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Abstract—Glycosylphosphatidylinositol-anchored proteins (GPI-AP) are important players in reception and signal trans-
duction, cell adhesion, guidance, formation of immune synapses, and endocytosis. At that, a particular GPI-AP can have
different activities depending on a ligand. It is known that GPI-AP oligomer creates a lipid raft in its base on plasma mem-
brane, which serves as a signaling platform for binding and activation of src-family kinases. Yet, this does not explain dif-
ferent activities of GPI-APs. Meanwhile, it has been shown that short-lived actomyosin complexes are bound to GPI-APs
through lipid rafts. Here, we hypothesize that cell cortical cytoskeleton is the main target of GPI-AP signaling. Our hypoth-
esis is based on the fact that the GPI-AP-induced lipid raft bound to actin filaments and anionic lipids of this raft is known
to interact with and activate various actin-nucleating factors, such as formins and N-WASP. It is also known that these and
other actin-regulating proteins are activated by src-family kinases directly or through their effectors, such as cortactin and
abl-kinases. Regulation of cytoskeleton by GPI-APs may have impact on morphogenesis, cell guidance, and endocytosis,
as well as on signaling of other receptors. To evaluate our hypothesis, we have comprehensively considered physiological
activities of two GPI-APs — urokinase receptor and T-cadherin.

DOI: 10.1134/50006297916060110

Key words: glycosylphosphatidylinositol, cytoskeleton, actin, lipid rafts, uPAR, T-cadherin

Modification with glycosylphosphatidylinositol
(GPI) is an irreversible glycolipid modification of the
protein C-terminus (Fig. 1) that is initiated in endoplas-
mic reticulum by substitution of C-terminal signal pep-
tide — the signal of GPI-modification — with the pro-
form of GPI-anchor, and it is followed by modification of
the lipid part of the GPI-anchor in Golgi [1]. In the
UNIPROT database (www.uniprot.org), there are 124
GPI-APs in the human genome, while this number is
reduced to 83 after combining homologous proteins.
According to the same database, the main function of all

Abbreviations: DRM, detergent resistant membrane; EGFR,
epidermal growth factor receptor; Gai2, ai2 subunit of het-
erotrimeric G-protein; GEEC, GPI-APs enriched early endo-
somal compartments; GPCR, G-protein coupled receptor;
GPI, glycosylphosphatidylinositol; GPI-AP, glycosylphos-
phatidylinositol-anchored proteins; LDL, low density lipopro-
teins; NgR, Nogo66 receptor; PI(x)P, phosphatidyl-
inositol(x)phosphate; PLC, phospholipase C; PM, plasma
membrane; PS, phosphatidylserine; RTK, receptor tyrosine
kinase; SFK, src-family kinases; uPAR, urokinase receptor.

* To whom correspondence should be addressed.

GPI-APs appears on a surface of a cell, which suggests
that the GPI-anchor is a signal of localization on the
outer surface of the plasma membrane (PM). Based on
GPI-AP activities, it is possible to distinguish their major
types: enzymes, navigation cues and navigation receptors,
adhesion molecules, growth factors receptors and core-
ceptors, and receptors participating in formation of
immune complexes. For functioning of some GPI-APs,
namely enzymes and navigation cues, a GPI-AP serves
mainly as a signal of PM localization. For the GPI-APs
that were shown to activate intracellular signaling, exis-
tence of some transmembrane adapter that mediates its
signal transduction is usually assumed. Still, there are
numerous indications that GPI-APs have their own
receptor function. The most prominent example is that
oligomerization of different GPI-APs with antibodies
induces the same type of cell response: activation of src-
family kinases (SFK) and phospholipase Cy (PLCy),
phosphoinositide turnover, and elevation of intracellular
calcium [2-5]. Another example is potentiation of T-cell
activation by oligomerization of different GPI-APs with
antibodies or their crosslinking with other receptors and
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activation inhibition by blocking of oligomerization [6].
However, it is unclear how oligomerization with antibod-
ies is related to the activation of GPI-APs with physiolog-
ical ligands.

Upon activation by physiological ligands, GPI-APs
have a broad spectrum of activities; moreover, one recep-
tor can induce different and even opposite types of cell
responses (Table 1). Thus, in studies led by V. A.
Tkachuk, it has been shown that binding of low-density
lipoproteins (LDLs) with T-cadherin on smooth muscle
cells potentiates adrenergic receptors and vessel contrac-
tion, i.e. exacerbating stress outcomes [7-9]. At the same
time, B. Ranscht’s group has shown that a high molecu-
lar weight form of adiponectin (a fat tissue hormone that
has multiple beneficial physiological effects that is most
prominent for the high molecular weight form) also acts
through T-cadherin, but contrary to LDLs, it protects
heart muscle from damage in a model of myocardial
infarction [10]. Moreover, T-cadherin may act as a cell
guidance receptor that prevents nerve and vessel growth
on T-cadherin-expressing tissues [11, 12]. The T-cad-
herin example reflects the activity spectrum inherent for
GPI-APs, namely signaling potentiation and effects on
cell cytoskeleton in such processes as cell migration,
cell—cell contacts, tissue boundary formation, and cell
guidance. This list should be complemented by the abili-
ty of GPI-APs to promote endocytosis, as for CD14-
dependent pathogen endocytosis and folic acid endocyto-
sis by its receptor (Table 1).

All GPI-APs have a marked affinity to nonionic
detergent-resistant fractions of PM (DRM) that are com-
monly intermixed with liquid ordered domains of PM,
also referred to as lipid rafts. For association with a lipid
raft, a GPI-AP should contain two saturated or monoun-
saturated lipid moieties of 16 or more carbon atoms [13,
14]. In mammalian cells, GPI-APs usually contain two
saturated substituent stearic acid residues (C18:0) or, less
often, a monounsaturated oleic (C18:1) or saturated
palmitic acid (C16:0) residue instead of one of the former
in the sn-1 position of the glycerol base [1]. Lipid rafts
differ from the rest of membrane by increased concentra-
tion of saturated charged lipids and cholesterol, increased
by 1 nm (or ~15%) thickness, ordered hydrophobic
phase, and slowed by a factor of 2 to 3 lateral diffusion of
lipids [15-17]. The major saturated lipids of the outer PM
leaflet are glycosphingolipids (gangliosides, sphin-
gomyelin, ceramides), and their concentration in lipid
rafts is approximately 1.5-fold higher than in the rest of
the membrane (Fig. 2) [15]. For cholesterol, this factor is
2. From the inner side of the PM, the lipid raft is enriched
in phosphatidylserine (PS) by a factor of 2-3, as well as in
other anionic lipids — phosphatidylinositols that are spe-
cific to certain types of lipid rafts [16, 18, 19]. In biologi-
cal membranes of living cells, lipid rafts have significant-
ly shorter lifetime and smaller size than in model mem-
branes [20-22], which indicates that in living cells they
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Fig. 1. Structure of a mammalian GPI-AP. From the protein to
lipid part, GPI-AP consists of ethanolamine, phosphate, three
mannose moieties that can be modified with additional sugar
chains (R), glucosamine, inositol, and phospholipid. The most
abundant alkyl substituents are stearic acid residues C18:0 and,
less often, in the sn-1 position are monounsaturated oleic acid
(C18:1 as depicted) or saturated palmitic acid (C16:0) residues.

are actively regulated by constituent proteins and bound
cytoskeleton. According to this view, the works of K.
Suzuki’s and A. Kusumi’s groups have shown that GPI-
AP oligomer induces formation of lipid raft in its base that
binds the ai2 subunit of G-protein (Gai2) and SFK Lyn
and activates the latter. However, this does not explain the
differences in activities of GPI-APs ligands and the
absence of such activation in the rest of liquid ordered
membrane that, for example, occupies 76% of the PM
area in T-cells [23].

In this work, we suggest a working hypothesis that the
activity of GPI-APs is dependent on their ability to
organize cortical cytoskeleton that, in turn, is dependent
on the oligomer properties of the GPI-AP. The first indi-
cations of the interaction of GPI-APs with cytoskeleton
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Table 1. GPI-APs discussed in this paper. Ligands of GPI-APs are given with their physiological activities exerted

through the GPI-AP

GPI-AP Ligand (molecular weight, kDa) Physiological activity References
T-cadherin low-density lipoprotein (3000) potentiation of adrenergic receptors [7-9]
(GPCR)
high molecular weight adiponectin (450) protection of heart muscle [10]
in an infarction model
T-cadherin (105-130) axon and endothelial cell repulsion [11, 12, 31]
T-cadherin expressing microparticles potentiation and transactivation [32]
(>1000) of insulin receptor (RTK)
? increase in endothelial permeability [33]
? glucose-dependent insulin secretion [34]

uPAR urokinase (50) cell taxis towards urokinase source [24, 31, 35-38]
proteolysis of extracellular matrix [31, 35, 39]
on leading edge of cell
stimulation of chemotactic receptor [40]
FPRLI1 (GPCR)
transactivation of EGFR (RTK) [41]

vitronectin (fibrillar) adhesion, migration, protrusions [39, 42]
formation

CD59 membrane attack complex of complement | inhibition of MAC formation; [5]

(MAC) from C5b, C6, C7, and C8 proteins | protection of the cell from MAC attack
(>1000)

CD14 lipopolysaccharide (>1000) phago-/endocytosis of pathogens [43]
and their fragments

Folic acid receptors folic acid (0.45) folic acid endocytosis [44, 45]

NgR myelin-associated inhibitors (>50) axon repulsion, growth suppression, [46]

transactivation of EGFR (RTK)

were obtained in the late 1990s [24-26]. A group of Indian
scientists lead by S. Mayor [14, 27-30] studied this inter-
action most extensively. In their works, it was shown that
GPI-AP oligomerization dynamics on PM is dependent
on actin polymerization and myosin activity, and that the
same dynamics is inherent to a transmembrane protein
directly linked to actin. They also revealed that in the case
of GPI-APs this link is mediated by lipid rafts and PS
[14]. Based on the existence of the link between GPI-AP
and cytoskeleton, we hypothesize that GPI-AP oligomer-
ization should have an effect on the structure and dynam-
ics of cortical cytoskeleton. As we suppose, a GPI-AP-
induced lipid raft affects orientation, polymerization, and
branching of actin filaments. This effect is mediated by
actin-binding and actin-regulating proteins, most of
which also bind to lipid rafts and are activated by SFK or

through their direct effectors. Hence, we expect that the
properties of a newly formed structure depend on the size,
shape, and lifetime of a GPI-AP oligomeric complex.
Induced cytoskeleton may serve as an active scaffold for
assembly of signaling complexes and directly affect the
cell shape. Further, we will consider data that underlie
our hypothesis, propose a mechanism of GPI-AP effect
on cytoskeleton, and use it to explain physiological activ-
ities of some GPI-APs.

ACTIVATION OF INTRACELLULAR SIGNALING
BY A GPI-AP OLIGOMER

A valuable contribution to understanding GPI-AP
signaling was made by the works of Japan scientists lead
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by K. Suzuki and A. Kusumi, where dynamics of a single
GPI-AP was analyzed with nanometer spatial and mil-
lisecond temporal resolution on PM of living cells togeth-
er with its relation to the movement and activation of
intracellular effectors. It was shown that in the absence of
stimuli, GPI-APs diffuse freely on PM and form transient
short-lived (~0.15 s) dimers and (less often) trimers that
are stabilized by intermolecular interaction of
ectodomains and by lipid rafts [5]. We should note that
dimerization dependence of lipid rafts does not exclude
participation of cytoplasmic molecules and cytoskeleton
in stabilization of this raft. GPI-AP dimers retain high
mobility and do not induce any intracellular signaling.

Oligomerization of CD59 by a nanoparticle with
specific antibodies activates SFK Lyn, leads to formation
of inositol triphosphate by PLCy and increase of intracel-
lular calcium concentration [3, 4]. It has been revealed
that oligomeric GPI-APs do not diffuse on PM freely, but
appear immobilized (immobilization periods of ~0.5 s)
for ~30% of the time. Alteration of a relative immobiliza-
tion period by cholesterol depletion or repletion induces
a proportional change of intracellular signaling intensity,
indicating that it is induced by an immobilized oligomer.
It appears that CD59 immobilization requires activity of
Lyn and the ai2 subunit of G-protein (Gai2), but does
not require PLCy. Overlay of a GPI-AP oligomer trace by
traces of each of these molecules showed that immobi-
lization is preceded by a short period (~0.13 s) of colocal-
ization of Gai2 with CD359 oligomer (both still moving),
which is followed by Gai2 dissociation and immobiliza-
tion of the complex. The traces of Lyn and CD59
oligomer coincide frequently for periods of ~0.2 s, but
these periods do not correlate with immobilization. In
contrast, PLCy appears to be colocalized with the CD59
cluster only during the periods of immobilization. It has
been also ascertained that Lyn activation does not require
cytoskeleton integrity, but PLCy does. On the basis of
these data, a model has been suggested where a lipid raft
that is created/stabilized by CD59 oligomer promotes a
colocalization within the raft of Gai2 and Lyn, their
interaction, and activation of Lyn that leads to immobi-
lization. In turn, immobilized Lyn complex activates a
further signaling cascade, particularly immobilization
and activation of PLCy.

As follows from the works of Suzuki et al., lipid rafts
mediate interaction of GPI-APs with intracellular signal-
ing molecules, but this interaction is relatively weak and
allows holding in place Lyn and Gai2 only for 0.2 and
0.13 s, respectively. Lyn retention in a lipid raft is mediat-
ed by the N-terminal fragment that contains two modifi-
cations, by saturated fatty acids, palmitoleic and myrist-
oleic, and three cationic lysines in the vicinity to this
anchor, as well as by protein—protein interactions with
some other components of the raft [3]. An analogous N-
terminal motif with two lipid modifications but less
prominent cationic part is present in Gai2, this explain-
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Fig. 2. Schematic drawing of a GPI-AP-containing lipid raft. The
raft region is marked in gray. The raft is enriched with cholesterol,
glycosphingolipids outside of the cell, and anionic lipids inside
the cell, and it has increased thickness compared to the rest of the
membrane. From the cytoplasmic side, the lipid raft interacts
with proteins having a lipid raft-binding motif. Usually, this motif
consists of lipid modifications with palmitoyl or myristoyl alkyl
chains and/or polycationic amino acid sequence.

ing its appearance in the lipid raft. It is remarkable that
Gai2 does not diffuse over the PM as Lyn does, but con-
tacts it for short periods (<0.1 s), and points of contact are
distributed on PM nonrandomly: they are placed near the
GPI-AP cluster or even coincide with it. This indicates
the directionality of Gai2 motion in the cytoplasm
towards the GPI-AP oligomer, and it is tempting to spec-
ulate that this directionality is mediated by cytoskeleton
(Fig. 3, a and b). Besides the immobilization of GPI-AP
oligomer and directed motion of Ga.i2, it has also shown
that PLCy activation requires intact cytoskeleton [4].

It should be noted that the requirement of cytoskele-
ton or other protein scaffold emerges from consideration
of physicochemical properties of lipid rafts. So, the reten-
tion of various lipids including PS in lipid rafts lasts only
for 10-20 ms [47, 48], that is, one order of magnitude
lower than the retention time of intracellular effectors.
This shows that lipid order and slowed diffusion in the
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Fig. 3. Hypothetical model of signaling activation and cytoskeleton rearrangement by GPI-APs. a) Metastable complex of actin filaments and
myosin that is linked with GPI-AP through a lipid raft. The Ga-subunit of G-protein is also bound with actin filaments. Some GPI-APs and
SFKs are localized in short-lived rafts that are not connected to cytoskeleton. b) Oligomerization of GPI-AP by multivalent ligand promotes
coalescence of rafts and increase of their lifetime. Filament motion towards the center of the complex stimulates interaction of G-protein with
SFK, which activates SFK. c¢) GPI-AP-stabilized lipid raft and activated SFK activate actin-regulating proteins such as cortactin, formins,
WASP, and others (Table 2). This induces actin network growth and polymerization in the region of the GPI-AP oligomer. d) GPI-AP
oligomers that are in the vicinity of caveolae induce caveolae budding or flattening due to polymerization or contraction of caveolae-associat-
ed cytoskeleton, respectively. e, f) Massive cytoskeleton rearrangement in the region of large and stable GPI-AP oligomeric complex that
induces changes in PM shape. Depending on a ligand, particularly on its shape, cell invagination (GEEC) or protrusions (membrane ruffles

or thin spikes) are formed.

lipid raft are not the major factors of protein retention
within it. Therefore, this means that the lipid raft can cat-
alyze just an initial phase of complex formation, after
which it does not require the lipid raft (but still may
require PM anchorage). This is illustrated by data on
PLCy activation that, in contrast to Lyn and Gai2, does
not contain lipid modifications and hence should have
weaker interaction with lipid rafts. Nevertheless, its
retention in CD59-associated lipid raft is longer-lived
and amounts to 0.3 s, which is longer than that for Lyn
and Gai2. Such prolonged colocalization with lipid raft is
necessary for induction of Ca*' response and requires
intact cytoskeleton.

GPI-APs INTERACTION WITH CYTOSKELETON

Effects of GPI-APs on cytoskeleton with require-
ments of G-proteins and SKF were shown in the 1990s
[24, 25]. At that time, it was assumed that there was some
transmembrane adaptor that mediates this link, like inte-

grins for urokinase receptor (uUPAR), for example [49,
50]. However, later it was shown that the effect of uPAR
on cell morphology and motility could be transduced
independently of integrins and other possible coreceptors
[42]. Existence of a link between GPI-AP and cytoskele-
ton mediated by a lipid raft was supposed by Indian sci-
entists lead by S. Mayor, who analyzed oligomerization
dynamics of GPI-AP on PM. In was found that folic acid
receptor forms oligomers of from two to four molecules
that do not follow thermodynamic rules and are energet-
ically unfavorable [27, 28]. It has been shown that: (i)
oligomer dissociation rate is independent of the tempera-
ture (above 28°C); (ii) and oligomer/monomer ratio is
independent of GPI-AP expression level; and (iii) fre-
quencies of homo- and heterooligomer formation are
equal. Similar results were obtained for other GPI-APs:
CD55 and model fluorescent GPI-APs. It turned out that
GPI-AP dynamics and oligomerization are critically
dependent on actin polymerization and myosin activity,
and that is clear evidence for their association with actin
cytoskeleton. Later, it was shown that this association is
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mediated by lipid rafts and PS [14] with the involvement
of the actin-nucleating factor formin [30].

While searching for possible cytoskeleton structures
with dynamics corresponding to GPI-AP oligomeriza-
tion, Mayor and coworkers suggested their link to short
dynamic filaments [29]. Existence of such filaments has
been shown by several groups using cryoelectron tomo-
graphy, which allows analysis of thick specimens (whole
cells or slices up to 1 um) with spatial resolution in all
dimensions (down to 5 nm) and retention of native struc-
ture [51, 52]. Despite a limited number of these works
related to technical difficulties of the method, all of them
clearly show high density of actin filament in the cortical
region of eukaryotic cells with the most filaments being
200- to 500-nm long [53-56]. Decrease of the filament
length hinders its identification by cryoelectron tomogra-
phy, which may lead to overestimation of the filament
mean length [57]. In the works of Mayor’s group, the
mean filament length was evaluated by analysis of diffu-
sion of fluorescent actin-binding domain of ezrin and was
estimated to be ~250 nm [29].

Computational modeling by Mayor’s group showed
that in the system of short actin filaments (~200 nm) and
myosin, metastable and dynamic aster-like structures are
formed, wherein filaments continuously move towards
the center of the aster [29] (Fig. 3, a and b). It the model,
they took into account basic actin dynamics: continuous
polymerization/depolymerization, association/dissocia-
tion with PM, crosslinking, and movement by myosin
motors. It appeared that the dynamics and the tempera-
ture dependency of GPI-AP oligomerization correspond
well to the dynamics of formation of asters with lifetime
of ~0.1 s and decay determined by “active noise”, which
accumulates due to stochasticity of myosin binding and
direction of related forces.

Mayor et al. considered GPI-APs as passive mole-
cules that are bound to a cytoskeleton, but not affecting
filament dynamics. Nevertheless, it is obvious that as far
as the link between GPI-APs and cytoskeleton exists, the
impact on GPI-AP will be transduced to the cytoskele-
ton. Indeed, Suzuki and Sheetz measured mechanical
resistance during movement of GPI-AP oligomer over
PM with an optical tweezer [58]. While doing so, they
observed static barriers that were reproduced during
repetitive passages, as well as dynamic barriers that were
always different during each repetitive passage. The static
barriers correspond to stable cytoskeleton filaments,
while dynamic ones are likely to be represented by
metastable structures of dynamic cortical cytoskeleton.

MECHANISM OF GPI-AP EFFECT ON CORTICAL
ACTIN CYTOSKELETON: A HYPOTHESIS

It has been shown that many GPI-APs (ephrins-A,
semaphorins, contactins, Thy-1, netrins-G, repulsive
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guidance molecule, T-cadherin, uPAR, and others [31])
have important functions in morphogenesis, especially in
neural tissue development. Morphogenesis is closely
related to cytoskeleton remodeling, and as mentioned
earlier, GPI-AP oligomerization induces SFK- and G-
protein-mediated accumulation of cortical actin [24, 25].
Based on the data of K. Suzuki et al. and S. Mayor’s team,
we supposed that there are two major components of the
effect of GPI-APs on cortical actin cytoskeleton (Fig. 3).
First, a GPI-AP-induced lipid raft is enriched in anionic
lipids, which interact with a number of actin-nucleating
and actin-binding proteins (Table 2), leading to their
local concentration together with actin filaments in the
region of GPI-AP oligomerization, their activation, and
growth of an actin network at this place. We should note
that cytoskeleton reorganization is possible even without
polymerization, but by means of local concentration
and/or alignment of dynamic filaments, which can result
in directional flow, contraction, or severing of filaments
(due to action of myosins) [59, 60]. We assume that this
mechanism can be realized in some cases of cortical con-
traction, which is common for axon growth cone repul-
sion and for tissue border formation during development
[61, 62]. Cortical contraction also may affect properties
of other signaling systems, in particular through the
impact on caveolae (see below).

Second, oligomerization of GPI-APs activates
SFKs, and their major targets are key regulators of actin
cytoskeleton (Table 2): cortactin, catenins, abl-kinases,
focal adhesion kinase, vinculin, talin, and others [63, 64].
Activation of these proteins results in conversion of
dynamic actin filaments to a stable branched and/or bun-
dled actin network. This is mediated by Arp2/3 nucleat-
ing complex, bundling and polymerization promoter
formins, and adapters between actin and PM (Fig. 3 and
Table 2). Such actin network rearrangement results in
change of the cell shape, motility, and endocytosis, as well
as in regulation of signaling [65, 66].

GPI-APs IN REGULATION OF CAVEOLAE

A common feature of almost all GPI-APs is their
abundance in caveolin-containing DRM fractions of PM
and endosomal compartments [73, 74]. Caveolae are Q-
shaped invaginations of PM, 60-80 nm in diameter, scaf-
folded by oligomeric complex of ~140-150 caveolins and
~12 cavins [75]. On the basis on caveolae lipid composi-
tion and their requirement for cholesterol, they are com-
monly considered as a subset of lipid rafts [76]. Many
receptors and intracellular effectors interact with caveo-
lae and caveolin-1, but more often, this leads to inhibi-
tion of their activity, as in the case of SFKs, MAP-kinas-
es, endothelial NO-synthase, and some GPCRs (G-pro-
tein coupled receptors) and RTKs (receptor tyrosine
kinases) [77]. Accordingly, caveolae can be considered as
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Table 2. Some possible mediators of GPI-APs and cytoskeleton

Protein Relation to GPI-AP-induced lipid raft Impact on actin cytoskeleton References
and/or signaling
Nucleating factors, promoters of polymerization
Formins interaction with anionic lipids through the N- | promote actin polymerization, bundled [30, 67, 68]
terminal fragment actin formation, mediate actin-dependent
GPI-AP oligomerization
N-WASP interacts with curved anionic membranes promote actin polymerization, bundles for- [69]
through BAR-domain-containing proteins mation
interacts with P1(4,5)P, and Cdc42 promote actin polymerization and branch- [69]
ing through Arp2/3 activation
WAVE interacts with PI(3,4,5)P; promote actin polymerization, unbranched [69]
actin network formation
Adapters between filaments and PM
Myosins | interact with anionic lipids link and move filaments along PM [70]
Ezrin, radixin, interact with PI1(4,5)P,, activated by phospho- | link actin filaments to PM [71]
moesin rylation (including SFKs)
Spectrins interact with PS, P1(4,5)P,, P1(3,4,5)P; link actin filaments with PM and stabilize [72]
their di- and trimers
Vinculin interacts with PS, PI, P1(4,5)P,, activated link filaments to PM and activate actin- [72]
by phosphorylation (including SFKs) nucleating factors Ena/VASP and Arp2/3
and by mechanical force
SKEF targets
Cortactin one of the main targets of many SFKs activate Arp2/3, actin polymerization [63]
and branching
Catenins mediators of SFK-induced cell transformation | weaken of cadherin cell—cell contacts [63]
Abl-kinases SFKs are major intermediators between recep- | activate formins, N-WASP, WAVE, [64]
tors (RTKs and GPCRs) and Abl-kinases and | cortactin
following cytoskeleton rearrangement

a scaffold that serves for assembly of receptor/signaling
complex but holds this complex inactive until an appro-
priate stimulus is received.

It is now assumed that the ability of caveolae to
respond rapidly to mechanical stimulus and PM damage
underlies most of their biological activities [78-80]. Thus,
PM tension induces caveolae coalescence and flattening,
while compression induces their formation and budding
[78, 79]. Cell attack by pore-forming toxins or PM
mechanical damage induces intense caveolae budding
that is believed to internalize a damaged part of the PM
[78, 80]. It is quite natural that linkage of caveolae to
mechanical membrane properties is mediated by actin
cytoskeleton [79]. Several ways of their interaction have

been revealed: through dynamin family proteins, that are
responsible for membrane fission during budding,
through myosin Myolc, and through mechanosensitive
actin-bound protein filamin-A [80]. It was also shown
that actin polymerization supports uniform distribution
of caveolae on PM, and their budding requires activation
of formin mDial by Abl-kinase [81]. In contrast, hyper-
activation of mDial induces caveolae flattening accom-
panied by formation of stress fibrils and cell stretching.
Fluorescence microscopy analysis has confirmed
association of GPI-APs with caveolae [82, 83].
Ultrastructural analysis by electron microscopy has
revealed that very few GPI-APs can be found inside cave-
olae cavity, while their majority is located on PM in the

BIOCHEMISTRY (Moscow) Vol. 81 No. 6 2016



GPI-ANCHORED PROTEINS AS REGULATORS OF CORTICAL CYTOSKELETON

vicinity of caveolae attachment to PM [82, 84] (Fig. 3d).
Moreover, these regions, as well as other regions of GPI-
APs clustering without caveolae, have increased electron-
ic density, indicating possibly cytoskeleton condensation
there [84]. After oligomerization with antibodies, GPI-
APs are translocated to caveolae, but it does not change
the number of caveolae [82]. Inhibition of GPI-AP
biosynthesis increases caveolae number [85], indicating
that biogenesis of caveolae does not depend on GPI-APs,
yet pointing out the activation of some compensatory
mechanisms in order to compensate (partial) dysfunction
of caveolae in the absence of GPI-APs.

Since SFKs are among the major activators of Abl-
kinases [64], we suppose that GPI-APs regulate dynamics
of caveolae through activation of SFKs, Abl-kinases, and
actin polymerization in the region of caveolae attachment
of PM (Fig. 3d). It is also possible to assume that effects
of GPI-APs on caveolae are mediated by cortical
cytoskeleton contraction induced by alignment of
dynamic filaments. As mentioned above, caveolae play an
important role in regulating activity of various receptor-
signaling complexes, thus an impact on caveolae is cer-
tainly reflected on signaling of these complexes.

GPI-APs ENDOCYTOSIS

Despite the close relation of GPI-APs with caveolae,
their endocytosis via caveolae is still debated [78, 86]. At
the same time, GPI-APs have a marked ability to inter-
nalize extracellular fluid phase and large oligomeric com-
plexes by clathrin-dependent and clathrin- and dynamin-
independent mechanisms [73]. Clathrin-dependent
internalization of GPI-APs occurs after their interaction
with classical endocytosis regulators such as LDL-recep-
tor like protein (LRP1) and lipopolysaccharide binding
protein (LBP) [86]. In the absence of such lateral associ-
ations, GPI-APs are internalized by specific clathrin- and
dynamin-independent mechanisms with formation of so-
called GPI-AP-enriched early endosomal compartments
(GEECs). Unlike other types of endocytosis, GEECs do
not have specialized coat proteins and therefore have
large variation in shape and size and frequently stay
attached to PM as tubular structures [87, 88]. In the
absence of specialized structural proteins, the main driv-
ing force of GEECs formation is polymerization and con-
traction of cortical cytoskeleton [89] (Fig. 3e).
Compensation of membrane area during stretching and
regulation of activity of surface proteins are thought to be
the main functions of GEECs [87].

GPI-AP oligomerization induces formation of
GEECs. This process has been studied at a single mole-
cule level [90]. GEECs are originated in the region of
dense actin patches with size less than 1 pum, indicating
the crucial role of actin cytoskeleton not only in matura-
tion, but also in initiation of GEECs. GEEC formation is
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strictly dependent on cholesterol, pointing out the impor-
tance of lipid rafts in their biogenesis. Then, the small
GTPase Cdc42 that belongs to the Rho GTPase family
binds in the place of GEEC initiation. Cdc42, in turn,
activates WASP, which induces actin polymerization and
branching. Cdc42 associates with PM in its active GTP-
bound form, and the duration of this association has a
crucial effect on further cytoskeleton structure. It has
been found that Cdc42 activity is stopped by ADP-ribo-
sylation factor ARF1, while inactivation of ARF1, as well
as the use of constitutively active Cdc42, induces the for-
mation of cortical spike-like structures instead of invagi-
nations [91] (Fig. 3f). Switching from invagination to
spikes occurs when Cdc42 residence time in the complex
is increased from 2 to 4 s.

ANALOGY OF GPI-AP-INDUCED
CYTOSKELETON WITH IMMUNE SYNAPSE

T-cell activation is accompanied by formation of
immune synapse — a region of tight contact between the
T-cell and antigen-presenting cell wherein many recep-
tors and signaling molecules are concentrated [92, 93].
The cytoskeleton structure in an immune synapse is sim-
ilar to the aster-like structure underlying GPI-AP
oligomer, proposed by Mayor’s group, but it is 10 times
larger. It consists of radially allocated filaments where
polymerization of barbed ends pointing outward causes
retrograde filament flow towards the center of the
synapse. This similarity suggests an analogy between
immune synapse formation and GPI-AP-induced
response. As in the case of GPI-AP oligomer, T-cell sig-
naling is initiated by SFK (Lck) [93], and this activation
is critically dependent on actin cytoskeleton and myosin-
IT activity [92, 93]. There are several models of actin
cytoskeleton interplay with T-cell signaling that are also
plausible for GPI-AP signaling. According to these mod-
els, the cytoskeleton serves for: (i) concentrating of T-cell
receptor and intracellular signaling molecule in the
synapse; (ii) stabilization of lipid raft in the synapse
region, which promotes activation of Lck and exclusion
of phosphatases; (iii) T-cell receptor activation by
mechanical tension [93]. Although structural data on
mechanosensitivity of T-cell receptors are still lacking,
mechanical action of cytoskeleton is considered as one of
the crucial steps in T-cell activation. Mechanical tension
in the complex of T-cell receptor with an antigen (in the
complex with the main histocompatibility complex) pro-
vides high specificity and sensitivity of T-cell activation
down to activation by a single antigen molecule [94].

Mechanisms of cytoskeleton rearrangement and ten-
sion generation in the region of the immune synapse are
still elusive. Integrins, particularly LFA-1, play an impor-
tant role in adhesion initiation, but integrins need
mechanical tension for activation [95]. Upon formation
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of an immune synapse, actin filaments polymerize out-
wards, causing retrograde actin filament flow towards the
center of the synapse [96]. It is thought that this retro-
grade flow is responsible for the observed motion of inte-
grins and T-cell receptor towards the center of the
synapse, but their movement is several-fold slower than
the retrograde flow. To explain this discrepancy, existence
of a frictional but not rigid link between these molecules
and cytoskeletons has been suggested, although molecu-
lar details of this link are not known [93]. As we suppose,
GPI-APs are able to align filaments and induce their
polymerization. In addition, it can be expected that their
lipid-mediated link to cytoskeleton has frictional proper-
ty, so GPI-APs may have an important function in for-
mation of immune synapse cytoskeleton. Frequent
appearance of GPI-APs in immune synapses [97] favors
this assumption. Oligomerization of various GPI-APs by
antibodies potentiates T-cell activation substantially and
can even activate it without additional stimuli in some
cases [6].

DESCRIPTION OF PHYSIOLOGICAL ACTIVITIES
OF uPAR AND T-CADHERIN
ACCORDING TO THE SUGGESTED MODEL

uPAR. One of the GPI-APs that regulate lymphocyte
adhesion and migration is uPAR [35]. uPAR expression is
rather limited in all tissues except leukocytes, but it
increases significantly during tissue remodeling, particu-
larly in wound healing, vessels and nerve growth, as well
as in cancer [36]. uPAR ligands are the urokinase and
extracellular matrix components vitronectin and fibulin V
[31, 37, 38]. A close relation between uPAR and integrins
has been established, but their direct interaction is still
under debate [98]. uPAR was among the first GPI-APs
that were shown to affect cytoskeleton [25, 99]. In those
experiments, UPAR activation by urokinase or its kinase-
deficient analog induced directed cell migration towards
increasing urokinase concentration. This process was
accompanied by redistribution of uPAR, SFKs, and inte-
grins to the leading edge and condensation of cytoskele-
ton in this region, indicating directed transport of these
molecules. As in the case of immune synapse (see above),
it is assumed that the integrins are responsible for uPAR-
induced chemotaxis through interacting with uPAR
[100]. Further, the mechanism of cytoskeleton rearrange-
ment triggering at an integrin adhesion site resembles
GPI-AP signaling: activation of SFK by Ga-subunit of
G-protein and further activation of SFK substrates [101].
Thus, uPAR may serve for triggering cytoskeletal
rearrangement at adhesion contact. This assumption is
supported by data on inhibition of uPAR-induced
chemotaxis by pertussis toxin that inhibits G-proteins
[25] and consequently the initial stage of GPI-AP signal-
ing as well.
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Morphological analysis of cell structures that are
formed with the aid of uPAR and integrin complex pro-
vides more evidence that in this complex uRAR is
responsible for cytoskeleton activation, while integrin —
for connection to extracellular matrix. In adhesion con-
tacts, filament ends are attached to extracellular matrix
through integrins. uPAR activation can induce formation
of filaments that have no points of attachment to extra-
cellular matrix. In the work of Degrise et al., in the first
5 min after uPAR stimulation, marked accumulation of
actin in cell periphery was observed, and after 30 min it
was transformed into ring-like filaments [25]. At the
cell-matrix contact, the effect of uPAR depends on
matrix composition. On vitronectin, which is a ligand for
uPAR, cells are spread as wide as possible irrespectively of
integrins, and uPAR is fully colocalized with vitronectin
[102]. This indicates that uPAR may act as an adhesion
molecule. On fibronectin and collagen that bind to inte-
grins but not to uPAR, cells are significantly less spread
than on vitronectin, and they form filopodia. Analysis of
distribution of uPAR and integrins in filopodia shows that
near its base uPAR and integrins are colocalized and
filopodia stay straight, but at remote sites integrin disap-
pears and filopodia form disperse bundle and terminate.
These data support our hypothesis that cytoskeleton
rearrangement is initiated not by integrins, but by uPAR.
The fundamental difference of such activation stimulus is
that it is present over the whole length of filopodia, not
only on its end, as in the case of integrins, and at that the
underlying filaments retain the ability to slide along the
membrane and extracellular matrix.

Besides its role in chemotaxis, uPAR is able to
induce release of intracellular vesicle contents, in partic-
ular neutrophil degranulation, and to transactivate epi-
dermal growth factor receptor (EGFR) [61, 103].
Neutrophil degranulation has been shown to be the result
of PLCy-mediated increase of intracellular calcium con-
centration [103]. That is in agreement with the common
perception of exocytosis as Ca**-dependent vesicle fusion
with PM mediated by SNARE-family proteins [104].
However, it now becomes more evident that cytoskeleton
activity is needed for exocytosis, particularly for a vesicle
to approach the PM [105]. In turn, calcium activates
myosin light chain kinase, which activates myosin and
induces its motion [106]. In this regard, it is reasonable to
ask whether calcium is necessary for GPI-AP-induced
cytoskeletal rearrangement and what is the source of this
calcium? PLCy activation that occurs due to GPI-AP
oligomerization is known to stimulate phosphatidylinosi-
tol production and calcium release from endoplasmic
reticulum. This calcium probably serves as positive feed-
back for enhancement of cortical contraction, yet calci-
um signaling may participate in earlier GPI-AP signaling
stages before activation of PLCy. So, transactivation of
EGFR has been shown for several GPI-APs besides
uPAR (Table 1), particularly for receptor of myelin
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inhibitor Nogo-66 (NgR) [46]. In the case of NgR, trans-
activation did not depend on PLCs, SFKs, and G-pro-
teins, but it was blocked almost completely by chelation
of cytoplasmic calcium [46]. Calcium simulates calmod-
ulin binding to EGFR, which stabilizes its active confor-
mation, but this occurs after stimulation with EGFE. What
the activating stimulus is during transactivation of EGFR
by GPI-APs is still unknown. One can speculate that cor-
tical tension induced by filament alignment with GPI-AP
oligomer activates EGFR through caveolae flattening or
by direct mechanical tension. The hypothesis of receptor
activation by mechanical tension was proposed earlier,
particularly for RTKs [107].

T-cadherin. T-cadherin belongs to the cadherin fam-
ily of cell—cell adhesion molecules, but unlike other
members of this family, it is devoid of the cytoplasmic part
of a GPI-AP, and that is why it has obtained the prefix
“T” (from “truncated”) [108]. T-cadherin is expressed
mainly in cardiovascular and nerve tissues [31, 109]. T-
cadherin was discovered as a guidance cue that restricts
motor neurons from T-cadherin expressing tissue regions
[11]. Ligands for most of cadherins, including T-cad-
herin, are cadherins themselves, and their interaction
occurs in frans-conformation, i.e. while interacting cad-
herins are located on neighboring cells [109].
Accordingly, it was shown that axon repulsion from T-
cadherin expressing tissues is mediated by T-cadherin as
a receptor on the axon [110]. As noted above, cell guid-
ance and repulsion is inherent for many GPI-APs.
Repulsion is driven by contraction of cell cortex as a con-
sequence of cell guidance receptor activation [31, 61, 62].
As far as in both contacting cells T-cadherin has high lat-
eral diffusion, their interaction results in T-cadherin
accumulation in the contact region. According to our
hypothesis, this promotes alignment of cortical filaments,
which induces contraction and consequent repulsion.

In studies of V. A. Tkachuk’s group, it was shown
that T-cadherin mediates effects of LDLs on activity of
adrenergic receptors [7, 111, 112]. The dissociation con-
stant of LDL with T-cadherin was estimated as 45 pg/ml
[9]. It is known that the dissociation constant is the ratio
of rate constants of reverse (unbinding) and forward
(binding) reactions, while the forward reaction constant
is determined by diffusion and usually lies in the range of
10%-10% M~'-s~!. This allows one to estimate the unbind-
ing rate constant, which comprises ~0.5 s7!, i.e. the T-
cadherin/LDL complex lifetime is ~2 s. This factor prob-
ably determines the outcome of T-cadherin oligomeriza-
tion with LDL since it limits the size and the lifetime of
underling cytoskeleton structure to be induced according
to our hypothesis. This time is longer than the immobi-
lization time required to activate PLCy by GPI-AP
oligomer (~0.5 s) [4]. Indeed, it was shown that LDL
induces calcium response either alone or in the presence
of other agonists [8, 113], and this requires G-protein
activity [9]. It is also possible that potentiation of adren-
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ergic receptors by LDL/T-cadherin oligomer does not
require cytoskeleton. In this case, the lipid raft in the base
of this oligomer may favor G-protein and GPCR complex
formation, as it does for G-protein and SFK complex
(Fig. 4).

In 2004, one more ligand of T-cadherin was discov-
ered — a high molecular weight form of adiponectin
[114]. T-cadherin and adiponectin knockout mice have
similar increase of infarct size during ischemia—reperfu-
sion injury [10]. Adiponectin is bound to T-cadherin on
PM of cardiomyocytes, while adiponectin knockout
results in disappearance of T-cadherin. It should be noted
that T-cadherin is the most abundant GPI-AP on cardiac
sarcolemma [115]. According to our hypothesis, substan-
tial stability and large size of adiponectin/T-cadherin
oligomer should result in formation of condensed
cytoskeletal structures underneath this oligomer. Indeed,
stimulation of cardiomyocytes with adiponectin activates
Rho GTPases, deactivates cofilin, a protein that severs
actin filaments, and induces actin polymerization and
formation of membrane ruffles [116, 117]. Membrane
ruffles are used as a membrane container; they are flat-
tened during tension and compensate increase in cell sur-
face density, preventing membrane rupture [87]. Actin
polymerization and formation of membrane ruffles by T-
cadherin/adiponectin complex may protect cardiomy-
ocyte from mechanical damage.

The data now available allow one to say confidently
that GPI-APs are competent receptors that fulfil impor-
tant physiological functions of signal reception and trans-
duction. Since GPI-APs are devoid of intracellular
domain, they transmit signals by affecting properties of
the membrane. Spatial reorganization of GPI-APs on a
cell surface can affect lipid bilayer properties, which in
turn trigger intracellular signaling. With the aid of long
and saturated lipid moieties, GPI-APs are able to create
and stabilize a liquid ordered phase — a lipid raft that
serves as a platform for binding of many effectors includ-
ing G-proteins and SFK, whose interaction results in
activation of SFK. By analogy, it can be supposed that a
GPI-AP-induced lipid raft promotes association of G-
protein with GPCR, thus potentiating GPCR activity as
in the case of adrenergic receptors potentiation by T-cad-
herin (Fig. 4). At the same time, many types of GPI-AP
activities, such as regulation of adhesion, cell polarity,
migration, and endocytosis, point on formation of more
stable molecular complexes that can be stabilized by a
lipid raft.

A lipid raft is a highly dynamic structure with high
lateral diffusion of lipids — the mean retention time of
saturated lipids is 10-20 ms. However, the GPI-AP-
induced lipid raft is able to retain signaling proteins for
more than 100 ms. This indicates that the lipid raft cat-
alyzes just the initial stage of complex formation.
Prolonged stabilization may be achieved with the aid of
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nucleating
complex

Fig. 4. Schematic representation of suggested mechanist of uPAR and T-cadherin effect on membrane properties and activity of transmem-
brane receptors. Urokinase (uPA) and LDLs induce oligomerization of uPAR and T-cadherin, respectively. Oligomeric receptor induces lipid
raft formation (gray membrane region) that binds proteins from the cytoplasmic leaflet based on a raft-localization motif (see annotations
from Fig. 2). These proteins include G-proteins (G), src-family kinases (src), and actin-binding proteins (ABP). T-cadherin-induced lipid
raft may potentiate GPCRs by facilitating its interaction with G-proteins. ABP links short dynamic actin filaments with the lipid raft, which
creates a scaffold for signaling complex. This scaffold is required for activation of phospholipase C (PLC) and probably other receptors, par-
ticularly receptor tyrosine kinases (RTKs). Other possible functions of GPI-AP-induced cytoskeleton are concentrating of receptors and sig-
naling molecules, their activation by mechanical tension, change of membrane shape, and assembly/disassembly of caveolae.

cytoskeleton, as in the case of the GPI-AP and PLCy
complex. We suppose that assembly of this cytoskeleton
scaffold is initiated by GPI-AP oligomerization that con-
solidates cytoskeleton machinery within the lipid raft.
Short actin filaments (through actin-binding proteins)
and actin-regulating proteins such as cortactin, formins,
and WASP interact with lipid rafts and are activated by
SFK directly or through its effectors (Fig. 4). This struc-
ture is dependent on GPI-AP oligomer stability due to
the necessity of membrane binding for activity of these
proteins. It can also be expected that the structure of
induced cytoskeleton depends on the size and the shape
of GPI-AP oligomer, for example, through an effect of
membrane curvature that defines the choice between cell
protrusions or invaginations. It is well known that
cytoskeleton plays an important role in activity of many

receptors by regulating their traffic, membrane distribu-
tion, and interactions between each other and with scaf-
fold proteins, by exerting mechanical tension, as well as
by affecting caveolae and membrane lipid composition.
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