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Abstract

A growing number of proteins devoid of signal peptides have been demonstrated to be released
through the non-classical pathways independent of endoplasmic reticulum and Golgi. Among them
are two potent proangiogenic cytokines FGF1 and IL 1a. Stress-induced transmembrane translocation
of these proteins requires the assembly of copper-dependent multiprotein release complexes. It
involves the interaction of exported proteins with the acidic phospholipids of the inner leaflet of the
cell membrane and membrane destabilization. Not only stress, but also thrombin treatment and
inhibition of Notch signaling stimulate the export of FGF1. Non-classical release of FGF1 and
IL1a presents a promising target for treatment of cardiovascular, oncologic, and inflammatory
disorders.
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VARIETY OF NON-CLASSICALLY RELEASED PROTEINS

The familiar textbook scheme of protein secretion starts with the cotranslational protein
translocation into the endoplasmic reticulum (ER). This translocation requires a molecular exit
visa, a hydrophobic signal peptide located usually at the N-terminus of a secretable protein
[Blobel, 1995]. After the protein is translocated through the ER membrane, its folding,
transport, sorting, and covalent modifications occur in the ER and Golgi. Finally, the protein
is released from the cell as a result of the fusion of an exocytotic vesicle with the cell membrane.
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Although prevalent, the classical ER-Golgi dependent pathway of protein export is not
exclusive. An increasing number of secreted proteins devoid of a signal peptide have been
reported to be exported without the help of ER-Golgi. The non-classical protein release is
resistant to brefeldin A, the specific inhibitor of classical secretion which inhibits the protein
transport from ER to Golgi [Misumi et al., 1986]. Non-classical secretion is not limited to a
specific family of proteins. Indeed, proteins belonging to the following functional groups were
demonstrated to be released independently of ER-Golgi:

1. Cytokines: interleukin (IL)1a [Tarantini et al., 2001] and IL1p3 [Rubartelli et al.,
1990; Andrei et al., 1999], fibroblast growth factor (FGF)1 [Jackson et al., 1992], and
FGF2 [Mignatti et al., 1992; Florkiewicz et al., 1998; Nickel, 2005], macrophage
migration inhibitory factor (MIF) [Lue et al., 2002].

2. Enzymes: secretory transglutaminase [Aumuller et al., 1999] and sphingosine kinase
1 [Ancellin et al., 2002].

3. Annexins (Anx): Anx | [Chapman et al., 2003] and Anx Il [Kim and Hajjar, 2002;
Peterson et al., 2003].

4. Galectins: galectin 1 [Sango et al., 2004], galectin 3 [Mehul and Hughes, 1997],
galectin 9 [Keryer-Bibens et al., 2006].

5. Heat shock proteins (HSP): HSP70 [Hunter-Lavin et al., 2004; Mambula and
Calderwood, 2006] and HSP90 [Yu et al., 2006].

6. Viral proteins expressed in mammalian cells: HIV Tat [Chang et al., 1997], Herpes
VP22 protein [Elliott and O’Hare, 1997], foamy virus Bet protein [Lecellier et al.,
2002].

7. Chromatin associated proteins: High Mobility Group Box 1 (HMBG) [Gardellaetal.,
2002; Bonaldi et al., 2003], Engrailed 2 [Joliot et al., 1998; Maizel et al., 1999,
2002].

8. S100 proteins: S100A13 [Landriscina et al., 2001b], S100B [Davey et al., 2001],
S100A4 [Flatmark et al., 2004].

9. Thioredoxin [Ericson et al., 1992; Rubartelli et al., 1992; Rubartelli et al., 1995;
Angelini et al., 2002; Tanudji et al., 2003].

10. Proteins involved in exocytosis: p40 form of synaptotagmin 1 [LaVallee et al.,
1998] and syntaxin 2 (also known as epimorphin) [Hirai et al., 2007].

11. Surface lectin of a unicellular parasite: HASPB protein of Leishmania [Denny et al.,
2000; Stegmayer et al., 2005].

Most of non-classically exported proteins exhibit spontaneous release from the cells. However,
a group of them, including FGF1, IL1a, IL1p, syntaxin 2 (epimorphin), usually require cell
stress to be exported [Jackson et al., 1992; Andrei et al., 1999; Tarantini et al., 2001; Hirai et
al., 2007]. Thrombin induces the release of annexin Il [Peterson et al., 2003]. Gluco-corticoid
treatment stimulates the export of annexin | [Chapman et al., 2003]. Thioredoxin release from
dendritic cells is induced by TNFa and lipopolysaccharide [Angelini et al., 2002].

Four general mechanisms are employed by non-classically released proteins to exit the cell:
(i) Membrane blebbing: Secretory transglutaminase concentrates in the vicinity of the cell
membrane where membrane blebs are formed [Aumuller et al., 1999]. The blebs detach from
the cell surface. Apparently, the release of the protein occurs as a result of rupture of detached
blebs. (ii) Endolysosomal pathway: IL1B [Andrei et al., 1999], HMBG1 [Gardella et al.,
2002], and HSP70 [Mambula and Calderwood, 2006] translocate from the cytosol into
endolysosomes which then fuse with the cell membrane and release their content into the
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extracellular milieu. The transport of non-classically released cytosolic proteins into the
endolysosomes is blocked by glibenclamide, the inhibitor of the ATP-binding cassette
translocator ABC1 [Andrei et al., 1999; Mambula and Calderwood, 2006]. (iii) Exosome-
mediated secretion: HSP90 is exported through exosomes [Yu et al., 2006]. The secretion starts
with the inward budding of the limiting membrane into the lumen of endosomes. As a result,
cytosolic components are engulfed into the vesicles located inside the enlarged endosomes.
Endosome-derived multivesicular bodies fuse with the cell membrane and release vesicles
(exosomes) containing sequestered cytosolic components. The ultimate secretion of exported
proteins occurs as a result of exosome rupture in the extracellular milieu. (iv) Translocation
through the plasma membrane: The export of FGF1, FGF2, IL1a HASPB, galectin 1, and
syntaxin 2 (epimorphin) [Jackson et al., 1992; Tarantini et al., 2001; Schafer et al., 2004;
Seelenmeyer et al., 2005; Stegmayer et al., 2005; Hirai et al., 2007] proceeds as a result of the
translocation of these proteins from the cytosol through the cell membrane to the extracellular
compartment.

This review will focus on the export FGF1 and IL1a, two proteins involved in oncologic,
cardiovascular, and neurodegenerative diseases that are released through similar export
mechanisms.

EXPORT OF FGF1: GROWING LIST OF PARTICIPANT PROTEINS

FGF1 and FGF2 are the prototype members of the FGF family, which is represented by at least
23 proteins in mammals [Coulier et al., 1997; Friesel and Maciag, 1999; Itoh and Ornitz,
2004]. While most FGFs display cleavable or uncleavable [Miyakawa et al., 1999; Miyakawa
and Imamura, 2003] hydrophobic signal peptides in their structure and are exported through
the ER-Golgi, FGF1 and FGF2 are signal peptide-less proteins [Coulier et al., 1997; Friesel
and Maciag, 1999; Itoh and Ornitz, 2004]. Also, unlike most other FGFs the expression of
FGF1 and FGF2 in the organism is widespread, and FGF1 binds to all four known types of
FGF receptors [Friesel and Maciag, 1999]. Interestingly, FGFs of Drosophila and
Caenorhabditis elegans have signal peptides [Coulier et al., 1997]. The artificial addition of a
signal peptide to FGF1 transforms it to a potent oncogene [Forough et al., 1993]. We
hypothesized that the signal peptide of FGF1 was lost in the course of evolution, to prevent
the potentially deleterious effects of the ubiquitous expression of the strong mitogen released
through the unregulated classical export pathway [Prudovsky et al., 2003].

Experiments with cells transfected with FGF1 showed that under normal conditions this protein
is not released into the medium. However, different types of stress, such as heat shock [Jackson
etal., 1992], hypoxia [Mouta Carreiraetal., 2001], and low serum [Shin et al., 1996; Matsunaga
and Ueda, 2006] induced its export. Stress-induced release of FGF1 was not simply a side
effect of loss of cell membrane integrity, since stress conditions did not result in cell lysis as
judged by testing the release of the cytosolic enzyme lactate dehydrogenase into the medium.
Interestingly, in contrast to the release of FGF1, FGF2 does not require stress for its release,
which in most cases occurs spontaneously [Mignatti et al., 1992; Florkiewicz et al., 1998;
Nickel, 2005].

FGF1 is released from the cells as a covalent homodimer. The dimerization of FGF1 is the
result of the formation of a disulfide bond between cysteine (Cys) residues in position 30 of
two interacting monomers [Engleka and Maciag, 1992; Jackson et al., 1995; Tarantini et al.,
1995]. Point mutation of Cys 30 inhibits FGF1 export [Tarantini et al., 1995]. NMR studies
revealed that amlexanox, an antiinflammatory drug that blocks FGF1 export, binds at close
spatial proximity to Cys 30 in FGF1 and thus inhibits its dimerization [Rajalingam et al.,
2005a]. These experiments demonstrate the importance of FGF1 dimerization for its export.
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However, the FGF1 homodimer is only a part of a larger multi-protein complex which is
required for its release.

The discovery of FGF1 release muliprotein complex started with the analysis of FGF1-
containing brain fractions. The brain is one of the richest sources of FGF1 in the organism.
FGF1 was isolated from the brain as a component of a large heparin-binding multiprotein
complex. Chromatography studies revealed that this complex also contained a 40 kDa (p40)
form of the docking protein synaptotagmin 1 (Syt1), the small calcium binding protein
S100A13 and annexin Il [Mouta Carreira et al., 1998; Prudovsky et al., 2003]. Several studies
revealed the importance of these proteins for FGF1 export. Using an in vitro model of secretion,
it was demonstrated that FGF1 is exported as a non-covalent complex containing S100A13
and p40 Sytl [LaVallee et al., 1998; Mouta Carreira et al., 1998]. Moreover, the expression of
dominant negative deletion mutants of Sytl and S100A13 efficiently blocked FGF1 export
[LaVallee et al., 1998; Landriscina et al., 2001b].

RT-PCR analysis showed that heat shock enhanced S100A13 transcription (O. Sideleva and
I. Prudovsky, unpublished work). Recently, using the fluorescence resonance energy transfer
(FRET) method, Matsunaga and Ueda [2006] observed that in astrocytes the binding of FGF1
to S100A13 is stimulated by cell stress (growth factor starvation), and this effect is mediated
by the increase of the intracellular Ca2* concentration. The three-dimensional solution
structures of human and rat S100A13 have been recently determined [Arnesano et al., 2005;
Sivaraja et al., 2005; Li et al., 2007]. S100A13 is a globular homodimer with an approximate
C2 symmetry [Sivaraja et al., 2005]. The structure of SI00A13 consists of four helices in each
monomeric unit [Arnesano et al., 2005; Sivaraja et al., 2005; Li et al., 2007]. The four helices
are arranged as two calcium binding EF hands (helix-loop-helix motifs) one in the N-terminal
and one in the C-terminal portions of the S100A13 monomer [Arnesano et al., 2005; Sivaraja
et al., 2005; Li et al., 2007]. Contacts between two monomers of SI00A13 occurs largely
through hydrophobic interactions provided by helix H4 of one monomer with H1’ and H4’
helices of the other. The dimeric interface in S100A13 is laden with aromatic amino acids. In
addition, the dimeric structure of S100A13 is stabilized by pairs of hydrophobic interactions
among residues in helices H1 and H4 [Arnesano et al., 2005; Sivaraja et al., 2005; Li et al.,
2007]. Most of the hydrophobic residues at the dimer interface are highly conserved among
the members of the S100 family.

Unlike other members of the S100 protein family, S100A13 shows high affinity binding to
hydrophobic dyes such as 1-anilinonapthalene sulfonate [Sivaraja et al., 2005]. The affinity to
hydrophobic dyes decreases significantly upon binding of S100A13 to calcium. The three-
dimensional structure of S100A13 is characterized by a large patch of negatively charged
residues flanked by dense cationic clusters contributed mostly by positively charged residues
located at the C-terminal end. It appears that SI00A13 recognizes and binds to target protein
partners through this unique charged domain [Sivaraja et al., 2005]. Interestingly, deletion of
the positively charged C-terminal segment in S1I00A13 results in complete loss of binding to
FGF1 [Sivaraja et al., 2005].

Full length (65 kDa) Sytl is a transmembrane protein spanning the membrane of exocytotic
vesicles, and it is responsible for their docking to the cell membrane [Sudhoff and Rizo,
1996; Marqueze et al., 2000]. p40 Syt1 corresponds to the extravesicular domain of p65 Syt1.
In its structure, it displays two acidic phospholipid-and CaZ*-binding C2 domains. p40 Syt1 is
the product of the alternative initiation of p65 Sytl mRNA translation from one of two closely
positioned alternative start codons located downstream of and in frame with the main start
codon [Bagala et al., 2003]. Thus, the same mRNA can code for a protein participating in
classical protein export and another polypeptide involved in non-classical secretion.

J Cell Biochem. Author manuscript; available in PMC 2009 January 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Prudovsky et al.

Page 5

The primary structures of p40 Syt1 and S100A13 are devoid of a signal peptide. Both proteins
can be released as individual molecules under non-stress conditions [LaVallee et al., 1998;
Landriscina et al., 2001b]. The extracellular functions of p40 Syt1 and S100A13 are unknown.
In a wide range of concentrations, recombinant p40 Syt1 and S100A13 do not modulate either
proliferation or migration of fibroblastoid cells in culture (O. Sideleva and I. Prudovsky,
unpublished work). However, it should be noted that some other members of the S100 family
which are also exported despite the absence of signal peptides exhibit biological activities
[Donato, 2003].

Hla and coworkers [Ancellin et al., 2002] reported that the signal peptide-less enzyme SK1,
responsible for phosphorylation of sphingosine and production of a proangiogenic mediator
sphingosine 1-phosphate (S1P) is spontaneously released from the cells. Moreover, exported
SK1 exhibits enzymatic activity in the extracellular compartment and apparently contributes
to the formation of extracellular S1P gradients [Venkataraman et al., 2006] that regulate
angiogenesis. Because SK1 is a proangiogenic protein, and FGF1 is one of the most
proangiogenic factors ever described, we hypothesized that the secretion of two polypeptides
may be coordinated. Coexpression of SK1 with FGF1in NIH 3T3 cells, resulted in the blockage
of spontaneous SK1 release under non-stress conditions. However, at 42°C, both proteins were
released in association with each other [Soldi et al., 2007]. Moreover, SK1 knockout cells failed
to exhibit stress-induced FGF1 export. Thus, SK1 is a new indispensable member of the FGF1
release complex.

Annexin |1 also appears to be an element of the FGF1 export pathway. As mentioned above,
it was detected in the brain-derived FGF1 containing complex. This protein forms a
heterodimer that includes two molecules of Anx Il and two molecules of p11 (a member of the
S100 protein family) [Kim and Hajjar, 2002]. Anx Il is externalized under stress and after
thrombin treatment [Peterson et al., 2003; Deora et al., 2004]. Externalized Anx Il can serve
as a receptor for plasminogen and plasminogen activator [Hajjar and Krishnan, 1999].

COPPER AND RELEASE OF FGF1

Copper ions exhibit strong proangiogenic effects both in vitro and in vivo [Hu, 1998;Parke et
al., 1988]. Interestingly, in a cell free system, Cu?* was found to stimulate the formation of
covalent FGF1 dimers [Engleka and Maciag, 1992] and non-covalent complexes including
FGF1, p40 Sytl, and S100A13 [Landriscina et al., 2001a]. Cell treatment with the cell-
permeable copper chelator tetrathiomolybdate (TM) blocked the stress-dependent FGF1 export
[Landriscina et al., 2001a]. These data suggest that the formation of the FGF1 export complex
is copper dependent.

Isothermal calorimetry (ITC) studies demonstrated that four copper ions bind to the SI00A13
dimer [Sivaraja et al., 2006]. Unlike calcium, binding of copper does not involve a
conformational change in S100A13: binding of copper and calcium to S100A13 is not mutually
exclusive [Sivaraja et al., 2006]. The copper binding sites are located spatially close to the
calcium binding sites. The binding of copper and calcium have opposite effects on the
thermodynamic stability of SLO0A13 [Sivaraja et al., 2006]. Binding of calcium stabilizes the
structure of SLI00A13 quite significantly, but the protein destabilizes appreciably upon binding
to copper.

The C2A domain of p40 Syt1 has been shown to bind to copper with an affinity in the nanomolar
range [Rajalingam et al., 2005b]. ITC data reveal that four copper ions bind per molecule of
the C2A domain [Rajalingam et al., 2005b]. Using paramagnetic effects in multidimensional
NMR experiments, Rajalingam et al. [2005b] have shown that three of the four copper ions
bind to the calcium binding sites in the loops located at the apex of the structure of the C2A
domain. Results of competition experiments, monitored by FRET, show that three copper ions
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bound at the calcium binding site, can be replaced by calcium [Rajalingam et al., 2005b].
However, the fourth copper ion bound at the unique site (contributed by Gly253 and His254)
cannot be displaced by calcium.

SK1 exhibits a very high copper affinity [Soldi et al., 2007]. It is released from copper columns
at 0.5 M imidazole, whereas the release of FGF1, p40 Sytl, and S100A13 occurs at 0.05 M
imidazole. The overexpression of SK1 rescues the release of FGF1 in the presence of TM
[Soldi et al., 2007]. Moreover, in a cell free system, SK1 forms high molecular weight
complexes with FGF1 even in the absence of exogenously added copper ions [Soldi et al.,
2007]. These results suggest that SK1 is not only part of the FGF1 release complex, but also
serves as a donor of copper ions needed for complex assembly.

EXPORT OF IL1a SIMILARITIES WITH FGF1

IL1a is a prototype member of the IL1 family consisting of 10 secreted proteins [Dinarello,
1998; Stylianou and Saklatvala, 1998]. Their activity is mediated by specific IL1 receptors,
particularly IL1R1. IL1a and another prototype member of the IL1 family, IL1p, are expressed
in many cell types; however the highest levels of their expression are observed in monocytes/
macrophages [Dinarello, 1998; Stylianou and Saklatvala, 1998]. All of the members of 1L1
family, except the IL1 receptor antagonist (IL1ra) are devoid of the signal peptide.

IL1o and IL1B are potent proinflammatory proteins [Dinarello, 1998]. The injection of IL1a
and IL1p into the bloodstream induces a rise of body temperature [Davidson et al., 1990]. The
absence of a signal peptide in IL1 proteins might have evolved as a device to protect the
organism from their uncontrolled secretion. IL1a and IL1[ are produced as larger molecular
weight precursors (p) [Dinarello, 1998]. The proteolytic cleavage of pIL1 results in the
production of the mature (m) IL1 that is secreted. Although FGF1 and FGF2 present a very
low level of amino acid sequence homology with mIL1a and mIL1p all four proteins have
similar molecular weights around 17-18 kDa, and display a typical beta-barrel three-
dimensional structure composed of 12 B-sheet domains [Graves et al., 1990; Zhu et al., 1991;
Venkataraman et al., 1999]. This beta-barrel structure is present in many types of membrane
proteins [Minetti and Remeta, 2006]. The non-classical secretion of mIL1a bears striking
similarity to the export of FGF1. They share common traits such as stress-dependence
[Tarantini et al., 2001], formation of a release complex which includes S100A13 [Mandinova
et al., 2003], and Cu2*-dependence [Mandinova et al., 2003]. In addition, similarly to FGF1,
Coexpression of miL1a and SK1 results in the limitation of SK1 release to stress conditions
(R. Soldi and I. Prudovsky, unpublished work), indicating that SK1 may participate in IL1a
release. Additionally the convergence of FGF1 and mlL1a export pathways is strengthened by
the ability of plL1a coexpression to block stress-induced FGF1 export [Tarantini et al.,
2001]. In contrast to FGF1, the export of IL1o does not require p40 Sytl [Mandinova et al.,
2003]. We hypothesized that p40 Sytl may be substituted in the IL1a. release complex by
another, still undefined, cytosolic protein which contains C2 domains [Prudovsky et al.,
2003].

Recently it was found that the stress-induced export of syntaxin 2 (epimorphin) involves p40
Sytl and annexin Il [Hirai et al., 2007]. It remains to be elucidated whether S100A13, p40
Syt1, SK1, annexin 11, and Cu2* participate in the export of IL1f and FGF2.

TRANSLOCATION THROUGH THE CELL MEMBRANE: KEY PROBLEM OF
THE NON-CLASSICAL PROTEIN EXPORT

Under stress, FGF1, S100A13, p40 Sytl, and miL1a (all exhibiting diffuse cytoplasmic
distribution under normal conditions) migrate to the cell membrane [Prudovsky et al., 2002;
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Mandinova et al., 2003], and this migration depends on the actin cytoskeleton [Prudovsky et
al., 2002] (Fig. 1). Significantly, although the expression of dominant negative mutants of
S100A13 and p40 Sytl and copper chelation prevent the release of FGF1 from the stressed
cells, they do not interfere with the peripheral translocation of the members of FGF1 export
complex [Prudovsky et al., 2002]. These results suggest that the assembly of the complex
occurs in the vicinity of the cell membrane [Prudovsky et al., 2003]. Indeed, FRET landscape
of cells cotransfected with fluorescently tagged FGF1 and S100A13 indicate that at stress,
these proteins associate at the cell membrane (H. Glick and 1. Prudovsky, unpublished work).

Cell membrane is asymmetric: acidic phospholipids, such as phosphatidylglycerol,
phosphatidylserine, and phosphatidylinositol are present in the inner but not in the outer leaflet
of the cell membrane [Pomorski et al., 2001]. FGF1, miL1a, and the members of their release
pathway specifically bind acidic phospholipids [Tarantini et al., 1995; Marqueze et al., 2000;
Heizmann et al., 2002; Mandinova et al., 2003]. Moreover, FGF1 has been demonstrated to
destabilize liposomes composed of acidic phospholipids [Mach and Middaugh, 1995]. We
confirmed the latter result and also found that SI00A13, p40 Syt1, and mIL1a destabilize acidic
liposomes but not liposomes composed of the zwitterionic phospholipid phosphatidylcholine
[Graziani et al., 2006; Mandinova et al., 2003]. Moreover, a novel and highly sensitive method
of Sum Frequency Spectroscopy demonstrated that FGF1 in the nanomolar range of
concentrations destabilizes the immobilized planar bilayer of phosphatidylglycerol [Doyle et
al., 2004]. Interestingly, although S100A13 and FGF1 permeabilize phosphatidylglycerol,
phosphatidylserine, and phosphatidylinositol liposomes, p40 Sytl destabilizes only
phosphatidylinositol liposomes [Graziani et al., 2006]. Conversely, mIL1a permeabilizes
phosphatidylserine and phosphatidylglycerol but not phosphatidylinositol liposomes (Graziani
and Prudovsky, unpublished work). We suggest that in the inner leaflet of the cell membrane
“mosaics” of acidic phospholipids exist that are platforms for the assembly of release
complexes from individual components that preferentially bind different lipid elements of the
mosaic. Additionally, the combination of proteins with different membrane destabilizing
characteristics may enhance the efficiency of complex translocation through the cell
membrane.

Mutations of specific lysine clusters in the C2B domain of p40 Syt1 (Lys326,327,331) and in
the C-terminal domain of FGF1 (Lys114,115 and Lys126,127) drastically decreased both the
export of these proteins and their ability to destabilize liposomes [Graziani et al., 2006]. These
results demonstrate that the membrane destabilizing properties of these polypeptides are indeed
related to the non-classical export of FGF1.

Many types of extracellular stimuli induce acidic phospholipid flipping to the cell surface
[Bevers et al., 1999] where phosphatidylserine is detected using fluorescently tagged
recombinant Annexin V. Externalization of acidic phospholipids can be reversible [Fischer et
al., 2006]. Heat-shocked NIH 3T3 cells display limited phosphatidylserine-positive membrane
domains, but these domains rapidly disappear after the cells are returned to normal temperature
(A. Kirov and 1. Prudovsky, unpublished work). We suggest that when cell stress stimulates
acidic phospholipid flipping, it occurs with higher probability in the areas where the membrane
interacts with non-classical protein release complexes containing membrane destabilizing
proteins. As a result, the release complexes translocate together with the acidic phospholipids
and are exported to the extracellular compartment.

The translocation of proteins through the hydrophobic core of the membrane presents a difficult
physical problem. Wesche et al. [2000] using FGF1 mutants with introduced intra-molecular
disulfide bonds demonstrated that the escape of internalized extracellular FGF1 through the
endosome membrane to the cytosol does not require its extensive unfolding. Mach and
Middaugh [1995] showed that FGF1 at neutral pH, ambient temperature and low ionic strength,
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exists in a partially structured state capable of strong interaction with membrane vesicles. Sanz
and Gimenez-Gallego [1997] demonstrated that FGF1 exhibits high lipid binding affinity at
acidic pHs. Interestingly, Bychkova et al. [1988] investigating the structure of cytochrome ¢
under acidic conditions, suggested that the negative membrane potential creates an acidic
microenvironment which causes a partial denaturation of the proteins. The partially structured
states generated at the membrane surface are believed to be highly competent to traverse across
membrane bilayers because the partial unfolding results in the exposure of normally hidden
hydrophobic amino acid residues [Bychkova et al., 1988; Ptitsyn, 1995]. These states are
involved in protein recognition by chaperones [van der Vies et al., 1992], penetration of
proteins across biomembranes [van der Goot et al., 1992], and release of ligands bound to
proteins [Bychkova et al., 1990]. Recent studies indicate that both FGF1 and the C2A domain
of p40 Syt1 interact with small unilamellar vesicles of phosphatidylserine [Rajalingam et al.,
2007]. The lipid binding affinities of both FGF1 and the C2A domain of p40 Sytl are
significantly higher in their partially structured states than in their native states. Interestingly,
the binding affinity between FGF1 and the C2A of p40 Syt1 domain is also significantly
enhanced in their partially structured states (Rajalingam et al., 2007).

Our current working hypothesis is that the copper-dependent FGF1 and mIL1a release
complexes assembled at the inner leaflet of the cell membrane flip through the membrane, and
this flipping is ensured by the membrane destabilizing properties of the complex components
and their partially unfolded structures (Fig. 1).

As mentioned above, SK1, S100A13, and p40 Sytl can be exported from the cells
independently of FGF1. Whereas SK1 appears to be the donor of copper ions needed for
complex formation, S100A13 and p40 Syt1 can play a role of chaperones which stabilize FGF1
in the partially unfolded conformation. Indeed, the importance of chaperones for the post-
translational membrane translocation of proteins into mitochondria and chloroplasts is well
documented [Jackson-Constan et al., 2001].

Interestingly, the laboratory of Walter Nickel reported that the stress-independent export of
FGF2 does not require the total unfolding of this protein [Backhaus et al., 2004]. In this
experiment, FGF2 was tagged with the DHFR moiety, which can be prevented from total
unfolding by DHFR inhibitor aminopterin. The authors demonstrated that aminopterin did not
inhibit the export of FGF2:DHFR chimera. Thus, full unfolding is not a prerequisite of FGF2
export. However, this process may still require a partially unfolded state. Another highly
interesting publication of the same laboratory reports that in a cell-free system, FGF2 can be
transported into inverted (inner side out) vesicles derived from the cell membrane [Schafer et
al., 2004]. Most surprisingly, this process did not require ATP hydrolysis. We are currently
exploring the ability of FGF1 and other members of its export complex to exhibit membrane
translocation in a similar cell free system.

More recently, Nickel and coworkers found that FGF2 and galectin 1 export requires the
presence of heparan sulfate proteoglycans (HSPG) on the cell membrane [Seelenmeyer et al.,
2005; Zehe et al., 2006]. FGF2 and galectin 1 are both lectins with a high affinity for HSPG.
The hypothesis of the authors is that HSPG can serve as “traps” that prevent the reimport of
FGF2 and galectin 1 into the cells. This hypothesis is also attractive and plausible for FGF1,
which avidly binds heparin [Maciag et al., 1984]. However, most probably it does not apply
to S100A13 and SK1 which do not exhibit heparin binding [Landriscina et al., 2001b] [Soldi
etal., 2007].

SIGNALING PATHWAYS REGULATING NON-CLASSICAL EXPORT

The export of signal peptide-less proteins appears to be regulated by a variety of cell signaling
pathways. FGF1 export can be induced under non-stress conditions by the inhibition of Notch
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signaling [Small et al., 2003] or by the stimulation of the thrombin receptor PAR1 [Duarte et
al., 2006].

Considering the ubiquitous roles of Notch and FGF signaling systems in embryonic and
postnatal development and their important role in angiogenesis [Ornitz and Itoh, 2001;
Sahlgren and Lendahl, 2006], it would be surprising if these two pathways were not
coordinated. The finding that the expression of Notch ligand Jagged 1 is induced in endothelial
cells (ECs) during FGF-dependent angiogenesis in vitro [Zimrin et al., 1996] prompted us to
explore the cell phenotype induced by expression of the soluble form of Jagged 1 (sJg1)
corresponding to the extracellular domain (ecd) of the transmembrane molecule of Jagged 1.
NIH 3T3 cells stably transfected with sJg1 assume a phenotype resembling ECs in the process
of angiogenesis [Wong et al., 2000]. The most striking characteristic of this phenotype is the
formation of multicellular cords on solid substrates. The injection of sJg1 transfectant cells
into nude mice results in the formation of highly angiogenic non-metastatic tumors that exhibit
very abundant blood vessels and sinusoids [Wong et al., 2000]. Interestingly, the transfection
of NIH 3T3 cells with the soluble ecd of Notch 1 (sN1) and Notch 2 (sN2) results in a phenotype
similar to sJg1, although not as strongly pronounced. The luciferase reporter analysis
demonstrated a strong reduction of Notch-regulated CBF-1-dependent transcriptional activity
in sJg1, sN1, and sN2 transfectant cells [Small et al., 2001]. Thus, soluble ecds of Jagged 1,
Notch 1 and Notch 2 act as inhibitors of Notch signaling probably by interfering with the
binding of transmembrane Notch ligands to their receptors. Later, it was found that the
expression of the ecd of another Notch ligand, Delta 1 (sDI1), results in phenotypic changes
similar to sJg1 [Trifonova et al., 2004].

sJgl expression in NIH 3T3 cells induced a tyrosine phosphorylation pattern strikingly similar
to that induced by FGF stimulation [Small et al., 2001]. When we sought to determine whether
these characteristics were due to the induction of FGF release and/or expression, we found that
unlike the vector-transfected NIH 3T3 cells, sJgl transfectants constitutively released FGF1.
The same results were obtained with sN1, sN2, and sDI1 transfectants [Small et al., 2003;
Trifonova et al., 2004]. Moreover, sJgl expression induced the transcription of FGF1, FGF4,
and FGF5, which were not expressed in control cells. Transfection of sJg1 cells with
constitutively active Notch 1 (caN1) completely abrogated the spontaneous release of FGF1,
although it did not interfere with heat shock-induced FGF1 export. Consistent with their
tumorigenic ability, sJgl cells form colonies in soft agar. This colony formation was blocked
by caN1 and by a specific chemical inhibitor of FGFR. Thus, the transformed phenotype of
sJgl cells is dependent on the inhibition of Notch signaling and activation of FGF signaling,
which involves the derepression of FGF1, FGF4, and FGF5 transcription, and the release of
FGFL1. In conclusion, Notch seems to interfere with the FGF pathway at the levels of FGF
expression and release. The cross-talk between the two pathways proceeds in both directions.
Indeed, FGF1 induces the expression of Jagged 1 in NIH 3T3 cells [Small et al., 2003].
Moreover, FGF1 stimulation results in dose-dependent inhibition of both endogenous and
caN1-dependent CBF-1-activated transcription [Small et al., 2003].

Serine protease thrombin, generated from prothrombin at sites of vascular injury elicits blood
coagulation by cleaving fibrinogen and producing fibrin [Fenton, 1986]. Besides its function
as a key enzyme of the coagulation cascade, thrombin is also a mitogen and regulator of
angiogenesis [Coughlin, 2001]. Thrombin-induced signaling in the endothelium results in
multiple phenotypic changes including: alterations in cell shape, endothelial monolayer
permeability [Rabiet etal., 1996], mobilization of adhesive molecules to the endothelial surface
[Kaplanski et al., 1998], DNA synthesis [Herbert et al., 1994], and cell migration [Pankonin
and Teuscher, 1991]. Thrombin also induces proliferation of vascular smooth muscle cells
[Berk et al., 1991]. The expression of several growth factors are induced in response to
thrombin including FGF2 [Cucina et al., 2002; Cao et al., 2006], platelet-derived growth factor
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[Daniel et al., 1986; Harlan et al., 1986], and vascular endothelial growth factor [Bassus et al.,
2001]. Thrombin also upregulates the insulin-like growth factor receptor 1 [Delafontaine et
al., 1996], and induces the activation of fibroblast growth factor receptor 1 (FGFR1) [Rauch
et al., 2004]. It was reported that thrombin treatment induces the appearance of FGF2 in the
extracellular matrix [Rauch et al., 2004] and that cholesterol enhances the thrombin-induced
release of FGF2 [Rauch et al., 2007].

We recently found that thrombin induces the transcription and non-classical release of FGF1
[Duarte et al., 2006]. Apparently, tissue damage accompanied by thrombin production and
blood coagulation may induce local production and export of FGF1, which stimulates wound
healing and angiogenesis. Thrombin-induced transcription and release of FGF1 are dependent
on activation of thrombin receptor PAR1 [Duarte et al., 2006].

Considering the importance of Notch, FGF and thrombin signaling for many aspects of
organism development and homeostasis, particularly for the process of angiogenesis, the study
of molecular mechanisms of interaction between these three pathways is clearly an important
task with potential translational outcomes in cardiology, oncology, wound healing, and stem
cell technologies. It remains to be elucidated whether the multiprotein release complex
formation underlying the stress-induced release is also required for FGF1 export stimulated by
thrombin and inhibition of Notch signaling.

Little is known about the signaling pathways which regulate stress-induced FGF1 export. This
process depends on de novo protein synthesis [Jackson et al., 1992]. However, using cells with
knockouts of a variety of heat shock proteins and heat transcription factors, we have so far
been unable to demonstrate that any of them are critical for the heat shock-induced FGF1 export
(O. Sideleva and I. Prudovsky, unpublished work). Recently Matsunaga and Ueda found that
in astrocytes, stress-induced FGF1 export requires an increase of intracellular calcium
concentration that is important for the interaction of FGF1 and S100A13. Inhibitor analysis
showed that the FGF1 export from astrocytes is regulated by voltage-dependent N-type CaZ*
channel activity [Matsunaga and Ueda, 2006]. Interestingly, stress-induced FGF1 export is
also blocked by kynurenic acid, a specific antagonist of glutamate receptors of NMDA type
[Di Serio et al., 2005].

In recent years, substantial progress has been achieved in the elucidation of mechanisms
involved in the non-classical release of other signal peptide-less proteins. For example, Levine
and colleagues demonstrated the involvement of p53 protein in the exosome-mediated
secretion of HSP90 [Yu et al., 2006]. The results of Baptiste et al. [2007] indicate that mechano-
transduction mediates both the secretion and uptake of galectin 3. Rubartelli and coauthors
[Carta et al., 2006] found that microtubules are involved in the export of IL1p mediated by
lysosome exocytosis. We can expect that better understanding of the regulation of non-classical
release will allow new therapeutic approaches to pathologies involving signal peptide-less
proteins.

BIOMEDICAL SIGNIFICANCE OF NON-CLASSICAL FGF1AND IL1a RELEASE

Historically, FGF1 was discovered to be a potent stimulator of the proliferation of various
specialized cells including endothelial and smooth muscle cells [Maciag et al., 1979; Winkles
etal., 1987]. Further, FGF1 was demonstrated to stimulate a range of morphogenetic processes
including angiogenesis [Thompson et al., 1988], neurite outgrowth [Renaud et al., 1996], and
growth of the ureteric bud [Qiao et al., 2001]. Significantly, FGF1 and VEGF exhibit
synergistic effects upon angiogenesis in vitro [Xue and Greisler, 2002]. The delivery or
expression of FGF1 in vivo enhances vascularization of the myocardium, stimulates repair of
ischemic lesions [Sellke et al., 1996; Schumacher et al., 1998; Buehler et al., 2002], reduces
intestinal mucosal damages caused by ischemia [Chen et al., 2005], enhances hindlimb
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collaterization [Hershey et al., 2003], and protects the brain against hypoxic-ischemic injury
[Russell et al., 2006]. FGF1 exhibits a stress-protective effect upon different cell types such as
neurons [Hashimoto et al., 2002] and cardiomyocytes [Cuevas et al., 1997]. Transgenic mice
expressing FGF1 in cardiomyocytes demonstrate a significant attenuation of infarct
development in response to coronary artery occlusion [Buehler et al., 2002].

FGF1 is also involved in a variety of pathological processes. McKeehan and coworkers [Yu
et al., 2003] demonstrated that FGF1/FGF2 deficient mice exhibit attenuation of carbon
tetrachloride-induced hepatic matrix deposition and fibrogenesis. Apparently the release of
FGF prototypes may present an interesting target for the prevention of liver fibrosis. The
aggressive growth of several tumor types correlates with FGF1 expression [Woolley et al.,
2000; Okunieff et al., 2003; Kwabi-Addo et al., 2004]. The expression of wild-type signal
peptide-less FGF1 in hypoxic cells results in stress-induced FGF1 release [Mouta Carreira et
al., 2001], and the core of solid tumors is characterized by hypoxic conditions [Moeller et al.,
2004]. Thus, hypoxia-induced FGF1 release may stimulate tumor angiogenesis and enhance
tumor growth.

IL1a a potent proinflammatory cytokine is also a regulator of the EC phenotype in vitro
[Ristimaki et al., 1994; Fitzgerald and O’Neill, 1999; Nyberg et al., 2000; Dube et al., 2001].
In particular, IL1a has been reported to exert an effect on EC cultures, which is opposite to the
effect of FGF1, by inhibiting EC proliferation [Gerol et al., 1998]. In contrast, IL1a promotes
angiogenesis in experimental in vivo systems [Norrby, 1997]. This effect of IL1a may be
mediated by induction of the expression of FGF1, FGF2, and VEGF [Ko et al., 1999;
Samaniego et al., 1995], particularly in tumor cells [Torisu et al., 2000]. Experiments on
IL1a and IL1B knockout mice demonstrated that these cytokines enhance tumor growth
apparently through the stimulation of tumor angiogenesis [Voronov et al., 2003]. Local
expression of IL1ra impedes restenosis observed after balloon injury to the carotid arteries in
rats [Mandinov et al., 2003]. Collectively, these data indicate that, similarly to FGF1, IL1a. is
an important regulator of blood vessel remodeling.

Clinical studies by Merajver and Brewer [Brewer et al., 2000; Cox et al., 2001] demonstrated
that TM represses the growth of stage IV solid tumors in humans. Also, TM attenuates
mammary gland tumor formation in Her transgenic mice [Pan et al., 2002]. The evidence that
TM inhibits non-classical export of FGF1 and IL1e [Landriscina et al., 2001a; Mandinova et
al., 2003] indicate that the tumor-suppressing effect of TM may be due to the blockage of the
export of these two proteins. It is also interesting to note that high grade gliomas are
characterized by the enhanced expression of S100A13, a critical member of FGF1 and IL1a
release complexes, and this correlates with a more angiogenic phenotype of the tumors
[Landriscina et al., 2006]. Macrophages are a rich source of FGF1 [Sano et al., 1990; Brogi et
al., 1993], and extracellular IL1a is a potent chemoattractant for macrophages [Dinarello,
1996]. It is hypothesized that when TM inhibits the release of IL1a in hypoxic tumor sites, the
recruitment of macrophages is limited, and macrophages present in tumors cannot release
FGF1 due to Cu2* depletion. A similar mechanism may be involved in the regulation of
restenosis of large vessels after balloon-mediated removal of atherosclerotic plaques
[Mandinov et al., 2003]. Balloon injury may induce the release of IL1a and attract FGF1-laden
macrophages to the damaged area. Local stress conditions may then stimulate the release of
FGF1 from macrophages and, as a result, FGF1-dependent proliferation of smooth muscle cells
and the subsequent intimal thickening of the vessel wall. Long-term administration of TM
significantly reduces balloon injury-induced restenosis in carotid arteries [Mandinov et al.,
2003]. Both intima thickening and formation of the vasa vasorum are drastically inhibited.
Additionally, TM downregulates the number of macrophages, as well as FGF1, S100A13, and
IL1a levels in carotid artery walls. It was also found that TM inhibits in-stent restenosis in
porcine coronary arteries [Mandinov et al., 2006], These data suggest that inhibition of the
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non-classical release of FGF1 and IL1o by Cu2* chelation may represent a promising approach
to the management of restenosis. More recently, it was demonstrated that in rats TM blocks
the development of antigen-induced arthritis, a pathology that involves IL1 [Omoto et al.,
2005].

FUTURE DIRECTIONS

Export of signal peptide-less growth factors and cytokines is a dynamically developing research
field. The most important aspects of the non-classical release to be addressed are: (1) molecular
mechanisms of transmembrane translocation of non-classically released proteins; (2) signaling
networks which regulate the non-classical export; (3) role of non-classical protein export during
the normal organism development and in pathological conditions. Successful approaches to
these problems requires the collaboration of cell and molecular biologists, biophysicists,
developmental biologists, and clinical specialists.
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Fig. 1.

Current working model of stress-induced FGF1 release. Stress enhances the expression of
S100A13 and induces the actin cytoskeleton-dependent translocation of FGF1, S100A13, and
p40 Syt1 to the inner leaflet of the cell membrane where they bind to acidic phospholipids.
SK1 located on the inner leaflet of the cell membrane serves as a source of copper ions (which
are provided to SK1 by the transmembrane copper transporters). Copper delivered by SK1 is
required for the formation of the release complex. This complex includes the covalent FGF1
dimer, non-covalent S100A13 dimer, p40 Sytl and SK1. The release complex binds to Anx
11, which is also located on the inner leaflet of the cell membrane. Transmembrane flipping of
acidic phospholipids results in the export of the FGF1 release complex and Anx 1.
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