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Fig. 1.Internalization of the

native and chimera syndecan-

proteins. (A) RFPEC cells

expressing the FCR-S4 constrt

were decorated with Cy3-

labeled (red) human non-

immune 1gG (nilgG) and then

clustered with AlexaFluor 647-

labeled (green) FGF2. IgG

decorated FcR-S4 chimeras a

present on the surface of the

cells and in the cytoplasm 20

minutes after FGF2 clustering

(red). FGF2 is present both on

the cell surface and in the

cytoplasm. Note co-localizatiol

(yellow) of internalized FGF2

and FcR-S4 chimeras (mergec

image). This observation is

consistent with FGF2-induced

oligomerization of FCR-S4

native S4 heterodimers.

(B) FcR-S4-expressing cells

decorated with biotinylated

nilgG followed by clustering

with Cy3-labeled clustering

antibodies (red). Biotinylated nilgG remaining on the cell surface was visualized by streptavidin-Cy5 (green). Dual stairemgethimage
shows cell surface localized FcR-S4 whereas single red stain shows internalized FcR-S4. Right figure shows the mergeel codulaiichag
with a DIC image. Lower figure shows Z-plane projection of the area in the white rectangle.

Quantitative measurements of endocytic uptake The cell lysates (500g) were then incubated with either GST-Pak1-
Endocytic uptake of dextran, transferrin, GPI-GFP, GM1-BODIPY,PBD (to pull down active Cdc42 or Racl) or GST-Rhotekin-RBD (to
FcR-syndecan 4 and FGF2 was quantified as previously describ@ll down active Rho) in the presence of SwellGel-immobilized
(Sabharanjak et al., 2002). In brief, 10-15 images were acquired froffutathione at 4°C for 1 hour in a spin column. After incubation, the
two wells of the same experiment and the number of cells showingixture was centrifuged at 8,0@0to remove the unbound proteins.
high level of uptake relative to untransfected cells was scored. ThEne resins were washed three times with lysis/binding/wash buffer and

data are presented as mean of three or four independent experimeft§, sample was eluted by adding8®f 2x SDS sample buffer and
each with 20 or more cells. boiling at 95°C for 5 minutes. Half (28) of the sample volumes were

In addition, the effect of various toxin treatments on syndecan-2nalyzed by SDS-PAGE and transferred to a PDVF membrane. The
and transferrin uptake was measured by flow cytometry. For thegitive Racl and Rho were detected by western blotting using a specific
experiments1=3) cells were grown to ~70-80% confluence on 24-mouse monoclonal antibody. A goat anti-mouse antibody conjugated
well plates. Toxin treatments, FcR-syndecan 4 and transferrin uptakéth HRP was used as the secondary antibody. For the detection of
assays were performed as described above. At the end of tk&lc42, anti-Cdc42 monoclonal antibody (Upstate) was labeled using
experiment plates were placed on ice, washed once with ice-cold P& Zenon Alexa-488 mouse IgG1 labeling kit and applied to the
pH 7.4 and then twice with ice-cold acidic PBS pH 2.5 for 30 second@cl/cdc42 PVDF membrane. Detection was performed using West
to remove cell-surface bound fluorescent ligands (Fuki et al., 2000fico Chemiluminescent Substrate (Rho and Racl) (Pierce) or
Cells were then trypsinized, washed once with PBS pH 7.4 an@uorometry (Cdc42) followed by exposure to X-ray film or detection
resuspended in DPBS pH 7.4 with 1% BSA. Flow cytometry wa®f fluorescence in a Typhoon 9410 (Amersham Biosciences) detector,
performed and analyzed as previously described (Tkachenko am@sSpectively.

Simons, 2002).

Results
Rho GTPase pulldown assays Clustering initiates syndecan-4 endocytosis

To determine activation of Rho, Rac and Cdc42 after FcR-S40 study plasma membrane syndecan-4 internalization, we
clustering, EZ-detect Rho and Rac1 activation kits (Pierce) were usedsed live confocal laser microscopy to track the core protein
In brief, cells were seeded on fibronectin-coated 100 mm dishes aingl endothelial cells before and after FGF2 and/or antibody-
grown to 80% confluency then starved for 24 hours in DMED 0.5%nduced clustering. To help visualize the fate of the native
FBS. Following antibody clustering performed as described aboveyyndecan-4, we took advantage of heterodimerization between
cells were lysed in 25Qul lysis/binding/washing buffer including {pa wild-type syndecan-4 and the FcR-S4 chimeras previously
proteinase inhibitors (Pierce). As positive and negative controls, fo%emonstrated in the FCR-S4-expressing RFPEC (Tkachenko

larified -clustered cell lysates (5 treated with eith . . .
girlr:]eM goTnFyCSugrelrfeo nii/l ég‘;eif] (thggz)r\ggg?]c:seifelowr:wMellzDeT;\ and Simons, 2002). In quiescent endothelial cells both the FcR-

pH 8.0 at 30°C for either 15 minutes (to activate or inactivate Rac®4 chimera and the wild-type syndecan-4 were similarly
and Cdc42) or 30 minutes (to activate or inactivate Rho). Th&xpressed on the plasma membrane (Fig. 1A). FcR-S4-
nucleotide exchange reaction was terminated by adding Mg@  expressing RFPEC were treated with Cy3-labeled 1gG. This
placing samples on ice. decorates chimeras expressed on the cell plasma membranes



3192 Journal of Cell Science 117 (15)

Fig. 2. Syndecan-4 is internalized from lipid raft
regions of the plasma membrane. Confocal
microscopy of syndecan-4 endocytosis was
carried out in RFPEC expressing the FcR-S4
chimera. The raft portion of the plasma
membrane was labeled with BODIPY GM1
(blue) (a) or by transient expression of GPI-GFP
construct (f). FCR-S4 chimeras were decorated
with biotinylated nilgG and clustering was then
initiated by the addition of Cy3-F(gb

fragments (red). Five minutes after the initiation
of antibody clustering, all internalized FcR-S4
chimeras (b) were seen in close association with
GM1-BODIPY (magenta, a,d,c) membrane
domains or with GPI-GFP (yellow, h and i).

(e,i) Merged color images (d and h, respectively)
overlaid with DIC images. The depletion of
membrane cholesterol withCD fully blocks
clustering-induced FcR-S4 internalization
(,k,I,m). Scale bars, 1am.

Clustered Cell surface
FcR-S4 FcR-S4

but does not initiate their internalization (not shown). The cell§cR-S4 chimeras also induced their internalization (Fig. 1B).

were then treated with FGF2. Twenty minutes after FGFDverall, kinetics of FCR-S4 chimera endocytosis was similar

exposure, there was a substantial internalization of FcR-34 that of the endogenous syndecan-4 with 50% of both

chimeras (Fig. 1A, left panel) and of FGF2 itself (Fig. 1A,proteins internalized within 20 minutes of antibody-mediated

middle panel). The merged image demonstrates significawtustering.

intracellular co-localization of FGF2 and FcR-S4 signals (Fig.

1A, right panel). This suggests that FCR-S4 chimeras that have ) _ )

formed heterodimers with the native syndecan-4 core proteifyndecan-4 endocytosis depends on the integrity of the

were internalized when the latter was oligomerized by thépid rafts and occurs in a clathrin and dynamin-

FGF2 treatment, as we have shown previously (Tkachenko affgdependent manner

Simons, 2002). We have previously shown that FGF2-induced syndecan-4 or
Similarly, F(ab)>-mediated clustering of IgG-decorated antibody-induced FcR-S4 chimera oligomerization result in

redistribution of approximately 50% of the

total plasma membrane content of these

proteins to the lipid rafts (Tkachenko and

Simons, 2002). To determine whether

syndecan-4 endocytosis proceeds from the

rafts or a non-raft portion of the plasma

membrane, we used confocal microscopy of

Clustered Cell surface
FcR-S4 FcR-S4 Fig. 3. Syndecan-4 is internalized with
endogenous GPIl-anchored proteins. (a) FCR-S4
expressing RFPES were labeled with FLAER,
decorated by biotinylated nilgG and clustered by
Cy-3-F(ab)2. (b) Five minutes after clustering,
cells were placed on ice and the cell surface FcR-
S4 was detected with streptavidin-Cy5.
(c) FLAER-labeled GPI-anchored proteins.
WS R EENs! (d-) Cell surface (d,f) and internalized (e,f) FcR-
N v DR | B RSP S/ demonstrate high level of colocalization with

: Y by = BN : e GPl-anchored proteins. Arrows in f point to

GPI & surface v GPI& Clusge_red- s B R examples of Fch-S4- and FLAER-szbeIed
FcR-S4 FcR*84 . —* merge ., internalized vesicles. Scale bars, 8.
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Clathrin-eGFP’ merge, . =

AP180C

Fig. 4.Syndecan-4 is internalized in the clathrin- and dynamin-independent manner. (a-c) Syndecan-4 endocytosis was studied in FCR-S4
expressing RFPEC transiently transfected with various constructs. Antibody clustering of FCR-S4 chimeras carried ouedsrdegrrib

and 2 leads to internalization of syndecan-4 (a). Note the absence of co-localization of internalized syndecan-4 withagfsheixpressing
clathrin-eGFP 5 minutes after clustering (b,c). The effect of clathrin dominant negative was studied in cells transiessilygeaprenyc

tagged AP180C construct (d). Cell expressing AP180C demonstrates the same FcR-S4 internalization as non-transfectgh) célte (e, f,
FcR-S4 remaining on the cell surface is shown in green and internalized FcR-S4 is in red. (i-m) The role of dynamin wiascsiigdied
transiently expressing a dominant-negative HA-tagged tfiZonstruct (i). Note that the cell expressing D§t#2 demonstrates high level

of FcR-S4 internalization (r,i,l,m). h and m show the color images in g and |, merged with their respective DIC imagesdn igtérnalized
FcR-S4 is in red, and in f,g,h,k,i FCR-S4 constructs remaining on the cell surface are in yellow and green. Scalerbars, 10

live cells to track internalized FcR-S4 chimeras as well asole played by clathrin in syndecan-4 internalization, we
BODIPY-GM1, a lipid raft marker. examined co-localization of the endocytosed syndecan-4 and

Within 5 minutes after clustering with F(3bfragments, clathrin-LC-eGFP and studied the effect of expression of the
most if not all internalized FCR-S4 chimeras co-localized withAP180C construct that has been shown to selectively block
BODIPY-GM1 (Fig. 2a-e). To confirm this finding, we clathrin-dependent endocytosis (Ford et al., 2001) on
examined syndecan-4 endocytosis in RFPEC-expressing GRlyndecan-4 uptake. Confocal microscopy demonstrated no co-
anchored GFP. Following antibody clustering of the FcR-S4ocalization between syndecan-4 and clathrin (Fig. 4a-c). After
chimera, confocal microscopy of live cells demonstratedransient transfection of AP180C into RFPEC, cells
considerable co-localization between the internalizedlemonstrating AP180C expression showed, as expected,
syndecan-4 chimeras and GPI-GFP (Fig. 2f-i). To confirm comnhibition of clathrin-dependent transferrin uptake (a).
localization of internalized syndecan-4 with rafts proteins, weSyndecan-4 endocytosis, however, was not affected by
used FLAER to detect GPIl-anchored proteins (Brodsky et alAP180C expression (Fig. 4d-h, Fig. 5a). These results suggest
2000; Tkachenko and Simons, 2002). As in the GPI-GFRBhat syndecan-4 endocytosis occurs via a clathrin-independent
studies, we observed a high level of colocalization opathway.
internalized syndecan-4 with FLAER-labeled endogenous To further define the endosomal pathway involved in
GPl-anchored proteins (Fig. 3). These results suggestyndecan-4 trafficking, dynamin dominant-negative constructs
therefore, that essentially all internalized syndecan-4pecific for both dynamins, dyf*A and dyn#44A were
originated from a region rich in lipid rafts. To confirm this transiently expressed in RFPEC. While expression of either
conclusion, we used meth§dcyclodextrin (M3CD) to deplete  dynamin construct had little effect on syndecan-4 endocytosis
plasma membrane cholesterol content thereby preventir(§ig. 4i-l, Fig. 5a), both dynamin dominant negatives inhibited
formation of lipid rafts. As expected, MCD treatment clathrin-dependent transferrin uptake (Fig. 5a).
completely prevented antibody-induced internalization of FcR-
S4 chimeras (Fig. 2j-m). ) )

Internalization of plasma membrane receptors can occur vidyndecan-4 endocytosis requires Racl
clathrin-dependent or independent pathways. To determine tiho GTPases are involved in a number of endocytic processes.
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0 Fig. 6.Racl activation by syndecan-4 clustering. Time course of

AP180C Dyn1KaA Dyn2Kaa Racl, RhoA and Cdc42 activation following antibody
oligomerization of FcR-S4 chimeras. GST pull down assays with

12

Endocytosis (fold change)

B specific substrates were performed as described in the Materials and
2.5 § Methods. Note activation of Racl 5 minutes after initiation of
W Syndecan-4 . X . . .
° * = FGE2 syndecan-4 oligomerization while neither RhoA nor Cdc42 activity
g 2.0 N O Dextran is changed.
S *
3 15
2 RhoA were transiently expressed in RFPEC expressing FcR-
g 107 S4 chimeras and their effect on clustering-induced syndecan-
= % ] r ) yn
g x . 4 endocytosis was then examined. Transient expression of a
w 057 Racl1DN construct completely blocked FcR-S4 endocytosis
* o % while the expression of a Racl constitutively active construct
0+ d‘l—“! . . . .
Racl-DN Racl-CA  Cdcd2-DN  Cded2-CA  Amiloride markedly accelerated it (Fig. 8a, Fig. 5b). Transient

_ _ _ _ . expression of a Cdc42 dominant also downregulated
Fig. 5. Quantitative analysis of syndecan-4 endocytosis was carried syndecan-4 endocytosis while a Cdc42 constitutively active

out using confocal microscopy as described in the Materials and . . .

Methods. The results are presented as a fold change from baseline Construc;t hadfngrt]aﬁAectj(Flg. 8bt’ Fig. E;b) At the satr):et_tlmle,
for each substance. (A) The effects of dominant negative constructsEXPression o 0 ominant ‘negative or. constitutively
(AP180c) and dynamins 1 and 2 (D42 and Dyn44A) on active constructs had no effect on FcR-S4 internalization

clathrin-dependent uptake of syndecan-4 (black bars) and transferrifFig. 8¢, Fig. 5b).

(gray bars). Note inhibition of transferrin but not syndecan-4 uptake.

* P<0.05 versus baseline. (B) The effects of Racl and Cdc42

dominant negative and constitutively active constructs and amilorideSyndecan-4 and FGF2 internalization proceeds via

treatment on FcR-syndecan-4 (black bars), FGF2 (gray bars) and macropinocytosis

dextran (white bars) uptake was examined in RFPEC. Note a The involvement of Racl in syndecan-4 endocytosis suggests

significant inhibition of syndecan-4 and FGF2 uptake in Rac1-DN- hat the Jatter might proceed via a macropinocytic pathway. To

expressing cells and increased uptake in Rac1-CA expressing Cells g, a1 ate this possibility FcR-S4-expressing RFPEC were

Cdc42-DN and amiloride inhibited uptake of all three substances. .

*P<0.05 versus baseline endocytosis. treated with fluo_rescently labeled 70 kDa_ dextran and t_h_en
syndecan clustering was induced by an antibody or by addition
of fluorescently labeled FGF2 (Fig. 9a-c). Confocal
microscopy of live cells demonstrated partial co-localization of

To examine the involvement of these GTPases innternalized dextran and FcR-S4 (Fig. 9d) following antibody

oligomerization-induced syndecan-4 uptake, we first studiedlustering, a finding consistent with the presence of FCR-S4

the effect of syndecan oligomerization on activation ofchimera in macropinocytic vesicles. Similarly, following FGF2
different Rho family members. To this end, we examined théreatment of endothelial cells exposed to dextran, there was
time course of activation of RhoA, Cdc42 and Racl in RFPEConsiderable co-localization of dextran and FGF2 signals (Fig.
expressing the FcR-S4 construct following antibody-induce®e) and both FGF2 and dextran were observed in syndecan-4-
chimera oligomerization. While there was no change in Rho&ontaining vesicles (Fig. 9f).

or Cdc42 activity, within 5 minutes there was a significant Since macropinocytosis is sensitive to amiloride, we

activation of Racl that gradually declined to baseline levelsxamined the effect of this inhibitor on both syndecan-4 and

over the next 60 minutes (Fig. 6). FGF2 endocytosis. Pretreatment of cells with amiloride
Since Racl activation preceded the activation of syndecacempletely inhibited internalization of dextran, as expected

4 endocytosis and reverted to baseline levels when it§ig. 5b). At the same time, it also inhibited both the antibody

endocytosis was complete, we next examined whether Raclustering-induced FcR-S4 chimera endocytosis (Fig. 9g-j) and

activation is indeed required for this process. Treatment dfGF2 endocytosis (not shown, see Fig. 5b for quantification).
cells with C. difficile toxin B, inhibitor of all Rho GTPases, However, amiloride did not inhibit uptake of GM1 and GPI-
completely abolished all FcR-S4 endocytosis (Fig. 7a). At th6&FP (not shown).

same time, treatment with a RhoA inhibitor, C3 Since modulation of Racl activity affected syndecan-4

exotransferase, had no effect on this process (Fig. 7b). Endocytosis, we examined its effect on FGF2 uptake as well as

further investigate which Rho family member is involved inmacropinocytosis as defined by dextran internalization.
syndecan endocytosis, dominant negative Racl and RhoA &gnsient expression of a dominant negative Racl construct
well as constitutively active mutants of Racl, Cdc42 andgignificantly inhibited FGF2 endocytosis while a constitutively
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Clustered FcR-54 Surface FcR-54

Fig. 7.Role of Rho family GTPases in
syndecan-4 endocytosis. The effect of
pre-treatment witt€. difficile toxin B

(A) and C3 exotransferase (B) on
syndecan-4 endocytosis was examined

in antibody-clustered FcR-S4

chimeras. Note that while toxin B

treatment completely inhibited FCR-S4
endocytosis, C3 exotransferase had no

effect. Scale bars, 3m. C3 Exotransferase

active Racl increased it (Fig. 10a,b). At the same time neitheyndecan-4 to detach from the actin cytoskeleton, enter the
construct affected dextran uptake (Fig. 5b). macropinocytic pathway and to internalize FGF2.

To contrast effects of membrane cholesterol depletion and Receptor endocytosis can proceed in a clathrin-dependent
amiloride and clathrin-dependent uptake of transferrin andnd -independent manner (Conner and Schmid, 2003). While
clathrin-independent endocytosis of syndecan-4 and tendocytosis of most receptors, including G protein-coupled
corroborate confocal microscopy data, we used flow cytometrPierce et al., 2000) and tyrosine kinase receptors (Vieira et al.,
to quantitate these processes. In agreement with the confod#l96) was originally described as clathrin-dependent, recent
microscopy results, cyclodextrin treatment virtually studies have clearly shown that clathrin-independent receptor
completely inhibited syndecan-4 uptake while reducingendocytosis plays an equally important role (Nichols and
transferrin endocytosis to a lesser degree (Fig. 11). This ldppincott-Schwartz, 2001). To date a number of different
consistent with similar published results (Rodal et al., 199%lathrin-independent internalization pathways have been
Subitil et al., 1999). However, the possibility of a yet undefinediescribed that typically involve GTPase dynamin, different
effect of cyclodextrin on macropinocytosis cannot be excludedRho GTPases and either caveolae or non-caveolar lipid raft
Amiloride also fully inhibited syndecan-4 uptake as expectegbortion of the plasma cell membrane. One such pathway is the
for a macropinocytic process, while mildly stimulating internalization of interleukin-2 receptor from the plasma
transferrin entry into cells (Fig. 11). membrane rafts. The process is rapid and requires the GTPase

Finally, to explore whether syndecan-4 clustering affects thdynamin and a small GTPase RhoA in an activated state
rate of macropinocytosis, we measured dextran uptakgamaze et al., 2001). The latter observation is in marked
following antibody clustering of FcR-S4 chimeras, nativecontrast to the clathrin-mediated endocytosis where RhoA and
syndecan-4 or following FGF2 treatment. In all cases, dextraRacl act as negative regulators.
uptake was not affected (not shown) suggesting that syndecan-An example of another pathway is folate uptake via its
4 clustering or FGF2 treatment does not stimulateeceptor, a GPl-anchored protein, that is accomplished in a
macropinocytosis. clathrin, dynamin- and caveolae-independent manner and is

regulated by Cdc42 (Sabharanjak et al., 2002). This pathway

) ) bears considerable similarity to FGF2/syndecan-4 endocytosis
Discussion including its origin from the plasma membrane rafts, lack of
The results of this study demonstrate that FGF2 internalizatioslependence on dynamin and clathrin and inhibition by a Cdc42
proceeds in a syndecan-4-dependent manner and documentdoeninant negative.
endocytic pathway of syndecan-4 uptake. The pathway is The major difference between the two processes arises from
initiated by the cell plasma membrane syndecan-4 clusterifgGF2/syndecan-4 uptake dependence on activation of Racl
that results in Racl activation and proceeds in a caveolaghat has not been reported by the folate/GPI protein
clathrin- and dynamin-independent manner. Moreover, it i€ndocytosis. The involvement of Racl in a non-clathrin-
amiloride and Cdc42 sensitive and results in dextran and FGFER2pendent endocytosis has previously been described but it has
internalization in the syndecan-4-containing vesicles. Theseeen limited to fluid phase pinocytosis that seems also to
data are consistent with the notion that syndecan-4 clusteringvolve Pakl (Dharmawardhane et al., 2000). Racl is also
initiates its endocytosis via activation of Racl that allowsnvolved in type 1 phagocytosis where it acts in conjunction
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Ract DN-eGFP

RhoA DN-eGFP

Fig. 8. Specific role of Rho GTPases in syndecan-4 endocytosis. The contributions of Racl, Cdc42 and RhoA GTPases to syndecan-4
endocytosis were studied in FcR-S4-expressing RFPEC transiently transfected with eGFP-tagged dominant negative andycactsigutive
constructs. (A) A dominant negative Racl completely inhibited (left panels) while a constitutively active Racl stimulaahéighFcR-S4
endocytosis. (B) The expression of a dominant negative Cdc42 construct (left) somewhat inhibited FCR-S4 endocytosis stituigévalgon
active (right) Cdc42 constructs had no effect. (C) The expression of dominant negative (left) or constitutively actiRh¢dgbonstructs had
no effect on FCR-S4 endocytosis. CA, constitutively active; DN, dominant negative. Scale lpans, 10

Fig. 9. Syndecan-4 and FGF2 uptake proceed via
~ R B macropinocytosis. FCR-S4-expressing RFPEC
| TDX-_FCR.*S4 &1 cultured with fluorescent dextran (red, a) were
FGF2 | decorated by nilgG (green, b) followed by FGF2
F (blue, c) clustering. Merged images demonstrate co-
; D localization of dextran and syndecan-4 (d), dextran
and FGF2 (e) and all three signals (f). Amiloride pre-
treatment completely inhibited endocytosis of both
dextran (g) and FcR-S4 (h-j). (k) The merged image
overlaid with the DIC image. Scale bars, .

Surface 1 - Clustered
FcR-S4 FcR-S4
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merge

Fig. 10.Racl regulates FGF2
endocytosis. The effect of
transient expression of Racl
dominant negative (Racl DN-
eGFP, A) and constitutively
active (Racl CA-eGFP, B)
constructs on FGF2 endocytosis Rac1 CA-eGFP o merge
was examined in RFPEC ' B ] ber i
treated with fluorescently

labeled FGF2 (red). Note
decreased FGF2 uptake in cells B
expressing Racl DN-eGFP and
increased uptake in cells
expressing Racl CA-eGFP.

Scale bars, 1Am.

T dominant negative and constitutive active forms of RhoA had
no effect on syndecan-4 endocytosis. Of note, the time course
of Rac1l activation by syndecan-4 oligomerization is in keeping
with its above described role in syndecan-4 uptake since its
activation precedes the initiation of the core protein
internalization and its activity returns to normal when the
0.6 process is complete. The capacity of syndecan-4 clustering to
* activate Racl is in keeping with the known syndecan-4
oligomerization-dependent activation of P&KCHorowitz and

* Simons, 1998; Oh et al., 1997) and the ability of PKC agonist
PMA to activate Racl and to induce macropinocytosis
(Grimmer et al., 2002).

There are several possible explanations for the role of Racl
Fig. 11.Flow cytometry analysis of syndecan-4 endocytosis. The  in syndecan-4-dependent endocytosis. In quiescent cells plated
effects of membrane cholesterol depletion by treatment with methyl-on fibronectin syndecan-4 participates in formation of focal
B-cyclodextrin (MBCD) and amiloride on uptake of transferrin and  adhesions and is found in association with the actin
FcR-syndecan-4 were analyzed using flow cytometry as described igytoskeleton (Saoncella et al., 1999). This linkage to actin may
the Matena}Is and Methods. The data are presented as fold change jpyglve recently described syndecan-4 bindingatactinin
Lrgt”;k%avsvi'i'lges'im%@;:]etgt’:;%rgcﬂ'g(t’lf;fl‘é'\%lbg‘;‘r(:r?s?gg%ecan (Greene et al., 2003). Prior to clustering, syndecan-4 is absent
internalization. Amiloride treatment inhibited syndecan uptake but from the raft plasma membrane doma'” and it MOves '_ther_e n
increased the rate of transferrin endocytod#s:0:05 versus response to FG.FZ or annbody_—mduce@_ ollgomerlzatlo!’l
baseline. (Tkachenko and Simons, 2002). This data is in agreement with

the finding that more than 50% of cell surface bound FGF2 is

found in lipid rafts (Chu et al., 2004). Such a movement
with Cdc42 (Ellis and Mellor, 2000). However, Racl functionprobably requires breaking of the syndecan-4-actin
is very complex as shown by studies in epithelial cells whereytoskeleton association, an event accomplished by Racl
expression of the dominant negative Racl decreased the ragssivation. Once translocated to the raft domain, syndecan-4
of apical and basolateral endocytosis and inhibited apicandocytosis proceeds in a manner similar to that of the folate
recycling of IgA whereas the constitutive active Racl mutanteceptor. This is suggested by co-localization of syndecan-4
had the opposite effect (Jou et al., 2000) and BODIPY-GM1 and GPI-GFP markers of raft region

In the case of syndecan-4, Racl activation is required for ifgroteins and by the effect of dominant-negative CDC42. This
endocytosis while the activity of RhoA does not affect thisfinding is also in agreement with a previously reported co-
process. This conclusion is supported by several observatioriscalization of syndecan-4 and the inactive variant of
First, is the observation that a pan-Rho GTPase inhilfitor, proaerolysin, a marker of GPl-associated proteins (Tkachenko
difficile toxin B, inhibited all syndecan-4 uptake while a RhoAand Simons, 2002).
specific inhibitor, C3 exotransferase, had no detectable effect The sensitivity of syndecan-4 uptake to inhibition with
on its endocytosis. Second, a dominant negative Racl mutearniloride and the presence of dextran in syndecan-4-
completely inhibited syndecan-4 uptake while a constitutiveontaining vesicles suggest that it proceeds via
active Racl mutant markedly accelerated it. At the same tim@jacropinocytosis, a process that proceeds by formation of

W Syndecan-4

O Transferrin

© = B
© o N

o
>

o
(N}

Endocytosis (fod change)

Untreated MBCD Amiloride
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large endocytic vesicles brought about by the closure afhu, C. L., Buczek-Thomas, J. A. and Nugent, M. A(2004). Heparan
lamellopodia at ruffling membrane domains and is usually sulfate proteoglycans modulate fibroblast growth factor 2 binding through
thought of in the context of bulk fluid uptake. A recent study,_ 2 lipid raft-mediated mechanisiBiochem. J379 331-341.

. . . . tores, L., Wesche, J., Kolpakova, E. and Olsnes, §1999). Uptake and
demonstrated that dynamin 2 is required for PDGF-induced butintracellular transport of acidic fibroblast growth factor: evidence for free

not constitutive macropinocytosis (Schlunck et al., 2004). This and cytoskeleton-anchored fibroblast growth factor recephdes. Biol.
finding suggests that there are at least two different Cell 10, 3835-3848. _
mechanisms of macropinocytic uptakes. This distinction is alsgonner. S. D. and Schmid, S. L(2003). Regulated portals of entry into the

- . . . ell. Nature422, 37-44.
empha3|zed by the fact that while Syndecan_A' IS aSSOCIat%ﬂcarmawardhane, S., Schurmann, A., Sells, M. A., Chernoff, J., Schmid,

with GM1 and GFP-GPI on the cells gurface and in endoSOMESs. |, and Bokoch, G. M.(2000). Regulation of macropinocytosis by p21-
they do not follow the same endocytic pathway. activated kinase-Mol. Biol. Cell 11, 3341-3352.
It has been suggested that macropinocytosis may be involv&dis, S. and Mellor, H. (2000). Regulation of endocytic traffic by rho family

in i i ati ; ; GTPasesTrends Cell Biol10, 85-88.
in internalization of la.'rge. mU|tIme“.C complexefs and may pla'}lFord, M. G., Pearse, B. M., Higgins, M. K., Vallis, Y., Owen, D. J., Gibson,
a role, for example, in viral entry into cells (Liu et al., 2002;" 5" {opkins, C. R, Evans, P. R. and McMahon, H. T.(2001).

Marechal et al., 2001) as well as endocytosis of several simultaneous binding of Ptdins(4,5)P2 and clathrin by AP180 in the
endothelial plasma membrane proteins including ICAM-1, nucleation of clathrin lattices on membran@sience291, 1051-1055.
PECAM-1 and E-cadherin (Muro et al., 2003; Paterson et alFuki. I V., Kuhn, K. M., Lomazov, |. R., Rothman, V. L., Tuszynski, G.

. . - . P., lozzo, R. V., Swenson, T. L., Fisher, E. A. and Williams, K. §1997).
2003). Finally, macropinocytosis is an attractive pathway for The syndecan family of proteoglycans. Novel receptors mediating

syndecan internaliza_tion gi\_/en the typical _|arge Si_ZGS of itS internalization of atherogenic lipoproteins in vitioClin. Invest100, 1611-
heparan sulfate chains. This role of rafts in recruitment for 1622.
macropinocytosis may be similar to the recruitment of cholerfuki, I. V., Meyer, M. E. and Williams, K. J. (2000). Transmembrane and

; ; ; i cytoplasmic domains of syndecan mediate a multi-step endocytic pathway
and anthrax toxins for uptake via the clathrin pathway (Abrami ;=0 lue 7o c e oentinsoluble membrane raiochem. J351, 607-612.

etal, 200_1; 5h09°m_°“ a_nd FUte_rman' 2001). Gleizes, P. E., Noaillac-Depeyre, J., Amalric, F. and Gas, KL995). Basic

FGF2 internalization is an important consequence of fibroblast growth factor (FGF-2) internalization through the heparan sulfate
syndecan-4 endocytosis. In the cell type under study the proteoglycans-mediated pathway: an ultrastructural appréach.. Cell
majority of FGF2 uptake occurred via the syndecan-4 pathway, Biol- 66, 47-59.

The dependence of FGF2 uptake on syndecan-4 endocytosi (]cll;arsl:)‘i'yélg)ztao??llz)é?gnallng by fibroblast growth factors: the inside story.

in keeping with previously published results that suggested th@feene, D. K., Tumova, S., Couchman, J. R. and Woods, A2003).
both FGF1 and FGF2 enter cells via an endocytic processSyndecan-4 associates with alpha-actidirBiol. Chem278 7617-7623.
involving heparan sulfate proteoglycans (Citores et al., 199Gsrieb, T. A. and Burgess, W. H.(2000). The mitogenic activity of fibroblast

; . ; ; growth factor-1 correlates with its internalization and limited proteolytic
Gleizes et al., 1995; Roghani and Moscatelli, 1992). Such rocessing. Cell. Physiol184, 171-182.

prOtepglycaanependent Up,tak_e has been Iocallged to uncoa@ mer, S., van Deurs, B. and Sandvig, K(2002). Membrane ruffling and
pits, in keeping with our finding of non-clathrin-dependent macropinocytosis in A431 cells require cholestedolCell Sci.115 2953-
uptake, and proceed at a relatively slow pace, once again2962.

consistent with the kinetics of syndecan-4 internalizatioriiorowitz, A. and Simons, M.(1998). Phosphorylation of the cytoplasmic tail

; ; ; . of syndecan-4 regulates activation of protein kinase calpt@iol. Chem.
observed in this study (Gleizes et al., 1995). The functional 273 25548-25551.

significance of sync_iecan-4-dependent FG'_:Z internalizatioforowitz, A., Tkachenko, E. and Simons, M.(2002). Fibroblast growth
has not been established but previous studies have suggesté&actor-specific modulation of cellular response by syndecan@ell Biol.

that FGF1 uptake is required for its full mitogenic effect (Grieb 157 715-725. ,
and Burgess, 2000)_ Jou, T. S., Leung, S. M., Fung, L. M., Ruiz, W. G., Nelson, W. J. and

| d ib . . f d 4Apodaca, G. (2000). Selective alterations in biosynthetic and endocytic
. n Summa.r% V\{G eSC_I’I e macroPmocthS'S Of syndecan- protein traffic in Madin-Darby canine kidney epithelial cells expressing
triggered by its oligomerization on endothelial cell membranes mutants of the small GTPase Rablol. Biol. Cell 11, 287-304.

that results in internalization of the clustering agent, in this cagemaze, C., Dujeancourt, A., Baba, T, Lo, C. G., Benmerah, A. and
FGF2, and involves both Racl and Cdc42 GTPases. ThePautry-Varsat, A. (2001). Interleukin 2 receptors and detergent-resistant

. . . . . . membrane domains define a clathrin-independent endocytic patiohy.
biological function of this pathway is the subject of future g7 651 571

studies. Li, L. and Chaikof, E. L. (2002). Mechanical stress regulates syndecan-4

expression and redistribution in vascular smooth muscle éetivioscler.
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