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Summary

Basic fibroblast growth factor (FGF-2) is a secretory biosynthetic FGF-2-GFP following export to the

protein that lacks a signal peptide. Consistently, FGF-2 has
been shown to be secreted by an ER-Golgi-independent

extracellular space. We find that secreted FGF-2 fusion
proteins accumulate in large heparan sulfate proteoglycan

mechanism; however, the machinery mediating this process
remains to be established at the molecular level. Here we
introduce a novel experimental system based on flow
cytometry that allows the quantitative assessment of non-
classical FGF-2 secretion in living cells. Stable cell lines
have been created by retroviral transduction that express
various kinds of FGF-2-GFP fusion proteins in a
doxicyclin-dependent manner. Following induction of
protein expression, biosynthetic FGF-2-GFP is shown to
translocate to the outer surface of the plasma membrane
as determined by both fluorescence activated cell sorting
(FACS) and confocal microscopy. Both N- and C-terminal
GFP tagging of FGF-2 is compatible with FGF-2 export,
which is shown to occur in a controlled fashion rather than
through unspecific release. The experimental system

(HSPG)-containing protein clusters on the extracellular
surface of the plasma membrane. These microdomains are
shown to be distinct from caveolae-like lipid rafts known to
play a role in FGF-2-mediated signal transduction. Since
CHO cells lack FGF high-affinity receptors (FGFRSs), it can
be concluded that FGFRs mediate the targeting of FGF-2
to lipid rafts. Consistently, FGF-2-GFP-secreting CHO
cells do not exhibit increased proliferation activity.
Externalization and deposition of biosynthetic FGF-2 in
HSPG-containing protein clusters are independent
processes, as a soluble secreted intermediate was
demonstrated. The balance between intracellular FGF-2
and HSPG-bound secreted FGF-2 is shown not to be
controlled by the availability of cell surface HSPGs,
indicating that the FGF-2 secretion machinery itself is rate-

described has strong implications for the identification of
both FGF-2 secretion inhibitors and molecular components
involved in FGF-2 secretion.

In the second part of this study we made use of the FGF-
2 export system described to analyze the fate of

limiting.

Key words: Non-conventional protein secretion, Non-classical
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Introduction et al., 1996; Mehul and Hughes, 1997; Menon and Hughes,

Proteins destined for the classical pathway of eukaryotid999)], viral proteins such as Herpes simplex tegument
secretion typically contain an N-terminal signal peptideprotein VP22 (Elliott and O'Hare, 1997) as well as other

(Walter et al., 1982) that mediates translocation into th&olecules (Ensoli et al., 1993; Sloan et al., 1994; Denny et
lumen of the endoplasmic reticulum (ER) followed byal., 2000; Lecellier et al., 2002) have been identified as
ER/Golgi-dependent vesicular transport to the cell surfacgecretory proteins but they lack a signal peptide (for a review,
(Rothman and Wieland, 1996; Schatz and Dobberstein, 1996ee Hughes, 1999). Consistently, these proteins are
Nickel et al., 1998; Mellman and Warren, 2000). By contrastgharacterized by: (1) not being found in subcellular

several proteins such as angiogenic growth factors [fibroblaspbmpartments that belong to the ER-Golgi-dependent
growth factor (FGF) 1 and 2 (Jackson et al., 1992; Mignattsecretory pathway; (2) not being glycosylated despite bearing
et al., 1992; Florkiewicz et al., 1995; Jackson et al., 1995)jnultiple consensus sequences for this ER-Golgi-dependent
cytokines such as interleukinB1(IL1B) and thioredoxin modification; and (3) not being blocked with regard to

(Rubartelli et al., 1990; Rubartelli and Sitia, 1991; Rubartellisecretion by inhibitors of the classical secretory pathway such
et al., 1992), lectins of the extracellular matrix [the proteinas brefeldin A and monensin (Cleves, 1997; Hughes, 1999).
family of the galectins (Cooper and Barondes, 1990; Chdhus, a non-conventional mechanism of protein secretion has
and Cummings, 1995b; Cho and Cummings, 1995a; Clevdseen postulated (Cleves, 1997; Hughes, 1999); however, the
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molecular machinery mediating this process remains to b&/hile CHO wild-type cells lack high-affinity FGF receptors
identified at the molecular level. (Rusnati et al., 2002), they do express the complex ganglioside
In case of FGF-2, the sodium potassium ATPase (Na-K&M1, which has been shown to be required for FGF-2
ATPase) has been proposed to play a role in FGF-2 export frosignalling (Rusnati et al., 2002). Therefore, it can be concluded
cells. This conclusion is based on the observation that FGFtBat FGF receptors are required to target HSPG-bound FGF-2
export is partially inhibited in the presence of ouabairto caveolae-like lipid rafts in order to initiate FGF-2 signalling
(Florkiewicz et al., 1998), a drug known to inhibit the Na-K- (Davy et al., 2000). Consistently, neither endogenous FGF-2-
ATPase (Jorgensen and Pedersen, 2001). These results wéreP exported to the cell surface nor exogenously added
further substantiated by data demonstrating that FGF-2 expagcombinant FGF-2 stimulate CHO cells with regard to cell
in the presence of ouabain recovers when an ouabain-resistanoliferation. FGF-2 export and FGF-2 deposition in HSPG-
mutant of thea-subunit of the Na-K-ATPase is expressedcontaining clusters are not tightly linked processes as we
(Dahl et al., 2000). However, it remains unclear as to whethetemonstrate a soluble intermediate that is secreted into the
the Na-K-ATPase plays a direct role in the translocatiortulture medium. Moreover, under the conditions applied, the
mechanism of FGF-2 that results in the release into thavailability of HSPGs on the cell surface is not a rate-limiting
extracellular space. step in the overall process of FGF-2 secretion. In conclusion,
While export of FGF-1 follows a non-conventional route ashe experimental system presented in this study reconstitutes
well, differences from FGF-2 export have been reported sude whole pathway of FGF-2 biogenesis in living cells,
as increased secretion of FGF-1 following heat shock treatmeimcluding both non-conventional secretion and deposition of
(Jackson et al., 1992; Jackson et al.,, 1995). S100A13, RGF-2 in HSPG-containing microdomains on the surface of
member of the S100 protein family of €&inding proteins CHO cells. By the use of CHO cells, FGF-2 export does not
(Donato, 2001) has been shown to affect heat-shock-dependeatuse autocrine FGF-2 signalling, which makes this system
release of FGF-1 (Carreira et al., 1998; Landriscina et alespecially suited to the study of the molecular mechanism of
2001). Other proteins secreted in an ER/Golgi-independemion-conventional FGF-2 secretion.
manner such as I3l and the galectins are increasingly
exported upon heat shock as well (for a review, see Hughes,
1999); however, FGF-2 export is unaffected by this treatmemlaterials and Methods
(Mignatti et al., 1992). Other differences concern therecombinant proteins and antibodies

involvement of intracellular vesicles in the overall exporta pise.FGF-2 construct was generated based on a PCR product
process of non-conventionally secreted proteins. Studies ha¥grresponding to the 18 kDa isoform of FGF-2 and the vector pET15b
shown that whereas the galectins accumulate underneath iéovagen). Similarly, a HiseGFP construct was generated.

plasma membrane followed by a release mechanism term&é#combinant HisFGF-2 and HiseGFP were expressed i coli
membrane blebbing that appears to involve exosomes (MehBL21(DE3) cells and purified from a 100,0@Qy supernatant of
and Hughes, 1997), IIRlis taken up by intracellular vesicles homogenized cells by using Ni-NTA agarose (Qiagen) according to
that have been defined as an endo-lysosomal compartméifndard procedures. Homogenous preparations efA@E-2 and
(Andrei et al., 1999) that fuses with the plasma membrane i Ise-eGFP were obtained with protein concentrations of 6 mg/ml and
order to release I No such data have been reported for®3 M9/ml respectively.

. . . ) Anti-GFP antibodies were generated by immunization of rabbits
either FGF-1 or FGF-2 [for reviews of the various kinds of NoNny i recombinant N-terminally Histagged eGFP expressed En

conventional protein secretion, see Cleves, 1997 and HUGh&gji. The resulting anti-serum was incubated withsHimged eGFP
1999 (Cleves, 1997; Hughes, 1999)]. In conclusion, it may bgoupled to epoxy sepharose (Amersham Pharmacia). Bound
that distinct mechanisms exist promoting ER/Golgi-antibodies were eluted under acidic conditions according to standard
independent export of various secretory proteins fronprocedures. In the same way, affinity-purified anti-FGF-2 antibodies
mammalian cells. were generated using recombinant N-terminallystthgged FGF-2
In the current study we introduce a novel assay thafl8 kDa isoform). -

reconstitutes non-conventional secretion of biosynthetic FGF- Polyclonal rat anti-CD2 antibodies (LFA-2) as well as polyclonal
2 in living cells. By using stable cell lines and flow cytometry,rabb't anti-caveolin-1 (N-20) antibodies were obtained from Southern

5 . S iotechnology Associates and Santa Cruz Biotechnology,
FGF-2-GFP export can be determined on a quantitative basr spectively. Phycoerythrin-coupled anti-rabbit-lgG  were from

FGF-2-GFP fusion proteins are expressed in a dOXiCyC"nMolecular Probes. Polyclonal antibodies directed against the

dependent manner in CHO cells followed by their translocatioleytopmsmiC domain of the Golgi transmembrane protein p23 [#1402,
to the extracellular surface of the plasma membrane. It i&Sohn et al., 1996)] were kindly provided by Felix Wieland

shown that both N- and C-terminal GFP-tagging is compatibléBiochemie-zentrum Heidelberg).

with this process, which is demonstrated to occur by a

controlled mechanism rather than by unspecific release. Based ) _ .

on its design the experimental system described will be usefiqeneration of model cell lines for the reconstitution of FGF-2

both for studying the molecular mechanism of FGF-2 secretiorgcretion in living cells

and for high throughput screening for inhibitors of this processc.:'c')'é)ifi‘g’gdggptigeslltz éicﬁggéa'ﬁﬁfh E?'C%Sr\?zg?nzgo"é’?gg ?ﬁgergﬁ";‘i'r'é
In the second part of this study we made use of the SySterF??;'ltion transporter MCAT-1 (Albritton et al., 1989; Davey et al., 1997),

described in order to analyze the fate of blosynthetu_: FGF' e doxicyclin-sensitive transactivator rtTA2-M2 (Urlinger et al.,
(rather than exogenously added FGF-2) following itS)nn0) a truncated version of the cell surface protein CD2 (Liu et al.,
translocation to the extracellular compartment. Secreted FGRoo0), and one of three reporter molecules (N-FGF-2-GFP-C, N-GFP-

2-GFP is shown to accumulate in large HSPG-containingGF-2-C and N-GFP-C) for each cell line. Throughout this study, the
protein clusters that are distinct from caveolae-like lipid raftsopen reading frame of enhanced GFP (eGFP, Clontech) has been used
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for the generation of all cDNA constructs. In the first step the ope@onfocal microscopy

reading frame of MCAT-1 was subcloned into the vector pcDNABz€0 CHOrgr-2-grrand CHsep cells were grown on glass coverslips for
(Invitrogen), which carries the zeocin-resistance gene. Followinge hours at 37°C in the presence gigIml doxicyclin. The cells were
transfection of CHO cells with p)cDNA3Ze®CAT DNA, cells were  then processed, including paraformaldehyde fixation (3% wiv, 20
selected with medium containing 4Q@/ml zeozin. After about 14 minutes at 4°C) without permeabilization, followed by antibody
days individual clones were pooled to generate a heterogenopsocessing as indicated. Alexa546-coupled secondary antibodies
population of zeozin-resistant CHO cells termed Gid@.  (Dianova) were used for cell surface staining experiments. The
CHOwcar cells were then transduced with retroviral particlesspecimens were mounted in Fluoromount G (Southern Biotechnology

produced from HEK-293T cells by co-transfection of the vectorsassociates) and viewed with a Zeiss LSM 510 confocal microscope.
pVPack-GP and pVPack-eco (Stratagene) as well as pBI-CD2 (Liu et

al., 2000) carrying a bicistronic construct encoding the Doxicyclin- ) )
sensitive transactivator rtTA2-M2 and a truncated version of CDZluorescence activated cell sorting
under the control of a constitutive promotor based on the vector. AfteEHOrgr-2-cFr CHOgFP-FGF-2and CHQsFp cells were grown under
three days, 50,000 CD2-positive cells were isolated by FACS sortintpe conditions indicated in the corresponding figure legends. To
using polyclonal anti-CD2-antibodies detected by anti-rat secondargietach the cells from the culture plates without using protease-based
antibodies coupled to Alexa488 (Dianova). This pool of CHO cellgrotocols, cell dissociation buffer (Life Technologies) was used to
was termed CH@\w2. Following 7 days of incubation at 37°C, the generate a cell suspension devoid of cell aggregates. Where indicated,
corresponding population of cells was transduced with retroviratells were treated with antibodies for 1 hour at 4°C on a rotating
particles carrying one of the three reporter molecules mentionegheel. Wash procedures were carried out by sedimenting the cells at
above. In this case, the cDNA constructs (N-FGF-2-eGFP-C, N200 g for 5 minutes at 4°C. Prior to the FACS analysis, propidium
eGFP-FGF-2-C and N-eGFP-C) were subcloned into the vectdodide (1pg/ml) was added in order to detect damaged cells.
pREV-TRE2 (Clontech), which contains a Doxicyclin/transactivator- GFP- and phycoerythrin-derived fluorescence (Molecular Probes)
responsive element for the initiation of mMRNA formation. The operwas analyzed using a Becton Dickinson FACScan flow cytometer.
reading frames of FGF-2 and eGFP originated from the vectoAutofluorescence was determined by measuring non-induced cells
pT7T3D-Pac (FGF-2, IMAGE Consortium no. 1690025) and thethat were not treated with phycoerythrin-coupled secondary
vector pEGFP1 (eGFP, Clontech). Three days after retroviradntibodies. GFP-positive cells (i.e. grown in the presenceugfirhl
transduction, including 12 hours of incubation in the presence of @dloxicyclin) that were not treated with antibodies were used to
pg/ml doxicyclin (Sigma), 50,000 cells from each transductionappropriately compensate the FL-2 channel used to detect
sample were isolated by FACS sorting based on GFP-deriveghycoerythrin-derived fluorescence.
fluorescence. The three pools of cells were incubated for 7 days at
37°C in the absence of doxicyclin followed by the isolation of 50,000 . ) . )
cells from each population that did not display GFP-derivedSolation of detergent-insoluble microdomains
fluorescence at this point. Each population was now cultured fd€HOFGF-2-grp Cells were grown on large culture plates (15 cm
another 7 days at 37°C including 12 hours in the presencag/fl diameter) for 36 hours in the presence of doxicyclipgiml). The
doxicyclin at the end of this procedure. Single cells were isolated bgells were washed twice with PBS followed by the addition of PBS
FACS sorting based on GFP-derived fluorescence. These clones wétgpplemented with 10% (w/v) sucrose. After dissociation from the
propagated and used for the preparation of frozen stocks. The newdylture plates using a rubber policeman, cell disruption was achieved
generated clonal cell lines were termed Gdf»-crp CHOGFP-FGF- using a Balch homogenizer (Balch and Rothman, 1985). The resulting
2and CHGskp, respectively, in order to reflect the reporter moleculesuspension was subjected to differential centrifugation at ¢@oQ
expressed. 5000g, respectively. The 5008 supernatant was loaded onto a 20%
sucrose cushion followed by ultracentrifugation at 100§&6r 60
minutes at 4°C. The resulting membrane sediment represents a

Biochemical analysis of FGF-2-GFP secretion microsomal membrane fraction containing intracellular as well as
CHOrGE-2-6GFp CHQGRp-FeE-2and CH@epcells were grown on 6- plasma membranes. The preparation of detergent-soluble and
well plates for 36 hours at 37°C in the presencejad/inl doxicyclin ~ -insoluble fractions as well as the flotation analysis using sucrose

and 125ug/ml heparin. Where indicated the cells were incubated irgradients were performed as described (Gkantiragas et al., 2001).
the presence of 28M ouabain (Sigma). The medium was removed

followed by the dissociation of the cells from the culture plates using

a protease-free buffer (Gibco, PBS-based cell dissociation buffeResults

supplemented with 12fg/ml heparin. Following sedimentation of Generation of model cell lines to study non-classical

cells, the supernatant was combined with the original medium, dilutegxport of FGE-2

1:10 in a Tris buffer (10 mM, pH 7.4) containing 1 mM EDTA and . .

1% (w/v) Triton X-100. The cells were lysed in the same buffer. Botf=HO cells were chosen to establish an experimental system
the cellular extracts and the corresponding supernatants were thétat allows reconstitution of non-classical FGF-2 secretion in
subjected to FGF-2 affinity purification using heparin sepharos&ivo. The generation of these cell lines was achieved in three
(Amersham Pharmacia). Bound material was eluted with SDS sampteps (see Materials and Methods). First, the murine orthologue
buffer followed by SDS-PAGE and western blot analysis usingof the cationic amino acid transporter MCAT-1 (Albritton et
affinity-purified anti-GFP antibodies and ECL detection (Amershamg|., 1989; Davey et al., 1997) was stably transfected into CHO
PhI?rImaCiag.tlln thed,casi Oft,CU@’ cells, a"g_UOts fr.?r:n bOthl trt])eff cells based on the vector pcDNA3-zeo, which contains the
cellular and the medium fractions were combined with sample bu e ; -
followed by SDS-PAGE and western blot analysis in order tgfeocm resistance gene. Cell surface expression of MCAT-1

determine the distribution of the reporter molecule (GFP) betweeﬂenders CHO cells permissive for retroviral transduction based

; . . : the ecotropic surface protein of murine leukemia virus
cells and medium. Since the medium contains about 540 total on ) .
protein (derived from the fetal calf serum), it was not possible to applfAlbritton et al., 1989; Davey et al., 1997). Accordingly, a pool
more than 1% of the medium (L0out of 1000ul per sample) to the Of zeocin-resistant cells could be transduced with an ecotropic
gel. However, even after prolonged exposure GFP could not betrovirus carrying a bicistronic construct consisting of the
detected in the medium fraction. doxicyclin-sensitive transactivator tTA2-M2 (Urlinger et al.,
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2000) and a truncated version of CD2 (Liu et al., 2000) thatell lines with regard to non-classical secretion, we conducted
was used as a cell surface marker. A pool of CD2-positive cellsiochemical experiments to assess extracellular localization of
was isolated by FACS sorting and subjected to another rouridosynthetic FGF-2-GFP fusion proteins (see Materials and
of retroviral transduction. This time a retroviral vector carryingMethods). For this purpose, cells were exposed to doxicyclin
a doxicyclin/transactivator-dependent promotor was used tfor 48 hours at 37°C in the presence of heparin (to prevent
generate three different kinds of cell lines: one expressing N\GF-2 binding to plasma-membrane-associated HSPGS),
terminally GFP-tagged FGF-2, one expressing C-terminallyollowed by their dissociation from the culture plates by using
GFP-tagged FGF-2 and one expressing GFP alone. In eaalprotease-free protocol. Residual cell surface-associated FGF-
case, a pool of positive cells was selected by GFP-derive?l was released by heparin and the corresponding cell-free
fluorescence following incubation in the presence ofupernatant was combined with the original growth medium.
doxicyclin. After repeated FACS sorting in the absence anth parallel, detergent extracts from the cellular fractions were
presence of doxicyclin (for details, see

Materials and Methods), single cells w

isolated that were found to be positive A 1 23456 BM 1 3 4 > 6
MCAT-1, rtTA2-M2 and CD2 as we . r

as FGF-2-GFP, GFP-FGF-2 or G o 1183tp iskoa-  WEN
respectively. These cells were design i

CHOrgF-2-GFR CHOgFp-For-28Nd CH@FP  § 465 1p

in order to reflect the reporter molec
expressed.

The characterization of CHO clor
derived from the procedure described at
is shown in Fig. 1 (see Materials ¢
Methods). As depicted in Fig. 1A, a P
analysis of genomic DNA revealed -
presence of DNA fragments of the expe:
size (lanes 1-3) compared with the ve
DNA (lanes 4-6) that was used for retrov
transduction. In Fig. 1B, total extracts fr
each clone were separated on SDS
followed by western blotting ai
immunodetection using affinity-purifie
anti-GFP antibodies. For each clone,
immunoreactive band with an appai
migration behaviour corresponding to ak
45 (FGF-2-GFP, GFP-FGF-2) and
(GFP) kDa, respectively, was obser
when cells were incubated in the prese
of doxicyclin (Fig. 1B, lanes 2,4,6). |
contrast, no signal was observed when
were incubated in the absence of doxicy
(Fig. 1B, lanes 1,3,5). These results v
confirmed by fluorescence microsc
(Fig. 1C-H) and flow cytometry (Fig. 1l-k
Upon incubation of each CHO clone in
presence of doxicyclin, the whole ¢
population displayed increased C
fluorescence (~50-100-fold), as determi
by flow cytometry. Based on conventio
fluorescence microscopy  at I
magnification, FGF-2-GFP and GFP-F(
2 display both nuclear and cytoplas
staining. This is also the case for G
however, the ratio of nuclear to cytoplas
staining is significantly lower compar
with that of FGF-2-GFP and GFP-FGF-

Biochemical analysis of FGF-2 fusion
protein secretion

To functionally characterize the repol

GFP-derived fluorescence

Fig. 1. Characterization of the cell lines CiHEx-2.cFr CHOgFp-FGF-2and CHQFp. The

model cell lines generated to study non-conventional export of FGF-2 were characterized
with regard to genomic cDNA integration (A), western blot analysis of doxicyclin-
dependent protein expression (B), analysis of doxicyclin-dependent protein expression
based on fluorescence microscopy (C-H), analysis of doxicyclin-dependent protein
expression based on FACS (I-K). (A) PCR analysis: €5Q-crr(lanes 1,4); CHQFp-
rer-2(lanes 2,5); CH@rp(lanes 3,6). Lanes 1-3 represent PCR reactions using genomic
DNA as template isolated from the cell lines indicated; lanes 4-6 represent PCR reactions
using the original retroviral plasmids as template (positive controls). (B) Western blot
analysis: CH®gF-2-crr(lanes 1,2); CH@rp-FeF-Alanes 3,4); CH@rp(lanes 5,6). Total

cell lysates (2Qug protein/lane) were subjected to SDS-PAGE followed by a western blot
analysis using affinity-purified anti-GFP antibodies. Lanes 1, 3 and 5 correspond to cell
cultures incubated in the absence of doxicyclin; lanes 2, 4 and 6 correspond to cultures
incubated in the presence of doxicyclin. (C-H) Fluorescence microscopy analysis:
CHOFGF-2-6FR(C,F); CHQsFp-FGF-AD,G); CHQsrr(E,H). Panels C, D and E represent

cell cultures incubated in the absence of doxicyclin; panels F, G and H represent cell
cultures incubated in the presence of doxicyclin. (I-K) FACS analysis:FgH®GF(1);
CHOgFp-Fer-AJ); CHQsrr(K). The cell populations grown in the absence of doxicyclin

are shown in white, those grown in the presence of doxicyclin are shown in grey.
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prepared. Following dilution, FGF-2 fusion proteins wereDetermination of FGF-2 translocation to the cell surface
affinity-purified from both the cellular and the medium based on flow cytometry

fractions using heparin sepharose (Klagsbrun et al., 1987). A% analyze FGF-2 export to the cell surface in living cells, we
depicted in Fig. 2A, both FGF-2-GFP (derived from the celhave established a novel assay that is based on flow cytometry
line CHO:GF-Z-GFQ and GFP-FGF-2 (derived from the cell line (See Materials and Methods)_ Ch@—Z—GFP cells were
CHOgrp-FGF-) Were readily detectable in the supernatant ofncubated for 18 hours at 37°C in the presence of doxicyclin.
cultured cells (lanes 2 and 4, respectively). Since 1% of theollowing dissociation from the culture plates using a protease-
total material derived from cells (lanes 1 and 3, respectivelyilee buffer, cells were incubated at 4°C under native conditions
and 15% of the total material derived from the cell supernataiith affinity purified antibodies directed against either GFP or
(lanes 2 and 4, respectively) were applied to the gel, up to 10l4GF-2. Primary antibodies were detected by secondary
of the FGF-2-GFP fusion proteins expressed were found to kgtibodies coupled to phycoerythrin (PE) in order to visualize
secreted under the experimental conditions applied. To analygell surface localization by PE-derived fluorescence. As
the specificity of FGF-2 export, the corresponding control celjepicted in Fig. 3, GFP-derived fluorescence rigorously
line (CHOsFpP) was used, which expressed GFP without beingiepends on the presence of doxicyclin as shown by dot blots
fused to FGF-2. As can be deduced from lanes 5 (cells) and(@mpare Fig. 3A and 3B) as well as the corresponding
(supernatant) of Fig. 2A, GFP could not be detected in thgistogram (Fig. 3F). Under all experimental conditions, the
supernatant of CHE¥pcells. As depicted in Fig. 2B, CHGr-  degree of doxicyclin-dependent GFP fluorescence was found
2-grpcells that were grown in the presence of ouabain, a knowtg be similar (Fig. 3F). Accordingly, PE-derived fluorescence
inhibitor of FGF-2 secretion (F|OrkIEWICZ et al., 1998;' Dahl etcorresponding to cell-surface-localized FGF-2-GFP could on|y
al., 2000), FGF-2-GFP export to the culture medium wage observed when FGF-2-GFP expression was induced by
markedly reduced [compare the ratio of the relative amounigoxicyclin, which demonstrated the monospecificity of the
of FGF-2-GFP in lanes 1 and 2 (control) to the correspondinggfinity-purified anti-GFP antibodies used. Similar results were
ratio of lanes 3 and 4 (ouabain)]. These data establish thgbtained with affinity-purified anti-FGF-2 antibodies (data not
export of FGF-2-GFP fusion proteins from CHO cells is ashown).

specific transport mechanism that is compatible with both N- To further establish that PE-derived fluorescence exclusively

and C-terminal GFP tagging. represented cell surface localization of FGF-2-GFP, we
conducted experiments where native cells were treated with

A ,,e@ 4;51' B CHO trypsin prior to the FACS analysis (Fig. 3E,G). In addition,
o o o FGF-2-GFP experiments were carried out where cells were incubated with
S & &L control  ouabain heparin in order to elute FGF-2-GFP associated with plasma-
cMCM CM c M c M membrane-bound heparan sulfate proteoglycans (Fig. 3D,G).
: In both cases, the majority of PE-derived fluorescence could
kDa be removed from the cells demonstrating that the signal was

derived from a FGF-2-GFP population associated with the
outer surface of the plasma membrane.

45 — - - — - ss— - - )
FGF-2 translocation to the cell surface depends on the
FGF-2 domain of FGF-2-GFP fusion proteins

To analyze whether the FGF-2 domain is required for the
translocation to the cell surface of FGF-2-GFP fusion proteins,
we compared the various CHO cell lines described in Fig. 1
with regard to their ability to translocate the respective reporter
123456 1 2 3 a molecule to the outer s_urface of fthe plasma membrang. The
three CHO clones were incubated in the presence of doxicyclin
Fig. 2. Biochemical analysis of FGF-2 fusion protein secretion. The for 18 h(_)urs (see Maf[erlal_s and Methods) fol!owed by antlbody
various cell lines indicated were analyzed biochemically with regardPr0cessing as described in the legend of Fig. 3. As shown in
to secretion of the reporter molecules (A). Cells were grown in the Fi9- 4A, total GFP-derived fluorescence differed in the three
presence of doxicyclin and heparin for 48 hours at 37°C. FGF-2-GFPell lines. When the autofluorescence-corrected GFP signal of
and GFP-FGF-2 were affinity-purified from detergent cell extracts CHOrcF-2-GFp Cells was set to 100%, CH@r-rcF-2 and
and the medium by using heparin sepharose. 1% (cells) and 15% CHOgrp cells displayed a 1.4-fold and 2.3-fold higher
(medium) of the eluates were subjected to SDS-PAGE. In case of fluorescence, respectively, compared with that of E&HQ-
CHOgrpcells, 1% of both cells and medium were directly subjected ;rpcells. By contrast, cell surface localization of the respective
LoesreDdSquﬁE g‘&eof’;?hoe“t”gtgr mstgg?lgg::;ﬁ%egf?gohtigi %‘f(')tg?r? 9eporter molecules as measured by PE-derived fluorescence
concentration). Affinity-purified anti-GFP antibodies were used to '(:Z":gz igl)l s\’N a:go;i)ﬁfe%eéi gngjf\mg; eCs?e?n: c_:ze_?ch?rrE]:((j:tg(;_' %ig':]l;l_al of

detect the reporter molecules. Even after prolonged exposition, no
GFP signal could be observed in lane 6. To analyze whether FGF-2CHOFGF-2-grreells was set to 100% and shown to be 14-fold

GFP is released by a specific mechanism, E#Q.crrcells were higher compared with CHékp cells. The cell surface signal
grown for 48 hours at 37°C in the presence of doxicyclin, Bl of CHOgFp-FaF-2was slightly higher than that of CHEF-2-
heparin and 25iM ouabain, a drug known to inhibit FGF-2 export  crpcells; however, the expression level between these two cell
(B). The samples were processed as described above. lines also differed to a similar extent. These data establish that

26 — -
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-Dox +Ab +Dox -Ab|" C +Dox +Ab | "D +Dox+Ab +Hep “E  +Dox +Ab +Tryp

Fig. 3. A novel experimental system to quantitatively determine FGF-2 export from living CHO cellsdeHdQrpcells were grown for 18
hours at 37°C under the conditions indicated followed by dissociation from the culture plates by using a protease-fregpeateltol
suspension was then processed for the FACS analysis under the conditions indicated. Panels A-E represent dot blot&WwRederiotad
fluorescence was blotted against cell surface-derived PE fluorescence. (A) Cells grown in the absence of doxicyclin. (B)nGeltbgr
presence of doxicyclin and processed with anti-GFP antibodies. (C) Cells grown in the presence of doxicyclin and procasteaRfith
antibodies. (D) Cells grown in the presence of doxicyclin followed by a wash procedure using a heparin-containing buffieo@dyd an
processing. (E) Cells grown in the presence of doxicyclin followed by trypsin digestion and antibody processing. PanetsresehGhe
corresponding histograms of GFP-derived fluorescence and PE-derived cell surface fluorescence, respectively. The colowdsatreespo
conditions shown in panels A-E.

the translocation process depends on the FGF-2 domain of thimetics, unspecific release as well as sensitivity to ouabain, a
reporter molecules, which is consistent with the biochemicatnown inhibitor of FGF-2 export (Florkiewicz et al., 1998;
data presented in Fig. 2. Moreover, it is shown that both NPahl et al., 2000). Following induction of protein expression
terminal and C-terminal GFP-tagging of FGF-2 is compatiblen the presence of doxicyclin, the amount of FGF-2 appearing
with the translocation process in CHO cells. on the cell surface increased in a linear manner for up to 48
hours (Fig. 5A). Afterwards, the signal turned into saturation,
indicating that steady-state conditions were reached. To rule
Characterization of FGF-2 translocation to the cell out that the material found on the cell surface was derived from
surface damaged cells, experiments were carried out wherefgHO
In a series of experiments depicted in Fig. 5, we characterizedsrpcells cultured in the absence of doxicyclin were incubated
the FACS-based FGF-2 translocation assay with regard teith various amounts of a supernatant derived from

A GFP fluorescence B Cell Surface Staining

250 = 120 —

Fig. 4. Translocation to the cell surface of
FGF-2 fusion proteins depends on the FGF-2
domain and is compatible with both N- and ]
C-terminal GFP tagging. CH@F-2-Grp 200 ]
CHOgFp-FGF-2and CH®@rpcells were grown 1
in the presence of doxicyclin for 18 hours at
37°C followed by FACS processing,
including antibody treatment, as described in
Materials and Methods. (A) Quantitative
comparison of GFP-derived fluorescence.
(B) Quantitative comparison of PE-derived 1
cell surface fluorescence. For both GFP- and o ]
PE-derived fluorescence, the signal produced

by CHO:=gr-2-crrcells was set to 100. The ]
results shown are representative of two 0+
independent experiments. CHOrzere  CHOgm e CHO,, CHO G pare CHOGr e CHOg,

g
1

g8
arbitrary units

arbitrary units
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09 A on the cell surface (lane 6) cannot be derived from damaged
° cells but rather has been secreted by a specific transport
mechanism. This conclusion is further substantiated by the

observation that the appearance of FGF-2-GFP on the cell
surface can be partially inhibited by ouabain (Fig. 5B, lanes

7,8). The results obtained by this FACS analysis are consistent
with the biochemical secretion experiments shown in Fig. 2.

arbitrary units

The amount of HSPGs on the cell surface does not limit
FGF-2 translocation efficiency

To analyze the influence of HSPG levels on the cell surface
with regards to FGF-2 secretion efficiency we conducted
] experiments where recombinant §lBGF-2 (see Materials

0 20 40 60 80 and Methods) was titrated into the medium of both doxicyclin-
time (h) induced and non-induced CHEr-2-crpcells. As depicted in
Fig. 6, the FGF-2 binding capacity of the cells was not
saturated under conditions where FGF-2-GFP expression and
externalization was induced by doxicyclin. Based on these
results, the binding capacity of CHEk-2-crpcells for FGF-2

is at least ten times higher than the amount of FGF-2-GFP
externalized under the conditions described. Therefore, the
FGF-2 secretion signal observed is not limited by the amount

“© of HSPGs available on the cell surface but rather is a precise
2 measure of the efficiency of the export machinery. Thus, it can

. be concluded that the overall process of FGF-2 externalization
0 ! S 3 a5 s 7 g is not governed by a balance of intracellular FGF-2 versus

extracellular HSPG-bound FGF-2. Rather, the FGF-2 export
Fig. 5.Characterization of FGF-2-GFP export with regard to machinery appears to be rate-limiting under the conditions
kinetics, unspecific release and inhibition by ouabain. (A) Kinetic  applied.
analysis of FGF-2-GFP export. CHE¥-2-grrcells were grown in
the presence of doxicyclin for the times indicated followed by FACS

processing, including antibody treatment, as described in Materials Analysis of FGF-2 translocation to the cell surface by
and Methods. The raw data have been subjected to a weighted curvggnfocal microscopy

fit and are representative of two independent experiments. . . . .
(B) CHOrar-2-grreells were grown in the absence of doxicyclin To verify the results obtained by FACS analysis using an

followed by the addition of various amounts of a supernatant derivedndependent method, we conducted experiments based on
from homogenized CHEsr-2-crreells that were grown for 48 hours  immunofluorescence confocal microscopy (see Materials and
in the presence of doxicyclin (lanes 1-5). Based on cell number, 0%Methods). CH®gF-2-crrand CHQsrp cells were grown on
(lane 1), 2.5% (lane 2), 5% (lane 3), 7.5% (lane 4) and 10% (lane 5)glass coverslips for 24 hours in the absence or presence of
of this supernatant was added to Gid@2-crrcells grown in the doxicyclin. Following fixation (without permeabilization) and
absence of doxicyclin. The PE-derived FGF-2-GFP cell surface antibody processing using affinity_purified anti-GFP
signal was then compared with the corresponding signal oflHO  aptinodies, the various samples were analyzed by confocal
2-grpcells grown for 48 hours in the presence of doxicyclin (set to microscopy. As shown in Fig. 7B,F, CHEk..cre cells
100%, lane 6). Lanes 7 and 8 refer to experiments under the same incubated in the presence of doxicyclin displayed both GFP-

conditions as those in lane 6 with the exception that during the wholg ™" .
course of the experimentyd and 5uM ouabain, respectively erived intracellular fluorescence (both the nucleus and the

were added to the culture medium. The data are representative of ngytoplasm were found to be positive for FGF-2-GFP) and
independent experiments. plasma-membrane-associated Alexa546-derived fluorescence.

By contrast, CH@cFr-2-grpcells incubated in the absence of

doxicyclin  (Fig. 7A,E) neither showed GFP-derived
homogenized CHEsF-2-grpceells cultured in the presence of fluorescence nor cell surface staining, demonstrating
doxicyclin for 48 hours at 37°C (see Materials and Methods)nonospecificity of the antibodies used. Consistent with the
As shown in Fig. 5B, the addition of 0, 2.5, 5, 7.5 or 10%~ACS experiments shown in Fig. 3, FGF-2-GFP cell surface
(based on cell number; lanes 1-5) of a supernatant derived frastaining can be removed by incubation of the cells with heparin
a membrane-free supernatant of homogenized cells to cells mqoior to fixation (Fig. 7C,G), demonstrating that exported
expressing the reporter molecule accounted for up to 40% biosynthetic FGF-2-GFP associates with HSPGs on the
the secretion signal observed with Ckip.2-grrcells (lane 6).  extracellular surface of CHO cells. Moreover, cell surface
During all FACS experiments the amount of dead cells wastaining could not be observed with CEip cells incubated
monitored by the addition of propidium iodide (PI), a lowin the presence of doxicyclin (Fig. 7D,H). These results are
molecular weight dye that enters only damaged -celldully consistent with our FACS analysis establishing specific
Typically, about 2-3% of the total cell population was found tatranslocation from the cytosol to the outer surface of the plasma
be positive for PI. Thus, the population of FGF-2-GFP foundnembrane of FGF-2-GFP.

100 B

80

60

arbitrary units

(=]
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GFP-derived Fluorescence Cell Surface Staining

Fig. 6. FGF-2 externalization is not limited by the availability of cell surface HSPGs.FGHfsrrcells were grown for 18 hours at 37°C in

the presence (coloured curves in A and B) or absence (white curves in A and B) of doxicyclin. At the end of the incuiatoanmamts of
recombinant Histagged FGF-2 were added to the culture medium (greepg0ndl; pink, 0.25.g/ml; blue, 0.5ug/ml; orange, Jug/ml; dark

blue, 2pg/ml) followed by an incubation for 60 minutes at 37°C. The red curves in A and B represent a standard FGF-2 secretiont @xperime
the absence of exogenously added FGF-2. The cell suspension was processed for the FACS analysis as described in tige Sederidiso F
experiment, affinity-purified anti-FGF-2 antibodies were used to detect both cell surface FGF-2 and FGF-2-GFP. (A) GFRiolersgehfle.

(B) FGF-2 cell surface staining.

Biosynthetic FGF-2-GFP exported to the extracellular rather appeared in bright spots representing distinct
plasma membrane surface is targeted to non-lipid raft microdomains. As shown in Fig. 8B, these microdomains
microdomains represent structures exclusively localized to the cell surface

To assess the structural organization of cell-surface-localizexince sequential scanning of focal planes (one of which is
FGF-2-GFP in more detail, we conducted immunofluorescencghown in Fig. 8B) revealed the absence of any intracellular
confocal microscopy at high magnification. As shown in Figstaining. Since cell-surface-associated FGF-2-GFP could be
8A (merged image of 16 confocal planes), FGF-2-GFP did natluted with heparin (Fig. 7G), these microdomains also contain
display a homogenous staining of the plasma membrane bHSPGs.

CHO¢Gr--grp CHOgep

- dox + dox + dox + heparin + dox

GFP Fluorescence

Cell Surface Fluorescence

Fig. 7. Translocation of FGF-2-GFP to the extracellular surface of the plasma membrane, as determined by confocal microsegpyceO

and CH@rpcells were grown on glass coverslips for 24 hours at 37°C in the absence or presence of doxicyclin. Where indicated, cells were
washed with PBS containing 128§/ml heparin. Following fixation using paraformaldehyde, cells were processed with affinity-purified anti-
GFP antibodies and secondary antibodies coupled to an Alexa546 fluorophore. The specimens were embedded using Fluoreawednt and vi
with a Zeiss LSM 510 confocal microscope. The results shown are representative of four independent experiments.
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s. “"._- . W | o : Fig. 9. FGF-2-GFP-positive microdomains are distinct from lipid

) N E rafts. CHG:gr-2-gFpcells were grown on large culture plates for 48

- hours at 37°C in the presence of doxicyclin. Following a wash

procedure using PBS the cells were scraped off the culture plates in a
sucrose-containing buffer. Cell breakage was achieved by using a
balch homogenizer followed by differential centrifugation at 1§00
and 500@y to sediment nuclei and cell debris. The resulting
supernatant was loaded on top of a 20% (w/v) sucrose cushion and
centrifuged for 60 minutes at 100,00t order to collect
microsomal membranes freed of cytosolic proteins. The membrane
sediment was resuspended in PEN buffer containing 1% (w/v) Triton
X-100 at 4°C. While being resuspended several times using al 100
tip, the membrane suspension was kept on ice for 30 minutes. The
samples were then divided and either subjected to ultracentrifugation
in order to sediment detergent-insoluble complexes or adjusted to
extracellular surface of CHO cells. CHEk2.crreells were grown 40% (w/v) sucrose foIIoweq by flotation in a Iinear'sucrose grad!ent.
on glass coverslips for 24 hours at 37°C in the presence of (A) Detergent—solubl_e fraction (Ie_me 1), detergent-msoluble fraction
doxicyclin. Processing for confocal microscopy was performed as  (1ane 2). (B) 14 fractions of the linear flotation gradient (lanes 1-14)
described in the legend of Fig. 6. (A) Merged image of 16 confocal with lane 1 containing the most dense sucrose fraction and lane 14

planes spanning the whole depth of the cells. (B) A confocal plane containing the lightest fraction. In the case of FGF-2-GFP and p23
close to the bottom of the cells where they are attached to the glassd€tection, 60% of each fraction was TCA-precipitated and applied to
coverslips. the gel; in the case of caveolin-1, 15% of each fraction was TCA-

precipitated and applied to the gel.

Fig. 8.ldentification of FGF-2-GFP-positive microdomains on the

To analyze the nature of these microdomains with regard to

lipid rafts, we characterized the detergent solubility of plasmélane 1), whereas caveolin was almost exclusively found in the
membrane-associated FGF-2-GFP. A plasma membranmsoluble fraction (lane 2). These results were further
containing microsomal membrane fraction freed of cell debrissubstantiated by the results from the flotation experiment
nuclei and soluble cytosolic proteins was isolated byperformed with detergent-treated membranes. As shown in Fig.
differential centrifugation (see Materials and Methods). Thes@B, caveolin-1 could be detected in the light fractions
membranes were solubilized in a Triton X-100-containingcorresponding to about 15% (w/v) sucrose] of the flotation
buffer at 4°C. Resuspended membranes were either subjecigdient. By contrast, both p23 and FGF-2-GFP were
to ultracentrifugation in order to sediment detergent-insolublexclusively localized to the bottom fractions of the gradient
complexes or adjusted to 40% (w/v) sucrose followed bylemonstrating that the microdomains observed by confocal
flotation in a sucrose density gradient in order to separate lipignicroscopy are not related to lipid rafts. A formal possibility
associated protein complexes from detergent-soluble materialould be that a potential association of FGF-2-GFP with lipid
As shown in Fig. 9A, FGF-2-GFP almost exclusively appearedafts cannot be detected because the interaction of FGF-2-GFP
in the soluble fraction (lane 1) of detergent-treated membranewith cell surface HSPGs is detergent-sensitive which, in turn,
As control proteins, the Golgi-localized transmembranevould cause FGF-2-GFP to appear in the supernatant of
protein p23 (Sohn et al., 1996) was used as a non-lipid raftetergent-treated membranes. However, as demonstrated in
marker (Gkantiragas et al., 2001) and the plasma-membranilg. 2, FGF-2-GFP can be affinity-purified from cellular
localized protein caveolin-1 was used as a classical lipid raftetergent extracts by using heparin-sepharose, a method that
marker (Rothberg et al., 1992; Kurzchalia and Parton, 1999nimics the interaction of FGF-2 with heparan sulfate
Consistently, p23 could be detected only in the soluble fractioproteoglycans (Burgess and Maciag, 1989). Therefore, FGF-2-
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Fig. 10.Both endogenous and exogenously
added FGF-2 do not stimulate proliferation
activity of CHO cells. CH®gF-2-grpcells

were spread on culture plates at a confluency
of about 5-10%. Cell proliferation was 30
monitored for 48 hours in the presence of
recombinant HisFGF-2 (5ug/ml; dotted 20
line); in the presence of doxicyclin to induce
FGF-2-GFP expression and externalization :
(solid line); or in the absence of doxicyclin as om
a control condition (dashed and dotted line). 0 time (h)

50

% confluency

40

GFP-positive microdomains found on the cell surface ofoluble intermediate between export and binding to
CHOrgF-2-grrcells are not related to lipid rafts. proteoglycans from an integrated process where the export
Since FGF-2 signalling has been demonstrated to originateachinery directly delivers FGF-2 to the proteoglycan binding
from caveolae-like lipid rafts (Davy et al., 2000), we analyzedite, we conducted experiments where FGF-2-GFP-expressing
whether exported FGF-2-GFP or exogenously addedells were cultured together with cells lacking the FGF-2-GFP

recombinant FGF-2 are able to stimulate cell proliferation. Aseporter construct (CH@ar-tam2 cells; see Materials and
shown in Fig. 10, neither secreted FGF-2-GFP noMethods). In this way we were able to analyze intercellular
recombinant FGF-2 added to the culture medium induce cedlpreading of FGF-2 between different populations of CHO
proliferation. These data are consistent with the fact thatells. As depicted in Fig. 11B,C, CHfdar-tam2 cells (labeled
despite expressing HSPGs and the FGF-2 co-receptar GMith an asterisk) not expressing the FGF-2-GFP fusion protein
(Rusnati et al., 2002), CHO wild-type cells do not expressvere found to be positive for cell-surface-localized FGF-2-
high-affinity FGF receptors (Rusnati et al., 2002). ThereforeGFP. To verify these observations using an independent
FGF receptors appear to be required to target FGF-2 tpproach we prepared a 100,0@Qy supernatant from
caveolae-like lipid rafts involved in FGF signalling. doxicyclin-induced homogenized CHEr-2-.grpcells, which

was added to CHfartamz cells, and analysed the cell

] . ] surface staining using confocal microscopy. FGF-2-GFP

Intercellular spreading of exported biosynthetic FGF-2- appears in bright spots on the cell surface closely resembling
GFP the localization of secreted FGF-2-GFP (data not shown).
To distinguish a translocation mechanism that involves &hese results demonstrate that, following secretion of FGF-2-

Total GFP Fluorescence Cell Surface Staining Merge

Fig. 11.Intercellular spreading of secreted FGF-2-GFP. €&5Q-crrand CHGQucar-Tam2 cells were cultured on glass coverslips in a 1:1 ratio.
Following incubation for 24 hours at 37°C in the presence of doxicyclin, the cells were fixed with PFA and processed tyithuaffed anti-
GFP antibodies. Primary antibodies were detected with anti-rabbit IgG antibodies coupled to Alexa546. The specimens wessgiawed
Zeiss LSM 510 confocal microscope.
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GFP, a soluble intermediate exists that subsequentiyne plasma membrane, where it is associated with
accumulates in cell surface microdomains based on tharoteoglycans of the heparan sulfate type (Burgess and Maciag,
interaction with HSPGs. 1989; Pellegrini et al., 2000; Trudel et al., 2000). This allows
specific detection of secreted FGF-2-GFP with affinity purified

) ) anti-GFP- or anti-FGF-2 antibodies under native conditions
Discussion based on flow cytometry. In this way, GFP-derived
The phenomenon of non-conventional protein secretion hdliorescence is used to normalize the overall expression of the
been known for more than ten years (Cleves, 1997; Hughesporter molecule under various experimental conditions,
1999); however, our knowledge about the molecular machinemyhereas the secreted population can be exclusively detected on
mediating this process remains poor. It is even unclear as toe cell surface with antibodies coupled to a second
whether the various proteins known to be secreted by norfluorophore such as phycoerythrin.
conventional means make use of a common molecular In the second part of this study, we made use of the
mechanism (Hughes, 1999). In fact, evidence is accumulatirexperimental system described to study the fate of biosynthetic
that distinct machineries are in place; for example, théi.e. endogenous) FGF-2-GFP following translocation to the
mechanism of IL[ secretion appears to involve intracellular extracellular compartment. FGF-2-GFP is shown to
vesicles (Andrei et al., 1999) whereas galectin secretion @ccumulate in large macromolecular clusters that appear as
likely to occur through plasma membrane blebbing (Mehul anbright spots on the cell surface. FGF-2-GFP association with
Hughes, 1997). Another example are the distincthese structures is mediated by HSPGs, as heparin treatment
characteristics of FGF-1 versus FGF-2 secretion since FGFehuses a loss of FGF-2-GFP staining on the cell surface. To
export is sensitive to heat shock treatment (Jackson et alyvestigate whether FGF-2 export and deposition in HSPG-
1992), whereas FGF-2 export is not (Mignatti et al., 1992). Theontaining microdomains are tightly linked processes we
relatively poor knowledge about the molecular componentanalyzed the mode of delivery of FGF-2-GFP to HSPGs
involved in theses processes compared to the advanced statéalibwing its externalization. A soluble intermediate is
our knowledge about ER-Golgi-dependent protein secretiodemonstrated that allows FGF-2-GFP to spread between
emphasizes the need for novel experimental strategies in ordgfferent populations of cultured cells. Moreover, FGF-2-GFP
to reveal the molecular mechanism of non-conventional proteiprepared as a cell-free supernatant from homogenized
secretion. CHOrgF-2-grrcells can associate with non-expressing cells

In the first part of this study, we implemented a novelthereby forming morphologically similar microdomains on
experimental system that will greatly facilitate studies on theheir surfaces. In conclusion, FGF-2 externalization and
molecular machinery of FGF-2 secretion. A key aspect was tdeposition in cell surface microdomains do not occur through
reconstitute FGF-2 secretion in living cells based on a read-oanh integrated process that would restrict cell surface deposition
method that provides a precise and quantitative analysis of this FGF-2-secreting cells. Rather, a soluble intermediate is
process. Moreover, by using FGF-receptor-deficient CHQeleased and eventually accumulates in HSPG-containing
cells, secondary effects based on FGF-2-induced signptotein clusters. These data are consistent with our finding that
transduction can be avoided. We have established geneticatlhe FGF-2 binding capacity mediated by HSPGs does not
altered cell lines that stably express N- and C-terminally GFRnfluence the balance of intracellular FGF-2 versus
tagged FGF-2 in a doxicyclin-dependent manner. Moreovegxtracellular HSPG-bound FGF-2. Rather, the cell surface
these cells express the mouse orthologue of the cationic amismgnal detected provides a precise measure of FGF-2
acid transporter [MCAT-1 (Albritton et al., 1989; Davey et al.,externalization that is not limited by the availability of HSPGs.
1997)], whose cell surface expression makes non-mouse cellberefore, the FGF-2 export machinery is rate-limiting under
permissive to ecotropic retroviruses (Albritton et al., 1989)the conditions applied.
This strategy allows the efficient retroviral transfer of cONA The presence of FGF-2-GFP in discrete microdomains on
libraries into MCAT-expressing mammalian cells of any origin.the cell surface implied that these structures might represent
Following stable integration of the MCAT-1 cDNA using protein complexes involved in FGF-2 signal transduction. In
conventional methods, we took advantage of this approach llgis context, Davy et al. reported that FGF-2 signalling
introducing both a doxicyclin-sensitive transactivator (Urlingeroriginates from caveolae-like lipid rafts on the cell surface
et al., 2000) and the various FGF-2-GFP cDNA constructs b{Davy et al., 2000). A functional FGF-2 signal transduction
using a retrovirus containing an ecotropic host-range envelom®mmplex consists of FGF-2, HSPGs, the co-receptor &
protein. In this way the cDNA constructs were stably integratetiigh-affinity FGF receptors (Rusnati et al., 2002). CHO wild-
into the genomic DNA of the host cells without the need fottype cells do synthesize HSPGs and GRbwever, they do
cell selection based on antibiotics. not express high-affinity FGF receptors (Rusnati et al., 2002).

The resulting clonal cell lines can be transduced withirherefore, it was interesting to study the biophysical properties
retroviral particles containing specific cDNAs or cDNA of the FGF-2-GFP-positive microdomains observed on the cell
libraries with high efficiency and express FGF-2-GFP fusiorsurface of CHO cells. Based on detergent solubility combined
proteins in a strictly doxicyclin-dependent manner. These cellwith flotation experiments in sucrose gradients, we can exclude
were functionally characterized with regard to non-that the FGF-2-positive clusters observed are related to lipid
conventional secretion of the FGF-2-GFP reporter moleculesafts. Therefore, initial binding of FGF-2 to HSPGs does not
Based on a robust and efficient FACS-based assay, it is possibbésult in the correct targeting to caveolae-like lipid rafts, where
to quantitatively assess the amount of FGF-2 released to tR&F-2 signalling is initiated. Rather, FGF receptors are
extracellular space in living cells. This is because, followingequired to direct the core complex of FGF-2 signaling to lipid
its secretion, FGF-2-GFP binds to the extracellular surface oéfts. Accordingly, upon doxicyclin-induced FGF-2-GFP
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expression and externalization, CHfp-2-grp cells do not between successive compartments of the Golgi apparatus: asymmetric
appear to be significantly stimulated with respect to cell properties of donor and acceptor activities in a cell-free systenf.

; ; . _ _ Biochem. Biophy240, 413-425.
proliferation. Therefore, the large FGF-2-GFP- and HSPGg, o\t ™ ord™ o s and Rifkin, D. B. (1997). Biological roles
containing cell surface clusters appear to represent signallind fiproblast growth factor-Zndocr. Revis, 26-45.

complex precursors that, in the presence of high affinity FGBurgess, W. H. and Maciag, T.(1989). The heparin-binding (fibroblast)
receptors, are converted into functional signalling complexes. growth factor family of proteinsAnnu. Rev. Biocherss, 575-606.
This transition appears to be accompanied by a targeting of ti@rreira, C. M., Lavallee, T. M., Tarantini, F., Jackson, A., Lathrop, J.

3 . . i e T., Hampton, B., Burgess, W. H. and Maciag, T(1998). S100A13 is
FGF-2 S|gnalllng complex to caveolae-like |Ip|d rafts. involved in the regulation of fibroblast growth factor-1 and p40

The FACS-based FGF-2 secretion assay described in thissynaptotagmin-1 release in vite. Biol. Chem273 22224-22231.
study is a powerful tool for the analysis of the molecularcho, M. and Cummings, R. D.(1995a). Galectin-1, a beta-galactoside-
machinery mediating FGF-2 export. For example, the binding lectin in Chinese hamster ovary cells. I. Physical and chemical

; ; ; ; ; i characterization]. Biol. Chem270, 5198-5206.

.S)f{Stemt.atIC ttesél.ng of Candtl.date prot_elns_ (e.g. |de?t|f|ed |t|J ho, M. and Cummings, R. D.(1995b). Galectin-1, a beta-galactoside-
Interaction §u ies or gene_'c scrgen_ln_g_ n ma_mmalan ce _S binding lectin in Chinese hamster ovary cells. Il. Localization and
can be carried out by transiently inhibiting their biosynthesis piosynthesisJ. Biol. Chem270, 5207-5212.
based on RNA interference (Elbashir et al., 2001). In thi€leves, A. E.(1997). Protein transports: the nonclassical ins and Guis.
context, a considerable advantage of the FGF-2-GFP-basgdiol- 7, R318-R320.

: : : _ : leves, A. E., Cooper, D. N., Barondes, S. H. and Kelly, R. B.996). A
system is that total protein expression (GFP-derive new pathway for protein export in Saccharomyces cerevidiagell Biol.

fluorescence) and secreted FGF-2-GFP (PE-derived cell133 1017-1026.

surface staining) can be measured independently. Thereforeceoper, D. N. and Barondes, S. H1990). Evidence for export of a muscle

phenotype determined by PE-derived cell surface staining canlectin from cytosol to extracellular matrix and for a novel secretory

it mechanismJ. Cell Biol.110, 1681-1691.

E%g%”gggd by nor_malléatlor: btz;se?j okn '}thdFegree (:f tOtB!alhl,J. P., Binda, A., Canfield, V. A. and Levenson, R2000). Participation
l expresspn. ue 1o the lack o . receprors n Na,K-ATPase in FGF-2 secretion: rescue of ouabain-inhibitable FGF-2

CHO cells, another unique feature of the experimental systeMsecretion by ouabain-resistant Na,K-ATPase alpha subi@ishemistry

described is the uncoupling of FGF-2 externalization from 39, 14877-14883. _

FGF-2 signalling. Therefore, FGF-2 export can be studie@avey, R- A, Hamson, C. A., Healey, J. J. and Cunningham, J. NL.997).

: : ; In vitro binding of purified murine ecotropic retrovirus envelope surface
without the risk of secondary effects provoked by the action of protein to its receptor, MCAT-11. Virol. 71, 8096-8102.

the secreted p_I'OdUCt. o o Davy, A., Feuerstein, C. and Robbins, S. M(2000). Signaling within a
Another obvious application is a systematic high throughput caveolae-like membrane microdomain in human neuroblastoma cells in
screening for inhibitors (e.g. derived from natural compound response to fibroblast growth factdr.Neurochemz4, 676-683.

i i - i ; enny, P. W., Gokool, S., Russell, D. G., Field, M. C. and Smith, D. F.
libraries) of FGF-2 secretion and the subsequent functiond (2000). Acylation-dependent protein export in LeishmadiaBiol. Chem.

identification of their cellular targets. Given the biological 575"17017-11025.

function of FGF-2 as a direct stimulator of tumor angiogenesigonato, R.(2001). $100: a multigenic family of calcium-modulated proteins
(Bikfalvi et al., 1997), inhibitors of FGF-2 secretion might of the EF-hand type with intracellular and extracellular functional rbies.
have strong biomedical implications as potential lead J- Biochem. Cell Biol33, 637-668.

; ; ; Elbashir, S. M., Harborth, J., Lendeckel, W., Yalcin, A., Weber, K. and
compounds for the develOpmem of anti-angiogenic druQS' Tuschl, T. (2001). Duplexes of 21-nucleotide RNAs mediate RNA

. interference in cultured mammalian ceNature411, 494-498.

We thank Barbara Schnierle (Georg-Speyer-Haus, Frankfurgio G. and O'Hare, P. (1997). Intercellular trafficking and protein
Germany), Harvey Lodish (Whitehead Institute for Biomedical delivery by a herpesvirus structural protedell 88, 223-233.
Research, Cambridge, MA) and Hermann Bujard (Zentrum fliEnsoli, B., Buonaguro, L., Barillari, G., Fiorelli, V., Gendelman, R.,
Molekulare Biologie Heidelberg, Germany) for providing cDNAs Morgan, R. A., Wingfield, P. and Gallo, R. C.(1993). Release, uptake,
encoding MCAT-1, a truncated version of CD2 and the transactivator and effects of extracellular human immunodeficiency virus type 1 Tat
rTA2-M2, respectively; Dorothee Lay and Wilhelm Just (Biochemie-_ Protein on cell growth and viral transactivationVirol. 67, 277-287.
Zentrum Heidelberg) for help with the generation of confocal images;'orkiewicz, R. Z., Majack, R. A., Buechler, R. D. and Florkiewicz, E.
and Britta Brigger (Biochemie-Zentrum Heidelberg) for critical (1995). Quantitative export of FGF-2 occurs through an alternative, energy-

comments on the manuscript. HEK-293T cells used for the productio,ggri?:vciiimhnozn 'EEr/Sr?ilr?' gatg\rf]v(?yéc:rl(lerAysg%’g%? 3T§h85;3i?1?{ibition of

of retroviral particles were kindly provided by Sven Becker (Institut "finopiast growth factor-2 export by cardenolides implies a novel function
fur Transfusionsmedizin und Immunhamatologie, DRK BIlut- for the catalytic subunit of Na+ K+-ATPask.Biol. Chem273 544-551.
spendedienst Hessen, Frankfurt, Germany). We are indebted to Fetbkantiragas, 1., Briigger, B., Stiiven, E., Kaloyanova, D., Li, X. Y., L&hr,
Wieland (Biochemie-Zentrum Heidelberg) for his generous support K., Lottspeich, F., Wieland, F. T. and Helms, J. B(2001). Sphingomyelin-
throughout the course of this work. This study was supported by enriched microdomains at the_ Golgi complekal. B‘_iol. CeI_I12, 1819—1833.‘
grants of the German Research Foundation (Deutsche Forschungighes, R. C.(1999). Secretion of the galectin family of mammalian
Gemeinschaft, DFG) to B.S. and W.N. carbohydrate-_blndmg proteinBiochim. Biophys. Acta473 172-185.
Jackson, A., Friedman, S., Zhan, X., Engleka, K. A., Forough, R. and
Maciag, T. (1992). Heat shock induces the release of fibroblast growth
factor 1 from NIH 3T3 cellsProc. Natl. Acad. Sci. US89, 10691-10695.

References Jackson, A., Tarantini, ., Gamble, S., Friedman, S. and Maciag, [1995).
Albritton, L. M., Tseng, L., Scadden, D. and Cunningham, J. M(1989). The release of fibroblast growth factor-1 from NIH 3T3 cells in response to

A putative murine ecotropic retrovirus receptor gene encodes a multiple temperature involves the function of cysteine residdieBiol. Chem270,

membrane-spanning protein and confers susceptibility to virus infection. 33-36.

Cell 57, 659-666. Jorgensen, P. L. and Pedersen, P. £2001). Structure-function relationships
Andrei, C., Dazzi, C., Lotti, L., Torrisi, M. R., Chimini, G. and Rubartelli, of Na(+), K(+), ATP, or Mg(2+) binding and energy transduction in Na,K-

A. (1999). The secretory route of the leaderless protein interleukin 1beta ATPaseBiochim. Biophys. Acta505 57-74.

involves exocytosis of endolysosome-related vesidiesd. Biol. Cell 10, Klagsbrun, M., Sullivan, R., Smith, S., Rybka, R. and Shing, Y. §1987).

1463-1475. Purification of endothelial cell growth factors by heparin affinity
Balch, W. E. and Rothman, J. E(1985). Characterization of protein transport ~ chromatographyMethods Enzymoll47, 95-105.



FGF-2 translocation to the extracellular surface 3631

Kurzchalia, T. V. and Parton, R. G.(1999). Membrane microdomains and Rothman, J. E. and Wieland, F. T.(1996). Protein sorting by transport
caveolaeCurr. Opin. Cell Biol.11, 424-431. vesicles.Science272 227-234.

Landriscina, M., Bagala, C., Mandinova, A., Soldi, R., Micucci, |., Bellum,  Rubartelli, A. and Sitia, R. (1991). Interleukin 1 beta and thioredoxin are
S., Prudovsky, I. and Maciag, T.(2001). Copper induces the assembly of  secreted through a novel pathway of secreti®inchem. Soc. Trand9,
a multiprotein aggregate implicated in the release of fibroblast growth factor 255-259.

1 in response to stresk.Biol. Chem276, 25549-25557. Rubartelli, A., Cozzolino, F., Talio, M. and Sitia, R.(1990). A novel
Lecellier, C. H., Vermeulen, W., Bachelerie, F., Giron, M. L. and Saib, A. secretory pathway for interleukin-1 beta, a protein lacking a signal sequence.

(2002). Intra- and intercellular trafficking of the foamy virus auxiliary bet EMBO J.9, 1503-1510.

protein.J. Virol. 76, 3388-3394. Rubartelli, A., Bajetto, A., Allavena, G., Wollman, E. and Sitia, R(1992).

Liu, X., Constantinescu, S. N., Sun, Y., Bogan, J. S., Hirsch, D., Weinberg, Secretion of thioredoxin by normal and neoplastic cells through a leaderless
R. A. and Lodish, H. F. (2000). Generation of mammalian cells stably  secretory pathwayl. Biol. Chem267, 24161-24164.
expressing multiple genes at predetermined le¥ilal. Biochem280, 20- Rusnati, M., Urbinati, C., Tanghetti, E., Dell’Era, P., Lortat-Jacob, H. and
28. Presta, M. (2002). Cell membrane GM1 ganglioside is a functional
Mehul, B. and Hughes, R. C(1997). Plasma membrane targeting, vesicular coreceptor for fibroblast growth factor Rroc. Natl. Acad. Sci. US89,
budding and release of galectin 3 from the cytoplasm of mammalian cells 4367-4372.

during secretiond. Cell Sci.110 1169-1178. Schatz, G. and Dobberstein, B(1996). Common principles of protein
Mellman, |. and Warren, G. (2000). The road taken: past and future translocation across membranBsience271, 1519-1526.
foundations of membrane traffi€ell 100, 99-112. Sloan, I. S., Horowitz, P. M. and Chirgwin, J. M.(1994). Rapid secretion

Menon, R. P. and Hughes, R. C(1999). Determinants in the N-terminal by a nonclassical pathway of overexpressed mammalian mitochondrial
domains of galectin-3 for secretion by a novel pathway circumventing the rhodanesel. Biol. Chem269, 27625-27630.
endoplasmic reticulum-Golgi comple&ur. J. Biochem264, 569-576. Sohn, K., Orci, L., Ravazzola, M., Amherdt, M., Bremser, M., Lottspeich,
Mignatti, P., Morimoto, T. and Rifkin, D. B. (1992). Basic fibroblast growth F., Fiedler, K., Helms, J. B. and Wieland, F. T.(1996). A major
factor, a protein devoid of secretory signal sequence, is released by cells viatransmembrane protein of Golgi-derived COPI-coated vesicles involved in

a pathway independent of the endoplasmic reticulum-Golgi combl€ell coatomer bindingJ. Cell Biol.135 1239-1248.

Physiol.151, 81-93. Trudel, C., Faure-Desire, V., Florkiewicz, R. Z. and Baird, A.(2000).
Nickel, W., Bruigger, B. and Wieland, F. T.(1998). Protein and lipid sorting Translocation of FGF2 to the cell surface without release into conditioned

between the endoplasmic reticulum and the Golgi comBlemin. Cell Dev. media.J. Cell Physiol185 260-268.

Biol. 9, 493-501. Urlinger, S., Baron, U., Thellmann, M., Hasan, M. T., Bujard, H. and
Pellegrini, L., Burke, D. F., von Delft, F., Mulloy, B. and Blundell, T. L. Hillen, W. (2000). Exploring the sequence space for tetracycline-dependent

(2000). Crystal structure of fibroblast growth factor receptor ectodomain transcriptional activators: novel mutations yield expanded range and

bound to ligand and hepariNature407, 1029-1034. sensitivity.Proc. Natl. Acad. Sci. US87, 7963-7968.

Rothberg, K. G., Heuser, J. E., Donzell, W. C., Ying, Y. S., Glenney, J. R. Walter, P., Gilmore, R., Muller, M. and Blobel, G. (1982). The protein
and Anderson, R. G.(1992). Caveolin, a protein component of caveolae translocation machinery of the endoplasmic reticulhilos. Trans. R. Soc.
membrane coat&£ell 68, 673-682. Lond. B. Biol. Sci300, 225-228.



