled derivates of PGPC and POVPC to investigate

the uptake and intracellular localization of these lipids in B16-BL6 cells. In vascular

smooth muscle cells, BY-PGPE was rapidly taken up by the cells, finally localizing to
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the lysosomes. In contrast, BY-POVPE stained the plasma membrane, most likely due

to covalent Schiff base formation with NH2 groups of lipids and proteins (Moumtzi

et al., 2007). Similar uptake patterns were observed in RAW 264.7 macrophages (Stem-

mer et al., 2012). Our laboratory showed for the first time a different uptake scheme

for oxPL in cancer cells. In human melanoma cells, both oxPL were rapidly inter-

nalized without retention in the plasma membrane (Ramprecht et al., unpublished

data). Co-localization studies in B16-BL6 cells revealed similar fluorescence patterns

compared to human melanoma cells. Both, BY-PGPE and BY-POVPE were internal-

ized within minutes and at least in part localized in a nucleus near region of the ER

(Figure 3.2, Figure 3.3).

The toxic effects of oxidized phospholipids in mouse melanoma cells are in line with

previous results from our laboratory obtained with human melanoma cell lines. In-

terestingly, the mode of cell death depends on oxPL concentrations. Exposure of cells

to 25 µM oxPL led to apoptosis, whereas higher lipid concentrations induced necrosis

(Figure 3.5). According to Zeiss, both apoptosis and necrosis are not completely inde-

pendent processes. Cellular ATP-concentrations, Ca2+ concentration and ROS levels

determine the outcome of a death signal that is apoptosis or necrosis. A change in

one of these critical parameters induced e.g. by cellular stress may lead to a switch in

the cell death program (McConkey, 1998; Zeiss, 2003). Our studies on oxPL-induced

toxicity in B16-BL6 cells suggest such a concentration-dependent balance between

apoptotic and necrotic cell death.

Toxic effects of oxidized phospholipids depend on both their biochemical and bio-

physical properties. The structural differences between POVPC and PGPC are very
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small. However, their biological activities differ to a large extent, depending mainly

on the oxidized sn-2 acyl chain. The polar phospholipid headgroup plays only a mi-

nor role (Subbanagounder et al., 2000). Greenberg et al. suggested that the modified

sn-2 carboxylic acids of PGPC and POVPC protrude from the plasma membrane into

the aqueous environment forming whisker like structures (Greenberg et al., 2008).

These structural elements can be recognized by macrophages and other phagocytes.

Within the cell membranes the oxPL can undergo specific interactions with other

biomolecules, induce changes in membrane organization and membrane curvature

thus influencing the functional membrane-associated molecules (Stemmer and Her-

metter, 2012). Last but not least oxidized phospholipids can give rise to a loss in

membrane asymmetry, which in turn may have fundamental consequences for cellu-

lar signaling networks (Stemmer and Hermetter, 2012)(Kinnunen et al., 2012).

It is interesting to note that the ether analogues of PGPC and POVPC exhibit similar

toxicities as compared to their diacyl counterparts. Whereas the stability of the latter

lipid subclass mostly depends on their susceptibility towards lipid hydrolases, alkyl-

acyl phospholipids require oxidative enzymes for full degradation that is removal of

the sn-2 acyl chains by lipolysis and removal of the 1-O-alkyl residue by an oxidative

step. Therefore, it is likely that both lipid subclasses may undergo similar molecular

interactions at least during a limited lifetime.

A fundamental difference between (E-)PGPC and (E-)POVPC activities is based on

the chemical reactivity of POVPC. This lipid covalently forms Schiff bases with NH2

groups of proteins and lipids due to its aldehyde group at the ω-position of the

truncated sn-2 fatty acyl chain (Stemmer and Hermetter, 2012; Stemmer et al., 2012).
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First of all, this covalent binding can influence the functional properties of the target

biomolecules. In addition, the resultant lipid-lipid or lipid-protein adducts may serve

as signaling platforms and influence downstream signaling cascades. Basically, such

effects can also be elicited by PGPC. However, this compound can only interact phys-

ically with other biomolecules and therefore it is likely, that the molecular targets and

consequences are different.

Stemmer et al. were able to identify a large number of potential protein targets of

POVPC in RAW 264.7 macrophages (Stemmer et al., 2012). The respective proteins

were involved in cellular stress response, apoptosis and lipid metabolism. Thus, the

toxicity of the oxPL in cells is due to the combination of different pathways, the out-

come depending on the individual experimental or biological conditions.

Edelfosine was used as a cytotoxic reference in this study. It is known that Edelfo-

sine and many of its analogues selectively induce apoptosis in various tumor cell

lines (Ruiter et al., 2001). Toxic effects are due to modulation of membrane proper-

ties and activation of pro-apoptotic signaling pathways (Gajate and Mollinedo, 2007).

This lipid accumulates in lipid rafts of the plasma membrane of cancer cells, leading

to rearrangement and reorganisation of (signaling) proteins and lipids within these

domains. As a consequence of the altered biophysical environment, their activities

are changed and apoptosis is induced (Ausili et al., 2008; Mollinedo et al., 1997). In

addition, Edelfosine accumulates in the ER of cells of solid tumors. It triggers an ER-

dependent stress response which results in the activation of the mitochondrial apop-

tosis pathway, the perturbation of the outer mitochondrial membrane, cytochrome c

release and the activation of caspase-3 (Huang et al., 2011; Mollinedo et al., 2011). In
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contrast to these studies, we found that Edelfosine preferentially induced necrosis in

B16-BL6 cells already at very low concentrations. The mechanism of this effect is yet

to be elucidated.

A key feature of phospholipid organization in the plasma membrane of animal cells is

the asymmetric distribution of these compounds in the bilayer. The aminophospho-

lipids phosphatidylserine and phosphatidylethanolamine are enriched in the inner

leaflet of the plasma membrane (Zwaal et al., 2005). In apoptotic cells this asymmetry

is lost. PS is translocated to the outer leaflet of the plasma membrane. Several studies

provide evidence that cancer cells expose a priori a large fraction of phosphatidylser-

ine on the plasma membrane surface. According to Riedl et al., the malignancy of

melanomas correlates with the amount of exposed PS. It is highest in late stage and

metastatic melanomas (Riedl et al., 2011). Why and how cancer cells expose PS, and

how they can escape recognition by phagocytes is currently not known. The surface-

exposed aminophospholipids may be considered as likely targets of oxPL. POVPC

would even be capable of forming covalent lipid-lipid adducts (Stemmer et al., 2012).

Reaction of POVPC with PE or PS could lead to the formation of Schiff bases con-

taining three hydrophobic chains and a relatively small headgroup. Such a molecular

geometry could destabilize the lipid bilayer, reduce membrane stability, activate cel-

lular stress responses and as a result induce cell death.

Activation of aSMase and ceramide formation is a hallmark of apoptosis induced

by oxPL in VSMC (Loidl et al., 2003) and RAW 264.7 macrophages (Stemmer et al.,

2012) as well as in some human melanoma cell lines (Ramprecht et al., unpublished

data). Such effects have also been observed in other tumor cells under the influence
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of chemotherapeutic agents (Senchenkov et al., 2001). Ceramide-based therapies have

been discussed as potential cancer therapies (Reynolds et al., 2004). Results from pre-

clinical studies also suggest that induction of ceramide formation and/or inhibition of

ceramide breakdown might be useful new approaches for killing cancer cells. Because

of its apoptosis-inducing effects in cancer cells, ceramide has been termed a “tumor

suppressor lipip” (Hannun and Linardic, 1993).

In this study, we provide evidence that oxPL dependent cell death of mouse melanoma

cells is also associated with aSMase activation and ceramide formation. Whether ce-

ramide is formed under oxPL stress by the de novo pathway or sphingosine recycling

still has to be demonstrated. The molecular mechanisms of ceramide signaling and

activity are complex. Ceramide participates in the regulation of various cellular pro-

cesses such as apoptosis (Pettus et al., 2002), cell aging (Venable et al., 1995), cell

growth arrest (Jayadev et al., 1995) and differentiation (Bielawska et al., 1992) depend-

ing on stimulus and cell type. It represents a structural membrane component and

a functional modulator of membrane proteins by influencing lateral membrane or-

ganization curvature. Ceramide triggers the formation of rigid membrane domains,

so-called rafts, which give rise to aggregation and clustering of activated receptor

molecules that finally propagate apoptotic signals into the cell (Gulbins, 2003; Gul-

bins and Grassmé, 2002; Schenck et al., 2007).

Acid sphingomyelinase acts as an upstream signaling component of the early phase

of cellular stress response. It converts sphingomyelin to ceramide at the plasma mem-

brane (Hannun and Obeid, 2008) in response to various stimuli (Andrieu-Abadie et al.,

2001). We found that aSMase was rapidly stimulated by PGPC and POVPC in B16-
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BL6 cells within minutes (Figure 3.6) by POVPC whereas activation by PGPC was

slower. Concomitantly, total cellular ceramide levels and in particular, distinct ce-

ramide species were elevated in response to stimulation with PGPC and POVPC (Fig-

ure 3.7). The initial rise in ceramide may be due to activation of aSMase, whereas the

persistently elevated ceramide levels must be due to another pathway e.g. de novo syn-

thesis. We have evidence that such a pathway is responsible for persistent ceramide

formation in cultured macrophages under the influence of oxPL (unpublished).

The involvement of de novo ceramide synthesis in oxPL-induced melanoma cell death

would be in line with the subcellular localization of the oxPL in mouse melanoma cells

(Figure 3.2, Figure 3.3). Fluorescence microscopic analysis showed co-localization of

BY-POVPE and BY-PGPE with the ER. In this organelle oxPL could induce ER stress

possibly stimulating the enzymes of de novo ceramide synthesis. The slow cumula-

tive increase in ceramide might play a role in the effector phase of apoptosis because

of its biophysical membrane effects (Van Blitterswijk et al., 2003). Ceramide can be

transferred from the ER to the mitochondria where it elicits cytochrome c efflux and

caspase-3 activation (Stiban et al., 2008). The cellular sphingomyelin content did not

change very much in the presence of the oxPL. Degradation of this lipid by aSMase

in the plasma membrane and formation of ceramide are small compared to the total

cellular lipid amount. The quantitative sphingolipid/ceramide balance would require

lipid analysis of the isolated plasma membrane.

Cell mobility and migration are crucial for cancer cell metastasis. OxPL effect these

properties in a specific fashion. At low concentrations (5 µM) POVPC inhibited cell

growth, whereas PGPC stimulated it (Figure 3.8). E-PGPC and E-POVPC showed
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marginal growth stimulating effects only after 24 hours stimulation. These results

seem to be in conflict with FACS measurements, where PGPC had a more pronounced

pro-apoptotic effect. However, pro-apoptotic and anti-proliferative effects of oxPL are

strongly concentration dependent.

In summary, the oxidized phospholipids PGPC and POVPC, as well as their ether ana-

logues E-PGPC and E-POVPC induce different cellular responses in B16-BL6 cells in a

concentration-dependent manner. They can trigger apoptosis, necrosis or even show

anti-proliferative effects. The knowledge of these effects is important for potential

therapeutic applications. The results obtained in this study are the basis for further

experiments using animal models to exploit the potential of oxidized phospholipids

for the topic and systemic treatment of melanomas.
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4.1 Abstract

The incidence of skin cancers (melanoma and non-melanoma skin tumors) is rising

worldwide every year. In contrast to melanoma, death from non-melanoma skin can-

cers is uncommon. A number of options is available for treating these tumors. Surgi-

cal excision is the mainstay of treatment for most squamous and basal cell carcinomas,

but disfiguring cosmetic side effects have to be considered. Besides established treat-

ments for specific subtypes of basal cell carcinoma, like photodynamic therapy and

topical imiquimod, the search for more effective and tissue-salvaging therapies con-

tinues. For this reason, new non-invasive chemopreventive and chemotherapeutic

agents for efficient treatment are needed, which selectively induce cell death in tumor

but not in differentiated cells of the skin.

It was the aim of this study to determine the toxic effects of short-chain oxidized phos-

pholipids in different human squamous carcinoma cell lines in comparison to human

keratinocytes. These compounds are generated under conditions of oxidative stress.

They are toxic in the cells of the vascular wall and are involved in the initiation and

progression of atherosclerosis. Recently, we found that they are also toxic in cultured

cancer cells and induce apoptosis in melanoma cells whereas they show much less

activity in “healthy” melanocytes.

We investigated the effects of oxidized diacyl and alkylacyl phospholipids on cell

viability and apoptosis and found that the oxPL preferentially induced apoptosis in

squamous carcinoma cell lines, whereas keratinocytes were almost unaffected. Toxi-

cities of all tested lipids were similar under the chosen experimental conditions. Flu-
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orescent oxPL analogues were rapidly internalized by the cancer cells. In addition,

they induced apoptosis in these cells, which was associated with changes in cellu-

lar ceramide levels and aSMase activity. Furthermore, primary protein targets of

POVPC were identified. OxPL containing reactive aldehyde groups formed Schiff

base adducts with their primary protein targets which were isolated and identified by

MS/MS. In summary, the results of this study may be considered a first useful basis

for testing and understanding the therapeutic potential of oxPL for the treatment of

non-melanoma skin tumors.

4.2 Introduction

Chronic exposure of the skin to ultraviolet radiation is one of the major causes for

the development of skin cancers. The incidences of skin cancer (melanoma and non-

melanoma skin tumours) are rising worldwide every year. Non-melanoma skin can-

cers, including squamous cell carcinoma, basal cell carcinoma and precursors such as

actinic keratosis, is the most common type of cancer in Western countries (Diepgen

et al., 2012; Housman et al., 2003), with an incidence of 100 per 100.000 individuals in

Europe (Madan et al., 2010; Trakatelli et al., 2007). In contrast to melanoma, death from

non-melanoma skin cancers is very rare. A number of options are available for treat-

ing these tumors. Surgical excision is the mainstay of treatment for most squamous

and basal cell carcinomas, but disfiguring cosmetic side effects have to be consid-

ered. Besides established treatments for specific subtypes of basal cell carcinoma,

like photodynamic therapy and topical imiquimod, the search for more effective and

tissue-salvaging therapies continues. For this reason, new non-invasive chemopreven-

tive and chemotherapeutic agents for efficient treatment are needed, which selectively
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induce cell death in tumor but not in differentiated cells of the skin.

Here we report on the toxic effects of short-chain oxPL on cultured squamous car-

cinoma cell lines. These compounds are generated under conditions of oxidative

stress from polyunsaturated diacyl- and alkylacyl-glycero-phosphocholines, respec-

tively (Bochkov et al., 2010; Fruhwirth et al., 2007; Marathe et al., 2000). As compo-

nents of oxLDL they are involved in the initiation and progression of atherosclerosis

(Berliner et al., 2009). Depending on lipid concentration and exposure time, oxidized

phospholipids may induce inflammation, cell proliferation and, under sustained ex-

posure, programmed cell death (apoptosis) (Fruhwirth and Hermetter, 2008; Fruh-

wirth et al., 2007; Greenberg et al., 2008; Loidl et al., 2004, 2003).

Specifically, these oxidized phospholipids are responsible for the harmful effects of

oxLDL in vascular smooth muscle cells (Fruhwirth et al., 2006) and RAW 264.7 macro-

phages (Stemmer et al., 2012). In these cells, their toxicity is causally related to the

activation of aSMase which generates the apoptotic messenger ceramide (Loidl et al.,

2003). In a recent study we found that short-chain oxPL are also toxic to cultured hu-

man and murine melanoma cell lines (Ramprecht et al., unpublished data, Ramprecht,

Britz et al., unpublished data). These compounds preferentially induced apoptosis in

cancer cells, but healthy melanocytes remained almost unaffected. Remarkably, lipid

concentrations eliciting apoptosis in tumor cells were much lower compared to toxic

concentrations required for vascular cells.

In this study we screened the toxic effects of 1-palmitoyl-2-glutaroyl-sn-glycero-3-

phosphocholine (PGPC) and 1-palmitoyl-2-(5-oxovaleroyl)-sn-glycero-3-phosphocho-
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line (POVPC) as well as their ether analogues 1-O-hexadecyl-2-glutaroyl-sn-glycero-

3-phosphocholine (E-PGPC) and 1-O-hexadecyl-2-(5-oxovaleroyl)-sn-glycero-3-phos-

phocholine (E-POVPC). PGPC and POVPC share similar structural features (Fig-

ure 4.1).
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Figure 4.1. Chemical structures of oxidized phospholipids and ether analogues

1-palmitoyl-2-glutaroyl-sn-glycero-3-phosphocholine (PGPC)
1-palmitoyl-2-(5-oxovaleroyl)-sn-glycero-3-phosphocholine (POVPC)
1-O-hexadecyl-2-glutaroyl-sn-glycero-3-phosphocholine (E-PGPC)
1-O-hexadecyl-2-(5-oxovaleroyl)-sn-glycero-3-phosphocholine (E-POVPC)
1-palmitoyl-2-glutaroyl-sn-glycero-3-phospho-N-(3-BODIPY-propionyl)-ethanolamine (BY-PGPE)
1-palmitoyl-2-(5-oxovaleroyl)-sn-glycero-3-phospho-N-(3-BODIPY-propionyl)-ethanolamine (BY-
POVPE)
1-octadecyl-2-O-methyl-sn-glycero-3-phosphocholine (Edelfosine)

Both oxPL contain the same long-chain fatty acid at the sn-1 position, but differ in

their short polar fatty acyl chain at the sn-2 position of glycerol. POVPC contains a

highly reactive ω-aldehyde group in the sn-2 acyl substituent that allows the molecule

to interact chemically with its targets by undergoing Schiff base formation. In con-
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trast, PGPC contains a carboxylic acid function at the same position. These truncated

lipids are amphipathic molecules and thus highly exchangeable between cells, mem-

branes and lipoproteins, as they contain only one long hydrophobic sn-1 acyl chain

(Stemmer et al., 2012). The 1-O-alkyl ether phospholipids E-PGPC and E-POVPC

are structurally related to their diacyl counterparts PGPC and POVPC, respectively,

except that their hydrophobic chains at the sn-1 position are linked to the glycerol

backbone via an ether bond. Small amounts of 1-O-alk(en)yl lipids can be found in

LDL, whereas large amounts of ether choline (and ethanolamine) phospholipids are

found in cell membranes of animals and humans (except for the liver) (Schmid and

Takahashi, 1968).

We compared the toxicities of the oxPL with the effects of Edelfosine. The latter

compound is a synthetic alkyl-lysophospholipid analogue with a long hydrophobic

substituent and a methyl group connected to the sn-1 and the sn-2 position of the

glycerol backbone by an ether bond, respectively (Figure 4.1). Edelfosine has been

identified as an efficient anti-tumor agent in many cancer cells (Gajate and Mollinedo,

2002, 2007; Gajate et al., 2000; Ruiter et al., 2001).

In the present study, we determined the toxic effects of oxPL in human squamous

carcinoma cell lines in comparison to human keratinocytes. To understand the mech-

anism of their activities, we studied the uptake of fluorescently labelled oxPL into the

cells, the activation of sphingomyelinase and the consecutive formation of the apop-

totic messenger ceramide in response to the toxic compounds. Last but not least, we

identified the protein targets of the aldehydo phospholipid POVPC that may serve as

primary signaling platforms of the oxPL. The results of this study may be considered
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as useful basis for further testing and an understanding of the therapeutic potential

of oxPL for the treatment of non-melanoma skin tumors.

4.3 Experimental Procedures

4.3.1 Materials

PGPC (1-palmitoyl-2-glutaroyl-sn-glycero-3-phosphocholine) and POVPC (1-palmito-

yl-2-(5-oxovaleroyl)-sn-glycero-3-phosphocholine) were either synthesized in our lab-

oratory as previously described (Moumtzi et al., 2007) or purchased from Avanti Polar

Lipids, Inc. (Alabaster, AL). POPC was synthesized according to the method of Her-

metter et al. (Hermetter et al., 1989), PLPC was purchased from Bachem (Bubendorf,

Switherland). Edelfosine (1-octadecyl-2-O-methyl-sn-glycero-3-phosphocholine), E-

PGPC (1-O-hexadecyl-2-glutaroyl-sn-glycero-3-phosphocholine) and E-POVPC (1-O-

hexadecyl-2-(5-oxovaleroyl)-sn-glycero-3-phosphocholine) were synthesized in our lab-

oratory (Stemmer et al., 2012). RPMI-1640 media and DMEM with or without Phe-

nol red, Fetal Calf Serum (FCS) and Trypsin were purchased from Gibco (Carls-

bad, CA). Phosphate buffered saline (PBS) and all other supplements for cell cul-

ture were from PAA Laboratories (Linz, Austria), unless otherwise indicated. Tis-

sue culture dishes and flasks were obtained from Sarstedt (Nürmbrecht, Germany)

or Greiner (Kremsmünster, Austria). Vybrant® MTT Cell proliferation Assay kit (V-

13154), Vybrant® apoptosis assay kit#2 (V-132451) and staurosporine were from In-

vitrogen (Leek, Netherlands). Flow cytometry fluids and FACS tubes were from BD

bioscience (Heidelberg, Germany). Cell culture inserts were from Ibidi GmbH (Mu-

nich, Germany). Organic solvents and all other standard chemicals were from Carl
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Roth (Karlsruhe, Germany) or Sigma-Aldrich (Vienna, Austria), unless otherwise in-

dicated.

4.3.2 Cell culture and lipid incubation

HaCaT human keratinocytes were from Dr. Helmut Schaider (Cancer Biology Unit,

Department of Dermatology, Medical University Graz, Austria) (Boukamp et al., 1988).

SCC12 and SCC13 cells were provided by Dr. James G. Rheinwald (Department

of Dermatology, Brigham and Women’s Hospital, Harvard Medical School, Boston,

Massachusetts) (Rheinwald and Beckett, 1981).

Table 4.1. Characterization and origin of keratinocytes and squamous skin cancer cell lines
SCC: squamous cell carcinoma; HaCaT: human adult low calcium high temperature keratinocytes

HaCaT cells were cultured in DMEM (4.5 g/l glucose, 25 mM HEPES, 4 mM L-

glutamine, without sodium pyruvate) supplemented with 10% FCS and 100 units/ml

penicillin/streptomycin. SCC12 and SCC13 cells were grown in RPMI-1640 medium

(supplemented with 10% FCS, 10 units/ml penicillin/streptomycin, 4 mM L-gluta-

mine). All cell lines were routinely grown at 37°C in humidified CO2 (5%) atmo-

sphere.
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All experiments were carried out in RPMI-1640 medium or DMEM without Phenol

red (see above) supplemented with 0.1% FCS to minimize degradation of the oxi-

dized phospholipids by lipases under high serum conditions (Fruhwirth et al., 2006).

For all experiments, aqueous lipid suspensions were prepared using the ethanol in-

jection method (Batzri and Korn, 1973). The total ethanol concentration was always

kept below 1% (v/v). Control experiments were performed using incubation medium

containing the same amount of ethanol without the lipids.

4.3.3 Effects of oxPL on cell morphology

75.000 cells were seeded into 24 well plates containing full growth medium and al-

lowed to grow over night. Cells were washed twice with serum-free medium (SFM) to

remove floating cells, followed by incubation with different oxPL concentrations. For

this purpose, aqueous suspensions containing the indicated concentrations of PGPC

or POVPC in medium (0.1% FCS) were prepared as described above. Control cells

were incubated with 1% (v/v) EtOH (negative control) or H2O2 (necrosis control) in

the same medium. Cells were observed with an Axiovert 35 inverted microscope after

6 h, 12 h and 24 h.

4.3.4 Uptake and localization of fluorescent BY-POVPE and BY-PGPE

Cells were grown to 70% confluency in Chamber slides with a cover glass bottom

(Imaging Chambers CG8 Cover Glass Bottom from MoBiTec, Göttingen, Germany).

Cells were washed once, followed by incubation with medium containing 5 µM flu-

orescently labelled oxPL for 5 or 30 minutes. After incubation, cells were rinsed
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carefully with SFM and observed with an Axiovert 35 inverted fluorescence micro-

scope equipped with a mercury-arc lamp (HBO® 50W/AC; OSRAM, Munich, Ger-

many) and a CCD camera (AxioCam HR), driven by AxioVision software package

(Carl Zeiss, Germany).

Table 4.2. Spectral parameters and instrument settings for microscopy of fluorescent probes
Instrument settings refer to a Zeiss Axiovert 35 inverted fluorescence microscope. Excitation and emis-
sion maxima are indicated for fluorophore solutions in DMEM or RPMI-1640 medium supplemented
with 0.1% FCS.

Fluorophore

(Invitrogen)

Excitation

Maxima [nm]

Emission

Maxima [nm]

Excitation Filter

Beam Splitter

Barrier Filter

BODIPY 505 510

BP 450-490

FT 510

LP 520

MitoTracker® Red CM-XRos 579 599

BP 510-560

FT 580

LP 590

ER-Tracker™ Red 587 615
BP 575-625
FT 665

LP 666-710

CellMask™ Deep Red 649 666

BP 575-625

FT 665

LP 666-710

For costaining experiments, cells were preincubated with an organelle-specific marker

followed by incubation with the BODIPY-labelled lipid. For this purpose, cells were

either pre-treated with 1 µM ER-Tracker™Red dye (Invitrogen) or with 0.3 µM Mito-

Tracker® Red CM-XRos (Invitrogen) for 20 minutes followed by two washing steps

and incubation with 5 µM BY-oxPL as described above. Optical settings of the micro-

scope as well as emission and excitation maxima of all used probes are summarized

in Table 4.2. All images were processed identically to adjust brightness and contrast

using CorelDRAW X4 software. In control experiments, no crossover between green

BODIPY fluorescence and red organelle specific probe fluorescence was detectable.
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No background could be detected in untreated cells if the same optical settings were

used (data not shown).

4.3.5 MTT viability assay

The cytotoxic effects of PGPC, POVPC, E-PGPC, E-POVPC and Edelfosine on HaCaT

keratinocytes and SCC13 cells were determined using the Vybrant® MTT Cell pro-

liferation assay according to the manufacturer’s protocol with slight modifications.

The assay is based on the formation of insoluble formazan from water soluble MTT

by living cells, and the subsequent solubilization of the purple formazan crystals by

the addition of SDS (Berridge et al., 2005, 1993). Cells were seeded in 96-well-plates

using fully supplemented growth medium and allowed to reach 80% confluency. The

medium was replaced by fresh medium containing 0.1% FCS and ethanolic solutions

of the lipids (concentration range: 5-250 µM) or medium containing 1% (v/v) EtOH or

DMSO (controls). 2.5 mM H2O2 or 10 µM staurosporine were added to the medium

as positive controls for necrosis or apoptosis, respectively. After incubation at 37°C for

2 hours, the incubation medium was replaced by 100 µl fresh medium (0.1% FCS) and

10 µl MTT solution (2.5 mg/ml in PBS) and incubated for another 4 hours. Following

the addition of 100 µl SDS (10% (w/v) in 0.01 % HCl (v/v)) and cell lysis for 4 hours,

the heterogeneous mixture was resuspended carefully and the optical density was

measured at 595 nm using the Anthos plate reader driven by WinRead 2.3 software.

The decrease in the optical density was determined as a measure for the decrease in

cell viability due to a loss of ER and mitochondrial functions. Results represent means

± SD of two replicates from three or more independent experiments (n ≥ 3).
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4.3.6 Flow cytometric analysis of apoptotic and necrotic cell death

Cells were incubated with 400 µl incubation medium containing different oxPL con-

centrations (25 µM to 200 µM) for 6 h or 24 h. Control cells were incubated with

medium containing 1% (v/v) EtOH (negative control), 30 mM H2O2 (induces necrosis)

or 20 µM staurosporine (apoptosis inducer). Following incubation, the supernatant

was collected and cells were treated with accutase at 37°C for 2-3 min to detach the

cells from the plate’s surface. Wells were washed twice to collect any detached cells

and all fractions were combined. After centrifugation, cells were washed once with

ice-cold PBS containing 2% glucose (w/v) and resuspended in 100 µl Annexin Binding

Buffer. For staining, 5 µl AlexaFluor®488 Annexin V solution and 5.5 µl propidium

iodide (final concentration 1 mg/ml) were added and the mixture was incubated in

the dark at RT for 15 minutes. Samples were diluted with 400 µl PBS (2% glucose) and

FACS analysis of stained cells was performed using a FACS Calibur flow cytometer

(BD Bioscience, Heidelberg, Germany). Cells were identified in the side scatter and

forward scatter with linear scale. The fluorescence signals were shown and analyzed

in logarithmic scale. Green (Annexin V) and red (PI) fluorescence emission were

measured at 530 nm and 575 nm, respectively, upon excitation at 488 nm. Three cell

populations were identified: Intact cells were unstained, apoptotic cells were stained

with green AlexaFluor®488 Annexin V only, and necrotic cells were either stained

by PI only or double stained by PI and Annexin V. The percentage of apoptotic and

necrotic cells was calculated using WinMDI 2.8 software package. Results were ob-

tained from three or more independent experiments and values represent means ±

SD (n ≥ 3).
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4.3.7 Determination of acid sphingomyelinase activity

Cultured SCC13 cells (60 mm Petri dishes, full growth medium, 80% confluency)

were washed twice with SFM to remove excess FCS. Subsequently, cells were incu-

bated with 2 ml of 50 µM aqueous oxPL dispersion in SFM at 37°C in a humidified

5% CO2 atmosphere for 15 min, 30 min or 60 min. Control cells were incubated with

SFM containing 1 vol.% EtOH under the same conditions. Following incubation, cells

were washed with 3 ml ice-cold PBS, scraped, harvested by centrifugation (1500 rpm,

10 min, 4°C) and lysed by incubation with acid lysis buffer (250 mM sodium acetate,

0.2% Triton X-100, pH 5.0). The protein content of the samples was determined using

the method of Bradford (Bradford, 1976).

Aliquots of cell lysates containing 20 µg protein were used for determination of aS-

Mase activity using fluorescent NBD-SM as a substrate as described previously (Loidl

et al., 2002). Briefly, cell lysates were incubated with 2 nmol fluorescent NBD-SM in

200 µl acid reaction buffer (250 mM sodium acetate, 1 mM EDTA, pH 5.0) at 37°C for

30 min, followed by lipid extraction with 300 µl CHCl3:MeOH (2:1 v/v). NBD-SM

was separated from the formed NBD-Cer by thin-layer chromatography on silica gel

(mobile phase was CHCl3:MeOH:H2O 65:25:4 v/v/v).

Fluorescent spots were quantified with a CCD camera (Herolab, Vienna) (excitation

wavelength 365 nm) using EasyWin software. The ratio of NBD-CER to total NBD-

lipid (SM+Cer) was calculated and data (relative aSMase activity) were expressed as

means ± SD. Results were obtained from three or more independent experiments (n

≥ 3).
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4.3.8 Identification and quantification of total ceramide and sphin-
gomyelin

Cultured SCC13 cells (100 mm Petri dishes, full growth medium, 80% confluency)

were washed twice with SFM to remove excess serum. Subsequently, cells were incu-

bated with 4 ml of a 50 µM oxPL dispersion in SFM at 37°C in humidified 5% CO2

atmosphere for 6 hours. Cells incubated with the same amount of SFM containing 1

vol.% EtOH were used as negative controls. Following incubation, cells were washed

with ice-cold PBS, scraped into PBS and harvested by centrifugation (1500 rpm, 5

min, 4°C). Cells were resuspended in 1 ml PBS and 100 µl aliquots were taken for the

determination of sample protein concentrations by the method of Bradford (Bradford,

1976) as previously described (Ramprecht, Britz et al., unpublished data).

The remaining 900 µl cell suspension was centrifuged under the conditions described

above. Cells were resuspended in 3 ml CHCl3/MeOH 2:1 (v/v) and internal standard

(5 µg Cer 17:0 dissolved in MeOH) was added. The suspension was shaken vigor-

ously at 4°C for 1 hour. The organic phase was washed with 700 µl of MgCl2 solution

(0.036% in water w/v) for 15 minutes and centrifuged to facilitate phase separation

(300 g, 2 min, RT). The lower chloroform phase was collected and evaporated to dry-

ness under a nitrogen stream.

For mild alkaline hydrolysis, 400 µl of CHCl3/MeOH/H2O (16:16:5 per vol.) were

added to the solvent-free lipid extracts and the solution was shaken vigorously. After

addition of 400 µl 0.2 M NaOH in MeOH, the samples were incubated at RT for 45

minutes. Following addition of 400 µl 0.5 M EDTA and 150 µl CH3COOH and vig-

orous shaking, 1 ml CHCl3 was added to extract the lipids. Extracts were shaken for
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5 minutes and centrifuged for 3 minutes at 300 g to facilitate phase separation. The

chloroform phase was transferred to a new vial and the solvent was removed under

a nitrogen stream.

Evaporated lipid extracts were resuspended in 1 ml CHCl3:MeOH (2:1, v/v) and di-

luted 1:5 with isopropanol. The AQUITY-UPLC system (Waters, Manchester, UK)

equipped with a BEH-C18-column, 2.1x150 mm, 1.7 µm (Waters) was used. For

chromatographic separation a binary gradient was applied. Solvent A consisted of

H2O/MeOH (1:1, v/v), solvent B was 2-propanol. Both solvents contained phospho-

ric acid (8 µM), ammonium acetate (10 mM) and formic acid (0.1 vol% ). The column

compartment was kept at 50°C. A SYNAPT™G1 qTOF HD mass spectrometer (Wa-

ters) equipped with an ESI source was used for analysis. Leucine-Enkephaline [MH+]

(m/z 556.2771) was used as reference substance in the lock-spray. Data acquisition

was done by the MassLynx 4.1 software (Waters), for lipid analysis the Lipid Data

analyzer software was used (Hartler et al., 2011). Results were obtained from 5 inde-

pendent experiments and data represent means ± SD (n = 5).

4.3.9 Determination of cell migration using a scratch assay

Cells were seeded into 24 well plates covered with culture-inserts (Ibidi, Planegg/

Martiensried, Germany) containing full growth medium over night and allowed to

reach 100% confluency. Culture-inserts were carefully removed, leaving a cell-free

gap of about 500 µm width. Subsequently, remaining cells were rinsed with medium

several times to reduce the number of floating cells that could reattach to the cell-free

zone during further incubation. Following incubation with different oxPL concentra-

tions in DMEM or RPMI-1640 medium (2% FCS), or 1% (v/v) EtOH in the same media
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(negative controls), cell migration into the cell-free zone was observed. Micrographs

of the scratch were taken after the indicated incubation times using an Axiovert 35

inverted microscope equipped with a CCD camera, driven by AxioVision software

package (Carl Zeiss Vision GmbH, Germany). All images were taken from the iden-

tical scratch areas within one well. The width of the cell-free zone was measured

using ImageJ software (Abràmoff et al., 2004). The migration rate was calculated and

expressed as % of the initial width of the gap. Results were obtained from replicates

of three or more independent experiments and data represent means ± SD (n ≥ 3).

4.3.10 Determination of protein targets of BY-POVPE

Labelling of cell proteins with BY-POVPE

SCC13 cells were grown to 80% confluency in 21 cm2 tissue culture dishes over night

in full growth medium. Cells were washed once with SFM and subsequently in-

cubated with 3.5 ml BY-POVPE dispersion (1 µM to 10 µM concentration range) in

incubation medium or 3.5 ml SFM containing 1% (v/v) EtOH as a negative control.

Following incubation, cells were washed once with ice-cold PBS, scraped into 3 ml PBS

(containing 10 mM NaCNBH3 for stabilization and reduction of formed Schiff bases)

and harvested by centrifugation (4°C, 5 min, 300 g). The supernatant was discarded,

cells were suspended in 1 ml ice-cold PBS (+ 10 mM NaCNBH3) and sonicated for 15

seconds. Cell debris were removed by centrifugation (4°C, 10 min, 1000 g). NaCNBH3

was added to the supernatant (final concentration 20 mM) and the solution was in-

cubated under stirring at RT for 30 min. Following the reduction of formed Schiff

bases with NaCNBH3, the protein concentration of the sample was determined using
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the method of Bradford (Bradford, 1976). For gel electrophoresis, proteins were pre-

cipitated from defined sample aliquots using acetone. For this purpose, ten volumes

of ice-cold acetone were added to the aqueous samples which were kept overnight at

-20°C. After centrifugation (4°C, 30 min, 20.000 g), the supernatant was removed, the

pellet was air-dried, solubilized in sample buffer for gel electrophoresis and stored at

-20°C.

Separation of proteins by 1-D gel electrophoresis

SDS-PAGE was performed according to the method of Fling and Gregerson (Fling and

Gregerson, 1986) in a Tris/glycine buffer system. Samples containing 100 µg protein

per lane were dissolved in 50 µl loading buffer and applied onto a 20x20 cm SDS gel

prepared and separated according to the PROTEAN II xi cell protocol provided by

BioRad (4.5% stacking gel, 10% resolving gel). Gels were fixed over night in aqueous

solutions containing 7 vol.% acetic acid and 10 vol.% ethanol. BY-fluorescence was

detected using a BioRad laser scanner (Ex 488 nm, Em 530/30 BP). For visualization

of the whole protein, gels were stained with SYPRO Ruby™according to the manu-

facturer’s instructions (Molecular Probes) and scanned at 605 nm upon excitation at

488 nm.

2-D gel electrophoresis

For 2-D gel electrophoresis, samples containing 70 µg protein per gel were precip-

itated as described above. The protein pellet was solubilized in 135 µl rehydration

buffer, containing 7 M urea, 2 M thiourea, 4% Chaps, 0.002% bromphenol blue and

2% Pharmalyte™3-10, at 37°C for 30 min. Isoelectric focusing and subsequent SDS-

PAGE were performed according to the method of Görg et al. (Görg et al., 2005).

In detail, proteins were separated in the first dimension by isoelectric focusing in 7
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cm immobilized nonlinear pH 3-10 gradients (Immobiline™Dry Strip Gel strips; GE

Healthcare, Germany) using Multiphor II (GE Healthcare). A discontinuous voltage

gradient was used starting at 0 V and increasing to 200 V within the first minute.

Subsequently, the voltage was further increased to 3.500 V during the following 1.5

h and held at this level for another 1.5 h. In the second dimension, proteins were

separated by 10% SDS-PAGE on 7 cm gels at 20 mA constant current. Fluorescence of

formed BY-POVPE-protein complexes and SYPRO Ruby™fluorescence representing

the full proteome were visualized as described above.

Tryptic digest and LC-MS/MS analysis

Fluorescent BY-POVPE-protein complexes of 1-D and 2-D gels were cut out from the

acrylamide gels and tryptically digested according to the method of Shevchenko et

al. (Shevchenko et al., 1996). Peptide extracts were dissolved in 0.1% formic acid and

separated by a nano-HPLC-system (ULTIMATE™3000 nanoLC system, Dionex, Am-

sterdam, The Netherlands) as described (Birner-Gruenberger and Hermetter, 2007),

except for the following gradient: solvent A: water, 0.3% formic acid; solvent B: ace-

tonitrile/water 80:20 (v/v), 0.3% formic acid; 0-5 min: 4% B, after 40 min 55% B, then

for 5 min 90% B, and 47 min reequilibration at 4% B. The peptides were ionized in

a Finnigan nano-ESI source equipped with Nanospray tips (PicoTip™Emitter; New

Objective, Woburn, MA) and analyzed in a Thermo-Finnigan LTQ linear iontrap mass

spectrometer (Thermo, San Jose, CA). The MS/MS data were analyzed by searching

the NCBI nonredundant public database with SpektrumMill Rev.03.03.084 (Agilent,

Darmstadt, Germany) software. Acceptance parameters were two or more identified

distinct peptides according to Carr et al. (Carr et al., 2004). Identified protein se-

quences were subjected to identification by SwissProt database to search for protein
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target candidates.

Functional classification of identified BY-POVPE-protein adducts

Identified proteins were subjected to the high-throughput enrichment tool DAVID

(Database for Annotation, Visualization, and Integrated Discovery) for functional

analysis (Sherman et al., 2009). Analysis was restricted to annotation terms referred

to biological processes, using “GOTERM_BP_ALL” and “PANTHER_BP_AL” as data

sources. Clusters of enriched annotation terms from the gene list obtained from the

protein database search were generated with medium classification stringency. As

a result, similar enriched annotation terms, part of similar or the same biological re-

sponses, were grouped in clusters, reflecting a biological theme (e.g. “GO:0042981 reg-

ulation of apoptosis”, “GO:0033554 cellular response to stress”). Clusters sharing very

similar annotation terms were pooled and these groups were interpreted reflecting bi-

ological processes.

4.3.11 Statistical analysis

Data are expressed as means ± standard deviation (SD). Two-tailed unpaired Stu-

dent’s t-test was used to determine the significance of the differences. p-values ≤ 0.05

were considered significant.

4.4 Results

To investigate the toxicity of oxidized phospholipids in non-melanoma skin cancer cell

lines (SCC12, SCC13), we determined the effects of these lipids on cell viability, cell

death, activation of acid sphingomyelinase and ceramide formation and compared
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these effects to the keratinocyte cell line HaCaT. We studied the cellular uptake of

fluorescent oxPL analogues into two cell lines (HaCaT, SCC13) and identified primary

protein targets of BY-POVPE in SCC13 cells.

To ensure that any observed cellular effects of oxPL are exclusively the result of in-

cubation with intact lipids and not elicited by degradation products, all experiments

were performed in DMEM supplemented with 0.1% FCS. Under high serum condi-

tions (10% FCS) the stability of oxPL is decreased due to serum lipases, which cleave

the oxidized fatty acid at the sn-2 position. The so generated PLPC is cytotoxic as well

(Fruhwirth et al., 2006; Stemmer et al., 2012).

4.4.1 Effects of oxPL on morphology/integrity of skin cancer cell lines

Oxidized phospholipids preferentially induce apoptosis in human melanoma cell

lines but not in melanocytes (Ramprecht et al., unpublished data). The same toxic

effects of PGPC and POVPC were found in murine B16-BL6 melanoma cells (Ram-

precht, Britz et al., unpublished data). Here we show that oxPL can induce apoptotic

cell death in SCC cell lines. In detail, cells were incubated with different lipid concen-

trations for 24 h. Microscopic images were taken after the indicated times to document

morphological changes induced by oxPL. Figure 4.2 summarizes the effects of oxPL

on the morphology of HaCaT cells (Figure 4.2 A), SCC12 (Figure 4.2 B) and SCC13

carcinoma cells (Figure 4.2 C). The observed morphological effects are highly depen-

dent on cell type, lipid structure and lipid concentration. All carcinoma cell lines

are highly sensitive towards the treatment with oxPL. At high lipid concentrations,

cells are completely lysed. In contrast, HaCaT keratinocytes are only morphologically

influenced by incubation with 200 µM oxPL.
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Figure 4.2. Effects of oxPL on cell morphology/integrity

Cells were seeded into 24 well plates in full growth medium and allowed to attach to the surface over
night. Following several washing steps to remove floating cells, cells were incubated with different
concentrations of PGPC or POVPC in medium containing 0.1 % FCS. Control cells were incubated
with EtOH (1% v/v) or medium (negative controls) or with H2O2 (necrosis control). Microscopic
images were taken after the indicated incubation times. Representative results are shown for HaCaT
keratinocytes (A), SCC12 (B) and SCC13 (C) cell lines.

4.4.2 Intracellular localization of BY-PGPE and BY-POVPE in HaCaT
and SCC13 cells

We performed microscopic studies to examine the uptake of oxPL into various cancer

cell lines. For this purpose, we used the fluorescently labelled oxPL analogues BY-

PGPE and BY-POVPE. Remarkably, the localization of BY-PGPE and BY-POVPE dif-

fers significantly between HaCaT cells and SCC13 cells. In HaCaT keratinocytes, both

lipids remain localized to the plasma membrane for at least 30 min as proven by dou-

ble staining experiments with the plasma membrane-specific dye CellMask™Deep

Red (Figure 4.3). In case of BY-POVPE, this finding is consistent with earlier localiza-

tion experiments in vascular smooth muscle cells (Moumtzi et al., 2007) and in RAW

264.7 macrophages (Stemmer et al., 2012). The retention of the aldehyde phospho-

lipid in the plasma membrane is most likely due to covalent Schiff base formation

with amino groups of proteins and lipids. However, the prolonged localization of BY-

PGPE to the PM of HaCaT cells is surprising. In several other cancer and non-cancer

cell lines, the latter lipid has always been internalized quickly.

In contrast, SCC13 cells efficiently internalized both BODIPY-labelled lipids within

30 min (Figure 4.4), which is in agreement with the fast uptake of these compounds

in human melanoma cells (Ramprecht et al., unpublished data) and in murine B16-

BL6 cells (Ramprecht, Britz et al., unpublished data). In addition, the subcellular
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Figure 4.3. Uptake and subcellular localization of fluorescent BY-POVPE and BY-PGPE in
HaCaT keratinocytes

Cells were pretreated with MitoTracker® Red CM-XRos (0.3 µM), ER-Tracker™Red dye (1 µM) or
CellMask™Deep Red (5 µg/ml) followed by incubation with 5 µM BY-POVPE (A) or 5 µM BY-PGPE
(B) in Phenol red-free medium (0.1% FCS) at 37°C for 30 minutes. Fluorescence images of both the
BODIPY lipid and the organelle-specific marker were recorded from the same cells and superimposed
using CorelDRAW X4 software. Both BY-PGPE and BY-POVPE localize to the plasma membrane after
30 min in HaCaT keratinocytes. In control experiments no crossover between green (BODIPY) and
red (MitoTracker® Red CM-XRos, ER-Tracker™Red dye or CellMask™Deep Reed) fluorescence was
detected under the indicated experimental conditions. No autofluorescence was detected in unlabelled
control cells using the optical settings indicated in Table 4.2,. Brightness and contrast were adjusted
identically in all images. Photographs are representatives for two or more independent experiments.

localization of both lipids in SCC13 and in the melanoma cell lines mentioned above

is identical. They become enriched in the ER. No colocalization of the labelled oxPL

and the mitochondria-specific probe MitoTracker™ Red CM-XRos was seen in SCC13

or in melanoma cells.

4.4.3 Effects of oxidized phospholipids on cell viability

Figure 4.5 shows the oxPL induced effects on cell viability which were measured using

the photometric MTT assay. All lipids under investigation show a concentration-

dependent effect of oxPL on the viability of HaCaT cells after 2 hours incubation,

Edelfosine being the most toxic compound in this cell line (Figure 4.5 A). This is

surprising insofar as the same cell line is not susceptible to lipid-induced apoptosis

(see FACS results, Figure 4.6). In contrast, the effects of oxPL on SCC13 cell viability

were less pronounced (Figure 4.5 B). POPC, which was used as a natural reference

phospholipid, did not affect cell viability in any of the cell lines.
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Figure 4.4. Uptake and subcellular localization of fluorescent BY-POVPE and BY-PGPE in
SCC13 cells

Cells were prestained with MitoTracker® Red CM-XRos (0.3 µM) or ER-Tracker™Red dye (1 µM)
followed by incubation with 5 µM BY-POVPE (A) or 5 µM BY-PGPE (B) in Phenol red-free medium
(0.1% FCS) at 37°C for 30 minutes. In contrast to HaCaT keratinocytes, both fluorescent oxPL are
rapidly internalized by SCC13 cells. Photographs are representative for two or more independent
experiments. Experimental conditions were as described in the legend to Figure 4.3.
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Figure 4.5. Effect of oxidized phospholipids and ether phospholipids on the viability of
HaCaT keratinocytes and SCC13 squamous carcinoma cells after 2 hours

HaCaT keratinocytes (Panel A) and SCC13 cells (Panel B) were incubated with different lipid con-
centrations in low serum medium (0.1% FCS) for 2 hours (PGPC (♦), POVPC (�), E-PGPC (�),
E-POVPC (�), Edelfosine (×), PLPC (�), POPC (�)). Media containing EtOH and DMSO (1%
(v/v)) were used as negative controls. H2O2 and STS represent positive controls for induction of
necrosis and apoptosis, respectively. Cell viabilities were determined using the MTT viability assay
(for details see Experimental Procedures). Viability of control cells (EtOH) was set to 100% and all
other values represent % viabilities relative to the control. Results were obtained from three or more
independent experiments and values represent means ± SD (n ≥ 3).
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4.4.4 Effects of oxidized phospholipids on cell death

To determine the oxPL capacity of inducing cell death, both cell lines were exposed

to 25 µM or 50 µM oxPL for 6 hours. Apoptotic and necrotic cell populations were

identified and analyzed by FACS as described in Experimental Procedures. Stau-

rosporine and hydrogen peroxide were used as control agents to induce apoptosis

and necrosis, respectively. 50 µM PGPC, POVPC and the respective alkyl ether ana-

logues efficiently induced apoptosis in SCC13 cells, whereas HaCaT cells were almost

unaffected (Figure 4.6). In contrast, the synthetic compound Edelfosine preferentially

induced necrosis already at low concentrations (25 µM) and higher amounts of this

lipid led to complete lysis of the cells.

4.4.5 OxPL-induced formation of sphingomyelin and ceramide

Incubation of SCC13 cells with 50 µM oxPL for 6 hours is associated with induc-

tion of apoptosis. In previous studies it was found that oxPL-induced apoptosis was

mediated by an increase in ceramide production in VSMCs (Loidl et al., 2003). This

rise in ceramide was also found in cultured human melanoma cells (Ramprecht et

al., unpublished data) and murine B16-BL6 melanoma cells (Ramprecht, Britz et al.,

unpublished data). The second messenger ceramide propagates apoptotic signaling

and can be formed via several pathways, including de novo synthesis, degradation

of sphingomyelin and reutilization of sphingosine (salvage pathway). To find out,

if apoptosis in SCC13 cells was associated with a rise in cellular ceramide concen-

trations, cells were stimulated with 50 µM PGPC or POVPC for 6 hours and total

ceramide was determined as described in Experimental Procedures.
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Figure 4.6. Effects of oxPL on apoptosis and necrosis of cancer cells

HaCat cells and SCC13 cells were incubated with different concentrations of oxPL for 6 h in low
serum medium (0.1% FCS). Control cells were incubated with medium containing 1% (v/v) EtOH.
Cells were incubated with 20 µM STS or 30 mM H2O2 as positive controls for apoptosis and necrosis,
respectively. After stimulation, cells were harvested and, after staining with propidium iodide (PI) and
Annexin V, analyzed by flow cytometry. Intact cells were unstained. Cells stained by PI or both dyes
were considered necrotic. Cells stained by Annexin V were considered apoptotic. Panel A: Apoptotic
cells. No apoptosis can be detected in HaCaT keratinocytes, whereas all oxPL induce apoptosis in a
concentration- and lipid-dependent manner in SCC13 cells. Panel B: Necrotic cells. In HaCaT cells,
oxPL lead to a slight increase of necrosis, whereas no necrosis can be found in SCC13 cells. Results are
expressed as means ± SD (n ≥ 3).
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PGPC does not change ceramide and sphingomyelin levels in SCC13 cells signifi-

cantly. In contrast, incubation with POVPC leads to a significant rise in total ceramide

and also in total sphingomyelin after 6 hours stimulation (Figure 4.7).
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Figure 4.7. Effects of oxPL on total ceramide and sphingomyelin levels in SCC13 cells

SCC13 cells were incubated with 50 µM PGPC (�), POVPC (�) or 1% EtOH (v/v) (�) (negative
control) in RPMI-1640 medium (0.1% FCS) for 6 hours. Cells were harvested, lipids were extracted,
and total amounts of ceramide and sphingomyelin were determined as described in Experimental Pro-
cedures. PGPC does not change total ceramide and sphingomyelin levels in SCC13 cells. In contrast,
POVPC leads to a significant increase in total ceramide and sphingomyelin. Data are expressed as
means ± SD. Significances were determined by Student’s t-test (two tailed, unpaired). * P ≤ 0.05
compared with control.

4.4.6 Stimulation of aSMase activity in SCC13 cells

OxPL-induced apoptosis in SCC13 cells is in part associated with an increase in total

ceramide (Figure 4.7). This effect may be due to activation of acid sphingomyeli-

nase. The same phenomenon was observed in vascular cells (VSMCs and RAW 264.7

macrophage) (Loidl et al., 2003; Stemmer et al., 2012) as well as in cultured human

melanoma cells and murine B16-BL6 cells (Ramprecht et al., unpublished data, Ram-

precht, Britz et al., unpublished data). The detailed effects of 50 µM PGPC and POVPC
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on aSMase activity in SCC13 cells are illustrated in Figure 4.8. PGPC induces a sig-

nificant rise in aSMase activity already after 15 minutes. This activation is lost after

60 min. Surprisingly, POVPC does not activate aSMase in SCC13 cells, although this

oxPL stimulates the formation of ceramide (Figure 4.7). To date we do not know

whether the POVPC-induced change in ceramide levels is due to de novo synthesis or

the salvage pathway.
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Figure 4.8. Effect of oxPL on acid sphingomyelinase activity in SCC13 cells

SCC13 cells were incubated with RPMI-1640 media containing 50 µM oxPL or 1% EtOH (v/v) as
negative control. Cells were harvested, lysed and acid sphingomyelinase activities were determined
as previously described (Loidl et al., 2002). Data are expressed as % activity of unstimulated cells.
Stimulation of aSMase by PGPC is significantly increased between 15 and 30 min, whereas POVPC
shows hardly any effect. Values are expressed as means ± SD. * P < 0.05 compared with control (n ≥
3)

4.4.7 Influence of oxPL on migration of HaCaT and SCC13 cells

Cancer cells spread from the initial site of tumor growth into the surrounding tissue

and eventually form metastatic tumors far distant from the primary lesion. Preven-

tion of this spread represents an ultimate therapeutic approach in cancer treatment.
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OxLDL, which contains significant amounts of PGPC and POVPC, is known to induce

different responses (proliferation or cell death) in cells depending on concentration,

incubation time and extent of particle oxidation (Han et al., 1999). We found that B16-

BL6 mouse melanoma cells under the influence of oxPL show different tendencies to

migrate into a cell free zone. PGPC stimulated migration of B16-BL6 cells whereas

POVPC significantly inhibited migration (Ramprecht, Britz et al., unpublished data).
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Figure 4.9. Influence of oxPL on migration of HaCaT cells and SCC13 cells

Cultured HaCaT keratinocytes (Panel A) and SCC13 carcinoma cells (Panel B) were analyzed for their
potential to migrate into a cell-free zone under the influence of oxPL (see Experimental Procedures).
For this purpose, cells were incubated with 5 or 10 µM oxPL and microscopic images were taken from
identical areas within one well after the indicated incubation times. The width of the cell-free zone was
measured using ImageJ software and the extent of migration was calculated as percentage of the initial
width of the gap. Results represent means ± SD (n ≥ 3).
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In this study we determined the effects of 5 µM and 10 µM oxPL on proliferation and

migration of HaCaT keratinocytes and SCC13 carcinoma cells. Figure 4.9 summarizes

the results. Typically, cells were incubated with oxPL and their migration into a

cell-free zone was determined over 9 hours until closure of the cell-free zone was

detectable. 5 µM oxPL does not significantly change migration of both cell types.

A slightly faster migration of keratinocytes is observed when the cells are exposed

to the ether phospholipids. Much faster migration of HaCaT keratinocytes is seen

after pre-treatment with 10 µM E-PGPC. In contrast, migration of SCC13 cells is not

altered by oxPL. Migration effects due to Edelfosine could not be analyzed. Under the

described experimental conditions, this lipid is so toxic that SCC13 and HaCaT cells

died, showing cell shrinkage, membrane blebbing and detachment from the plate

surface (data not shown).

4.4.8 Concentration-dependent formation of BY-POVPE-protein Schiff
bases in SCC13 cells

POVPC contains a chemically reactive aldehyde group at the sn-2 position. As a conse-

quence, this lipid can undergo Schiff base formation with NH2 groups of proteins and

aminophospholipids, thus forming lipid-protein and lipid-lipid adducts with distinct

properties (Stemmer and Hermetter, 2012). These adducts are unstable and cannot

be isolated directly without prior reduction of the Schiff bases with NaCNBH3 to the

respective amines.

Former studies by Stemmer et al. showed, that the formation of the lipid-protein

adducts in RAW 264.7 macrophages is concentration-independent and highly selec-

tive, therefore only affecting a defined subset of the whole cell’s proteome (Stemmer
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et al., 2012). The data presented in our study provides evidence that Schiff base for-

mation in cancer cells is a selective process as well. SCC13 cells were incubated with

various concentrations (1, 5, 10 µM) of fluorescently labelled BY-POVPE, followed by

protein isolation, chemical reduction of the formed Schiff bases and protein separation

by 1-D gel electrophoresis (Figure 4.10). Panels A and B show fluorescently labelled

lipid-protein adducts and the full proteome stained with Sypro Ruby, respectively.

Multiple fluorescent bands can be detected, but the number of stained lipid-protein

bands is much smaller compared to the full protein stain indicating that only a defined

subset of proteins is affected by Schiff base formation with BY-POVPE. In addition,

fluorescence patterns of proteins from cells stimulated with different concentrations

of BY-POVPE are very similar. Thus we conclude that protein tagging by BY-POVPE

in SCC13 cancer cells is rather a selective than a random process, comparable to the

findings in RAW 264.7 macrophages. However, it has to be emphasized that the fluo-

rescent protein pattern in SCC13 cells is much more complex compared to RAW 264.7

macrophages.

4.4.9 Identification of protein targets of BY-POVPE in SCC13 cells

For identification of BY-POVPE protein targets in SCC13 cells, labelled proteins were

subjected to 1-D SDS electrophoresis or 2-D PAGE. Protein bands and spots were

excised and tryptically digested followed by MS/MS analysis of the peptides as de-

scribed in Experimental Procedures. Supplementary Tables 1 and 2 summarize the

identified proteins in the 1-D and 2-D gels, respectively. Identified proteins were

annotated and functionally clustered using DAVID software (for details see Experi-

mental Procedures).
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Figure 4.10. Protein targets of fluorescent BY-POVPE in SCC13 cells

Panels A and B: Cells were incubated with different concentrations of fluorescent BY-POVPE for 30
minutes. After lysis of the cells, proteins were precipitated and 100 µg sample protein per lane were
separated by 1-D gel electrophoresis as described in Experimental Procedures. All steps following the
incubation were performed under reductive conditions to stabilize formed Schiff bases. Fluorescent
protein bands were imaged using a fluorescence laser scanner (BioRad). The lipid stain (A) represents
proteins that are covalently bound by BY-POVPE, the SYPRO Ruby protein stain (B) represents the
full proteome of the same gel. 1: protein standard; 2: negative control (incubation with 1% (v/v) EtOH
in incubation medium for 30 min); 3-5: incubation of cells with 1 µM / 10 µM / 5 µM BY-POVPE for
30 min. The staining of the proteins by BY-POVPE is a selective process. The amount of BY-POVPE
does not influence the selectivity of the lipid-protein interaction thus leading to the same fluorescence
patterns irrespective of lipid concentrations.

Continued on the following page
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Panel C: BY-labelled protein bands isolated for MS/MS analysis. The labelled bands were excised, tryp-
tically digested and proteins identified. Results of MS/MS analysis are summarized in Supplementary
Table 1. Panels D and E: Two-dimensional gel electrophoresis of fluorescent lipid-protein adducts after
incubation of cells with 10 µM BY-POVPE (D) and total protein stain of the same gel with Sypro ruby
(E). Spots were excised, tryptically digested and identified by MS/MS analysis. Results are summarized
in Supplementary Table 2.
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various catabolic and metabolic processes

transcription

RNA transport and localization

RNA stabilization

RNA processing and splicing

response to various stimuli (extracellular, nutrient, biotic,…

regulation of phosphorus metabolic processes

protein transport and localization

protein stabilization

protein metabolism

protein metabolic processes

protein folding and stress response

protein disulfide-isomerization and protein modification

protein biosynthesis, translation, elongation

protein assembly and organization

maintenance of protein location

ion transport and homeostasis

immunity

glycolysis and carbohydrate metabolism

energy homeostasis and proton/ion transport

endocytosis, vesicle-mediated transport and membrane…

embryonic development

cytosceletton organization

cellular stress response and DNA repair

cellular development and differentiation

cell structure and motility

cell migration

cell junction organization and cell adhesion

cell cycle

apoptosis, cell death, caspase activity

angiogenesis

Table 4.3. Functional annotation clustering of identified BY-POVPE protein targets

Functions of BY-POVPE-tagged proteins were analyzed using DAVID (Database for Annotation, Vi-
sualization, and Integrated Discovery). An annotation term clustering with annotation terms referred
to biological processes of tagged proteins was performed and biological processes were classified by ap-
plying analytical steps described in Experimental Procedures.
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According to this functional classification (Figure 4.3), protein targets of BY-POVPE

are involved in RNA processing and splicing (e.g. splicing factors, heterogeneous

nuclear ribonucleoproteins, ribosomal proteins), membrane transport (e.g. VDAC),

cellular stress response (e.g. heat shock proteins), apoptosis (e.g. Diablo homolog),

cell migration, cell structure and mobility (e.g. myosin, integrin) as well as other

processes.

4.5 Discussion

In the present study, we report on the cytotoxicity of oxidized phospholipids and their

ether analogues in non-melanoma skin cancer cell lines. We found that these com-

pounds induce cell death in squamous carcinoma cells, whereas healthy keratinocytes

are almost unaffected. Fluorescent analogues of PGPC and POVPC are rapidly inter-

nalized by cancer cells but not by keratinocytes and localize to an ER near region.

OxPL-induced cell death in SCC13 cells is associated with lipid-dependent activation

of acid sphingomyelinase and the formation of the second messenger ceramide. In

addition, we were able to identify primary protein targets of POVPC, which forms

covalent Schiff bases with selected proteins. The respective targets are involved in

various cellular processes including cell death, RNA processing, migration and cellu-

lar stress response.

Microscopy screenings of squamous carcinoma cell lines (SCC12, SCC13) and ker-

atinocytes (HaCaT) showed that the oxPL influence cell morphology and integrity of

tumor cells (Figure 4.2). High oxPL concentrations (≥ 100 µM) lead to lysis of tumor

cells. In keratinocytes, the same lipid concentrations only affect cell morphology, but
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do not lyse them. To identify the mode of cell death, we examined and compared the

toxic effects of the oxidized phospholipids PGPC and POVPC as well as their ether

analogues E-PGPC and E-POVPC SCC13 tumor cells and in HaCaT keratinocytes. We

also included Edelfosine as a cytotoxic reference in this study. The latter compound is

known to selectively induce apoptosis in various tumor cell lines (Ruiter et al., 2001)

by modulating membrane properties and activating pro-apoptotic signaling pathways

(Gajate and Mollinedo, 2007). Edelfosine triggers an ER-dependent stress response

which results in the activation of the mitochondrial apoptosis pathway, the perturba-

tion of the outer mitochondrial membrane, cytochrome c release and the activation of

caspase-3 (Huang et al., 2011; Mollinedo et al., 2011).

Our studies showed that oxPL as well as their ether analogues (50 µM) preferentially

induce apoptosis but not necrosis in SCC13 cells. Exposure of HaCaT cells to this lipid

concentration leads to a slight increase in the fraction of necrotic cells (Figure 4.6). The

toxic effects of oxidized phospholipids in non-melanoma skin cancer cells are in line

with results from our laboratory obtained with human and murine melanoma cell

lines (Ramprecht et al., unpublished data, Ramprecht, Britz et al., unpublished data).

It is interesting to note that the ether analogues E-PGPC and E-POVPC exhibit similar

toxicities as compared to their diacyl counterparts. This confirms the assumption of

Subbanagounder et al. that the biological activities of truncated phospholipids are

mainly determined by the structure of the polar sn-2 acyl chain and to a much lesser

extent by the structure of the polar headgroup (Subbanagounder et al., 2000). The

synthetic lipid Edelfosine induces necrosis in keratinocytes and SCC13 cells under all

experimental conditions in our study.
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Selective and efficient uptake of a drug into a cancer cell is a prerequisite for its

cellular activity. We used fluorescent PGPC and POVPC analogues to investigate

the uptake and intracellular localization in HaCaT keratinocytes and SCC13 cells. In

previous studies, we found that the uptake of various oxPL labelled with different

fluorophores always led to the same fluorescence pattern irrespective of the attached

fluorophore indicating that the label does not affect lipid properties. This assumption

is supported by the observation, that unlabelled and labelled lipids elicit the same cel-

lular responses in VSMCs (Moumtzi et al., 2007). BY-POVPE localizes to the plasma

membrane of RAW 264.7 macrophages (Stemmer et al., 2012) and VSMCs (Moumtzi

et al., 2007) as a consequence of covalent Schiff base formation with NH2 groups

of proteins and phospholipids. In contrast, BY-PGPE was rapidly internalized by

both cell lines. Surprisingly, both lipids stained the plasma membrane in HaCaT ker-

atinocytes (Figure 4.3). To date it is unclear, why BY-PGPE is not internalized by these

cells. In contrast both lipids were rapidly internalized by SCC13 tumor cells with-

out retention in the plasma membrane, finally localizing in part to the endoplasmic

reticulum (Figure 4.4). This finding is in line with previous studies in our laboratory

where similar uptake patterns were observed in human and murine melanoma cell

lines (Ramprecht et al., unpublished data, Ramprecht, Britz et al., unpublished data).

We speculate that this fast and efficient uptake into cancer cells is in part responsible

for the more toxic effects elicited by oxPL in tumor cells as compared to keratinocytes.

In contrast to healthy cells, the surface of cancer cells contains unusually high amounts

of phosphatidylserine. According to Riedl et al., the malignancy of tumor cells corre-

lates with the amount of PS exposed on the cell surface (Riedl et al., 2011). Why and

how cancer cells expose phosphatidylserine, which is enriched in the inner plasma
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membrane leaflet in healthy cells (Zwaal et al., 2005), is currently unknown. The

aminophospholipids PE and PS may be considered potential targets of oxPL, espe-

cially of POVPC, which is capable of forming covalent lipid-lipid adducts (Stemmer

et al., 2012). Such compounds would contain three hydrophobic chains and a rel-

atively small headgroup. Molecular dynamics studies by Khandelia and collabora-

tors demonstrated that accumulation of such a lipid condensation product leads to

breakdown of phosphatidylcholine bilayers (H. Khandelia, personal communication)

(Stemmer and Hermetter, 2012). In addition, high amounts of PS in the outer plasma

membrane leaflet of cancer cells may change membrane polarity, thus facilitating in-

ternalization of the oxPL. It may be speculated that the particular membrane lipid

composition of tumor cells contributes to the fast uptake of oxPL in these cells.

OxPL-induced apoptosis is associated with activation of acid sphingomyelinase and

formation of the second messenger ceramide in VSMCs (Loidl et al., 2003), RAW

264.7 macrophages (Stemmer et al., 2012), murine B16-BL6 melanoma cells (Ram-

precht, Britz et al., unpublished data) and some human melanoma cell lines (Ram-

precht et al., unpublished data). Increased ceramide concentrations have also been

observed in tumor cells as a consequence of treatment with chemotherapeutic agents

(Senchenkov et al., 2001). The reported drugs induced ceramide formation by de novo

synthesis, activation of sphingomyelinases and/or by blocking glucosylceramide for-

mation. Ceramide-based therapies that stimulate the generation of ceramide and

inhibit ceramide catabolism or modification have been discussed as potential cancer

therapies (Reynolds et al., 2004). In this context, preclinical studies suggest that induc-

tion of ceramide formation and inhibition of ceramide degradation might be a useful

new approach for killing cancer cells with tolerable toxicity to normal healthy cells.
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Therefore ceramide has also been termed a“tumor suppressor lipid” (Hannun and

Linardic, 1993).

Here we provide evidence that the oxPL-dependent cell death in SCC13 cells is asso-

ciated with activation of acid sphingomyelinase and the formation of ceramide. In-

terestingly, PGPC and POVPC stimulate different ceramide responses, although both

lead to the same endpoint, namely apoptosis. PGPC triggers a fast activation of aS-

Mase for at least 30 minutes (Figure 4.8), but ceramide and sphingomyelin levels are

not affected even after 6 hours (Figure 4.7). However, it has to be noted that degrada-

tion of sphingomyelin by aSMase and formation of ceramide in the plasma membrane

are small compared to the total cellular lipid amounts and may escape detection in

a total lipid extract. Already minor changes in ceramide content, e.g. by activation

of aSMase, may exert profound effects on various cellular processes. This lipid is

involved in apoptosis (Pettus et al., 2002), cell aging (Venable et al., 1995), cell growth

arrest (Jayadev et al., 1995) and differentiation (Bielawska et al., 1992) depending on

stimulus and cell type. Additionally, it represents a critical membrane component

since it may modulate membrane protein activities by influencing lateral membrane

organization and curvature (Schenck et al., 2007).

POVPC does not influence aSMase activity in SCC13 cells at all (Figure 4.7). Despite

this fact, ceramide levels in POVPC treated cells are elevated after 6 hours (Figure 4.8),

demonstrating that other ceramide forming pathways, e.g. the de novo pathway or

sphingosine recycling may be responsible for this effect. We have evidence that such

a pathway is responsible for ceramide formation in cultured macrophages under the

influence of oxPL for several hours (L. Marlingapla Halasiddappa et al., unpublished
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data). The involvement of de novo ceramide synthesis in oxPL-induced SCC13 cell

death would be in line with the subcellular localization of the POVPC in the endo-

plasmic reticulum (Figure 4.4) which is the organelle accommodating the enzymes of

the de novo ceramide synthesis.

Toxic effects of oxidized phospholipids may also depend on their biophysical prop-

erties. The structural differences between PGPC and POVPC are only small but their

biological activities differ to a large extent. It was reported that the polar phospho-

lipid headgroup are likely to play only a minor role in oxPL activity (Subbanagounder

et al., 2000), which is mainly influenced by the truncated acyl chain at the sn-2 posi-

tion. OxPL can specifically interact with other biomolecules within the cell mem-

brane, modulate physical membrane properties such as membrane organization and

curvature, affect membrane-associated molecules and therefore lead to fundamental

consequences for cellular signaling networks (Stemmer and Hermetter, 2012). The

key functional difference between PGPC and POVPC structure is due to the chemi-

cal reactivity of POVPC (see above). This lipid is able to form covalent Schiff bases

with amino groups of proteins and aminophospholipids due to its aldehyde group at

the ω-position of the truncated sn-2 fatty acyl chain (Stemmer and Hermetter, 2012).

Covalent modification of those biomolecules can trigger downstream signaling cas-

cades and therefore represent primary signaling platforms. In contrast, PGPC can

only physically interact with target molecules on the cell surface and within the cell.

In this study, we screened SCC13 tumor cells for primary protein targets of a fluores-

cent POVPC analogue and compared the results with earlier findings by Stemmer et

al. for RAW 264.7 macrophages (Stemmer et al., 2012). Covalent protein modification
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by BY-POVPE was a highly selective process in both cell types, affecting only a defined

subset of cellular proteins (Figure 4.10, Panels A and B). Similar results were found

using biotin-tagged probes for lipid target identification (Gugiu et al., 2008). A de-

tailed analysis of the found targets in SCC13 cells led to the identification of proteins

involved in cell death and survival, protein folding and cellular stress response, RNA

processing, stabilization and splicing, cell migration and mobility, protein transport

and localization and others (Figure 4.3). There is some overlap between the pro-

tein targets identified in cancer cells and the protein targets detected in RAW 264.7

macrophages (Stemmer et al., 2012) and endothelial cells (Gugiu et al., 2008). However,

the number of identified protein targets in SCC13 cells is much higher compared to

the results obtained in other studies. Further investigations will aim at confirming

selected protein targets as functional components and signaling platforms of oxPL

toxicity. For this purpose, gain and loss of function experiments will be performed

to provide additional information about functional consequences of covalent protein

modification by POVPC and to exclude false positive hits.

In summary, the oxidized phospholipids PGPC and POVPC as well as their ether ana-

logues E-PGPC and E-POVPC selectively induce cell death in squamous carcinoma

cell lines but not in keratinocytes. Lipid toxicity in skin cancer cells seems to be re-

lated to efficient uptake of oxPL, formation of ceramide and covalent modification

of proteins and lipids (by POVPC). The unusual high PS content of the cancer cell

surface could play a particular role in this scenario. The results obtained in this study

will be the basis for further experiments to exploit the potential of oxidized phospho-

lipids for the topic treatment of skin tumors and to understand the mechanisms of

their activities.
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Appendix A

Abbreviations

AK actinic keratosis

aSMase acid sphingomyelinase

BCC basal cell carcinoma

BODIPY 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene

BY BODIPY

BY-PGPE N-BODIPY-1-palmitoyl-2-glutaroyl-sn-glycero-3-

phosphoethanolamine

BY-POVPE N-BODIPY-1-palmitoyl-2-(5-oxovaleroyl)-sn-glycero-3-

phosphoethanolamine

cer ceramide

CTL cytotoxic T-lymphocyte

DMEM Dulbecco’s modified Eagle medium

DTIC dacarbazine

Edelfosine 1-octadecyl-2-O-methyl-sn-glycero-3-phosphocholine

E-PGPC 1-O-hexadecyl-2-glutaroyl-sn-glycero-3-phosphocholine

E-POVPC 1-O-hexadecyl-2-(5-oxovaleroyl)-sn-glycero-3-phosphocholine
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ER endoplasmic reticulum

EtOH Ethanol

FACS fluorescence activated cell sorting

FCS fetal calf serum

HaCaT keratinocytes human adult low calcium high temperature keratinocytes

HPLC high-performance liquid chromatography

HPV human papilloma virus

IFN interferon

IL interleukin

JNK c-Jun N-terminal kinase

KA keratoacanthoma

LDL low density lipoprotein

MAPK mitogen-activated protein kinase

mmLDL minimally modified low density lipoprotein

MMS Mohs micrographic surgery

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

NBD N-7-nitrobenz-2-oxa-1,3-diazol

NBD-Cer N-7-nitrobenz-2-oxa-1,3-diazol-ceramide

NBD-SM N-7-nitrobenz-2-oxa-1,3-diazol-sphingomyelin

oxLDL oxidized low density lipoprotein

oxPL oxidized phospholipid

PAF Platelet activating factor

PAF-AH Platelet activating factor acetyl hydrolase

PAPC 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphocholine

PBS phosphate buffered saline
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PDGF platelet-derived growth factor

PE phosphatidylethanolamine

PGPC 1-palmitoyl-2-glutaroyl-sn-glycero-3-phosphocholine

PI propidium iodide

PLPC 1-palmitoyl-sn-glycero-3-phosphocholine

PM plasma membrane

POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine

POVPC 1-palmitoyl-2-(5-oxovaleroyl)-sn-glycero-3-phosphocholine

PS phosphatidylserine

PUFA poly unsaturated fatty acid

RGP radial growth phase

ROS reactive oxygen species

RPMI-1640 medium Roswell Park Memorial Institute medium

RT room temperature

SCC squamous cell carcinoma

SFM serum-free medium

SHH sonic hedgehog

SM sphingomyelin

STS staurosporine

TLC thin layer chromatography

UV ultraviolet

VEGF vascular endothelial growth factor

VGP vertical growth phase

VSMC vascular smooth muscle cell
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