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Involvement of Lipid Rafts and Caveolins in UV A Signaling
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Abstract: This review provides an overview over the burden solar radiation confers to human skin. Individual exposure
doses vary not only due to different ambient UV doses depending on season, time of day, geographical position and
weather conditions, but just as importantly to seasonal variation in behaviour. The general photobiological mechanisms
underlying UVA, UVB and infrared A signaling are marked. Rafts are tightly packed, ordered and dynamic membrane
microdomains rich in sphingolipids and cholesterol. They contribute to signaling events by trapping signaling molecules
e.g. receptors or enzymes in order to render them active or inactive. A special subtype of rafts are caveolae also found in
basal keratinocytes representing a flask-shaped invagination of the cytoplasmic membrane which are stabilized by
caveolins serving as a scaffolding protein to organize lipids and signal transducing proteins. Within UVA signaling these
membrane domains have been identified to be a target and a source for formation of reactive oxygen species in
keratinocytes. UVA responsiveness with regards to gene expression depends on the ratio of cholesterol vs ceramide in
rafts and on the presence of caveolin-1. Cholesterol, phytosterols or several triterpenoids can stabilize these raft structure
leading to inhibition of UVA signaling, whereas increased levels of 7-dehydrocholesterol found in Smith-Lemli-Opitz

patients suffering from enhanced photosensitivity mainly towards UV A destabilize rafts.
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ULTRAVIOLET RADIATION

The solar radiation reaching the surface of earth is
containing (i) UV radiation that makes up about 6.8 % of the
electromagnetic radiation human skin is exposed to, (ii)
visible light contributing about 38.9 % and (iii) infrared
radiation accounting for about 54.3 % of total radiation [1,
2]. Oxygen formed by photosynthetic activity on earth
constitutes a very effective filter in the outer reaches of our
atmosphere that absorbs the most energetic and therefore
most harmful short-wave solar UVC (200-280 nm) radiation.
In this process, oxygen molecules split up and recombine to
form ozone. This ozone layer in the stratosphere in turn can
also absorb UV radiation of higher wavelengths up to about
310 nm. Therefore, a part of the mid wavelength, mid energy
UVB is absorbed and the remaining part can reach ground
level to interact with human skin. In contrast, the long-wave
length, low energy UVA (315-400 nm) completely passes
the protective atmosphere [3, 4]. The exposure dose of UVB
radiation on earth constitutes about 1-10 % of total UV
exposure [5]. The remaining 90 to 95 % are the long-wave
UVA [6, 7]. For sunlight, in locations such as Australia the
spectral irradiance in the UVA range is approximately one
hundred times higher than in the UVB range. The total
ambient UV dose on ground level is highly variable and
depends on season, time of day, geographical position and
weather conditions. On a summer day at noon in a
geographic position between latitude 30° to 35° North (e.g.
in Memphis, TN, USA or New Orleans, LA, USA), a UVA
dose of 300 KJ/m? can easily be obtained during 1 to 2 hours
of exposure [8]. 10 degrees further to the North, e.g. in
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Austin, MN, localized 43° North, a similar UVA dose is
obtained in August during 5 hours and 42 minutes of
sunshine [9]. Even in northern European countries, e.g.
England, the estimated population exposure to UVA based
on the measurement of ambient radiation is 15.000 KJ/m?
[10]. In this context, it is important to realize that there are
large variations in daily personal exposure, more so for
indoor workers living in northern Europe than for those
resident, e.g. in Florida, which are due not only to seasonal
changes in ambient exposure, but just as importantly to
seasonal variation in behaviour [11]. Not surprisingly,
holiday and summer weekend exposure account for the
largest daily UV doses as observed from personal UV
monitoring studies in Denmark [12-14]. About one-third of
the annual facial exposure for northern Europeans is received
during a 2-week summer vacation taken at home latitudes
[11, 12]. The individual UV exposure will be further
increased by the trend for overseas holidays to more sunny
destinations.

Over the last two decades evidence has been growing that
UVA and UVB differ with regards to their effects on human
skin. The mid wave UVB penetrates down only to the basal
membrane, the deepest layer of the epidermis. UVB was
shown to be the main cause for sunburns [15-18], and,
finally, the development of skin cancers such as basal cell
carcinoma and squamous cell carcinoma [19-21]. As
chromophores for UVB DNA, leading to cyclobutane
pyrimidine dimer formation [22], but also tryptophan
resulting in a photoproduct binding to the arylhydrocarbon
receptor [23], have been identified.

In contrast, the long-wave UVA can deeply penetrate to
the dermal compartments of the skin. Here, the UVA can
induce oxidative stress [24] leading to oxidative DNA
damage such as 8-oxo-guanine formation [20, 25],
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mitochondrial DNA deletions [26, 27] and premature aging
also called photoaging of the skin [28]. Moreover,
phototoxic and photoallergic reactions after UVA irradiation
have been observed due to interactions with drugs, plant
ingredients, sun screens or skin care products [29, 30]. The
adverse effects of UVB and UVA, respectively, with regards
to melanoma are still under debate [31, 32]. UVA is known
to induce mutations in cultured cell lines and melanomas in
animal models such as the hybrid fish Xiphophorus and the
opossum (Monodelphis domestecia) [33]. Additionally,
immunosuppression has been observed in animal models and
in humans [34, 35]. Some epidemiological studies suggest a
cause effect relationship between UVA exposure and the
induction of melanoma [36-38]. The observed dramatic
increase in cutaneous cancers in sun-exposed areas of the
skin of immunosuppressed patients who underwent organ
transplantation is attributed to decreased innate cancer
surveillance due to panimmunosuppression by drug therapy
and exposure to UVA and UVB [39-41].

It is known that UV radiation is a potent inducer of
oxidative stress leading to changes in gene expression in
cells of human skin. The underlying photochemical and
photobiological mechanisms are of general interest as UVA
induced gene expression is thought to be relevant for
photoaging [28], photocarcinogenesis [42], and the
pathogenesis of the most frequent photodermatosis
polymorphic light eruption [43, 44]. For the sake of
completeness, it has to be mentioned that infrared A
radiation deeply penetrates human skin and even reaches
subcutaneous tissues. Infrared A radiation leads to an
increase in reactive oxygen species within the mitochondria
resulting in MAPkinase activation and finally increase in
matrix metalloproteinase 1 expression [45].

Irradiation of cultured cells or human skin with
physiological doses of UVA results in the formation of
reactive oxygen species (ROS) [24] specially singlet
molecular oxygen [46, 47]. ROS are also generated in
unirradiated cells within mitochondria in the respiratory
chain due to imperfect one electron reduction of oxygen to
superoxide [48]. Moreover, the formation of ROS has been
attributed to enzymatic reactions e.g. plasma membrane
localized NADPH oxidases [49] after UVA and UVB
exposure [50, 51]. Also, a direct formation of singlet oxygen
and other reactive oxygen species by photochemical
reactions from UVA irradiated lipids and other endogenous
chromophores e.g. flavins or NADH / NADPH was observed
[47].

RAFTS AND UVA SIGNALING

Lipid rafts or more precisely membrane rafts are small
(10-200 nm), heterogeneous, highly dynamic, sterol- and
sphingolipid-enriched domains in the lipid bilayer
membranes that compartmentalize cellular processes. Small
rafts can sometimes be stabilized to form larger platforms
through protein-protein and protein-lipid interactions [52].
As the size of rafts is below the resolution of light
microscopy, first evidence for these small structures came
from a particularly large subtype of rafts the so-called
caveolae, which have been described as flask shaped
invaginations of the plasma membrane [53, 54]. In many cell
types the submicroscopic lipid rafts sometimes assemble into
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higher-order structures of size in the micrometer range [55]
the so-called "flotillas" of rafts [56]. These structures are
within the resolution of the light microscope and can easily
be visualized by labeling their ganglioside component with
fluorescent labels or antibodies against the main gangliosides
GM1 or GM3. In primary human keratinocytes as well as in
HaCaT cells large lipid raft aggregates could be stained with
a fluorescein-tagged cholera toxin (FITC-CTX), that binds
exclusively to the raft marker GM1 [57]. Differences were
observed in membrane raft distribution with regards to
attachment and confluency. Unattached cells showed a
homogenous staining with no detectable rafts, while attached
subconfluent cells showed a redistribution of GM1 towards
the margins of the cells with a similar staining pattern for all
cells. In confluent HaCaTs, GM1 redistributed to membrane
areas of adjacent HaCaT cells forming junction-like
structures. Moreover, in these cells, two populations could
be distinguished differing with regards to the staining
intensity of fluorescein-tagged cholera toxin. Using the
fluorescent dye carboxy-2’, 7’-dichlorodihydrofluorescein
for staining of intracellular levels of reactive oxygen species
a correlation between FITC-CTX staining of rafts and the
cellular level of ROS content was observed. After UVA
irradiation a significant difference in ROS generation was
observed that correlates with FITC-CTX staining. The UVA
response in highly FITC-CTX stained cells generated higher
amounts of reactive oxygen species than in low FITC-CTX
stained cells. The results obtained with this elegant
experiment using double staining with fluorescence probes
indicative for synthesis of reactive oxygen species and the
raft marker GM1 indicate a direct involvement of rafts in the
formation of ROS. Disruption of raft integrity using 0-
methylcyclodextrin to extract the cholesterol from the
cytoplasmic membranes did not change the staining pattern
of fluorescein-tagged cholera toxin, but dramatically reduced
the formation of ROS no matter whether the cells were
irradiated or not. This inhibitory effect of cholesterol
depletion on formation of ROS could be reversed after
cholesterol repletion [58]. These results imply that rafts are
important components in the regulation of oxidative stress
and that their disruption diminishes the formation of ROS.

The correlation of UVA irradiation, formation of ROS
and the generation of prostaglandin E2 with increased
photosensitivity has been addressed by Irene Kochevar's
laboratory [59, 60]. Increased photosensitivity particularly
towards UVA has been observed in patients suffering from
Smith-Lemli-Opitz syndrome. These patients frequently
exhibit an increased susceptibility towards solar UV
radiation [61-63]. It is known that this autosomal, recessive
genetic disorder is caused by deletions as well as missense
and nonsense mutations in the gene coding for 7-
dehydrocholesterol reductase. The resulting lowered
expression of the corresponding protein A7-sterol-reductase
results in decreased cholesterol synthesis [64]. Therefore,
Smith-Lemli-Opitz patients show decreased cholesterol
serum levels [61-63]. A cell culture model for Smith—Lemli-
Opitz was established by partially replacing cholesterol by 7-
dehydrocholesterol in keratinocytes using a triple treatment
of (i) inhibition of cholesterol de novo synthesis by AY9944,
(i1) depletion of cholesterol by B-methylcyclodextrin and (iii)
addition of 7-dehydrocholesterol. In this cell model the
UVA-induced (10 KJ/m?) formation of reactive oxygen
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species and of prostaglandin E2 was significantly increased
[59, 65]. This increased formation of ROS was considerably
inhibited by preincubation with the NADPH oxidase
inhibitor diphenyleneiodonium. Additional indications for
the function of NADPH oxidase in the formation of ROS
came from activity assays, where a several-fold increase was
observed in Smith-Lemli-Opitz model keratinocytes as
compared to normal control keratinocytes. Likewise, the
specific knockdown of the NADPH oxidase subunit Nox1
significantly decreased UV A-induced formation of ROS and
of prostaglandin E2. The UVA-induced formation of
prostaglandin E2 [66] is thought to constitute one of the
main reasons for the observed increased photosensitivity of
Smith-Lemli-Opitz patients. As the calcium dependent
phospholipase A2 is the prime enzyme for releasing
arachidonic acid from the lipid membranes in keratinocytes,
calcium release, the activity of phospholipase A2 and the
release of prostaglandin E2 was assessed with regards to the
effect of general antioxidants, inhibition of NADPH oxidase,
inhibition of phospholipase A2 and calcium chelators. The
results point to activation of NADPH oxidase as the key
source of UV-induced formation of ROS in Smith-Lemli-
Opitz model keratinocytes. Furthermore, the rapid increase
in prostaglandin E2 is caused by an increasing calcium
concentration in the cell and the ensuing activation of
phospholipase A2.

Co-localization experiments for GM1 and the raft marker
proteins caveolin-1 and flotillin-2, respectively, indicate that
in Smith-Lemli-Opitz keratinocytes the rafts are destabilized
leading to a release of the raft proteins and a homogenous
distribution in the intracellular space. Cholesterol depletion
of normal keratinocytes gave a similar picture for the
localization of the raft proteins. Interestingly, by a free
radical mechanism liposomes containing 7-
dehydrocholesterol were more rapidly oxidized than
cholesterol containing liposomes. This was interpreted that
in addition to effects on the activity of enzyme(s) direct
effects within the lipids occur that lead to increased
formation of reactive oxygen species.

All told, these data were interpreted as 7-
dehydrocholesterol disrupts membrane rafts leading to an
increased formation of reactive oxygen species in Smith-
Lemli-Opitz model keratinocytes due to an increased activity
of NADPH oxidase. Also a rise of intracellular calcium
levels activates calcium dependent phospholipase A2 activity
resulting in an increased formation of prostaglandin E2.
Interestingly, the increased formation of reactive oxygen
species was not observed by disruption of rafts with B-
methylcyclodextrin in control keratinocytes, pointing to an
additional effect of 7-dehydrocholesterol involved in the
increased sensitivity towards free radical oxidation. Besides,
this report states that 7-dehydrocholesterol disrupts
membrane rafts in cells, which is in contrast to studies
performed on model membranes where 7-dehydrocholesterol
stabilized rafts even better than cholesterol [67]. A possible
explanation for this obvious disagreement might be the more
complex structure of both cellular rafts due to the presence
of sphingomyelin and proteins and cellular membranes.
Studies by Gniadecki and his team using HaCat cells [58]
showed increased formation of reactive oxygen species after
irradiation with 30 KJ/m” UVA while immortalized human
Smith-Lemli-Opitz model keratinocytes exhibited this effect
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already after irradiation with 10 KJ/m?® [59]. UVA-induced
activation of NADPH oxidase was observed in untreated
immortalized keratinocytes at the higher UVA dose of
50 KJ/m”. Interestingly, this UVA-induced activation could
be mimicked by cell permeable ceramides [60].

A recent study dealing with UV A-induced upregulation
of gene expression in primary human keratinocytes
irradiated with the physiological UVA dose of 300 KJ/m~ [§8]
established that signaling by ceramide and raft signaling
were linked with each other [68]. The expression of
intercellular adhesion molecule-1 (ICAM-1), that is
constitutively absent in keratinocytes, can be induced in this
cell type by a variety of stimuli including ultraviolet
radiation [69, 70]. ICAM-1 is a specific ligand for
lymphocyte function-associated antigen-1 (LFA-1), a cell-
surface protein expressed on all leukocytes. The regulated
expression of ICAM-1 enables leukocytes to bind to
endothelial cells at sites of inflammation and, after migrating
into the tissue, to interact with specific target cells, such as
keratinocytes. In previous studies the Krutmann group had
shown that UVA-induced gene expression is initiated at the
level of the cell membrane via generation of singlet
molecular oxygen. This leads to the subsequent formation of
ceramides from sphingomyelin [71, 72] and the activation of
transcription factor AP2 and finally upregulation of UVA-
inducible genes such as ICAM-1. A detailed analysis of the
lipid composition of the isolated membrane rafts indicated
that irradiation with 300 KJ/m? decreased the lipid content
by 40% in sphingomyelin and by 60% in cholesterol. An
increase of the UVA-induced mRNA expression of ICAM-1
was observed once the keratinocytes had been depleted by
cholesterol using [(-methylcyclodextrin. In  contrast,
preloading of keratinocytes with cholesterol, but also
phytosterols could inhibit UV A-induced ceramide formation,
together with activation of AP2 and ICAM-1 upregulation.
As cholesterol is known to serve as singlet oxygen or free
radical quencher, the generation of so-called signature
oxysterols upon UVA irradiation was carefully addressed in
keratinocytes which had been preloaded with cholesterol
prior to UVA exposure. Using high performance thin layer
chromatography, oxysterols were easily detected in in vitro
irradiated pure cholesterol. On the other hand, neither singlet
oxygen generated nor free radical generated oxysterols could
be identified in the samples from keratinocytes, indicating
that quenching properties of cholesterol do not play a major
role under these conditions. On the level of raft lipid
composition, a preloading of cholesterol resulted in a
concomitant increase of both cholesterol and sphingomyelin
over 200% as compared to untreated cells, while the
ceramide content remained constant. To understand, whether
the inhibition of the UVA response was due to the
concomitant increase of both cholesterol and sphingomyelin
or due to the relative change in either cholesterol or ceramide
or sphingomyelin, the UVA responsiveness was addressed
after interference with the biosynthesis of cholesterol or
sphingomyelin. Hence, the effect of cholesterol,
phytosterols, inhibition of 7-dehydrocholesterol reductase by
AY9944, and B-methylcyclodextrin in the presence and
absence of UVA was assessed. No pattern could be
identified where responsiveness towards UVA correlated to
the relative increase or decrease of sphingomyelin towards
cholesterol either in mass of lipid per mass of protein or in
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molar ratios. Inspired by a paper indicating that ceramides
might selectively displace cholesterol from lipid rafts
prepared from synthetic lipids [73] the authors also
calculated the molar ratios of cholesterol vs ceramide.
Comparing the UVA responsiveness detected as ceramide
formation and ICAM-1 upregulation to the molar ratios of
sphingomyelin and ceramide, an interesting pattern occurred.
UVA signaling was observed when the ratio of cholesterol vs
ceramide was smaller than 1, in contrast signaling was
abolished upon sterol preloading. Accordingly, addition of
synthetic ceramides mimicked the decrease of cholesterol
observed after UVA irradiation and preloading of
keratinocytes with cholesterol could partially inhibit
ceramide induced gene expression.

These results indicate that the ratio of cholesterol vs
ceramide in rafts determines signaling. This lead to the more
practical conclusion that plant sterols like cholesterol might
act as active to protect human skin from UVA-induced
adverse effects. Additional studies indicate that application
of phytosterol containing creams prevent the UV A-induced
upregulation of matrix-metalloproteinase-1 in  vitro
(unpublished observation).

To find a more precise structure-function relationship
between type of sterol and capacity to block UVA responses,
several triterpenoids derived from natural materials were
analyzed for inhibition of UV A-induced ceramide formation
within rafts and gene expression. The results verified and
extended the previous conception that sterols but also
triterpenoids are highly effective in blocking UVA
responses. This UVA protective effect depends on the
chemical structure of the molecule as oleanolic acid, but not
its isomer ursolic acid abrogates UVAR-induced ceramide
release and gene induction although both molecules integrate
into rafts with similar efficiency.

CAVEOLIN AND UVA SIGNALING

Caveolins are integral membrane protein found in the
caveolae, which represent a morphologically identifiable
subset of rafts leading to an increased surface area of the
cells. Several lines of evidence indicate that the caveolin
family proteins function as scaffolding proteins to
concentrate and organize specific lipids such as cholesterol
and sphingolipids and lipid-modified signaling molecules
within caveolae membranes. That so many signaling
molecule and signaling cascades are regulated by interaction
with the caveolins provides a paradigm by which numerous
diseases, such as diabetes, cancer, cardiovascular diseases,
atherosclerosis, pulmonary fibrosis and muscle dystrophies
may be affected by ablation or mutation of these proteins
[74, 75]. To date, 3 different caveolins have been identified:
While caveolin 1 and 2 have a relatively ubiquitous
distribution  pattern, being co-expressed in  most
differentiated cell types except skeletal muscle fibers and
cardiac myocytes, caveolin 3 expression is limited to skeletal
muscle, the diaphragm and the heart, although it has been
found at stratum granulosum / stratum corneum interface in
human skin [76]. The interrelationship between caveolin-1
and cholesterol was discovered when treatment of cells with
cholesterol binding agents resulted in flattening of the
caveolae. Cholesterol regulates caveolin-1 expression on the
transcriptional level by two steroid regulatory binding
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elements and by stabilisation of the protein [77, 78]. On the
other hand, caveolin-1 also modulates cellular influx and
efflux of cholesterol. Caveolin-1 transports cholesterol from
the ER to membrane caveolae, where cholesterol is delivered
to plasma high density lipoproteins. Extracellular cholesterol
enters the cell via clathrin-mediated endocytosis of low
density lipoproteins or by a secondary pathway involving
caveolae and the scavenger receptor Bl from high density
lipoproteins [79].

Most importantly, caveolae and caveolin-1 play an
important role in the modulation of cell signal transduction
[80, 81]. Biochemical analysis of isolated caveolae indicated
that these structures contain a plethora of signaling
molecules such as src-like kinases, heterotrimeric G proteins,
or endothelial nitric oxide synthase to name only a few.
Caveolin-1 is a protein of 178 amino acids which can be
divided into three regions: a cytoplasmic N-terminal domain
(residues 1-101); a putative membrane spanning domain
(residues 102-134); and a cytoplasmic C-terminal domain
residues (135-178) resulting in a hairpin loop allowing both
termini to remain entirely cytoplasmic. The homo-
oligomerization domain spans residues 61-101. The distal
half of the homo-oligomerization domain (residues 82-101)
has been termed the caveolin scaffolding domain [82]. By
interaction of this scaffolding domain with an aromatic
amino acid based caveolin binding domain usually found in
the active catalytic domain of a given caveolae associated
protein caveolin can render a molecule inactive within the
caveolae e.g. by inhibition of EGF-R autophosphorylation
[83] or can activate a pathway as shown for insulin signaling
[84]. Environmental stressors such as high osmolarity but
not heat shock resulted in a transient phosphorylation of
caveolin-1 at tyrosine 14 mediated via p38 MAP kinase and
c-Src. Upon phosphorylation, a partial redistribution of
caveolin-1 occurs leading to co-localization of tyrosine 14-
phosphorylated caveolin-1 and focal adhesions te major sites
of tyrosine kinase signaling. Similarly, oxidative stress such
as H,0, but also UVC (360J/m?) induced tyrosine 14-
phosphorylation of caveolin-1 [85].

Similarly, UVA  exposure
keratinocytes (300KJ/m”) resulted in transient
phosphorylation of caveolin-1 at tyrosine Y14. This
activation was mediated by src family kinases Yes and Fyn
activated by phosphorylated Y418. Upon UVA treatment a
redistribution of caveolin-1 was observed. Within rafts the
amounts of caveolin-1 decreased while the phosphorylated
form could be detected in the non raft fraction of the
cytoplasmic membrane [86]. UVA-induced caveolin-1
activation can also be mimicked by a singlet oxygen
generating system. Functional relevance of caveolin-1 for
UVA signaling was demonstrated by retrovirus-mediated
RNA interference resulting in prevention of UVA-induced
gene expression in keratinocytes. Inhibition of caveolin
phosphorylation by src kinase inhibitor Su6656 prevented
both UVA-induced caveolin-1 phosphorylation and its
translocation from the raft into the membrane. Most
importantly, caveolin-1 phosphorylation and translocation
were of functional relevance for UVA-induced gene
expression, as their inhibition resulted in complete
prevention of UVA-induced ICAM-1 expression. Previous
studies showed that UV A-induced signaling in keratinocytes
was initiated by the formation of second messenger ceramide

of primary human
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from cell membrane sphingomyelin [72]. Preincubation with
Su6656 did not prevent UVA-induced ceramide formation
and stimulation of unirradiated keratinocytes with cell-
permeable ceramide induced src kinase phosphorylation,
indicating that ceramide formation occurred upstream of src
kinase activation. These results were verified in caveolin-1
knockout animals (unpublished observation) where ICAM-1
expression did not increase in response to UVA irradiation.
These studies clearly demonstrate the pivotal role of raft-
signaling in UVA-induced gene expression in human
keratinocytes in vitro [86] and in vivo.

CONCLUSIONS

Microdomains in keratinocytes have been identified to be
not only the target for UVA-induced singlet oxygen but also
a source of UVA-induced formation of reactive oxygen
species. Increased photosensitivity towards UVA as
observed in Smith-Lemli-Opitz patients could be attributed
to instability of rafts due to 7-dehydrocholesterol instead of
cholesterol leading to a higher sensitivity towards oxidative
processes and an increased activity of membrane associated
NADPH oxidase which in turn results in increased amounts
of prostaglandin PGE2 as a consequence of calcium release
and activation of phospholipase A2.

UVA responsiveness with regards to gene expression
depends on the ratio of cholesterol vs ceramide in rafts and
on the presence of caveolin-1. Signaling occurs if the ratio of
cholesterol vs ceramide is smaller than 1, whereas a ratio
greater than 1 abolished UVA-induced gene expression in
keratinocytes. Besides the changes in the lipid composition
also the presence of caveolin-1 is essential to render
signaling proteins either in an inactive state within the rafts
or activating them.
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