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1

1.1

Introduction

The composition and organization of the plasma membrane

All cells are surrounded by membranes. From the earliest times of cellular organization
membranes defined the boundary between intracellular and extracellular space, thus
conferring the cell with its own identity. Based on the chemical nature of the composing
lipids, the membrane basic structure is the bilayer. The ability of the hydrophobic
residues of the lipids to self-associate and the tendency of their hydrophilic moieties to
interact with aqueous environments or with each other give the physical basis of this
structure

1

. In an eukaryotic membrane, lipids are sterols, sphingolipids and

glycerophospholipids 2. A mammalian cell mainly contains cholesterol as sterol, but in
contrast one can find a huge variety of lipids from the other two classes.
Glycerophospholipids, the major structural lipid class, could vary in their head group, in
their fatty acid chain length or saturation and also in the bonds linking the hydrocarbon
chain to the glycerol. Some members of this group are the phosphatidylinositols,
phosphatidylcholines, phosphatidylethanolamines, phosphatidylserines, phosphatidic acid
and the plasmalogens 3. The sphingolipids are also showing a great potential for creating
a diverse set of lipids by the use of different ceramide backbones and by the addition of
hundreds of various carbohydrate structures to their head group, while creating a
glycosphingolipid molecule 4. However, cell membranes are not solely composed of
lipids, they also contain proteins spanning the bilayer or interacting with the lipids on the
sides of the leaflet. The earliest model depicting the membrane as a uniform mixture of
lipids with randomly floating proteins in it was described by Singer and Nicholson 5.
However, it has rapidly became clear that the membrane structure is far from random and
displays an unimagined complexity. The discovery of non-bilayer membranes with
biological significance

6

and the fact that both the membrane proteins and the lipid

bilayer show an actively maintained compositional asymmetry

7

were key to this

realization. During the next decade of membrane research it has also become clear that
the lipid composition of the membrane is favoring the assembly of complex membrane
structures. These studies have shown that cellular organisms use an enormous variety of
lipids to form membranes, despite the fact that theoretically only one lipid would be able
to form a lipid bilayer 2. The question of which came first: the diversity of lipids or the
-5-

high complexity of the membrane structure is almost as complex as the classical chickenegg dilemma. One possible explanation is that certain variety of lipids could have
originated for the reason to survive better within harsh conditions, as a membrane
assembled from many lipids could sustain a wider variety of environmental conditions 2.
Therefore a certain diversity of lipids at one point might have been reached by an
organism in order to buffer external perturbations. Another clue, pointing towards the
evolution of lipid diversity, is that protein-lipid interactions could result in holes in the
membrane and these holes are filled in by specific lipids. Therefore with the evolutionary
innovation of a new membrane interacting protein came the need for a lipid that could
stuff the protein in the membrane

8

. The diversity of lipid classes is in good

correspondence with the evolution of higher organisms as sterols and sphingolipids are
only present in eukaryotic cells. The appearance of these two lipid classes can be
considered a significant game changer in the management of cellular organization as the
preferential association of sterols and sphingolipids with certain proteins provided the
potential for lateral segregation within the membrane. This segregation has opened up a
new field for phenotypic diversity within a cell, what can be best described by the
appearance of several membrane trafficking events in the eukaryotic cells 2. All of these
studies, especially the ones aimed to describe the mechanism of molecular movements
within the bilayer, made us to reevaluate our models describing the organization of the
plasma membrane. Consequently, the observation of restrictions in the lateral mobility
for both lipid and protein components within the membrane, has opened new avenues of
research 9. The dynamic subdomain formation was described to originate from several
processes, like the binding of membrane receptors to the extracellular matrix, by the
intracellular activation of receptors, by receptor-ligand interactions or by the interaction
between membrane proteins with the cytoskeleton. The latter interaction with
cytoskeletal elements could even result in the formation of “cytoskeletal fences” which
could greatly modulated the free movement of membrane components 9. The discovery of
these dynamic, mostly actin based regulations of membrane laterality has led to the
development of the picket fence concept of the plasma membrane

10

. Nonetheless some

of the studies analyzing the formation of membrane subdomains have come to the
conclusion that these nanostructures could be formed by their own under favoring
biochemical composition of lipids and proteins 11. In the following years the research on
lipid lateral segregation and phase behavior in model membranes

12,13

had met with the

studies concentrating more on the biological side of membrane micro heterogeneity

14,15

which led to the birth of the term lipid raft. Primarily the term raft was referring to a
-6-

membrane microdomain enriched in cholesterol, sphingolipids and glycolipids

14

. Over

time the concept got more developed and the observation regarding lipid rafts has been
synthetized to the definition stating that lipid rafts are small (10-200 nm), highly
dynamic, detergent resistant, heterogeneous, sterol- and sphingolipid-enriched domains in
the plasma membrane that compartmentalize cellular processes 15.

Table 1. Summary of the structural polar lipids in the plasma membrane (modified from
Lehninger Principles of Biochemistry, Fifth Edition 2008)

1.2

Membrane microdomains and the dynamic organization of the
membrane

Plasma membrane heterogeneity and compartmentalization occurs through lipid-lipid,
lipid-protein, and membrane-cytoskeletal interactions. From all the lipids building up the
membrane, cholesterol and sphingomyelin proportions are detected to be significantly
higher in the raft structures compared to the overall plasma membrane and therefore are
proposed to be essential components of these liquid ordered assemblies 16. Saturated fatty
acids of sphingomyelin are characteristically aggregate with cholesterol via an interaction
with the saturated hydrocarbon chains and the sterol ring. Other lipids as ceramides could
also be found in lipid rafts and are able to induce raft formation itself. Rafts are diverse in
size but they are usually defined as small (10-200 nm) membrane domains. Although,
under certain conditions small lipid rafts can coalesce to form larger and more stable
platforms through protein-protein or protein-lipid interactions 17.
Functionally lipid rafts are known to be involved in a broad range of cellular processes
like membrane trafficking, cytoskeletal organization, cholesterol transport, endocytosis,
-7-

cell polarity, motility and signal transduction

18,19

. Lipid rafts are central orchestrators of

signal transduction as they provide platforms for the assembly of signaling complexes
based on their compartmentalized nature. By sequestering signaling components, like
receptors, they are allowing efficient and organized signal transduction to happen.
Compartmentalization can allow the precise and timely regulation of receptor activation
by confining them next to each other with their activators and interaction partners. Or on
the other hand, a close negative regulation could be hold over a protein by keeping it
apart from its kinases and close to their phosphatases 17.
The proper organization of rafts is not only defined by their lipids but by their specific
protein components and also by their link to the cytoskeleton as well. There are two main
types of raft structures within the membrane: planar (flat) and non-planar (non-flat).
Planar rafts lack any morphological feature in contrast to the non-planar structures which
are classically defined as invaginated flask like structures of the membrane, usually
known as caveolae. Both raft types are similar in their nature of being resistant to
extraction by cold non-ionic detergents. Another feature of rafts is that they contain raft
resident proteins which can provide important scaffolding functions, allowing the
sequestration of signal proteins into the raft fraction. In planar rafts typically flotillins are
serving this function and in non-planar rafts caveolin is the scaffold most frequently
present 16,20.
Beside the scaffolding interactions many signaling proteins are dependent on their
covalent posttranslational lipid modification for their targeting to lipid rafts.
Glycosylphosphatidylinositol, an anchor targeting proteins to the extracellular surface of
lipid rafts, was the first to be discovered from these molecules. That was followed by the
description of other protein modifications by lipids, as prenylation, palmitoylation, Nmyristoylation and dual acylation which target the proteins to the cytoplasmic side of the
plasma membrane 2,21.

-8-

1.3

Caveolae and their role in signaling compartmentalization

As was mentioned earlier, the first rafts structures were discovered by transmission
electron microscopy studies by detecting cave like invaginations in the plasma
membrane. The name caveolae is also originating from these observations

18

. Later

studies further characterized the caveolae as relatively large, 50-100 nm long formations
which can be organized into complex highly ordered multi-caveolar structures or
dynamically detach and re-attach to the membrane while keeping their defined lipid and
protein composition intact. The latter process was termed as caveolae mediated
endocytosis. The amount of caveolar structures within a cell is highly heterogeneous and
dependent on the tissue type and micro-environmental conditions. The highest abundancy
of caveolae is detected in muscle tissues, endothelial cells, adipocytes and fibroblasts but
the absolute absence of caveolae is rare within physiological conditions 22.
The two major structural caveolae proteins are the caveolins and the cavins, both are
required for the formation of caveolae. The caveolins are acting as the major scaffold
within the caveolae, thereby responsible for the management of protein-protein
interactions 18. Caveolins are also lipid binding proteins, they can form stable complexes
with cholesterol within the endoplasmic reticulum. These complexes are shuttled together
to the plasma membrane in the process of caveolae formation. Therefore, cholesterol is
essential in the development of caveolae. Since of its critical importance, a direct
transcriptional regulation can be observed over the expression of caveolins via a
cholesterol sensitive steroid binding element in their promoter region

23

. Caveolins have

both their C- and N-terminal end facing towards the cytoplasm and are also capable of
forming large homo-oligomeric and hetero-oligomeric complexes that allow their selfassembly into caveolae. The caveolin family consists of three proteins caveolin 1,
caveolin 2 and caveolin 3. From these, caveolin 1 shows the widest tissue distribution and
usually accepted as the general caveolin protein within the caveolae. Caveolin 2 is
usually co-expressed with caveolin 1 and is unable to form caveolae in the absence of
caveolin 1. Caveolin 3 is shown to be specific only to muscle tissues

24

. The cavin

proteins are the other essential components of caveolae, serving as primary modulators of
its biogenesis, morphology and endocytic dynamic

25

. The cavin family consists of four

members which tend to self-aggregate into hetero oligomeric structures

26

. Among these

cavin 1 is generally expressed, cavin 2 is usually detected in enlarged tubular like
caveolar multi-complexes while cavin 3 is suspected to play a role in the budding and
-9-

movement of the caveolae along the cytoskeleton. Our knowledge on the role of cavin 4
is very limited as it has only been detected in muscle tissues 26. Cavin is also capable of
lipid binding, specifically to phosphatidylserine which is enriched in the inner leaflet of
caveolin rich membrane regions. This interaction is hypothesized to help the formation of
the classical non-planar flask like structure of the caveolae from the planar caveolin and
cholesterol rich membrane regions

25

. Both caveolins and cavins are indispensable for

caveolae formation as their genetic ablation causes the total loss of caveolae 27.
Caveolae could exert many functions within a cell. They are involved in intracellular
lipid regulation and transport, based on the ability of caveolins to associate with
cholesterol and fatty acids 27. The caveolae could also act as a mechanosensor, extensive
mechanical stimulation can result in the flattening of caveolae within the plane of the
membrane in the short term

28

and the increase of caveolae numbers in the long term 29.

Therefore caveolae can act as membrane reservoirs against mechanical stresses-stretches.
However, the most well described role of caveolae is its regulatory function over cellular
signaling. The dynamic distribution of caveolae is suggested to contribute to the
progression through the cell cycle by regulating the distribution of plasma membrane
micro domains during mitosis

30

. Another mechanism of how caveolae controls cell

division is its dynamic regulation over the integrin β 1/Rac1 pathway. Upon attachment
to a substrate, integrin signals regulate the levels of cyclin D1, a key cell cycle regulator
of the G1/S transition. However, when the integrin signal is aborted the cell initiates the
endocytosis of the caveolae resident integrin/Rac1 complex in order to physically
disconnect it from their effectors, thereby shutting down the growth signal originating
from these proteins. This phenomena is suggested to act as a fast acting regulatory switch
against uncontrolled cell division

31,32

. The precise modulatory role of caveolae over the

cell cycle is further demonstrated by the fact that the forced overexpression of caveolin 1
is observed to results in a distinct growth arrest

33

. Caveolae like structures were also

shown to play a fine tuning role in the regulation of the mitotic spindle assembly by
transmitting signals from the retracting edge of the cell

34

. Caveolae also participates in

the fine regulation of tissue repair and differentiation by sequestering key signaling
molecules like β -catenin or the transforming growth factor β 35.
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1.4

Membrane microdomains in cellular signaling: the role of membrane
fluidity and lateral domain mobility in cellular stress sensing

Because of being the outermost boundary of the cell, the plasma membrane is deeply
involved in the sensing and transmission of signals from the environment towards the
cellular interior. As we have seen from the previous chapters, lipid raft structures are
fundamentally different from their surrounding membrane environment which allows
them to act as organizing hubs. The following part of the thesis is going to discuss an
intriguing example of such function of the membrane, namely the involvement of lipid
rafts in the organization of environmental stress sensing. Detailing particularly the
phenomena of how changes in the membrane structure can define cellular behavior, gene
expression and survival under stress conditions.

1.4.1

Chaperones and the membrane-mediated stress response

All living organisms can be subjected to environmentally-imposed challenges. In order to
survive they have to counter these unfavorable conditions by adaptation. Responsiveness
to diverse stressors may arise from the most striking and common impact of stress: it
deforms and may damage the cell constituent molecules such as membrane lipids,
proteins or nucleic acids

36

. The term cellular stress response is summarizing the

universal cellular reaction to the wide variety of environmental challenges 37. Among the
many cellular survival mechanisms the response to heat stress is amongst the most
ancient and conserved ones

38

. Heat stress induces a multi-leveled signaling in cellular

systems termed as the heat shock response. The heat shock response is originally defined
as the biochemical response of cells to heat stress

39

. Although, it has been primarily

described to be induced by increased temperatures, it has been later recognized that the
heat shock response can be activated by a wider range of cellular stressors like heavy
metals, oxidative stress or by pathophysiological conditions

40

. One of the most

characterized aspects of the heat shock response is the accumulation of a conserved set of
proteins called heat shock proteins (HSPs). Heat shock proteins act as chaperones within
the cell by aiding the reassembly and refolding of denatured proteins and by guiding the
degradation of irreversibly damaged proteins. Therefore the HSPs are involved in the
maintenance of protein homeostasis by alleviating the unfavorable changes caused by
- 11 -

heat stress 41. The accumulation of heat shock proteins is generally leading to an elevated
level of cellular resistance, known as “thermotolerance”. HSPs however, are described to
have a larger range of possible action besides acting as molecular chaperones having
multiply functions within a cell depending on their location. HSP chaperones are
consisting of many different families differentiated by their molecular weight.
The small heat shock proteins (sHSPs) are the most diverse set of HSPs, consisting of
proteins of 12–43 kDa range. They can form large multimeric complexes and display a
wide range of cellular functions. The sHSPs coaggregate with aggregation prone proteins
in order to initiate their efficient disaggregation. The release of substrate proteins from
the transient sHSP reservoirs and their refolding require cooperation with ATP-dependent
chaperone systems

42

. The sHSP holdase, α-crystallin can behave as a chaperone-like

protein sequestering unfolded proteins, and inhibiting subsequent aggregation and
insolubilization in the eye lens

43

. Mouse HSP25 and human HSP27 can form large

oligomeric structures which can act as molecular chaperones and protect cells from heat
shock and oxidative stress and affect the development of thermotolerance. HSP25/27 is
additionally involved in actin polymerization/depolymerization

44

. HSP60 is an ATP-

dependent unfoldase. The HSP60 proteins in eukaryotes are localized to the mitochondria
and are responsible for mitochondrial protein import and macromolecular assembly
within this compartment

45

. HSP70 is most likely the best characterized chaperone. The

HSP70 proteins are acting together with their aids the HSP40 proteins. HSP40 proteins
are showing a great diversity and can take part in the substrate specificity of HSP70, and
can increase the ATPase activity of the HSP70 protein thereby enhancing their activity.
The HSP70/HSP40 system participates in the active ATP dependent folding-refolding of
a high number of cellular proteins. Although, a precise mechanism has yet to be
determined, it is known that the HSP70s have a high-affinity for unfolded proteins when
bound to ADP, and a low-affinity when bound to ATP

46

. The molecular chaperone

HSP90 is also an ATP-dependent holdase that facilitates the maturation and/or activation
of over 100 ‘client proteins’ involved in signal transduction and transcriptional regulation
and is necessary for viability in eukaryotes. HSP90 is central to processes broadly
ranging from cell cycle regulation to protein degradation and it has been also connected
with cellular transformation 47. The proteins in the HSP100 family form large hexameric
structures with unfoldase activity in the presence of ATP. These proteins are considered
to function as chaperones by recessively threading client proteins through a small pore,
thereby providing each client protein with a second chance to fold 48.
- 12 -

Major HSPs and their actions can be seen in Table 2.

Table 2. Topology of Polypeptide Binding and Action of HSP Families. Bold lines signify
polypeptides, and the thickened segments denote sites that become directly associated with
chaperone, typically hydrophobic in character. (Bukau & Horwich 1998).

Originally the heat shock response and the induction of HSP expression was described to
be primarily activated by protein denaturation and aggregation. Besides this classical
model, it has been recognized that cells can sense the heat stress in different ways. The
membrane sensor model of heat sensing describes one of these mechanisms. It
emphasizes the importance of the plasma membrane, especially its microdomain
organization, in the sensing of heat stress and in the activation of the heat shock response
49

. The exposure of a cell to elevated heat conditions alters the physical state of the

plasma membrane by fluidizing the membrane. It was shown decades ago that the
fluidity, organization and phase behavior of membranes are key factors in the processes
of thermally-induced adaptation and cell survival, in both prokaryotic
- 13 -

50

and eukaryotic

cells 51. Early findings revealed that membranes can act as thermosensors and there exists
a membrane fluidity based feed-back control over certain stress responsive genes like
fatty acid desaturases and heat shock proteins

52,53

. But the question of how the

temperature caused structural plasma membrane alterations are perceived and translated
into gene expression changes still remains largely unknown. Biochemical and cell
biological studies have prompted that lipid rafts play a crucial role in many signaling
processes including stress sensing and adaptation

54

. Early, pioneering studies showed

that the membrane's physical state could influence gene expression and hence, responses
to stress 55. Since then, our knowledge of the interactions between the plasma membrane
and the gene-expression machinery has increased significantly as our understanding of
membrane microdomains has widened 56. It has become clear that since the raft structure
is strongly dependent on thermally-controlled lipid-phase behavior, changes in
temperature could result in altered fluidity and consequently, redistribution of the
membrane domains. This change in the lateral segregation behavior of membrane
domains has been shown to play a central role in heat stress sensing and the initiation of
the heat shock response. The universal induction of cell stress machineries in various
organisms (bacteria, algae, yeast, plant and mammalian cells), by the treatment with nonproteotoxic membrane fluidizers strongly suggests, that subtle changes in the surface
membranes are key upstream events of the temperature-sensing and signaling. The
reorganization of membrane domains upon heat was further connected with subtle
changes in the underlying actin network.
Heat shock genes were one of the first detected genes to be affected by perturbations in
the membrane structure

57

. Thus the protein- and/or lipid-mediated association of a

specific set of stress protein molecular chaperones to membranes is a well-known
phenomenon, and is implicated to play a role in a number of physiological and
pathological events

58

. Temporary association of certain HSPs with membranes can

reduce the level of fluidity

59

, elevate bilayer stability

60

and thereby restore the

membrane functionality during heat stress conditions. The association with the plasma
membrane seems to account for the pleiotropic effect of HSPs (predominantly small
HSPs) which can contribute to the restoration of membrane activity following damage
caused by abiotic stresses. It is hypothesized that a subset of sHSPs functions in the
cellular stress management by acting as membrane-stabilizing factors. It is suggested that
sHSP-mediated membrane stabilization precedes the thermal adaptation that occurs by
adjustment of the lipid composition

59

. The fluidity and microdomain organization of
- 14 -

membranes are decisive factors in the perception and transduction of stresses into signals
that trigger the activation of specific heat shock genes

51

. Conversely, the membrane

association of specific HSPs may result in the inactivation of membrane-perturbing
signals, thereby switch off the heat shock response. In that context, interactions between
certain HSPs and specific lipid molecular species might be a previously unrecognized
means for the compartmentalization of HSPs to specific signaling platforms, where key
stress signaling proteins are known to be concentrated.

1.4.2

The association of small heat shock proteins with membranes

The earliest finding describing the connection between membranes and sHSPs was
concentrating on the 15 kDa HSP of Escherichia coli since it was observed to cosediment with membranes. The subsequent studies further characterizing this protein,
came to the conclusion that in fact this were a hetero-association of two proteins which is
known as IbpA and IbpB since then

61

. Further evidence came from the studies

concentrating on the hsp17 gene of Synechocystis PCC 6803, a blue-green algae, as the
transcription of the hsp17 gene was strongly regulated by changes in the physical order of
the membrane

49

. Another example, reinforcing the association of sHSPs with

membranes, was coming from a lactic acid bacterium Oenococcus oeni as the expression
of one of its sHSPs, termed Lo18, was induced by the administration of the membrane
fluidizer benzyl alcohol. As benzyl alcohol treatment mimics the fluidizing effect of heat
on the membrane, it can be interpreted as a model of heat induced membrane fluidization.
It has further been demonstrated that a subset of Lo18 is localized in the membrane
fraction and the actual level of its membrane association was dependent on the
temperature 62. HSP16, a sHSP from Mycobacterium tuberculosis was also found to be a
major membrane protein 63. These observations laid the groundwork for the discovery of
membrane localized sHSPs in eukaryotic systems and thus to the identification of the
membrane association of sHSPs in mammalian cells. In the following years the list of
membrane localized sHSPs has broadened quickly, as HSPB2, expressed in heart and
skeletal muscle, were shown to associate with the outer membrane of the mitochondria 64.
A similar observation has been made with the major protein component of the vertebrate
eye lens α-crystallin, which was shown to play a central role in the maintenance of lens
transparency through its ability to inhibit stress-induced protein aggregation

- 15 -

65

. A novel

16.2 kDa human sHSP, HspB11, was described to inhibit H2O2, taxol or etoposide
induced cell death through preserving the integrity of the mitochondrial membrane
system and by the stabilization of plasma membrane lipid rafts 66,67. These studies proved
for some sHSPs, that they differentially interact with membrane lipids and the interaction
influences membrane physical properties. The biophysical-biochemical role for sHSPs in
the control of the physical state, bilayer stability and integrity of membranes via specific
lipid interactions has been established by studying the HSP17 of Synechocystis PCC
6803, in which most of the heat-induced HSP17 is associated with thylakoid membranes
49

. As evidenced by in vivo genetic and in vitro biochemical studies, HSP17 is able to

play a fundamental role in membrane quality control and thereby it is potentially
contributing to the maintenance of membrane integrity under stress conditions

59

. Thus,

HSP17 possesses not only protein-protective activity, but also a previously unrecognized
ability to stabilize the lipid phase of the membranes 68. The interactions between purified
HSP17 and large unilamellar vesicles, consisting of synthetic or cyanobacterial lipids,
strongly increase the microviscosity of the vesicles

59

. Another member of the family of

the sHSPs, α-crystallin was also shown to have stabilizing effects on model membranes,
as α-crystallin were able to stabilize the liquid–crystalline state in anionic membranes
formed from synthetic lipids

68

. In membranes composed of the non-bilayer lipid

dielaidoyl-phosphatidylethanolamine, DSC studies revealed that, even at an extremely
low protein:lipid molar ratio, HSP17 strongly stabilizes the lamellar liquid–crystalline
phase at the expense of the non-lamellar lipid phase
modulate

membrane

lipid

polymorphism.

In

68

. This suggests that sHSPs can
membranes

composed

of

monogalactosyldiacylglycerol and phosphatidylglycerol (both enriched with unsaturated
fatty acids) isolated from Synechocystis thylakoids, HSP17 and α-crystallin increase the
molecular order in the fluid-like state. This data shows that the nature of sHsp–membrane
interactions depends on the lipid composition and extent of lipid unsaturation, and that
sHSPs can regulate membrane fluidity

59

. It can be hypothesized from these results that

the association between sHSPs and membranes may constitute a general mechanism that
preserves membrane integrity during thermal fluctuations. According to these studies
HSP17 behaves as an amphitropic protein and plays a dual role. Depending on its
membrane or cytosolic localization, it may function as a membrane-stabilizing factor
and/or as a member of a chaperone protein-folding network. It should be noted that a
similar observation has been made by studying the sHSP Lo18 and its lipid interaction
with the subsequent fluidity changes caused by it

62

. Lo18 was shown to interact with

phospholipids and the association of Lo18 with liposomes formed from purified total
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lipids of Oenococcus oeni membranes reduced membrane fluidity at elevated
temperatures. This phenomenon was obtained by the general polarization measurements
with the membrane incorporating Laurdan dye which showed that Lo18 maintained
phospholipids in a higher lipid order. Thus, Lo18 can modulate membrane lipid
properties by direct action on phospholipids 62. Since the lipid specificity observed in the
case of HSP17 and Lo18 has also been documented for α-crystallin it is tempting to
hypothesize that the membrane binding of small HSPs through specific lipid interactions
may confine the location of the sHSPs to specific (raft like) membrane lipid domains in
mammalian systems 59.
The above detailed studies are reinforcing the hypothesis that membrane organizational
changes are key to the initiation of the heat shock response and lipid-associated pool of
sHSPs may play important roles in the protection of membranes under stress conditions.
The data detailed above strongly implies that membrane association of sHSPs
antagonizes the heat-induced fluidization and is simultaneously able to prevent the
formation of a membrane-disrupting non-bilayer lipid phase. Thus, they are central
players in the maintenance of the membrane structure under damaging stress conditions.
Furthermore, the lipid-mediated and transient association of sHSPs to specific membrane
domains may also serve as part of a feedback mechanism in the regulation of heat shock
genes. Although, these mechanisms are still under investigation, they are representing a
potential sensing and signaling pathway of the cell which is utilized under stress
conditions in order to balance out membrane lipid perturbation.
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1.5

Membrane microdomains at the forefront of disease states: caveolae
resident proteins as central players in cancer progression

Lipid rafts are creating a great degree of membrane heterogeneity and by this they are
allowing a higher level of compartmentalization to happen in the plasma membrane. This
heterogeneity has a great significance in signaling processes at the membrane level, as the
compartmentalized nature allows the lipid rafts to act like sorting platforms for signal
transduction proteins. Many proteins assembled in lipid rafts are involved in a wide range
of signaling processes, like cell survival, growth signaling, adhesion and migration. An
important defining nature of these platforms is that they are highly dynamic and capable
of rapid changes. It means in practical terms that these sorting structures of the membrane
can react to rapid changes in the environment in a very short time and can re-establish
their basal state after the loss of the signal in the same rapid way. Thus allowing a precise
regulation over cellular signaling and a prone and timely response to environmental
signals 16. However, if this sensitive temporal and spatial regulation gets out of balance it
could result in the occurrence of many pathophysiological states. In a case of
dysregulated raft signaling these structures could act as scaffolding hubs where the
segregation of pathological proteins take place 56. Therefore rafts, especially caveolae and
its resident proteins, can be critical in the development of a wide range of pathologies.
For example caveolin 1 was shown to mediate the initiation of the atherosclerotic plaques
during the development of atherosclerosis

69

. A group of skeletal muscle diseases were

even grouped and termed as caveolinopathies in connection with the common mutational
background in the caveolin 3 gene

70

. Caveolin deficiency has also been connected with

cardiac dysfunction and was shown to worsen the outcome of myocardial infarction

71

.

Caveolae and the protein content of caveolae was observed to play a role especially in the
development and progression of cancer

19

. As it has been mentioned earlier caveolae

plays a fine tuning, regulatory role in cell cycle signaling and in the initiation of growth
arrest upon non adherent conditions

30,72

. The dysfunction of this regulation results in

continuous cell proliferation 73. In the recent years therapies targeting such raft recruited
proteins and the raft structures via modulation of the cell membrane by classical
pharmacological means

74

or by direct introduction of membrane altering lipids

75,76

are

becoming more and more relevant approaches in cancer therapy.
However, our knowledge on dysregulated raft resident proteins is scarce at the current
moment. Therefore a stringent analysis of raft resident, disease associated proteins must
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take place in order to design disease specific treatments in the future. One approach to
this is to analyze known disease specific proteins in their possible membrane-raft context
as an initial step to uncover their precise action. Such clarification would greatly help the
design of future therapies by unravelling a critical feature of the disease.
In the course of the next chapter, the thesis is trying to give a comprehensive background
for the research work detailed in the results and discussions part by concentrating on a
known membrane associated oncogene. This protein has been central to the work of the
thesis, the major aim of which was to understand its mechanism of action in the context
of its association to the plasma membrane. Thus, with the analysis of this protein, this
doctoral work is trying to apply the approach mentioned above by analyzing disease
causing proteins within their membrane context.

1.5.1

A group of membrane anchored oncogenes: the PRL family of dual specificity
phosphatases

The phosphatase of regenerating liver (PRL) family of dual specificity phosphatases were
described first during the analysis of regenerating liver tissues following liver injury
whereas PRL1, the first member of the family showed a distinct expression

77

. The two

other members (PRL2 and PRL3) were discovered by searching for sequence similarities
in an expressed sequence tag dataset 78.
Structurally, the three human PRLs have a 75-87% amino acid sequence homology and
all three proteins have molecular weights of about 20 kDa

79

. This similarity is

represented in other species as compared to murine PRLs: PRL1 and PRL2 is 100%
homologous and only mouse PRL3 shows a 97% sequence identity compared to human
PRL3

80

. However, despite the high similarity between its own family members the

amino acid sequence of the PRLs does not overlap with other phosphatases except the
common catalytic phosphatase motif 81. The highest identity they share among the group
of dual specificity phosphatases is with the phosphatase and tensin homolog protein
which is around 17%

80

. The three dimensional solution structure with and without of a

phosphate group at the catalytic center has been solved by NMR for PRLs

82

. These

studies were showing a highly flexible active loop for the PRLs with a special
architecture allowing them to bind phospho-serine phospho-threonine phospho-tyrosine
residues, a characteristic feature for dual specific phosphatases 82. A high variety could be
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observed around the opposite side of the conserved catalytic pocket that is hypothesized
to play a role in substrate specificity 81. Cys104 was detected to serve as a nucleophile in
the substrate hydrolysis

81

which is regulated by the Cys49 residue as under high

oxidative conditions it forms a disulfide bond with the catalytic Cys104 81. It is postulated
that this bond formation is necessary to protect the catalytic core of PRLs against
excessive oxidation

83

. Furthermore PRL1 has also been detected to be increased under

high oxidative conditions suggesting a role for the PRL proteins in the defense against
oxidative stresses 84. Thioredoxi-related protein 32 was observed to regulate the reduction
of PRL3 and therefore its catalytic activity under oxidative stress 83 thereby pinpointing a
key regulator of PRL3’s biological function. Both PRL1 and PRL3 has been detected to
form trimers both in vitro and within the cell, which is necessary for the proteins to acts
as an oncogene in cancer cells 85.
The three PRLs have a posttranslational modification CAAX motif for prenylation
required for the association with the plasma membrane. This prenylation motif is unique
to the PRLs within the group of dual specificity and the tyrosine phosphatases 86. During
protein prenylation a farnesyl (C15) or a geranylgeranyl (C20) group is attached to the Cterminal end cysteine of a protein. The process of prenylation first requires the
attachment of the lipid group to the CAAX motif by a farnesyl-transferase, followed by
the cleavage of the last three AAX amino acid by a prenyl-CAAX protease, then as a
final step the carboxyl group of the prenylated cysteine is methylated by a prenylcystein
carboxyl-methyltransferase

87

. The in vitro analysis of PRLs proved that both PRL1 and

PRL2 are farnesylated and geranylgeranylated as well, but PRL3 only shows
farnesylation 88. Surprisingly the deletion of PRL3’s CAAX motif resulted in the increase
of its catalytic activity and decrease in their trimer formation 85, suggesting a role for the
CAAX motif in the trimerization and implying a presence of a precise regulator in the
plasma membrane that affects PRL3’s catalytic activity.
Beside the protein prenylation an C-terminal polybasic amino acid stretch was shown to
be also necessary for the membrane localization of the PRLs 85. The six basic amino acid
residue located in close proximity to the CAAX motif was also detected to aid the correct
membrane localization of the PRLs by interacting with the negatively charged
phospholipids of the membrane

85

. This proposed function for aiding the precise sub-

localization of PRLs within the membrane is emphasized by the study which showed that
deletion of the amino acid stretch resulted in the loss of membrane localization, only if
the CAAX motif was also mutated

89

. Such regulation of protein localization is not
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without a precedence. A similar stretch of basic amino acid residues was detected to play
a role (together with their prenylation) in the correct membrane localization of the Ras
and the Src proteins 90.

1.5.2

PRL3 in cancer

The PRLs has been implicated to play a causative role in a broad range of cancerous
processes

91,92

. A number of clinical evidences show that among the family members

PRL3 has the strongest association with tumor progression

79,93

. In primary gastric tumor

lesions the elevated level of PRL3 expression is associated with tumor growth and has a
negative impact on the prognosis
relapse of gastric cancer

96

94,95

. Furthermore, PRL3 is suggested to predict the

and the potential reoccurrence of invasive breast cancer

97,98

PRL3 has also been evaluated as a prognostic factor in hepatocellular carcinoma
ovarian

100

and colon cancer

101

.

99

. Moreover PRL3 has been described as a predictor of

metastasis if expressed in primary tumors 102,103 and the antibody therapy targeting PRL3
has been successful in preventing tumor reoccurrence and prolonging animal survival
after surgical tumor removal

104

. Initial observations described PRL3 as a one of the few

genes that is highly expressed in colorectal cancer metastasizes 91.
PRL3 has been hypothetised to effect tumor angiogenesis in a few studies

105–107

.

However, the exact mechanism is not described in detail, yet, in some cell lines as in
chinese hamster ovary cells or in the DLD1 human colon carcinoma PRL3 expression
mitigated andothelial cell recruitment towards the cells which is might effect tumor
vascularisation in the long term

105,106

what could be the basis of PRL3 associated tumor

vascularisation. A possible mechanism was suggested by another study describing an
increase in vascular endothelial growth factor expression in association with PRL3
expression in lung cancer cells which was hypothetysed to induce microvascular and
lymphatic vessel formation 107.
PRL3 has been revealed to effect tumor metastasis and migration in several model
systems

108,109

. PRL3 has been linked to proteins regulating cellular adhesion, for

example integrin β 1 was shown to be crucial for the PRL3 mediated induction of tumor
migration in colorectal carcinoma cells 110. Other plasma membran associated effectors of
cell migration were also affiliated with PRL3, e.g. ezrin a key plasma membrane resident
adaptor of the cytoskelton was shown to be dephosphorylated in the presence of PRL3 at
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its Thr567 site

111

. The phosphorylation of ezrin at Thr567 is a key event in the ezrin

mediated membrane recruitment of F-actin and the subsequent recruiting of guanidine
exchange factors (GEFs) regulators of the Rho family GTPases

112

. Therefore the de-

phosphorylation on this site could directly result in the imbalance in the activity of the
Rho GTPases

112

like Rac which might result in increased cell migration, as shown in

previous studies in connection with PRL3

113

. PRL3 was indicated to affect tumor

dissemination by increasing the invasiveness of cancer cells 110,114 either by enhancing the
expression of a matrix metallo-protease which can help the release of cancer cells from
their original environment

110

or by affecting the expression of proteins directly

responsible for cell motility 114.
PRL3 has also been recognised to promote tumor proliferation and growth

77

cells from different origins has been shown to grow in non-adherent conditions

. Cancer

105,115–117

upon PRL3 expression. PRL3 has been implicated to play a crucial role in the regulation
of ovarian cancer growth

116

. Cancer progression and tumor growth has also been shown
118

to be affiliated with the aberrant activation of mTORC1
118–120

and the PI3K/AKT pathway

induced upon PRL3 expression. Furthermore the growth promoting effect of PRL3

has markedly increased under stress conditions suggesting that the presence of PRL3 is a
strategic advantage for cancer cells to survive in conditions where otherwise they would
not

118,120

. PRL3 was also shown to induce the activation of the epidermal growth factor

receptor and its downstream signalling that could also be associated with tumor growth
119

. Further evidence suggests a role for PRL3 mediated growth in therapeutic resistance

since the inhibitor of PRL3 has been characterized as a potent adjuvant of cisplatin
treatment

121

. Moreover PRL3 depletion sensitized acute myeloid leukemia (AML) cells

to anti-cancer therapy

122

. The elevated cyclin D1 levels were hypothesized to play a

contributory role for PRL3’s promotion of AML growth

122

. The work on PRL3 knock-

out mouse models has led to the conclusion that PRL3 plays a critical role in primary
tumor formation

123

since mouse deficient in PRL3 has developed a significantly lower

amount of colon tumors after treatment with a common carcinogen azoxymethane. The
connection between tumor initiation and PRL3 was further pinpointed by a study
showing high PRL3 expression in the CD133 positive tumor initiating cell population of
colon carcinoma cells

124

. Furthermore, tumor initiating cells originating from a PRL3

knock-out mice were less prone to initiate tumor growth in mice

124

. The validity of this

association was emphasized by another study which recognized a relation between PRL3
expression and stem cell like behavior in AML cells
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125

. As this study describes, PRL3

expression maintains leukemogenesis both in in vitro and in vivo conditions by inducing
a stem cell–like transcriptional program conferring stem cell–like properties to leukemia
cells 125. These results are not without previous evidence as the other member of the PRL
family, PRL2 was shown to be important for hematopoietic stem cell self-renewal 126 and
for the maintenance of c-kit, the receptor of stem cell factor, in spermatogenesis 127.
A surprising connection can be discovered between the phenomena of PRL3 induction
upon several DNA damaging agents in non-cancerous MEF cells

128

and the observed

elevated PRL3 expression in carcinogen treatment induced colon cancer

123

. In the MEF

cells the prolonged PRL3 expression induced Akt signaling resulted in a cell cycle arrest
in contrast to cancer cell where PRL3 failed to trigger the same phenomenon

128

.

Moreover, PRL3 was shown to be critical in the initiation of colon cancer from
carcinogen treated mouse epithelia

123

. This suggests a complex regulation upstream

PRL3 in non-cancerous tissues which might be lost or mutated during carcinogenesis.
Considering the overwhelming evidence for PRL3 in cancer progression compared to the
other members of the family, the following parts of this chapter are concentrating on the
description of this protein in a deeper detail.

1.5.3

PRL3 associated regulation and signaling

Several layers of regulation has been observed over PRL3 involving transcriptional,
translational and proteosomal levels

109,129–131

. PRL3 was discovered to be a direct

transcriptional target of P53 in non-cancerous MEF cells

128

and further associated with

other growth factors or transcription factors as the vascular endothelial growth factor
the myocyte enhancer factor

132

, the transforming growth factor β (TGFβ)

factor kappa-light-chain-enhancer of activated B cells (NF-κB)

133

120

132

,

, nuclear

, the transcriptional

factor SNAIL 134 the signal transducer and activator of transcription (STAT) 3 135 and the
signal transducer and activator of transcription (STAT) 5 136.
Perhaps from all of these the regulatory role of P53 was the most described in detail by
using knock out models of the P53 pathway

128

. In this study a high degree of

expressional upregulation of PRL3 under P53 activating genotoxic conditions was
revealed. However, in the long term, the upregulation of PRL3 resulted in cell cycle
arrest in the G1 phase

128

. Surprisingly, a similar arrest was observable upon the
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knockdown of PRL3 by siRNA in the same cell line, which was shown to be dependent
on the presence of a regulator of the P53 pathway termed p19Arf 128. This study suggested
that the fine stoichiometry of intracellular PRL3 levels define whether it is acting as a cell
cycle promoting factor or initiating growth arrest. This was supported by the fact that
PRL3 expression was associated with increased phosphorylation of the AKT kinase only
if PRL3 was present in a moderate levels in the cells. This phosphorylation which can be
responsible for further downstream cell cycle progression has diminished at the peak of
PRL3 expression before the shutdown of cellular growth

128

. However, the authors were

not able to replicate the induction of PRL3 by genotoxic stresses in cancer cell lines,
suggesting that the phenomena is dependent on the genomic background of a cell 128.
Other studies have revealed further unsuspected connection between P53 and PRL3, as
the knockdown of PRL3 led to the increase of P53 levels. So in these study PRL3 was
shown to directly affect the proportion of its own regulator within the cell

137

. The

regulation of PRL3 over P53 is observed to work via the activation of the RING finger
and CHY zinc finger domain-containing protein 1 and the mouse double minute 2 protein
137

. However, since this observation was made in cancer cells, it is not unequivocal if the

results would be the same for non-cancerous cells. Other factors as the TGFβ was
identified as a negative regulator of PRL3 expression as TGFβ was described to affect the
binding of the SMAD2 and SMAD3 transcription factors at the PRL3 promoter

120

. This

study proposes a model where the loss of TGFβ could lead to increased levels of PRL3
expression, which subsequently promotes cancer progression

120

. The study has also

shown an increased cell survival upon PRL3 expression by the activation of the
PI3K/AKT pathway which is in line with the previously observed AKT activation in the
aforementioned studies

120

. Although, the study doesn’t reveal the exact mechanism

downstream of AKT activation, it shows a dual role for PRL3 and AKT in the resistance
against stress-induced apoptosis

120

. Another transcription factor from the C2H2-type

zinc finger family, SNAIL was shown to regulate PRL3 levels by binding to its promoter
region

138

. SNAIL is a key transcriptional factor involved in the epithelial-mesenchymal

transition process during development

139

. The vascular endothelial growth factor was

also connected with PRL3 expression as vascular endothelial growth factor was shown to
induce the expression of the myocyte enhancer transcription factor 2 which binds to the
promoter of PRL3 enhancing its transcription

132

. Furthermore the signal transducer

activator of transcription 3 and 5 (STAT 3 and 5) were also identified to positively
regulate the expression of PRL3 in acute myeloid leukemia cells 136.
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Another study has revealed that the PRL3 mRNA and protein levels do not correlate well
with each other in tumor cells, suggesting a regulation over PRL3 at the translational
level 140. By analyzing this issue the study showed an interaction with the 5′-UTR region
of PRL-3 mRNA with one of the members of the hnRNP family of RNA- and DNAbinding proteins, the poly (C)-binding protein 1 (PCBP1)

140

. Surprisingly PCBP1 could

not inhibit completely PRL3 translation suggesting that this mechanism could serve only
as a fine-tuning switch in the regulation of cellular PRL3 levels 140.
Moreover, PRL3 regulation gets even more complex if one considers the post
translational regulations on the protein. PRL3 can be phosphorylated on its Tyr53 by the
sarcoma tyrosine-protein kinase (Src) which was shown to play a role in the PRL3
mediated invasion and motility of colon carcinoma 141. This revealed that the Tyr126 site
of PRL3 can also be subjected to phosphorylation, but was not able to identify the
responsible kinase

141

. Apart from these, in silico prediction revealed other potential

phosphorylation sites in the human PRL3 sequence at Ser13, Thr32, Thr56, Thr64,
Thr147 and Thr165

78

. Thus, the role of different phosphorylation sites on PRL3 still

needs to be analyzed.
Furthermore, another regulatory level was described over PRL3 when the FKBP38
protein was identified as a PRL3 interacting protein

142

. FKBP38 was shown to regulate

PRL3 by promoting its proteosomal degradation most likely by changing PRL3’s
conformation by its prolyl cis/trans isomerase activity allowing other proteins to trace it
for degradation

142

. The involvement of the ubiquitin mediated degradation processes in

the regulation of PRL3 has been further verified by a study detecting polyubiquitinated
PRL3 products 143. Interestingly, this study revealed an interaction between the ubiquitinspecific protease 4 (USP4) with PRL3 which was shown to be responsible for preventing
the degradation of PRL3 by decreasing its ubiquitinated products

143

. Also, this study

showed a positive correlation between USP4 and PRL3 protein levels in clinical samples
of cancerous origin which was not detected in the mRNA level, emphasizing the
importance of the translational and posttranslational regulation over PRL3 143.
The expression pattern for PRLs is varying in different tissues

109

. Regarding the

expression of PRL3 within non-pathological conditions, PRL3 was detected in skeletal
muscle and heart tissues 144,145. PRL3 was also found to be expressed in developing blood
vessels and erythrocytes 106 which is in correspondence with the observed pro-angiogenic
effect of PRL3 in cancer cells

106

. Other studies detected PRL3 expression in adult heart,
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intestine, pancreas and other organs 123 and also in intestinal epithelial cells 88. In contrast
to PRL3`s defined expression in these tissues the other two members of the family show
a much greater tissue distribution however, they are surprisingly not overlapping with the
tissue types where PRL3 is expressed

144

, suggesting a tissue specific expression for the

three PRLs.

1.5.4

Prenylation and subcellular localization of PRL3

The PRLs are all special in one unique feature, the presence of a C-terminal CAAX
prenylation motif in their sequence, where C stands for cysteine, A is an aliphatic amino
acid and X is any amino acid

78,146

. Among the prenyl transferase enzymes that could

carry out the transfer of either a farnesyl (C15) or a geranyl (C20) isoprenoid group to the
proteins, farnesyltransferase (FT) and geranyl transferase (GGT I) mediate the
prenylation of the CAAX sequence

146

, with a distinction that FT prefers methionine,

serine or glycine in the X position where GGT I prefers leucine in the X position

147

.

Therefore the type of lipid modification is determined by the amino acid at the X position
in the CAAX motif. Prenylation is a common post-translational modification for targeting
proteins towards cellular membranes, in order to enable them to act within their relevant
signaling network 87. In the case of PRL3 the CAAX motif is established by the CCVM
amino acid sequence
148

88

and Cys170 was shown to be the key amino acid for prenylation

. The importance of the prenyl group in the membrane attachment of PRL3 was

verified by the application of a farnesyl transferase inhibitor, which inhibited the post
translational prenylation of PRL3 resulting in the total loss of membrane localization

88

.

A stretch of basic amino acids (polybasic domain) in the N-terminal of the protein was
also suggested to play a role in the membrane localization of PRL3, based on the
sequence similarity to the Ras protein where similar positively charged region is
responsible for the fine-tuning of the plasma membrane localization by sequestering it to
negatively charged membrane proteins and phospholipids

149

. Therefore the polybasic

domain might also play a role determining the specific membrane regions PRL3 is
residing.
Immunological localization studies detected PRL3 to reside predominantly at the
cytoplasmic site of the plasma membrane and to a lesser extent in endosomal structures.
88

. In contrast other members of the family as PRL1 were localized primarily to the

nucleus although, a membrane localization was detected for some extent as well
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77,88

.

PRL3 membrane localization was further verified by other studies detecting PRL3 in
dynamic membrane structures as membrane ruffles and protrusions 79. After the analysis
of PRL3 association with endomembranes, another study suggested an ADP ribosylation
factor 1 (ARF1) protein mediated active transport of PRL3 from the endoplasmic
reticulum to the plasma membrane. This ARF1 mediated transport was further verified by
the loss of membrane attachment of PRL3 upon the addition of Brefedlin A, an inhibitor
of ARF1 action

88

. PRL3 was the first from the PRL family the function of which was

connected with its localization to the plasma membrane as ectopically expressed PRL3
was detected to associate with the plasma membrane and positively affected the
tumorigenic properties of B16F1 mouse melanoma cells

148

. The membrane association

was further shown to be critical for PRL3’s oncogenic function by the use of a mutant
PRL3 protein with a deletion in the C-terminal CAAX prenylation motif 148.

1.5.5

PRL3 interacting partners and substrates

Only a few direct substrates has been verified so far for PRL3. Surprisingly one of these
is a lipid, namely the phosphatidylinositol (4,5)-bisphosphate (PI(4,5)P2)
are two membrane associated proteins the integrin β 1 and ezrin

150

111,151,152

, the others

. The list of

predicted PRL3 interacting proteins is a bit longer, it consists of the following proteins:
integrin α 1, keratin 8, FKBP8, SRC, elongation factor 2, ARF1 129, 141,142,153–155.
PI(4,5)P2 was shown to be dephosphorylated under in vitro conditions by PRL3 to
PI(4)P. Our knowledge on the role of PI(4)P in signaling is still scarce, despite that is has
been widened significantly in the recent years

156

. PI(4)P was recently shown to be

present not only in the trans-Golgi network but to orchestrate signaling at the level of the
plasma membrane as well 157. PRL3 expression was also shown to affect the activation of
another molecule ARF1

153

, which is detected to cooperatively drive the translocation of

endosomes to the plasma membrane together with PI(4)P

158

. Therefore it is tempting to

speculate that the action of PRL3 on PI(4)P production and ARF1 activation is
responsible for the induction of plasma membrane targeting of the phosphatase.

Ezrin, a linker of the cytoskeleton and the plasma membrane, was shown to be
dephosphorylated at Thr567 in the presence of PRL3 in vitro and suggested as a direct
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substrate for the phosphatase 111. The dephosphorylation of ezrin in the presence of PRL3
was verified in vivo in a human endothelial cell line however, the study was not able to
detect any direct physical interaction between the two proteins

111

. Thus, it is likely that

the dephosphorylation of ezrin could be a result of upstream PRL3 action at the plasma
membrane. Ezrin was described mainly to be involved in cell adhesion, membrane
ruffling, and microvilli formation 159. The Thr567 site of ezrin was noted to be important
for its plasma membrane localization and to the binding of cortical actin to the membrane
160

. By applying an unphosphorylatable mutant form of ezrin at Thr567, a central

importance was revealed in the establishment of membrane–actin linkages for this site
160

. It is important to note that integrin β 1 has been characterized to bind and

phosphorylate ezrin at its Thr567 site 161. Thus the lack of ezrin phosphorylation could be
originating from the upstream, PRL3 caused changes in integrin β 1.

The association of PRL3 with integrins also shows a complex picture. Both integrin α and
β has been connected to PRL3

151, 155,162

. Integrin α 1 was indicated as a possible

interacting partner of PRL3 however, no phosphorylation changes were detected on this
protein which could be attributed to PRL3
suppressed upon PRL3 expression
recycling of integrin α 5

153

163

155

. Integrin α 2 expression was shown to be

. PRL3 also affected the subcellular distribution and

. Integrin β 1 was initially proposed as a PRL3 substrate by

the study detecting the interaction between PRL3 and integrin α 1, since the α isoforms of
integrin does not have any cytoplasmic residues that could act as a substrate for PRL3 155
in contrast to the β isoforms. The authors of this paper however, could not detect a direct
interaction to integrin β 1 despite the fact that they were able to observe a reduction in the
total tyrosine groups on this protein upon PRL3 expression and a higher degree of
tyrosine phosphorylation when basal PRL3 expression was abrogated by an siRNA
approach in parallel 155. However, other studies were able to detect a physical interaction
between integrin β 1 and a PRL3, subsequently 110,152. These studies has connected PRL3
with the dephosphorylation of the Tyr783 site of integrin β 1 although, it is necessary to
note that this was the only phosphorylation site analyzed by this study. The Thr783 site of
integrin β 1 is part of a conserved NPxY motif, necessary for recruiting talin and kindlin,
which are responsible for coupling integrin β 1 to the actin cytoskeleton

164

reported that the viral Src could phosphorylate the tail of integrin β on Tyr783

. It was

165

. It was

further noted that phosphorylation-dephosphorylation cycles at Tyr783 and Ser785 are
required for the movement of integrin β 1 in and out of focal adhesion contact points
- 28 -

166

.

It was also reported that the phosphorylation of integrin β 3 Tyr759, a site located in a
very similar position as integrin β 1’s Tyr783 could block the binding of talin and kindlin
167

. Another study analyzed the effect of integrin phosphorylation on tumor formation by

using mouse models which were harboring integrins with a tyrosine to phenylalanine
substitution on the Tyr783 and/or Tyr795 sites. These mutation has lessened the binding
of tail-interacting proteins, as talin and kindlin, resulting in reduced β1-mediated focal
adhesion kinase (FAK) signaling. The study came to the conclusion that the simultaneous
lack of a phosphorylation at Tyr783 and Tyr795 of integrin β 1 could enhance the
occurrence of skin tumors in mice when the animals were treated with a tumor inducing
carcinogen 12-O-tetradecanoylphorbol-13-acetate (TPA)

168

. However, it is important to

note that the mutation only at the Tyr783 or at the Tyr795 sites did not result in an
increase of tumors in the animals 168.
A recent study analyzed the phosphorylation of the Thr788/789 site of integrin β 1 in the
presence of PRL3 and detected this site to be significantly dephosphorylated

151

. The

decrease of phosphorylation on the Thr788/789 site of integrin β 1 upon PRL3 expression
also resulted in impaired integrin clustering at the plasma membrane

151

. The

corresponding region of the cytoplasmic tail of integrin β 1 might be responsible for the
regulation of focal adhesion dynamics since the phosphomimetic mutation of Thr788 to
phenylalanine enhanced the focal adhesions

169

. On the other hand the mutation of the

Tyr788 site to an unphosphorylatable form resulted in the total loss of focal adhesions
from the membrane of murine fibroblasts 169. In a similar study where different phosphodeficient mutants of integrin β 1 were assessed, the Thr788 mutant showed the greatest
decrease in cell attachment even compared to the Tyr783 or to the Tyr795 mutant

170,171

.

The Thr788/789 phosphorylation status of integrin β 1 shows an intriguing fluctuation
during cell cycle. Thr788/789 phosphorylation was uniquely present in cells from the G2
phase but not detected in G1 phase cells

172

. Strikingly this phosphorylation was in

correlation with the protein’s linkage to the actin cytoskeleton and suggested to play a
critical switch regulating the progression through the cell cycle

172

. Moreover other

studies highlighted the critical role for integrin β 1 threonine phosphorylation in the
anchorage dependent cell cycle regulation mediated by the effector small GTPase Rac1
173

.

Though integrins were among the few detected interaction partners of PRL3
enzymatic action of PRL3 was only confirmed on integrin β 1
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151,152

152,155

, The

. However, PRL3

surprisingly affected the total protein amount of integrin α 2

163

and the subcellular

localization of integrin α 5 153.
According to these observations the integrin receptors are the most probable substrates
for PRL3 in the plasma membrane. Therefore in the next part of the chapter, the thesis
analyzes the most plausible mechanism through which PRL3 might exert its oncogenic
function via the integrin receptors.

1.5.6

The plausible transmission of PRL3 mediated signaling through integrin receptors

The Thr788/789 phosphorylation site of integrin β 1was shown to be crucial in integrin
mediated cell adhesion

169

and the interference with the phosphorylation at this site

reduced migration and metastasis of cancer cells

174

. The precise regulation of the

phosphorylation on the Thr788/789 site is associated with the control of the cell cycle.
Integrin β 1 phosphorylation status on Thr788/789 is regulated by a serine/threonine
phosphatase called protein phosphatase 2 (PP2A), which was shown to be crucial for cell
cycle progression

172

. PP2A, a phosphatase similar to PRL3, was shown to also regulate

integrin β 1 association with F-actin and with a small GTPase Rac1

173

. The de-

phosphorylation of Thr788/789 by PP2A promotes the association of integrin β 1 and
IQGAP1 a guanidine exchange factor responsible for the activation of Rac1 175.
Considering that PP2A, enzymatically similar to PLR3, was detected to dephosphorylate
integrin β 1, and is also involved in the regulation of the cell cycle, it is logical to
presume that PRL3 is acting through a similar pathway as PP2A. Since PP2A was shown
to be associated with the activation of the small GTPase Rac1, the next two chapters are
discussing this protein in a greater detail, in order to gain more insight into the
mechanism of a possible association between PRL3 and Rac1.

1.5.7

The role of Rac1 as a possible effector of the PRL3 mediated oncogenesis

Rac1 or Ras-related C3 botulinum toxin substrate 1 is a small GTPase protein, member of
the Rho family of GTPases

176

. The Rho family of GTPase proteins operate under strict

controlling mechanisms, which regulates their access to the GTP molecule. Guanine
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nucleotide exchange factors (GEFs) and GTPase activating proteins (GAPs) catalyze
their activation via allowing the exchange of GDP to GTP. The inactivation is mediated
either by GTP hydrolysis or by the inhibition of GDP/GTP exchange by guanine
nucleotide dissociation inhibitors (GDIs)

177

. Rac1 is the most well described member of

the Rac subfamily and it was observed to play a central role in many cellular processes
such as cell cycle regulation
and actin polymerization

181

178

, cellular adhesion

179

, differentiation

180

, cell migration

. Rac1 was shown to be important in various oncogenic

pathways including tumor initiation and progression, invasion and metastasis
undergoes

a

dual

posttranslational

modifications,

prenylation

and

182

. Rac1

reversible

palmitoylation in its C-terminal CAAX motif. These posttranslational modifications
mediate its association with the plasma membrane which is necessary for Rac1 to exert
its function

183

. Like all the members of the Rho GTPase family, Rac1 also acts like a

molecular switch by cycling between an inactive GDP bound and an active GTP bound
state. The GTP binding is initiated and fine-tuned by GEFs at the plasma membrane.
Typically GEFs are induced by activated receptor dependent kinases and when the signal
falls off, the constantly present GAPs remove the γ-phosphate of the GTP and return the
active GTPase to a GDP bound inactive form

184

. Tiam1, Trio, and GEF-H1 are GEF

proteins that are responsible for catalysis of the GDP–GTP exchange reaction specifically
for Rac1

180

. The diversity of posttranslational lipid modifications on Rho GTPases

provide a functional diversity for these molecules by giving preferential association with
distinct subcellular compartments. Rac1 is modified by geranyl-geranylation via a
thioester group, catalyzed by a geranyl-geranyl transferase at its CAAX motif.
Palmitoylation also occurs upstream of this motif at a cysteine residue via a thioester
bond. Furthermore the membrane localization of Rac1 is also modulated by the presence
of a positively charged basic amino acid stretch of 6 amino acids at the N-terminal of the
protein, which could interact with negatively charged membrane phospholipids or
membrane proteins

183

. Palmitoylation of Rac1 requires its prior prenylation and the

intact C-terminal polybasic region. Non-palmitoylated Rac1 shows lower association
with raft membranes and a decreased GTP loading. Therefore, palmitoylation is
considered to be the key signal which guides Rac1 to lipid rafts within plasma membrane
185

.

The localization of Rac1 to raft domains could lead to the activation of many signaling
events. Furthermore the localization of Rac1 into specific microdomains such as the
caveolae could regulate the activation state of the molecule

186

. Moreover caveolae could

serve as a regulatory platform over Rac1 by orchestrating its dislocation from the
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membrane to the endocytic system, thereby not allowing Rac1 to interact with its GEFs,
downstream effectors or the actin cytoskeleton

31,32

. This happens characteristically

during the loss of integrin mediated attachment signals.
Rac1 was also suggested to participate in the cellular response to various kinds of
stresses. Stress condition such as heat stress can induce the translocation of Rac1 to the
lipid raft fraction of the plasma membrane which can subsequently lead to its activation
and hypothesized to participate in the lateral domain rearrangements of the cholesterol
rich plasma membrane domains. These membrane platform alterations are described to
initiate signaling which could mitigate stress responsive protein expression in the form of
heat shock proteins. This data clearly shows an excellent example where Rac1 dynamic
interaction with the plasma membrane could affect downstream gene expression upon
stress conditions 187.
1.5.8

Rac1 control over cell proliferation

In parallel with the studies which detected Rac1 to partition into the caveolae region of
the plasma membrane

188

it was also suggested that these membrane domains are

essential for Rac1 to transmit the extracellular adhesion forces towards the cell interior 31.
As it was described before, in the absence of integrin mediated contacts cells inactivate
Rac1 and its associated signaling by internalization of the caveolae components into
recycling endosomes 32 which results in the temporal reduction of ordered domains in the
plasma membrane 189. Thus, the detachment of a cell from its substrate leads to the loss of
integrin and subsequently Rac1 activity which results in a cell cycle arrest. The
deregulation of this cellular growth control mechanism results in the subsequent
development of anchorage-independent growth, which could contribute to cancer
progression 73,190. The progression through the cell cycle is orchestrated and managed by
a number of cyclin-dependent kinases. From all of these, cyclin D1, a key factor in
determining G1-phase progression, is affected by the adhesion forces influencing the cell.
The amount of cyclin D1 in the nucleus is highly sensitive to adhesion forces and the
length of the G1 phase is dependent on intracellular tension and the formation of actin
stress fibers 191. The level of cellular cyclin D1 is regulated on a multi-scale level within
the cell, among these Ras and Rho GTPases act in parallel as upstream orchestrators

192

.

Among the GTP binding molecules, the regulatory role of Rac1 over cyclin D1 was
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shown to be interconnected with integrins and integrin activation

193

. Several evidence

strengthens this connection as cyclin D1 synthesis was prevented by the introduction of a
dominant negative Rac1 in adherent conditions and was rescued in the presence of a
dominant active Rac1, even in the absence of an extracellular matrix which would
support integrin activation 193. This was further verified by the inhibition of Rac1 activity
via the Rac1 inhibitor NSC23766, where the inhibition of Rac1 was shown to induce a
cell cycle arrest through downregulation of cyclin D1

194,195

. Others also highlighted that

the activation of the p21-activated serine/threonine kinase (PAK) 1, a key Rac1 effector,
could also play a role in this process 32. The importance of the caveolae domains in Rac1
mediated cyclin D1 regulation were further validated by the use of mouse embryonic
fibroblast cell lines lacking caveolin 1 expression

73

. Studies concentrating on the

pathway that could contribute to the effect of Rac1 on cyclin D1 levels described a key
role for the AKT kinase and for the glycogen synthase kinase 3β (GSK3β) in the fine
regulation over cyclin D1

191,196

.The phosphorylation of cyclin D1 at Thr286 residue by

GSK3β regulates cyclin D1 level since this phosphorylation directly results in the shuttle
of cyclin D1 out from the nucleus to the cytoplasm and its subsequent ubiquitination and
proteasome mediated degradation

197

. The AKT kinase acts as an upper regulator in this

process by phosphorylating GSK3β at its inhibitory site at serine 9 resulting in increased
cyclin D1 stability 198. However, AKT kinase needs to be phosphorylated at its catalytic
site at Ser473 by PAK1 to affect GSK3β phosphorylation to

199,200

. As described earlier

PAK1’s function is greatly intertwined with Rac1’s activation. The membrane localized
Rac1 initiates F-actin polymerization via interacting with the heterodimer of the Arp2/3
proteins. The modified cytoskeleton by Rac1 can act as a membrane organizer

180

.

Subsequently actin polymerization recruits the coronin1A/ArhGEF7 complex which
associates with the PAK 1, which serves as a downstream effector of Rac1 action. This
protein complex further interacts with GDI bound Rac1-GDP molecules initiating their
membrane localization and exerting a positive feedback loop

201,202

. In summary, the

adhesion mediated signaling axis that regulates cyclin D1 could be drawn as follows:
Rac1-GTP/PAK1/AKT/GSK3β/cyclin D1.
The above detailed cell growth regulatory function and caveolae localization of Rac1 is
further emphasizing a possible connection between Rac1 and PRL3. Also, PRL3 was
observed to affect leukemia progression through elevated cyclin D1 levels

122

. As PRL3

was associated with cell cycle regulation in non-cancerous MEF cells it seems logical to
assume that it can act as a cell growth regulatory factor during the cell cycle by the
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regulation of integrin-Rac1 signaling at the plasma membrane. The over activation of this
pro-growth signaling could explain PRL3`s role in the establishment of primary tumors
and the observed therapy resistant phenotype of PRL3 expressing cancers. In summary,
the analysis of the available literature data draws a picture where PRL3 modulates cell
growth by the dephosphorylation of integrin β 1 which further affects the activation of
downstream Rac1 mediated cell growth signaling.
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2

Aims of the Thesis

Our concept of the plasma membrane has evolved from a uniform lipid bilayer with
randomly floating proteins, to a highly complex cellular structure that plays a central role
in the transmission of environmental signals and in the regulation of cellular events. As
our technology advances at one hand it allows us to have a deeper insight into the
organization of membranes but on the other hand it leaves us with a more troubled state
of mind by revealing the complexity still ahead of us. However, the statement that
membranes are unavoidable in the understanding of either physiological or pathological
cellular behavior stays solid over time. By keeping this philosophy in mind, the main goal
of the thesis was to characterize physiologically and pathologically relevant events at the
level of the plasma membrane and couple these to the regulatory role of detergent
resistant plasma membrane microdomains. Thus, the aims of the present work were:


to determine how a cell can maintain its membrane integrity under challenging
conditions by analyzing the planar distribution of membrane microdomains
during stress and by analyzing the effect of membrane fluidity induced HSP
expression on membrane order.



to decipher a possible cellular mechanism for maintaining the integrity of the
plasma membrane



to investigate the membrane interaction and sub-membrane localization and
possible lipid raft association of a known membrane bound oncogene, PRL3



to define the oncogenic signaling mechanism behind PRL3 action



to further characterize the stress association of PRL3



to connect the action of PRL3 to its pro-tumorigenic action in vivo
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3

3.1

Materials and methods

Cell culture and treatments

B16F0 (ATCC, CRL-6322), B16F1 (ATCC, CRL-6323) and B16F10 (ATCC, CRL6475) mouse melanoma cells were maintained in Roswell Park Memorial Institute
medium (Thermo Fischer Scientific), media were supplemented with 10% fetal bovine
serum (Thermo Fischer Scientific), 100 U/ml penicillin and 100 µg/ml streptomycin
(Sigma Aldrich). The cells were incubated in a humidified atmosphere containing 5%
CO2 at 37°C. Cells were treated at the noted concentrations of doxorubicin, cisplatin,
etoposide and paclitaxel (all from Sigma Aldrich). Etoposide and paclitaxel were
solubilized in DMSO. NSC23766 trihydrochloride (Sigma Aldrich, SML0952) was used
to inhibit Rac1 function at the indicated concentration. In every experimental conditions
except stated otherwise the cells were treated with the chemicals for 24 hours. All cell
lines were routinely tested for mycoplasma contamination.

3.2

Transfection, clone selection and stable expression of PRL3 in B16F0 cells

Human PRL3 cDNA clone was purchased from Origene in a pCMV6-XL5 expression
vector. The PRL3 sequence were cloned into the EcoRI/XhoI sites of pcDNA 4/TO
(Thermo Fischer Scientific). For inducible protein expression pcDNA6/TR (Thermo
Fischer Scientific) was used as a source of tetracycline repressor. B16F0 cells were
transfected with pcDNA 4/TO or pcDNA4/TO-hPRL3 to achieve constitutive expression.
In order to create clones with inducible protein expression pcDNA6/TR and
pcDNA4/TO-hPRL3 were co-transfected to B16F0 cells in an equal molar with ExGen
500 (Thermo Fischer Scientific) according to manufacturer's instructions. 24 hours after
the transfection cells were seeded into 96-well plates and resistant colonies were selected
by the simultaneous addition of Zeocin at 700 μg/ml and Blasticidine at 8 μg/ml (both
from Thermo Fischer Scientific) or Zeocin only. Cells were allowed to grow for a period
of 12 days then the isolation of individual colonies was carried out. The expression of
PRL3 was induced by the addition of doxycycline hyclate (Sigma Aldrich, D9891) to the
cell culture media for 24 hours at the concentration of 2 µg/ml. The HSP25 expressing
cell lines were already established in our laboratory. Cell propagation and protein
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induction in these lines were carried out in the same fashion as with the PRL3 expressing
cells.

3.3

Western blot analysis

Cells were lysed in 2X Laemmli buffer (130 mM TrisHCl pH 6.8, 10 % βmercaptoethanol, 4 % SDS, 20 % glycerin, 0.01 % bromophenol blue) and equal amounts
of proteins were run on SDS/PAGE followed by the transfer to a PVDF membrane.
Membranes were probed with anti-PRL3 (Santa Cruz Biotechnology, 1:500, sc-130355),
anti-sodium/potassium ATPase (Santa Cruz Biotechnology, 1:500, sc-48345), anti-cyclin
D1 (Santa Cruz Biotechnology, 1:500, sc-8396), anti-Caveolin 1 (Thermo Fischer
Scientific, 1:1000, 7C8), anti-Integrin β 1 (Abcam, 1:2000, ab183666 ), anti-Integrin β 1
phospho T788 + T789 (Abcam, 1:500, ab5189 ), anti- GSK-3α/β (Cell Signaling
Technology, 1:1000, 5676) anti-phospho GSK3 β Ser9 (R&D Systems Inc., 1:1000,
AF1590) , anti-Rac1 (EMD Millipore, 1:1000, 05-389), anti-AKT (Cell Signaling
Technology, 1:1000, 9272), anti-AKT phospho Ser473 (Cell Signaling Technology,
1;2000, 9271), anti-HSP25 (ENZO, 1:1000, ADI-SPA-801), anti-HSP70 (ENZO, 1:2000,
ADI-SPA-810), and anti-GAPDH (Sigma Aldrich, 1:20000, G9545) antibodies.
Secondary rabbit or mouse antibodies (Sigma Aldrich) were used in 1:50000 dilutions for
1 hour at room temperature. Data are representative of three independent experiments.

3.4

Immunoprecipitation

Cells cultured in 10 cm dishes were washed with PBS and lysed by the addition of 300 µl
of ice-cold RIPA buffer (10 mM Tris-Cl, 1 mM EDTA, 0.5 mM EGTA, 1% Triton X100, 0.1% sodium deoxycholate, 0.1% SDS, 140 mM NaCl, pH 7.5) supplemented with
the appropriate dilution of a phosphatase (Sigma Aldrich, P5726) and protease inhibitor
(Sigma Aldrich, P2714) cocktail. Insoluble material was removed by centrifugation at
12,000 g for 5 minutes. Before the addition of antibody protein concentration was
adjusted to 1 mg/ml and 500 µg of total protein was used for each reaction. The lysates
were precleared with Protein G Sepharose beads (GE healthcare Life Sciences,
17061801) for 30 minutes before the immunoprecipitation reaction. For the
immunoprecipitation an anti-AKT (Cell Signaling Technology, 1:50, 9272) antibody was
mixed with the indicated sample lysates and the mixtures were incubated for 16 hours at
4°C. Then the immunocomplexes were incubated with Protein G Sepharose beads for 2
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hours at 4°C then washed three times with ice-cold PBS. The beads were suspended in 40
µl of 2X Laemmli buffer and the immunoprecipitates were analyzed by western blotting.
The co-immunoprecipitations were carried out with the same conditions except the cells
were lysed in a low detergent buffer (10 mM Tris-Cl, 1 mM EDTA, 0.5 mM EGTA,
0.5% Triton X-100, 0.1% sodium deoxycholate, 140 mM NaCl, pH 7.5 ) and anti-Rac1
(EMD Millipore, 1:50, 05-389) was used for the reaction. In the case of overlapping
antibody combinations, samples were analyzed in separate membranes.

3.5

Rac1-GTP pull-down assay

Rac1-GTP detection was carried out with the commercial EZ-Detect Rac1 Activation Kit
(Pierce, 89856Y) according to the manufacturer’s instructions. Briefly, cells were lysed
in the provided lysis buffer and the solution was cleared by centrifuging with 16,000 g at
4°C for 15 minutes. After the measurement of protein concentration 100 µg of protein
was separated from each sample and mixed with 2×Laemmli buffer as a control for total
Rac1 expression. For the pulldown experiments an equal amount of 500 µg of protein
was transferred from the supernatant to glutathione beads containing 20µg of GST-Pak1PBD. The mixtures were incubated with gentle rocking for 1 hour at 4°C, then
centrifuged with 6000 g for 30 second and washed three times with ice cold PBS. The
beads were suspended in 50 µl of 2X Laemmli buffer. The GTP-bound fraction of Rac1
and the total Rac1 fraction were analyzed with western blotting.

3.6

Soft agar assay

1×104 of B16F0, B16F0-pcDNA4/TO (mock) or B16F0-pcDNA4/TO-hPRL3 (PRL3)
cells were seeded into a well of a 24 well plate in RPMI media containing 0.7% agarose
(Sigma Aldrich, A3768) and propagated for 14 days. Media has been changed in every
three days. After 14 day incubation period the viable cell number was measured by the
resazurin dye based alamar Blue assay (Thermo Fischer Scientific, DAL1025) according
to the manufacturer’s instructions. The spheroid colonies were incubated with the dye
containing media for 5 hours. Fluorescence was measured with a microplate fluorimeter
(Thermo Fischer Scientific, Fluoroskan Ascent FL 5210450) adjusting the excitation
filter to 560 nm and the emission filter to 590 nm. The detected fluorescence is in a direct
correlation with the number of living cells.
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3.7

Tumor growth assay

C57BL/6J mice were obtained from the colony of the National Institute of Oncology,
Budapest. Animal welfare and experimental procedure were performed in accordance
with related regulations of the ARRIVE guidelines

203

and with the animal welfare

regulations of the host institute (permission number: 22.1/722/3/2010). For the tumor
growth assay subconfluent B16F0, B16F0-pcDNA4/TO (mock) or B16F0-pcDNA4/TOhPRL3 (PRL3) cells were harvested and washed three times with PBS. 6× 105 cells were
inoculated subcutaneously in the volume of 0.1 ml PBS into the dorsal flanks of 8-week
old syngenic C57BL/6J mice as described previously 204. The subcutaneous tumors were
allowed to propagate for the indicated days. Tumor size was measured three times a week
with a caliper and expressed in mm3 with the formula for the volume of a prolate
ellipsoid (length x width2 x π/6) as described previously 205.

3.8

Plasma membrane isolation

This isolation method was carried out as described previously in Maeda et al. 206. Briefly,
3 x 10 cm subconfluent plates from the indicated cells were washed three times with ice
cold PBS, scrapped and collected in 500 µl ice cold TNM buffer (10mM NaCl, 1.5 mM
MgCl2, 10 mM Tris-HCl, pH 7.4), supplemented with the appropriate dilution of
phosphatase (Sigma Aldrich, P5726) and protease inhibitor (Sigma Aldrich, P2714)
cocktail. Then cells were homogenized with the addition of glass beads (≤106 μm, Sigma
Aldrich, G4649) to the lysate followed by a thorough vortexing. Lysates were spun down
at 2000 g at 4 °C for 5 min. Supernatant was collected and centrifuged at 8000 g at 4 °C
for 15 min in F28/13 rotor in a Sorvall (RC-28S) super-speed centrifuge. Supernatant was
discarded and pellet was re-suspended gently in 8 mL of TNM buffer. Parallel to this
35% sucrose in TNM buffer was prepared and 4 ml filled in ultra-centrifuge tubes
(Beckman Coulter, 344059) on top of which re-suspended pellet was delicately layered.
The tubes were centrifuged at 100,000 g, 4 °C for 3 h in SW41 rotor in a Sorvall
ultracentrifuge (WX Ultra80). Interphase of each sample was collected into TNM buffer
and centrifuged again at 100,000 g, 4 °C for 1 h in SW41 rotor. Supernatant was removed
and the pellet (PM fraction) was dissolved in 2X Laemmli Buffer. The protein content of
the fractions were analyzed by western blotting.
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3.9

Detergent-free purification of caveolin enriched membrane fractions

This isolation method was carried out as described previously in Song et al. 207. Briefly, 3
x 10 cm sub-confluent plates of B16F0-pcDNA4/TO-hPRL3 (PRL3) cells were washed
twice with ice-cold PBS and were scraped into 1ml of sodium carbonate buffer (500 mM
sodium carbonate, 25 mM 4-morpholineethane sulfonic acid, 150 mM NaCl, pH 11)
supplemented with the appropriate dilution of phosphatase (Sigma Aldrich, P5726) and
protease inhibitor (Sigma Aldrich, P2714) cocktail. Then cells were homogenized with
the addition of glass beads (≤106 μm, Sigma Aldrich, G4649) with thorough vortexing.
Followed by a centrifugation at 2000 g for 10 minutes to pellet the nuclear fraction and
the beads. The supernatant of the homogenate was then adjusted to 45% sucrose by the
addition of 0.56 ml of 80% sucrose in sodium carbonate buffer and placed at the bottom
of an ultracentrifuge tube (Beckman Coulter, 344059). A 5–35% discontinuous sucrose
gradient was formed above the 45% layer by adding 6.25 ml of 35% sucrose and 4.2 ml
of 5% sucrose, both in sodium carbonate buffer. The gradient was centrifuged at 170,000
g for 24 hours using a Beckman SW41 rotor in a Sorvall ultracentrifuge (WX Ultra80).
For the analysis of the resulting gradient 1 ml fractions were collected from the top to the
bottom of the gradient. The fractions were further analyzed by western blotting.

3.10 Confocal microscopy
The indicated cells were washed with PBS and fixed with 4% paraformaldehyde (Sigma
Aldrich) for 8 min at room temperature then permeabilized and blocked with PBS
containing 0.1% Saponin and 1% bovine serum albumin (Sigma Aldrich) for 60 minutes
at room temperature followed by an incubation with anti-Rac1 (EMD Millipore, 1:100,
05-389), anti-PRL3 (Santa Cruz Biotechnology, 1:50, sc-130355) or with anti-cyclin D1
antibody (Santa Cruz Biotechnology, 1:100, sc-8396) for 16 hours at 4°C. After washings
cells were incubated with anti-mouse IgG conjugated with Alexa488 (Thermo Fischer
Scientific, 1:300, A21202) or Alexa555 (Thermo Fischer Scientific, 1:300, A31570) for
30 minutes at room temperature. Images were taken with a TCS SP5 laser scanning
inverted confocal microscope with Leica LAS software (Leica) using a 63x oilimmersion. The nuclei were counterstained with 1 µg/ml 4,6-diamidino-2-phenylindole
(Thermo Fischer Scientific, D1306).

- 40 -

3.11 Imaging of di-4-ANNEPDHQ and calculation of General Polarization (GP)
The indicated cells were labelled with the membrane incorporating dye di-4ANNEPDHQ (Thermo Fischer Scientific, D36802) added to the growth media at the
final concentration of 5 μM and incubated for 5 minutes at a humidified atmosphere
containing 5% CO2 at 37°C. Image acquisition was carried on a TCS SP5 laser scanning
inverted confocal microscope with Leica LAS software (Leica) using a 63x oilimmersion objective. Argon ion laser at 488 nm was used for excitation and detection
ranges of PMTs were set to 500-580 nm and 620-720 nm, respectively for the two
emission channels. di-4-ANEPPDHQ data are typically displayed as pseudocolored GP
images. The GP values are calculated according to the following equations:
GP= (𝐼_(500−580)−G 𝐼_(620−750))/(𝐼_(500−580)+G 𝐼_(620−750) ).
Where I represents the intensity in each pixel in the indicated spectral channel (numbers
are in nm) and G represents the calibration factor which is to compensate the differences
in the efficiency of collection in the two channels.

3.12 Preparation of plasma membrane sheets
B16F10 cells were grown on fibronectin (25 µg/ml, Sigma Aldrich, F1141) treated
coverslips overnight. Cells were rinsed with ice-cold PBS and with cold hypotonic buffer
(23mM KCl, 10mM HEPES pH 7.5, 2mM MgCl2, 1mM EGTA) three times. Cells are
then placed into sonication buffer (70mM KCl, 30mM HEPES pH 7.5, 5mM MgCl2,
3mM EGTA) containing beaker. Sonication was carried out with 19 mm-tip fitted
Branson sonifier cell disruptor B-30 with optimized operation settings (power 1.5, duty
cycle 80%) for 3 times. Finally sonicated coverslip was rinsed with sonication buffer to
be further used for the microscopy experiments. The membranes were treated with 1µM
recombinant HSP25 (Abcam, ab92457) in a 1% BSA solution.

3.13 Image based Fluorescent Correlation Spectroscopy (ImFCS)
Cells were seeded into glass bottom dishes (MatTek Corporation,MA, USA) 24 hours
before the experiment. Measurement was performed in culturing media without phenol
red at 37°C with CO2 administration. A POC-R cell cultivation system (Zeiss, Jena,
Germany) was attached to the stage of microscope for obtaining the growth conditions.
Objective type Total Internal Reflection illumination was used for achieving the thinnest
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excited sample volume with a high numerical aperture objective (alpha Plan-FLUAR
100, Zeiss). Excitation wavelength 488 nm from a Spectra-Physics Stabile 2018 (SpectraPhysics, CA, USA) laser as light source was introduced to the microscope (Zeiss
Axiovert 200) by two tilting mirrors. The laser beam was focused on the back focal plane
of the objective after a 488 nm cleanup filter and aZT488/647/780rpc-UF1 dichroic
mirror (Chroma Technology GmbH, Olching, Germany). Sample signal was collected by
the objective and filtered by a 535/70 emission filter (Chroma). For acquisition we used a
ProEM512 EMCCD camera (Prinston Instruments, NJ, USA) with 3 ms effective
exposure time and 20x40 pixel acquisition area per measurement (pixel size 0.16 µm)
ImFCS

plugin

(http://www.dbs.nus.edu.sg/lab/BFL/imfcs_image_j_plugin.html)

for

ImageJ software was used for data evaluation. The data analysis was carried out as the
following. The autocorrelation functions (ACFs) for every pixels were calculated using a
multi-tau correlation scheme

208

. An exponential of polynomial bleach correction was

used to correct data before fitting. For obtaining the diffusion coefficient (D) for all
pixels ACFs were fitted according to the equation below.
2

2

𝐺(𝜏) =

(𝑒 −(𝑝(𝜏)) − 1)
erf(𝑝(𝜏)) +
√𝜋𝑝(𝜏)

1
+
𝑁

2

[

erf(𝑝(0)) +

(𝑒 −(𝑝(0)) − 1)
√𝜋𝑝(0) ]

+ 𝐺∞ 𝑝(𝜏) =

𝑎
√4𝐷𝜏 + 𝜔0 2

Where 𝐺(𝜏) is the ACF in dependence of the correlation time (𝜏) , N is the number of
detected particles, a is the pixel size and 𝜔0 is the 1/e2 radius of the Gaussian
approximation of the point spread function. To identify and describe the mode of
membrane organization by investigating the size-dependency of diffusion coefficient we
used the Imaging FCS type of FCS diffusion law 209. According to that the diffusion time
(τ𝐷 ) of the fluorescent probe depends on the observation area (𝐴𝑒𝑓𝑓 ) as it is described by
τ𝐷 (𝐴𝑒𝑓𝑓 ) = τ0 +

𝐴𝑒𝑓𝑓
𝐷

where 𝐴𝑒𝑓𝑓 is the area of the membrane where the particle travels which is calculated by
the convolution of the detection area with the point spread function. τ0 is the intercept of
the diffusion law plot on the y axis of 𝐴𝑒𝑓𝑓 /D against 𝐴𝑒𝑓𝑓 . This provides information on
confinement. Diffusion law is plotted by using different 𝐴𝑒𝑓𝑓 values which were
calculated by post- inquisitional binning of pixels. In the case of free diffusion D is
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constant regardless of 𝐴𝑒𝑓𝑓 so it shows a straight line passing through the origin (± 0.1s)
in the diffusion law graph. A heterogeneous system with domains however, allows spatial
scale dependent diffusion which results remarkable different diffusion law plot with
positive or negative intercepts for domain partitioning diffusion, respectively 209.

3.14 Domain size analysis of sphingomyelin rich microdomains
B16F10 cells were incubated with 0.2 μM BODIPY FL C5 sphingomyelin for 20 min.
After staining, the cells were imaged with an Olympus (Melville, NY) Fluoview 1000
microscope by using the 488-nm argon–ion laser line for the excitation. Pictures were
taken with a resolution of 1,600 × 1,600; the final magnification was ×300. The domain
size was analyzed with the freeware ImageJ software (www.uhnresearch.ca/facilities/
wcif/imagej), with its Fourier transform (FFT) filter. The domains were sorted according
to diameter. Diameters were calculated as 2X(N pix/π)−2, where X is the size of a pixel
in nanometers, and N pix is the number of pixels covering the actual domain.

3.15 Electron microscopy
The indicated cells were washed with PBS and fixed in 5 ml of 0.1M cacodylate buffer
containing 1% glutaraldehyde (Sigma Aldrich, G5882) and 1% osmium tetroxide (Sigma
Aldrich, 75632) for 1 hour at room temperature followed by a wash with cacodylate
buffer. Subsequently, the cells were scraped in 500 µl cacodylate buffer and centrifuged
with 3000 g at 4°C. After the removal of the supernatant the fixed cells were washed with
0.05 M glycin in PBS, and collected in PBS containing 1% gelatin and pelleted in 12%
gelatin in PBS. The cell pellet was solidified on ice and cut into small blocks. The
samples were dehydrated with ethanol and stained with 1 % uranyl acetate (in 70 %
ethanol for 1 h, room temperature) prior to araldite embedding. Ultrathin sections were
contrast-stained with uranyl acetate and lead citrate. The samples were analyzed with a
Hitachi H-7600 (Tokyo, Japan) transmission electron microscope.
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4
4.1

Results
Membrane microdomains in cellular signaling: the role of membrane
fluidity and lateral domain mobility in cellular stress sensing:
Heat and benzyl alcohol fluidizes the membrane in a similar manner

control
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Figure 1. GP value changes at 42⁰C or upon BA treatment. B16F10 cells were treated with
heat (42⁰C) or with the non-proteotoxic membrane fluidizer benzyl-alcohol (40 mM). for 1 hour.
Membrane order was assessed by the addition of the membrane incorporating dye di-4ANNEPDHQ. Data is expressed as GP distribution of at least 80 PM segments, from three
independent experiments. Data is shown as a frequency distribution.

In our experiments we studied the effect of membrane fluidization, a stimulus associated
with membrane reorganization and stress signaling. The fluidizing effect of heat on the
plasma membrane is a well characterized phenomena

53,210

. However, for decades the

importance of this fluidization in stress sensing was left unrecognized as the initial
models of the heat shock response concentrated solely on the protein denaturing effect of
heat. In this study we sought to unravel the effect of membrane fluidization on
downstream stress signaling, heat shock protein expression and cellular stress adaptation.
In order to model the effects of heat induced membrane fluidization we chose to use a
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known membrane fluidizing agent, benzyl alcohol (BA). BA was shown by previous
studies to induce membrane fluidization similar to heat without inducing protein
denaturation

53

. Thus the introduction of BA does not affect stress signaling pathways

connected with protein denaturation. To assess the changes in the physical state of the
cell membrane we used an environmentally-sensitive fluorescence probe di-4ANEPPDHQ that inserts into the membrane bilayer, distributes equally between lipid
phases and exhibits an emission spectral shift depending on the lipid phase state. The
ratio of the intensities of the two emission spectra of the probe gives the value of the
generalized polarization (GP) which provides a measure of membrane order, in the range
between −1 (liquid-crystalline) and +1 (gel). We treated B16F10 cells with heat and the
artificial membrane fluidizer BA. The cells were subsequently incubated with the di-4ANEPPDHQ dye in order to analyze the changes in membrane order upon the treatments.
Both heat and BA caused a distinct membrane fluidization as the membrane structure
became more disordered compared to non-treated controls (Fig. 1.). Thus with the BA we
were able to model the fluidizing effect of heat on the membrane structure.

4.2

Membrane fluidization increases the coalescence of sphingomyelin rich
membrane domains on the cell surface

Figure 2. Redistribution of the sphingomyelin membrane domains on the surface of
B16F10 cells, monitored by a BODIPY FL C5 sphingomyelin probe. B16F10 cells were
treated with heat (42 ⁰C) or with the non-proteotoxic membrane fluidizer benzyl-alcohol (40 mM)
for 1 hour, then labeled with BODIPY FL C5 sphingomyelin and imaged by an Olympus
Fluoview confocal microscope. The data shown are mean values, ± SEM, n = 3.
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In order to further investigate the effect of fluidization on the fine structure of the
membrane we applied a fluorescent lipid probe, BODIPY FL C5-sphingomyelin to the
membrane. The specificity of lipidated BODIPY probes in the detection of membrane
microdomains was already demonstrated by former studies

211

. When added to live

mammalian cells, BODIPY FL C5-sphingomyelin was distributed exclusively within the
plasma membrane and labelled the sphingomyelin rich domains. Thus by the detection of
the probe fluorescence it was possible to measure the size distribution of these domains.
In the present study, B16F10 cells treated with 40 mM BA or exposed to heat stress at
42°C, were subsequently incubated with BODIPY FL C5-sphingomyelin. The labeled
“spots” were visualized by confocal microscopy and the sphingomyelin probe-labelled
domains were sorted into six classes according to their diameters. Whereas the number of
smaller domains decreased in response to both heat and BA priming, the larger domains
accumulated (Fig. 2.). Importantly, the amplitude of the effects observed was always
more pronounced in the case of BA induced fluidization.

4.3

Membrane fluidization mediated membrane domain rearrangement is
coupled with increased HSP expression
HSP70
HSP25
GAPDH
37⁰C

40 mM BA

42⁰C

Figure 3. The effects of heat shock-induced or BA-induced membrane fluidization on
HSP expression in B16F10 cells. B16F10 cells were treated with heat (42⁰C) or with the nonproteotoxic membrane fluidizer benzyl-alcohol (40 mM) for 1 hour, then after a 16 hour
incubation period their protein content was analyzed by western blotting.

In order to evaluate further similarities between heat and BA treatment we have assayed
for the most well-known cellular response to heat, the induction of heat shock proteins.
The increased level of membrane fluidity, in parallel with the reorganization of
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microdomains, led to a significant increase in the levels of HSP70 and HSP25 proteins in
B16F10 cells detected by western blotting (Fig. 3.). Thus, our experiments were able to
provide evidence for the downstream effect of membrane fluidization on gene expression.
The synthesis of the HSP70 protein upon membrane fluidization was already described
by a previous study in mammalian cells

210

. We were not only able to recapitulate this

phenomena in this study but, also to show a distinct upregulation of the HSP25 protein
for the first time upon BA induced membrane fluidization. In general the effect of BA
was not comparable to the heat treatment in the manner of HSP induction, as the detected
HSPs were more pronounced upon heat stress.

4.4

The membrane fluidization induced HSP expression translates into the
acquisition of thermotolerance

Figure 4. Acquisition of thermotolerance with heat and BA. B16F10 cells were pre-treated
with heat at 42⁰C or with 40 mM BA for 1 hour. The preconditioning effect of the treatments was
assessed by subjecting the cells to a lethal heat shock at 45⁰C. After a 12 day recovery period the
cells were fixed in 4% paraformaldehyde for 10 minutes, and stained with a 0.5% crystal violet
solution for 20 minutes. Cellular survival was assessed by counting the colonies. The data shown
are mean values, ± SEM, n = 6. *P ≤ 0.005 according to a testing procedure using the Student ttest.
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In order to analyze if the expression of the HSPs are translated into a physiological
relevant response, we have investigated the effects of the administration of BA and heat
priming on thermotolerance development. Thermotolerance can be described as the
tolerance of a cell to thermal damage which can be dramatically increased by prior heat
conditioning. Thermotolerance was assessed by the preconditioning of B16F10 cells for 1
hour (40mM BA at 37⁰C or 42⁰C), followed by 1 hour of lethal heat stress treatment at
45⁰C after a 16 hour recovery period. The different groups of cells were plated into cell
culture dishes by limited dilution and the growth of individual colonies were assessed
after 2 weeks. When preconditioned either with heat shock or with BA, the cells acquired
a highly elevated thermotolerance which can be vaguely understood as a general
resistance to stress conditions (Fig. 4.).

4.5

The artificial expression of HSP25 buffers the fluidizing effect of
benzyl alcohol
B16F10
w\o Dox. Dox.

B16F10-HSP25
w\o Dox. Dox.

GAPDH
HSP25
Figure 5 A). HSP25 protein expression in B16F10 and B16F10-HSP25 cells. B16F10
and B16F10-HSP25 cells were either left untreated or were treated with doxycycline (Dox.) for
24 hours, then their protein content was analyzed by western blotting.
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Figure 5 B). GP value changes in B16F10 or B16F10-HSP25 cells upon BA treatment.
B16F10 and B16F10-HSP25 cells were left untreated or treated with 40 mM BAfor 1 hour.
Membrane order was assessed by the addition of the membrane incorporating dye di-4ANNEPDHQ. Data is expressed as GP distribution of at least 80 PM segments. Data is shown as
a frequency distribution.

Considering the above suggested importance of the membrane structure in stress
tolerance, we further sought to investigate if the presence of the detected HSP25 affects
the plasma membrane order. For this reason we used B16F10 cell lines artificially
expressing the HSP25 protein under an inducible tetracycline operator regulated
expression cassette (Fig. 5. A). Our experimental setup using the cell lines mentioned
above was similar to one seen in Fig. 1. The stable expressing clones were subjected to a
treatment with 40 mM BA, and subsequently stained with the membrane incorporating
di-4-ANEPPDHQ dye to assess the physical state of the membrane. The addition of BA
induced membrane fluidization in our control cells. However, surprisingly in HSP25
expressing cells BA treatment was not resulted in membrane fluidization (Fig 5 B). In
these cells the membrane showed the same ordered state as before BA treatment,
suggesting a possible buffering effect of HSP25 against perturbations causing membrane
structural changes. Surprisingly, the non-induced B16F10-HSP25cell has shown the same
phenomena without the addition of doxycycline, an agent responsible for the induction of
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the artificial gene expression in this system. Although, after the analysis of HSP25
protein content of B16F10-HSP25 cells by western blot and immunofluorescence, it has
been revealed that these cells contain a considerable amount of HSP25 even under the
non-induced conditions (Fig. 5 A). This phenomena could be originating from the nature
of the expression cassette running the artificial HSP25 expression, as it is prone to show
the effect of so called leakage of gene expression. Which means in practical terms that
the artificially introduced gene is expressed under basal conditions at a certain level. This
result could explain the effect of BA treatment on membrane order of the non-induced
B16F10-HSP25 cells considering that HSP25 was present in the system in amount
comparable to that found in induced cells. These experiments (Fig 5 B) are pointing out a
critical function for HSP25 which could be very similar to the observed effect of other
small HSPs on the membrane lipid order 62. Therefore the data above suggests a key role
for HSP25 in the maintenance of membrane homeostasis under membrane perturbing
stress conditions.

4.6

The expression of HSP25 alters the membrane domain structure and
affects the redistribution of membrane microdomains
30

control

frequency (%)

25

HSP25

20
15
10
5
0
<3

3-4

4-6

6-8.5

8.5-12 12-17

17-23

>23

detected domain size (µm2)
Figure 6. Size distribution of membrane microdomains upon HSP25 expression.
Redistribution of the sphingomyelin membrane domains on the surface of B16F10 cells, was
monitored by a BODIPY FL C5 sphingomyelin probe. B16F10 or B16F10-HSP25 cells were
labeled with BODIPY FL C5 sphingomyelin and imaged by an Olympus Fluoview confocal
microscope. The data shown are mean values, ± SEM, n = 3.
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In order to decipher the nature of HSP25`s action on the membrane and to connect this
data to our previous observations, we again set up an experiments to analyze the size
distribution of membrane domains but now in the presence of HSP25. We have labelled
the membrane of wild type and HSP25 expressing B16F10 cells with the BODIPY FL C5
sphingomyelin probe as in Fig 2. Considering that the B16F10-HSP25 cells showed a
very similar HSP25 expression under either induced or non-induced conditions, which
level was comparable to that found after heat or BA treatment, we have chosen to
proceed with the non-induced cells.
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Figure 7. Fluorescence correlation spectroscopy measurements on isolated cell
membranes. Membrane sheets were prepared from B16F10 cells which were subsequently
stained with the STAR488-PEG-cholesterol probe. Purified HSP25 was externally added to the
sheets in PBS containing 1% BSA. The data shown are mean values, ± SEM, n = 3.

In order to further determine the mechanism behind this effect we decided to go one level
deeper in the analysis of the membrane structure. We approached this by performing
fluorescent correlation spectroscopy measurements on isolated plasma membrane sheets
from wild type B16F10 cells. At first, we got rid of all other elements of the cell except
the cell the membrane during the preparation of the membrane sheets, purified HSP25
was externally added to the system in order to analyze its effect on the membrane
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structure. In this way we were able to work on a system where only the isolated plasma
membrane was present without the other constituents of the cell and to analyze if HSP25
exerts its action through a direct interaction with the membrane. After the preparation of
the plasma membrane sheets we labelled them with an STAR488-PEG-cholesterol probe
and the probe fluorescence was visualized with single particle imaging microscopy. With
this approach we were able to measure the fluctuation of fluorescence intensity of pixels
caused by the movement of the probe within the plane of the membrane and calculate two
parameters from this data: the diffusion constant (D) and the confinement time (). These
parameters describe the lateral diffusion of the probe and the organization of the
membrane, respectively. Zero  values correspond to free diffusion while positive 
means confined diffusion which reflects well the presence of membrane structural
barriers which confine the probe to a certain location, like membrane microdomains. The
fluorescent spectroscopy measurements performed on the membrane sheets revealed key
characteristics of the nanoscale membrane structure (Fig. 7.). Very intriguingly the
presence of HSP25 did not alter the general diffusion constant of the probe hence the
overall fluidity of the total membrane. However, the confinement values showed a
distinct change upon the addition of HSP25. As it has been described earlier that the
confinement values reflect the compartmentalized nature of the membrane

212

. This

observation regarding the higher confinement in the presence of HSP25 was in line with
our data on the higher membrane domain sizes upon HSP25 expression.
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4.7

Membrane proteins as central players in cancer progression:
PRL3 expression is upregulated upon exposure to genotoxic stress

GAPDH
PRL3
CONTROL CONTROL CISPLATIN ETOPOSIDE DOXORUBICIN PACLITAXEL
(DMSO)

Figure 8. A) PRL3 expression upon treatment with genotoxic anti-cancer agents in B16F0
cells. B16F0 cells were treated with 5 µM etoposide, 50 µM cisplatin, 2.5 µM doxorubicin, and 2 µM
paclitaxel for 24 hours. The protein content of the cells was analyzed by western blotting.

GAPDH

GAPDH
PRL3

PRL3

CONTROL

1 µM

CISPLATIN
10 µM

CISPLATIN
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Figure 8. B) PRL3 expression dose curve upon
cisplatin administration in B16F0 cells. B16F0 cells

CONTROL 24h

48h

Figure 8. C) PRL3 expression time curve
upon cisplatin administration in B16F0 cells.

were treated with the indicated amounts of cisplatin for 24
hours. The protein content of the cells was analyzed by
western blotting.

B16F0 cells were treated with 50 µM cisplatin.
PRL3 expression was analyzed 24 hours after
treatment or after a second 24 hour incubation
period without treatment by western blotting.
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Figure 8. D) PRL3 expression dose curve upon doxorubicin
administration in B16F0 cells. B16F0 cells were treated with the

Figure 8. E) PRL3 expression time curve
upon doxorubicin administration in
indicated amounts of doxorubicin for 24 hours. The protein content of B16F0 cells. B16F0 cells were treated with 2.5
the cells was analyzed by western blotting (n=3).
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µM doxorubicin for 24 hours. PRL3 expression
was analyzed 24 hours after treatment or after a
second 24 hour incubation period without
treatment by western blotting.
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B16F1
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Fig 8. F) PRL3 upregulation upon drug administration is the characteristic feature
of B16F0, B16F1 and B16F10 cells. The three B16 cell lines were treated with 2.5 µM
doxorubicin for 24 hours. The protein content of the cells was analyzed by western blotting.

Since key observations has been made with B16 melanoma cells concerning PRL3`s
oncogenic action and membrane localization

148,213,214

, we chose to undertake our studies

with these cells as well. As we were primarily interested in the phenomena of early
cancer development we chose particularly the B16F0 cell line from the set of B16 cells
because the F0 cells are the closest to the original primary tumor from all the various B16
cell lines

215

. Despite the data available in the literature, PRL3 protein expression in the

B16F0 cells was under the detection limit in our experiments 216 (Fig. 8 A). In the light of
the previously established connection between elevated PRL3 expression in noncancerous MEF

128

cells exposed to genotoxic carcinogens we sought to find out if such

phenomena could be detected in the B16F0 cells as well. In order to keep our study as
clinically relevant as possible we applied genotoxic stress conditions in the form of
classical anti-tumor drugs with a well described effect on genomic DNA. Our studies
consequently revealed a distinct expression induction of PRL3 in the B16F0 cells upon
the exposure to drugs as doxorubicin, cisplatin and etoposide (Fig. 8 A). However, the
application of a drug like paclitaxel, which acts through the inhibition of microtubule
organization did not induced the expression of PRL3 (Fig. 8 A). Dose and time
dependency was further verified with doxorubicin and cisplatin in B16F0 cells (Fig. 8 B,
C, D, and E). With these data we are the first to show the induction of PRL3 protein in a
cancer cell upon exposure to these therapeutic agents. These experiments might explain
former observations describing the inhibition of PRL3 as a potent adjuvant to cisplatin
based therapy in lung cancer 121 or the negative effect of the artificial expression of PRL3
on doxorubicin treatment of acute myeloid leukemia 122. The potential clinical importance
of PRL3 induction upon these anti-cancer agents is underlined by the fact that we
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administered the drugs close to their published IC50 values

217–219

. These data are in line

with previous observations describing an upregulation of PRL3 expression in cancer cells
isolated from a DNA damaging carcinogen treated colon of mouse, and connected the
presence of with an increased tumor initiation ability 124.
Next, we sought to analyze if the same phenomena of PRL3 induction is present in other
cell lines. Therefore, other members of the B16 melanoma family were treated with the
indicated amounts of doxorubicin. PRL3 induction was shown to be characteristic for all
of the three commercially available B16 cell lines, as the B16F0, B16F1 and the B16F10
cells were all showed a marked PRL3 expression upon treatment (Fig. 8 F). This is
particularly surprising since PRL3 mRNA induction was described in all of these cell
lines upon treatment with the genotoxic compound phorbol ester phorbol 12-myristate
13-acetate (PMA) 220.
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4.8

B16 cells show enhanced growth properties upon PRL3 expression
B16F0 B16F0 B16F0-PRL3
(MOCK)

B16F0
w\o Dox. Dox.

B16F0-PRL3
w\o Dox. Dox.

Figure 9. A) Expression of human PRL3 in B16F0 cells a) either by constitutive
or b) conditional manner. B16F0, B16F0-MOCK, B16F0-PRL3 (constitutive expression)
or B16F0-PRL3 (inducible expression) cells were either left untreated or were treated with
doxycycline for 24 hours, then their protein content was analyzed by western blotting.

Figure 9. B) The growth of B16F0-PRL3 cells in anchorage independent
conditions. The indicated B16F0 cells were seeded into agar-containing media and cultured
for 14 days. Colony formation from single cells was assessed by measuring cell viability with a
resazurin-based Alamar blue assay The data shown are mean values, ± SD (n=3). *P ≤ 0.005

according to a testing procedure using the Student t-test.
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Figure 9. C) Tumor volumes changes of subcutaneously injected B16F0 cells in mice.
The indicated sets of cell were injected subcutaneously into C57BL/6J mice (n=6, per group, ±
SEM). The tumor volumes were measured at the indicated time points. * P<0.05 according to a
closed testing procedure using the Aspin-Welch t-test, compared to B16F0.

In order to assess the possible benefits of the induction of PRL3 for a cancer cell we
made an attempt to model this phenomenon by the artificial expression of (human) PRL3
in B16F0 cells. To this end we created cell lines expressing PRL3 either under a
constitutive or an inducible promoter, where the induction is provided by a tetracyclinecontrolled expression system (Fig. 9 A). The human PRL3 protein sequence shows a high
homology to the mouse sequence (96.5%) where all the functional domains are 100%
identical to each other. By using the human sequence in our experiments we sought to
model the oncogenic effect of the human PRL3, similar to studies where the in vivo
tumorigenicity of a human oncogene was verified by introducing it to a mouse system
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221,222

. At first we analyzed the effect of PRL3 expression on anchorage dependent

growth, by measuring the ability of these cells to establish three-dimensional colonies
from a single cell in a soft agar assay. Our results showed a significant increase in single
cell colony growth upon PRL3 expression (Fig. 9 B). This method is generally accepted
to assess uncontrolled cell growth and since the spheroid colonies originate from a single
cell it is considered to be a good model of in vivo tumor growth. Next, we aimed to test
the validity of these data in an in vivo setting to evaluate primary tumor growth. In order
to do that we injected the same set of cells subcutaneously into mice. The data we gained
from these experiments were in line with our previous findings as the PRL3 expressing
B16F0 cells established subcutaneous tumors with a bigger volume (Fig. 9 C). Previous
findings from the literature are further supporting our data since PRL3 expression was
connected with the tumor initiating cell population in colorectal carcinoma

124

.

Furthermore non-physiological PRL3 expression was shown to induce stem cell like
signatures in leukemia cells and corresponded with the presence of a leukemia initiating
cells in the population

125

. Therefore, it is plausible that PRL3`s action is realized in

cancer cells by affecting tumor initiation thereby influencing the outcome and relapse rate
of cancer.

4.9

PRL3 associates with the plasma membrane and localizes to the
caveolae
B16F0
w\o Dox. Dox.

B16F0-PRL3
w\o Dox. Dox.
Na-K ATPase
PRL3

Figure 10. A) Analysis of PRL3 localization by plasma membrane isolation. B16F0
or B16F0-PRL3 cells were left untreated or treated with doxycycline (Dox.). The cells were
subjected to total membrane isolation. The protein content of the total membrane fractions was
analyzed by western blotting. The transmembrane ion channel, sodium-potassium ATPase was
used as a loading control.
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RED: PRL3
BLUE: DAPI

Figure 10. B) Analysis of PRL3 localization by confocal imaging. B16F0-PRL3
cells were induced by doxycycline and stained with an anti-PRL3 antibody. DAPI was used
as a counter stain.
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Figure 10. C) GP value changes upon PRL3 expression. B16F0 or B16F0-PRL3 cells with
an inducible PRL3 expression were left untreated (w/o Dox.) or treated with doxycycline (w.
Dox.) Membrane order was assessed by the addition of the membrane incorporating dye di-4ANNEPDHQ. Data is expressed as GP distribution of at least 80 PM segments. Data is shown as
a frequency distribution.
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Figure 10. D) PRL3 localization to the Caveolin 1-rich submembrane
fraction in doxycycline-induced B16F0-PRL3 cells. B16F0-PRL3 cells were
induced with doxycycline, then subjected to plasma membrane raft isolation. 13 raft
fractions were collected and analyzed by western blotting. An anti-Cav1 antibody was
used to mark the localization of the caveolar domains within the fractions.

Figure 10. E)

Figure 10. F)

Figure 10. E, F) Representative TEM images of the membrane of B16F0-PRL3 cells with
or without doxycycline induction. The cells were fixed in 1% osmium tetroxide and 1%
glutaraldehyde solution. The cell pellet was solidified on ice and cut into small blocks. Ultrathin
sections were contrast-stained with uranyl acetate and lead citrate. (E) non-induced B16F0PRL3 cells show an intact caveolae morphology (resolution: 15000X ), (F) PRL3-expressing
B16F0 cells show elongated caveolae-like membrane formations (resolution: 40000X ).
Caveolae-like structures are indicated with arrows.
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Considering that our data connected PRL3 to a distinct phenotype which might promote
tumor growth, we sought to decipher the functional background of PRL3’s action. At first
we analyzed PRL3’s membrane localization taking into account how crucial it seems to
be for PRL3’s oncogenic function

148

. Our results were verifying PRL3’s membrane

localization in the B16F0 cells by the analysis of isolated plasma membrane fractions
(Fig. 10. A) or by confocal imaging (Fig. 10. B). Next, we concentrated our efforts to
evaluate the nature and membrane environment of this interaction. At first we have
analyzed the general plasma membrane structure by the addition of a membrane
incorporating dye di-4-ANEPPDHQ which is intercalating into the lipid bilayer and
changes its emission spectra according to the lipid packing order of the membrane, as it
has been detailed earlier. According to these results PRL3 expression changes the overall
plasma membrane structure towards a more ordered, rigid state (Fig. 10. C). This data
indicates a PRL3-mediated effect on membrane organization and suggests that the PRL3associated oncogenic phenotype could be better defined through a deeper analysis of the
membrane. For this reason, we focused on determining the submembrane localization of
PRL3. Our experiments revealed that the detergent-resistant, caveolae-type membrane
microdomain region of the plasma membrane was a primary localization site for PRL3
(Fig. 10. D). The detection of the classical flask-shaped caveolae structures at the
membrane of B16F0 cells (Fig. 10. E) further support the localization of PRL3 in
caveolae. However, it is necessary to note that in the PRL3-expressing cells we observed
unusual elongated, tubular caveolae, different from the classical flask-shaped structures
(Fig. 10. F).
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4.10 PRL3 dephosphorylates integrin β 1 at Thr788/789

B16F0
w\o Dox. Dox.

B16F0-PRL3
w\o Dox. Dox.

150 kDa
phospho-integrin β 1
Thr788/789

100 kDa
150 kDa

integrin β 1
100 kDa

Fig 11. A) Dephosphorylation of Integrin ß1 at Thr788/789 upon PRL3 expression.
B16F0 or B16F0-PRL3 cells with an inducible PRL3 expression were left untreated (w/o Dox.)
or treated with doxycycline (w. Dox.) Subsequently integrin β 1phosphorylation was analyzed
by western blotting.
B16F0-PRL3/Dox.
fraction number:
2#
3#
4#
150 kDa

integrin β 1

Cav1

PRL3

Fig 11. B) Localization of the higher mass integrin isoform within the caveolae
fraction. B16F0-PRL3 cells were induced with doxycycline, then subjected to plasma
membrane raft isolation. Raft fractions were collected and the fractions corresponding to the
caveolae region of the membrane were analyzed for the presence of integrin ß1 by western
blotting. An anti-Cav1antibody were used to mark the localization of the caveolar domains
within the fractions. Only the 150 KDa form of integrin ß1 is present in the caveolae
membrane fraction and it cofractionates with PRL3.

With the knowledge at hand that PRL3`s action is most likely connected to the caveolae
fraction of the membrane we were concentrating our efforts to characterize possible
changes in the caveolae associated proteome upon PRL3 expression. We were especially
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interested in possible substrates for PRL3 that could explain the observed tumorigenic
phenotype upon PRL3 expression in B16F0 cells. Following the logic outlined in the
introductory chapter regarding the possible interaction partners of PRL3, we were
particularly focusing on the integrin receptors. The facts that integrins are well known
parts of the caveolar platforms and they are also described to be central in adhesion
associated cell growth signaling 31 made them an even more intriguing choice. PRL3 has
been described in previous studies to interact with, effect the expression and localization
of integrin receptors

152,153, 155,163

. Our studies were able to verify the dephosphorylation

of Integrin β 1 at Thr788/789 upon PRL3 expression (Fig. 11. A). Western blot
experiments revealed a dual signal for integrin ß1, approximately at 100 and 150 KDa,
similar to a previous observation which associated this phenomenon with different
glycosylation patterns of the protein 223. We could observe dephosphorylation only the of
150 KDa form of integrin ß1 (Fig.11. A). However, our raft fractionation experiments
revealed that only the 150 KDa form of the integrin ß1 was associated with caveolae in
our system. The colocalization of integrin ß1 and PRL3 in the plasma membrane was
further verified by detecting both proteins in the same caveolae, membrane raft fraction
(Fig. 11. B). The co-localization of the two proteins has been further verified by detecting
both of them in the caveolae membrane raft fraction (Fig. 11. B). The Thr788/789 site of
integrin β 1 has been associated with a dual function as the phosphorylation of this site
was shown to be necessary for the assembly of adhesion complexes and the dephosphorylation is for the progress through the cell cycle. The studies describing these
functions

were

associated

with

a

phosphatase

PP2A

which

catalyzed

the

dephosphorylation of integrin β 1 at this site and promoted the progression through the
cell cycle. Considering that the phenotype we observed in the B16F0 cells could result
from the de-phosphorylation of Thr788/789 we further analyzed the downstream
effectors of PP2A in a hope to find similarities between the actions of the two
phosphatases. The studies describing PP2A`s cell cycle regulatory role has associated
PP2A with one key effector Rac1. Considering that the dephosphorylation of integrin β 1
by PRL3 at Thr788/789 could affect the pathway responsible for the regulation of Rac1
membrane localization and activation we made an attempt in our forthcoming
experiments to analyze the Rac1 phenotype of B16F0 cells upon PRL3 expression.
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4.11 The presence of PRL3 alters the activation and plasma membrane

targeting of Rac1
B16F0
w\o Dox. Dox.

B16F0-PRL3

B16F0-PRL3
w\o Dox. Dox.

w\o Dox.

Dox.

Rac1
(plasma membrane)

Rac1
(total)
PRL3
(plasma membrane)
RED: Rac1
BLUE: DAPI

Figure 12. B) Representative images of Rac1
plasma membrane localization in PRL3expressing cells. B16F0-PRL3 cells were left

Figure 12. A) Rac1 plasma membrane localization.
B16F0 or B16F0-PRL3 cells were left untreated (w/o
Dox.) or treated with doxycycline (Dox.). The cells were
subjected to total membrane isolation. The protein content
of the total membrane fractions was analyzed by western
blotting. Rac1 from the total lysate was used as a loading
control.

untreated (control) or treated with doxycycline
(Dox.). The cells were, stained with an anti-Rac1
antibody. DAPI was used as a counter stain.

B16F0
B16F0-PRL3
w\o Dox. Dox. w\o Dox. Dox.
IP: Rac1
Cav1

WB: Cav1

Rac1
WB: Rac1
FRACTION NUMBER:
1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 11. 12. 13.

Figure 12. C) Rac1 localization to the caveolae
fraction in B16F0-PRL3 cells. B16F0-PRL3 cells
were induced with doxycycline, then subjected to
plasma membrane raft isolation. 13 raft fractions were
collected and analyzed by western blotting. An antiCav1 antibody were used to mark the localization of the
caveolar domains within the fractions.
- 64 -

Figure 12. D) Rac1 coimmunoprecipitation
with caveolin 1. B16F0 or B16F0-PRL3 cells
with an inducible PRL3 expression were left
untreated (w/o Dox.) or treated with doxycycline
(Dox.). Cells were lysed and subjected to
coimmunoprecipitation with an anti-Rac1 antibody.
Protein-protein interactions was assessed by
western blotting.

Rac1 activity and its plasma membrane localization to caveolae domains were shown to
be central to the subsequent activation of signaling pathways regulating cellular growth.
In cases where the balance of Rac1 plasma membrane targeting is impaired, cells acquire
a higher capability to grow in non-adherent conditions by escaping the growth regulation
connected to cellular attachment to a solid substrate. This control over cellular growth is
primarily associated with integrins, the main sensors for the interaction with the cellular
surroundings. Since Rac1 membrane localization was shown to be crucial for its
activation, at first we analyzed its subcellular localization by confocal imaging and by
comparing the ratio of Rac1 in plasma membrane isolates (Fig. 12. A, B). As our results
identified an increased Rac1 plasma membrane targeting, we further analyzed Rac1
association with sub-membrane regions. Considering PRL3 localization to caveolae we
have assayed for proteins preferentially located to this membrane compartment that could
help Rac1 membrane targeting. The result of these experiments showed an increased
direct physical interaction between Caveolin 1 and Rac1 (Fig. 12. D). Rac1 association
with caveolae type lipid rafts has been further verified by localizing Rac1 into the
caveolae fraction of the plasma membrane, similarly to PRL3 (Fig. 12. C). The enhanced
localization of Rac1 to the plasma membrane could result in a proliferation advantage for
PRL3 expressing cells by the disruption of a physiologically relevant cell growth
regulatory pathway.
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4.12 Rac1 activation is connected with elevated levels of cyclin D1.
B16F0
w\o Dox. Dox.

B16F0
B16F0-PRL3
w\o Dox. Dox. w\o Dox. Dox.

B16F0-PRL3
w\o Dox. Dox.

IP: AKT
WB:
phospho-AKT
S473

Rac1-GTP

WB:
AKT
Rac1 loading

Figure 13. A) Analysis of Rac1 GTP loading
upon PRL3 expression. B16F0 or B16F0-PRL3

Figure 13. B) Analysis of AKT phosphorylation
at Ser473 upon PRL3 expression. B16F0 or

cells with an inducible PRL3 expression were left
untreated (w/o Dox.) or treated with doxycycline
(Dox.). Cells were lysed and incubated with sepharose
beads coupled with a protein which binds only to the
Rac1-GTP molecule. The reaction was analyzed by
western blotting. Rac1 was used as a loading control
from the non-incubated fraction (Rac1 loading).

B16F0-PRL3 cells with an inducible PRL3 expression
were left untreated (w/o Dox.) or treated with
doxycycline (Dox.). Cells were lysed and subjected to
immunoprecipitation with an anti-AKT antibody. AKT
phosphorylation was analyzed by western blotting.

B16F0
w\o Dox. Dox.

B16F0
w\o Dox. Dox.

B16F0-PRL3
w\o Dox. Dox.
phospho-GSK3β
S9

B16F0-PRL3
w\o Dox.
Dox.
GAPDH

cyclin D1
GSK3α/β

GAPDH

Figure 13. C) Analysis of GSK
phosphorylation at Ser9 upon PRL3
expression. B16F0 or B16F0-PRL3 cells with an
inducible PRL3 expression were left untreated (w/o
Dox.) or treated with doxycycline (Dox.).
Subsequently GSK3 β phosphorylation was analyzed
by western blotting.
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Figure 13. D) Analysis of cyclin D1 protein
levels upon PRL3 expression. B16F0 or B16F0PRL3 cells with an inducible PRL3 expression were
left untreated (w/o Dox.) or treated with doxycycline
(Dox.). The protein content of the cells was analyzed
by western blotting.

B16F0
w\o Dox.

B16F0-PRL3
Dox.

w\o Dox.

Dox.

Figure 13. E) Representative confocal images of the nuclear localization of cyclin D1
in the indicated cells. B16F0 or B16F0-PRL3 cells with an inducible PRL3 expression were left
untreated (w/o Dox.) or treated with doxycycline (Dox.). Cells were incubated with an anti-cyclin
D1 antibody coupled with FITC.

B16F0
w\o Dox.
Dox.

B16F0-PRL3
w\o Dox.
Dox.

+10 µM NSC23766
GAPDH

cyclin D1

Figure 13. F) Rac1 inhibition decreases the elevated cyclin D1 levels. B16F0 or B16F0PRL3 cells with an inducible PRL3 expression were left untreated (w/o Dox.) or treated with
doxycycline (Dox.). The indicated cells were treated with 10 µM NSC23766 for 24 hours in order
to inhibit Rac1-dependent elevation of cyclin D1 levels. The protein content of the cells was
analyzed by western blotting.

In order to characterize the signaling downstream of Rac1 which could account for the
observed pro-tumorigenic phenotype, we have relied on the observations describing the
Rac1 associated signaling in the context of cellular growth regulation. Rac1 GTP binding
was shown to be a prerequisite for Rac1 cell cycle regulation. Therefore our primary aim
was to identify these changes in our system upon PRL3 expression. Our data clearly
showed a higher proportion of Rac1-GTP binding (Fig. 13. A). As such modulation of
signaling has been further associated with the increased phosphorylation of the AKT
kinase on the activator site at Ser473 in the context of cellular growth, we sought to
analyze the phosphorylation changes at this amino acid residue. Our data has revealed a
distinct AKT phosphorylation on this site which clearly indicates the activation state of
the AKT kinase (Fig. 13. B). AKT takes part in anchorage dependent growth by the
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regulation of the GSK kinase, by inactivating it with phosphorylation at its Ser9 residue.
Our studies revealed a strong presence of this inhibitory phosphorylation on GSK (Fig.
13. C). GSK is directly responsible for the regulation of the cell cycle by the fine tuning
of the protein amounts of cyclin D1. GSK does this by targeting cyclin D1 to degradation
by phosphorylating its Thr286 residue. Thus, we further sought to analyze the amounts
and localization of cyclin D1 upon PRL3 expression. In these experiments we observed
an elevated amount of cyclin D1 upon PRL3 expression (Fig. 13. D), the presence of
which in the nucleus was verified by immunofluorescence staining (Fig. 13. E). The
higher levels of cyclin D1 correspond well with the observed increased tumor growth. In
order to clarify the role of Rac1 in the observed phenomena we inhibited Rac1
chemically by a small water soluble and cell permeable molecule NSC23766

180

. This

inhibitor has been described to inhibit the activation of Rac1 by interfering with the
interaction of Rac1 and its GEFs. Furthermore NSC23766 was shown to be ineffective on
other Rho GTPases such as Cdc42 or RhoA

224

of cyclin D1 to its original levels (Fig. 13. F).
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. The inhibition Rac1 resulted in the drop

5

Discussion

Our understanding of how the plasma membrane functions has been fragmented for
decades. As the first chapters of this thesis described, membrane researchers approached
the membranes from very different angels and viewpoints since the early times.
Physicists, chemist, biologists, computational and medical scientist still possess a short
sightedness when trying to understand the complexity of membranes. This is originating
from the fact that the plasma membrane is a complex system on its own. As such, it
requires dedication and hard work to put together the many pieces of its lipid-protein
puzzle, to gain a picture of a functioning membrane at the end. Many, multidisciplinary
approaches emerged in the recent years as a response to this challenge. In this thesis we
chose a scientific method which might be the closest to the heart of a biologist, since it
originates back to the heroic times of the scientific history of biology. Namely, have a
test subject, poke it, disturb it, provoke it, and then observe what happens with its
behavior. Or in other words, analyze a complex system when thrown out of balance in
order to understand its nature. During the design of the experiments of this thesis we
chose two approaches according to this philosophy.
In a continuation of decades long work performed in our laboratory we decided to
investigate the consequences of membrane fluidization on membrane domain
organization and cellular stress response. We were particularly concentrating on the
membrane associated roles of HSPs in membrane level stress management. With our
second approach we hoped to gain better understanding on the role of the plasma
membrane in pathological, specifically in cancerous conditions by studying the action of
a membrane associated oncogene.
Thus, with these two sets of experiments we were trying to gain a deeper understanding
on the physiology of the membrane under conditions when its balance is disturbed either
by forced structural changes or by a pathophysiological stimuli.
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5.1

Structural membrane changes induced chaperon expression contributes to
membrane homeostasis

The plasma membrane is compartmentalized into a mosaic of functional domains which
are central to the regulation of processes associated with the cell surface. The
reorganization of membrane microdomains at the plane of the membrane is a very
distinct phenomena which is known to facilitate the initial transmission steps of
environmental signals to downstream effectors. Initial studies showed a number of
examples for such phenomena. The cholera toxin mediated crosslinking of the raft
associated lipid, GM1 has resulted in the coalescence of small rafts into micrometer-sized
domains

225

. The HIV-1 structural membrane associated protein, Gag was observed to

induce coalescence of lipid rafts and hypothesized to aid the exit of virus particles out of
the host cell 226. The merger of growth factor receptor containing microdomains was also
observed under growth factor stimulation

227

. Furthermore, physical forces as osmotic

pressure generated membrane tension was also connected with the induction of large
GM1 marked domains at the membrane

228

which were converted back almost

immediately to smaller sized domains when the surface tension dropped back to
physiological levels. The induction of the membrane associated heat shock response is
also describing such a phenomena. So far the pathway components which are responsible
for the induction of the membrane associated heat shock response and possibly localized
into the coalesced domains are not characterized in detailed yet. However, a few effectors
were already detected to take part in this phenomena. The transient receptor potential
vanilloid (TRPV) receptor family was shown to play a role in the membrane level heat
sensing. The TRPV membrane receptors can be activated by heat stress and could
contribute to the induction of stress genes in plants and mammalian cells

229

. Other

proteins as phospholipase C and phospholipase A2 were identified to promote the
production of several lipid mediators upon heat and BA stress including the potent heat
shock modulator, arachidonic acid

230

. Heat stress was observed to induce the membrane

localization of an actin cytoskeleton organizing protein Rac1 in parallel with the
activation of heat shock factor 1 (HSF1)

231

. Also the chemical inhibition of Rac1 was

shown to decrease the heat induction of HSP transcripts

187

. However, considering the

diversity and number of membrane proteins it is likely that these above mentioned
examples are not the sole source of membrane stress signals. It is more likely that such
induction of the cellular stress signaling machinery is associated with many modulators
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and effectors in the membrane in an organism and tissue specific manner. Other features
of the membrane mediated stress signaling as the connection between membrane
fluidization and the transcriptional induction of stress genes were also detailed by a
previous study 232, which is pointing out a central role for the transcription factor HSF1 in
the transmission of the membrane associated stress signals to the nucleus. However, the
presence and the extent of overexpression at the protein level was not yet determined for
HSPs other than the HSP70. Therefore, the detection of the high upregulation of the
HSP25 protein is a new observation and suggests a prominent role for this small HSP in
the membrane regulated stress response. Altogether, we were able to show with these
experiments that the membrane fluidizer BA provoked a distinct membrane
rearrangements and stress protein response at the growth temperature, manifested by the
elevated expression levels of two major HSPs (Fig. 3.). The observed membrane
rearrangements (Fig. 2.) are most likely early steps of a signal transduction mechanism
aiming to alleviate the effects of stresses on the membrane as it was observed with
conditions as cell stretching, shear or osmotic stresses

29, 228,233

. It is noteworthy that

previous studies have also observed the accumulation of raft-forming lipids as
cholesterol, ceramide and saturated phosphoglyceride species both upon heat and BA
treatments in B16F10 cells which may contribute to the condensation of plasma
membrane domains observed in our studies

230

. Thus according to this data the fluidizing

effect was clearly coupled with the reorganization, increased lateral mobility and
coalescence of membrane microdomains. This result emphasizes that the effect of heat
stress on the membrane is primarily dependent on its fluidizing and not protein
denaturizing effect.
Very intriguingly the data showed in Fig. 6. revealed that the presence of HSP25 had a
significant effect on the domain size distribution as the number of smaller domains
decreased in response to HSP25 expression and the larger domains has accumulated in
parallel. These data indicate that HSP25 can directly affect the distribution of membrane
domains. Such an action has not been described for HSP25 so far, but it is very likely that
this membrane-tailoring is responsible for the membrane buffering effect we observed in
Fig. 5 B., which is further emphasizing the role for HSP25 as membrane associated
chaperon.
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This data outline in Fig. 4.is underlying a physiological relevance for the membrane
fluidization induced membrane microdomain reorganization and subsequent HSP
expression. However, it is noteworthy, that we observed no significant difference
between the thermotolerance induced by prior heat or membrane fluidization which is
remarkable since BA treatment evoked a weaker HSP response relative to heat priming at
the HSP level. It is also worth to note that in other studies, no major differences were
found in the levels of major HSPs between the heat sensitive B16 parent line and the heat
resistant variants, suggesting that HSPs are not the sole determining factors in the heat
resistant phenotype of B16 cells

234

. Thus, the acquired heat tolerance observed in this

study should involve other mechanisms, not yet identified. It is also noteworthy, that the
acquisition of cellular thermotolerance in BA primed Escherichia coli cells was unrelated
to the formation of two major HSPs, GroEL (Hsp60) and DnaK (Hsp70). Instead the
remodeling of their membrane lipids appeared to be necessary for the development of
bacterial thermotolerance

235

. Other studies, using unsaturated fatty acid auxotroph

mutants of yeast, also concluded that stress tolerance is strongly associated with the
physico-chemical properties and especially with general membrane lipid order of the
membrane 236.
The experiments of Fig. 7 are suggesting that the effect HSP25 on the membrane was
exerted by direct interaction with the membrane and was specific to its microdomain
regions. Thus these data further confirm our previous notion that HSP25 alters the fine
structure of the membrane and its action is mainly associated with membrane
microdomain structures. Furthermore, since the membrane sheets are representing a clean
system containing only the plasma membrane it is presumable that HSP25 interacts
directly with the membrane through its lipids and/or transmembrane proteins.

In summary, our research revealed a significant role for the fluidization induced HSP25
expression in the maintenance of membrane homeostasis. By applying the artificial
membrane fluidizer BA we were able to recapitulate the previously observed elevated
expression of HSP70 and show the upregulation of HSP25 at the first time at the protein
level. Considering the fact that other small HSP family members were characterized to
act as membrane associated chaperones 38 in various model systems, we concentrated our
efforts to decipher if HSP25 could act in a similar manner in mammalian cells. Our
investigations have led to the discovery of a so far unknown feature of HSP25, which was
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materializing in its effect to act against the forced fluidization applied in our studies.
Therefore HSP25 was acted as a membrane buffering agent and helped to maintain the
general structure of the membrane. HSP25 promoted membrane domain clustering as the
smaller domains were converted into larger ones purely upon the expression of HSP25.
This effect was further substantiated by fluorescent correlation spectroscopy
measurements where the elevated confinement values were pointing towards a more
compartmentalized membrane structure. Also by using such semi-in vitro systems as the
isolated membrane sheets we were able to further narrow down the possible interactions
of HSP25 directly to the plasma membrane. Although, the description of the precise
nature of this interaction and the identification of specific interacting lipids or proteins is
still missing, we are certain that this will be an interesting challenge for further studies.
Despite of this, these set of experiments contributed to a deeper understanding of the fine
regulation of membrane structure and set out the course for future applications that could
help to maintain the integrity of the plasma membrane under stress conditions.
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5.2

Chemotherapy induced PRL3 expression promotes cancer growth via
plasma membrane remodeling and specific alterations of caveolaeassociated signaling

As we have described earlier, the plasma membrane is intensely involved in the
biochemical events that define pathological conditions such as cancer. The fact that the
membrane is the interface for the interaction between malignant cells and non-malignant
cells and their stromal environment is giving an immense importance for the membrane
in cancer physiology. Consequently membrane level signaling events are described to
promote many steps in tumor progression, from early cancer initiation to metastasis. The
membrane effectors directly responsible for the cancerous phenotype are functionally
regulated by specific membrane domains by defining their sub-membrane localization
and interactions. These regulatory membrane domains are dynamic structures as their
phase separation behavior is strongly affected by physical forces, underlying cytoskeletal
structures, and the adhesion to other cells or matrixes. These associations might be
altered in cancerous cells which could provide a basis for malignancies to occur.
Consequently, understanding the biochemistry of the plasma membrane is important in
the understanding of cancerous diseases. In the experiments we discuss henceforth, we
aimed to gain deeper understanding of the role of the membrane within this context.
Initially we approached this by searching for a known oncogene which has its
tumorigenic action associated with its localization to the plasma membrane. By looking
through a number of candidates we have found an intriguing protein which is bound to
the membrane by a post translationally added prenyl group, its enzymatic action is
coupled with its membrane localization and described to act as an oncogene in several
cancerous cases. More importantly its cancer promoting effect was confirmed to depend
on its prenylation and thus its localization to the membrane. This candidate was the PRL3
protein, from the group of phosphatases of regenerating liver (PRL) family of dual
specificity phosphatases

130,148

. The fact that successful approaches were already

undertaken to target PRL3 in cancer therapy 104 was also a factor for choosing it, in order
to understand the so far vaguely described action of this protein.

Hereby, we are the first to describe an intriguing upregulation of PRL3 expression in
cancer cells upon exposure to genotoxic chemotherapeutic agents. The fact that elevated
PRL3 mRNA levels were already observed upon carcinogen treatment in a number of
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cancer cell lines 220 suggests that PRL3 upregulation upon chemotherapy could also occur
in a wide range of cancers. Our results could also be important in explaining previous
observations that doxorubicin was more effective in PRL3-silenced leukemia cells

237

,

and the results of a drug screen showing that a chemical inhibitor of PRL3 strengthened
the antitumor effect of cisplatin

121

. According to our data, this phenomenon might rely

on the ability of these drugs to influence the expression of PRL3 in cancer cells.
Considering that antibody-based inhibition of PRL3 successfully inhibited tumor
reoccurrence after surgical tumor removal in mice

104

, the observed expression of PRL3

upon chemotherapy can also be of critical importance in the re-establishment of cancers.
Our in vivo tumor growth data supports this hypothesis, as PRL3-expressing cells were
able to establish larger tumors when injected subcutaneously into mice. The connection
between PRL3 and tumor initiation was further reinforced by a study describing the
significantly lower occurrence of tumors upon carcinogen treatment in PRL3 knockout
mice compared to wild type controls 123.
The PRL3 responsiveness of a cancer cell could rely on a unique genetic background
acquired by the cells during oncogenesis. Previously, excessive PRL3 expression was
associated with cell cycle stop in a noncancerous cells

128

. Therefore, it is plausible that,

within normal conditions, upstream regulators are present in the cells, which could be
responsible to keep the effects of PRL3 at bay. These counterbalances might be lost
during tumor development. The fact that PRL3 was particularly associated with the
initiation of colorectal tumors upon a harsh carcinogenic treatment further suggests that
PRL3 might be specifically present in tumors with large-scale genomic mutations
As PRL3 was previously detected as a P53 target gene
of P53 in all three B16 cells

238

128

123,124

.

and there is a detectable level

, it is plausible that this transcription factor is responsible

for the observed PRL3 induction in our studies. However, as the promoter of PRL3 was
described to contain other putative binding elements for stress-related transcription
factors, such as NF-κB and STAT3

239

, the exact mechanism responsible for PRL3

expression upon stress in cancer cells requires a deeper clarification by future studies.
Our observations also suggest that PRL3 can act in a similar way as phosphatase PP2A,
which has been described to regulate the cell cycle through the dephosphorylation of
integrin β 1 on Thr788/789

172

. As the phosphorylation/ dephosphorylation cycles of the

Thr788/789 site was shown to be necessary for the progress through the cell cycle 172 it is
tempting to speculate that this site serves as a switch for regulating adhesion dependent
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cell growth. By modulating this phosphorylation site phosphatases as PRL3 can serve as
fast acting switches on integrin receptors and subsequently regulate integrin associated
signaling. The observed dual effect of PP2A mediated integrin dephosphorylation,
namely, enhanced progression through the cell cycle but decreased cellular adhesion is
drawing a strikingly similar picture to what we have observed with PRL3 in the B16F0
cells.
Integrins are well known to translate the forces of mechanical environment of a cell into
intracellular signals. In order to do that integrins can recruit further effectors by which
they can regulate cellular phenotypes affecting cell cycle progression. Rac1 was shown to
be a central mediator in these processes however, the exact mechanism of its membrane
recruitment and the specific guanine nucleotide exchange factors (GEFs) that could
regulate its activation has not been fully understood yet

240

. Based on the data obtained

from our studies we suggest that the caveolar membrane compartment can serve as a
primary location for the transmission of mechanical signals by integrins through Rac1 in
the context of cell growth regulation. The fact that caveolae and its resident proteins are
central to cellular mechanosensation

28

further strengthens the argument for this

proposition. Rac1 could control many downstream signaling processes depending on its
interaction with regulatory elements. In Rac1 mediated cell adhesion and migration, Rac1
recruitment to the focal adhesion points of the membrane is initiated by the membrane
adaptor p130C in concert with integrin β 3 which allows the interaction between Rac1
and a GEF, Dock180

241

. However, Dock180 mediated control over Rac1 signaling is

associated only with cell adhesion and it is not known what GEFs regulate Rac1 mediated
cell cycle signaling. It is plausible that the dephosphorylation of integrin β 1 at
Thr788/789 by PP2A or by PRL3 could act as a recruiting signal towards Rac1. A
specific, as yet not known GEF could serve a function in the caveolar compartment for
cell cycle regulation. The specific fractionation of Rac1 into the caveolae could define its
signaling outcome by spatially restricting its sub membrane localization and subsequently
defining its interaction with the caveolae associated regulatory factors and not allowing
Rac1 to play a role in other processes as migration and adhesion.
A very intriguing connection was also revealed in regard with the phosphorylation status
of integrin β 1 as it showed a higher degree of indirect actin interaction when it was in a
dephosphorylated state at Thr788/789

172

. This observation could be key to understand

our data regarding the increase in the plasma membrane lipid order and the simultaneous
activation

of

lipid

raft

resident

signaling
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upon

PRL3

mediated

integrin

dephosphorylation. Integrin-actin interaction might result in an increased membrane
order, since protein complexes consisting of an extracellular anchor (like an integrin)
linked to the actin cytoskeleton exert an ordering effect on the membrane

242

. Membrane

order and the assembly of membrane microdomains are strongly associated with integrins
and subsequently can have major effects on cellular growth

34,189

. Adhesional forces,

which define mitotic spindle orientation and subsequent daughter cell retraction, are
translated through integrins localized to caveolae domains

34

. In non-adherent conditions

the membrane acquires a more symmetric structure which results in a more even
32,243

localization or endocytosis of the integrin containing membrane domains

.

Attachment and detachment alters membrane order also in an integrin and caveolin
associated manner

189

. The altered cellular geometry and increased membrane fluidity

upon detachment or upon the natural cell rounding during the mitotic phase might be
responsible for the inherent growth inhibition activated in non-adherent cells

32,73

. It is

possible that in altered rounded conditions the more fluid membrane does not support the
concentrated localization of the domains especially in the lack of a guiding integrin
signal. By altering the membrane order possibly through the regulation of actin-integrin
interaction, the cell might gain an ability to push faster through the growth retaining
mechanism associated with the lack of adherence or with the natural mitotic cell rounding
during the cell cycle. This assumption is in line with the hypothesis that the
dephosphorylation of integrin β at Thr788/789 by PP2A is helping the membrane to
strengthen its connection with the cortical actin filaments in order to aid the reentering of
the cell to the G1 phase from the G2/M phase 172.
It is noteworthy that the amount of caveolae in the membrane decreases during cancer
progression

19,244

, therefore caveolae might be present in early-stage cancers but not in

more advanced tumors. The reason why PRL3 is connected to such a wide variety of
signaling pathways in different cancer cells

130

might rely on the fact that PRL3 is not in

its original subcellular environment in those tumors where caveolae are absent.
Therefore, considering the wide, possible substrate variety of PRL3, nonspecific
interactions could account for the diverse actions observed for PRL3. The importance of
caveolae in downstream PRL3 signaling could be highlighted by comparing PRL3 effect
on Rho GTPases in different cell lines. In cells lacking caveolin
Rac1 GTP-binding

113,114

245

, PRL3 decreased

and increased the activity of other Rho GTPases. However, in

other cell lines where caveolin expression was detectable

246

, PRL3 expression was

associated with enhanced GTP-loading of Rac1 or increased Rac1 protein levels
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162,247

.

The hypothesis that PRL3 exerts a different role depending on the existence of caveolar
structures is further strengthened by the observation that in primary uveal melanoma cells
PRL3 affects integrin clustering predominantly at the focal adhesion sites of the
membrane

151

. Uveal melanoma cells, however, express a considerably lower, or no

amounts of Caveolin 1 compared to melanoma cells of cutaneous origins

248

, such as

B16F0 cells.
Moreover, the structural membrane changes that we observed during PRL3 expression
might contribute to the step-by-step progression of cancer cells towards a more
aggressive phenotype. Stress conditions, such as mechanical stretching or osmotic
swelling, are associated with the disassembly of caveolae

28

. Therefore, it is tempting to

speculate that the increased membrane rigidity in the PRL3-expressing cells might result
in a similar cellular response in the long term. This hypothesis is substantiated by our
morphological observations describing elongated, unnatural caveolae structures in the
PRL3-expressing cells. Such a loss of caveolae from early-stage cancer cells could
consequentially contribute to cancer progression

245

. Membrane raft reorganization and

membrane fluidity alterations were already connected with gene expression changes and
stress resistance in B16 melanoma cells 232.
In summary, we identified PRL3 as a protein upregulated in cancer cells upon treatment
with several clinically relevant antitumor therapeutics. In our melanoma model, PRL3
expression was strongly associated with enhanced cancer growth in parallel with
increased cyclin D1 levels. The elevation of cyclin D1 was shown to be associated with
the dephosphorylation of integrin ß1 at Thr788/789 by PRL3 and the subsequent
attraction of Rac1 to the plasma membrane. Therefore, here we propose that the
genotoxic stress-mediated induction of PRL3 could rewire caveolae signaling, which can
be critical in tumor initiation and relapse. In addition, our study also highlights the
importance of plasma membrane organization in cancer pathology and therapy. In
conclusion, targeting PRL3 in parallel with chemotherapy might prove useful for the
therapy of PRL3-expressing cancers.
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6

Summary of findings

The most important findings obtained during the current thesis work are summarized
as follows:
 On the level of membrane regulated stress signaling and adaptation:
o By applying the artificial membrane fluidizer BA we were able to
recapitulate the previously observed elevated expression of HSP70 and
showed the upregulation of HSP25 for the first time at the protein level.
o Our investigations have led to the discovery of a so far unknown feature of
HSP25, which was materializing in its effect to act against the forced
membrane fluidization applied in our studies. Which was presumably
taking part in the acquisition of a stress resistant phenotype in BA
preconditioned cells.
o HSP25 exerted its effect on the membrane by promoting membrane
domain clustering as the smaller domains coalesced into larger ones purely
upon the expression of HSP25.
o This effect was further substantiated by fluorescent correlation
spectroscopy measurements where the elevated confinement values
pointed towards a more compartmentalized membrane structure. By using
such a “semi-in vitro” system as the isolated membrane sheets we were
able to further narrow down the possible interactions of HSP25 to
membrane lipids and transmembrane proteins.


On the level of membrane associated oncogenesis:
o Here we identified PRL3 as a protein upregulated in cancer cells, in a time
and dose dependent manner upon treatments with several clinically
relevant anti-tumor therapeutics.
o Our experiments were able to successfully connect the presence of PRL3
with a distinct phenotype that could promote tumor progression by
affecting tumor growth.
o PRL3 was shown to affect the structure of the membrane and associate
with the caveolae type lipid raft structures of the plasma membrane.
o PRL3 was associated with the caveolae proteome as it was detected to
dephosphorylate integrin β 1 at its Thr788/789 site.
o PRL3 expression was also associated with increased plasma membrane
caveolae region targeting and subsequent activation of Rac1.
o Rac1 was affiliated with the activation of the following signaling pathway:
Rac1-GTP/AKT/GSK3β which led to the nuclear accumulation of the
cyclin D1 molecule.
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Summary

By being the outermost boundary of the cell, the plasma membrane is deeply involved in
the sensing and transmission of signals from the environment towards the cellular
interior. Lipid rafts are creating a great degree of membrane heterogeneity and by this
they are allowing a higher level of compartmentalization to happen in the plasma
membrane. This compartmentalization allows the lipid rafts to act like sorting platforms
for signal transduction proteins. Many proteins assembled in lipid rafts are involved in a
wide range of signaling processes ranging from stress sensing, cell survival and growth
signaling. The thesis characterizes two important aspects of how the plasma membrane
functions in times of stress and disease.
The first part of the thesis focuses on aspects of the phenomena of the membrane stress
sensor model. My research revealed a significant role for the fluidization induced HSP25
expression in the maintenance of membrane homeostasis. I was able to describe the
upregulation of HSP25 at the protein level by applying an artificial membrane fluidizer.
My investigations also led to the discovery of a so far unknown feature of HSP25, which
was materializing in its effect to act against forced membrane fluidization. Therefore I
describe a new feature for HSP25 as a membrane buffering agent which helps to maintain
the general structure of the membrane. Also by using such “semi-in vitro” system as the
isolated membrane sheets I was able to further narrow down the possible interactions of
HSP25 to membrane lipids and/or transmembrane proteins.
In the second part of the thesis I studied the PRL3 protein, a membrane associated
oncogene. Hereby, I describe an intriguing upregulation of the PRL3 protein in cancer
cells upon exposure to genotoxic chemotherapeutic agents. Moreover my experiments
were able to successfully connect the presence of PRL3 with a distinct phenotype that
could further tumor progression by affecting tumor growth. My observations also have
led me to conclude that PRL3 resides primarily at the caveolae domains of the plasma
membrane. Furthermore my experiments were able to propose a possible substrate for the
protein and describe the molecular signaling background behind its action.
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Összefoglaló

A plazma membrán azon helyzetéből adódóan, hogy a sejt legkülsőbb határát képezi,
központi szerepet játszik a környezetből érkező jelek érzékelésében és továbbításában. A
lipid

raft

struktúrák

nagymértékben

felelősek

a

membrán

heterogenitásának

kialakításában és ezzel lehetővé teszik egy magasabb szintű membrán-szervezettség
létrejöttét. A membrán heterogenitásának nagy szerepe van különböző jelátviteli
folyamatokban, mivel lehetővé teszi egyes jelátviteli molekulák platformokba való
rendeződését. A lipid raft struktúrákban található fehérjék komoly szerepet játszanak több
sejt esemény, mint pl. a stressz érzékelés, sejt növekedés és túlélés, jelátviteli
folyamataiban. A doktori disszertáció keretében bemutatott munka elsősorban a lipid
raftok által szabályozott jelátvitel két aspektusát vizsgálja.
A munka első része mélyebb betekintést ad a membrán struktúrát befolyásoló stressz
következtében fellépő membrán adaptációs folyamatok mechanizmusába fókuszálva a
stressz következtében fellépő stressz fehérje indukcióra. A membrán stresszel kapcsolatos
kutatásaim rámutattak a HSP25 fehérje központi szerepére a membrán homeosztázis
fenntartásában. Kísérleteimben sikerült a HSP25 fehérje kifejeződésének emelkedését
kimutatnom mesterséges membrán fluidizáció hatására. Továbbá a kutatásaim fényt
derítettek a HSP25 egy eddig ismeretlen tulajdonságára, ami a fehérje membrán
fluidizációt kivédő hatásában nyilvánult meg. Ezen kísérletek által sikerült a HSP25-t egy
membrán puffer kapacitást biztosító ágensként karakterizálnom, amely stressz hatás alatt
segít a membrán struktúra fenntartásában. Ezen túl a HSP25 lehetséges membrán
interakcióját sikeresen szűkítettem le a membránnal való közvetlen interakcióra.
A disszertáció második része a membrán tumoros folyamatokban kifejtett szerepére
koncentrált egy PRL3 nevű membrán asszociált onkogén vizsgálata által. A
kísérleteimben sikeresen írtam le a PRL3 fehérje kifejeződésének növekedését DNS
károsító anti-tumor terapeutikumok hatására, tumor sejtekben. Ezen túl kutatásaim
kapcsolatba hozták a terápia hatására megemelkedett PRL3 kifejeződését a tumor sejt
megnövekedett növekedési képességével. A PRL3 hatásmechanizmusát vizsgáló
kiserleteimben sikerült karakterizálnom a fehérje asszociációját a caveola típusú lipid raft
doménekhez. Valamint ebből kiindulva sikeresen írtam le a PRL3 expresszió hatásával
összefüggő jelátviteli változásokat.
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11.2 Supplementary Figures

Supplementary Figure 1.
Comparison between artificial and heat shock induced HSP25 expression induction.
B16F10 cells subjected to heat treatment for 1 hour at 42⁰C (42⁰C) left untreated (37⁰C, w/o
Dox.) or treated with 2 µg/ml doxycycline for 24 hour. B16F10/HSP25 cells were treated with 2
µg/ml doxycycline for 24 hours or left untreated. Protein expression changes were analyzed by
western blotting after 24 following each treatment.

Supplementary Figure 2.
The distribution of integrin beta 1 between different plasma membrane fractions.
The plasma membrane of B16F0 cells were fractionated by ultracentrifugation as detailed above. The
distribution of integrin beta 1 was determined by western blotting.
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