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Abstract 

Nanoparticles may reach the cell surface by attachment to surface protruding filopodia, and 

exploit an actin retrograde flow mechanism to reach in this manner the plasma membrane 

for cellular internalization. Binding to and clustering of syndecans, which belong to the 

class of heparan sulfate proteoglycans and localize in filopodia, is instrumental in polyplex 

transport. Here, we have investigated structural parameters of syndecans in order to clarify 

at the molecular level potential mechanisms that govern filopodia-mediated transport and 

thereby ultimately the efficiency of transfection by polyplexes. To this end, various 

syndecan mutants were overexpressed in HeLa cells and the interaction of PEI polyplexes 

with the cells was subsequently investigated, in particular by live cell imaging. Our data 

reveal that the transmembrane domain of syndecan is essential for the protein’s ability to 

cluster, as necessary for the stabilization of the interaction of the polyplexes with the 

filopodia. Interestingly, clustering, which is also necessary for subsequent syndecan-

mediated flow of polyplexes to the cell body, is not affected upon overexpression of a 

syndecan mutant, devoid of the cytoplasmic domain. Given the role of actin in the 

underlying mechanism, these data might thus suggest that the transmembrane rather than 

the cytoplasmic domain is also necessary for movement of clustered syndecans along the 

filopodia, possibly involving lateral interactions with transmembrane domains of actin-

interacting proteins. 

 

Introduction 

As alternatives for viral-based gene delivery systems, non-viral cationic lipid and polymer-

based nanocarriers, i.e., lipoplexes and polyplexes, respectively, have gained considerable 

interest in recent years because of their relative immunological inertness, ease of production 

at low costs, and their flexibility in transferring large(r) size DNA fragments. However, a 

major concern is still their relative low transfection efficiency when compared to viral-

based particles. To develop strategies for improvement, it is considered important to 

identify the major cellular hurdles that have to be overcome in nucleic acid delivery in 

order to develop means to overcome such barriers. Delivery of nucleic acids to the cytosol 

and nucleus requires prior internalization of the nanoparticles via endocytic mechanisms 
1-3

 

. Processes governing initial interactions at the cell surface prior to actual internalization are 

therefore considered important in the overall transfection process. Given the cationic nature 

of the carriers and the abundant presence at the cell surface of negatively charged heparan 

sulfate proteoglycans (HSPGs), these surface molecules have attracted considerable 

attention in mediating cell attachment of cationic nanoparticles 
4, 5

. Although initial 

electrostatic interaction is of obvious relevance, it has become apparent from several recent 

studies
5-8

 that structural features, localized in the proteinaceous part of these molecules, are 

determining factors in the processing of attached particles 
9
. Proteins belonging to the class 

of HSPGs include glycosylphosphatidylinositol (GPI) - anchored glypicans and syndecans 

(SDC), a family of single-span transmembrane proteins 
10, 11

 
12

. In particular syndecans 

have received considerable interest because of their role to act as (co-)receptor for a host of 
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ligands. Furthermore, they may interact with integrins and actin-binding proteins, 

suggesting a role in cell signaling, while their functioning as potential organizers of the 

extracellular matrix has also been reported
13

. There are four different syndecan genes 

(SDC1-4) expressed in vertebrates, their cellular distribution varying with cell type. The 

protein core consists of a short cytoplasmic domain, a single-span transmembrane domain 

and a variable extracellular domain, to which usually three to five heparan sulfate (HS)-

containing glycosaminoglycan chains are attached, which may consist of as many as 50 

disaccharides, and occasionally chondroitin sulfate. Intracellular signaling activity is 

thought to be associated with the highly conserved transmembrane part of the syndecans, 

occurring upon dimerization and/or oligomerization of the proteins
14-16

. The cytoplasmic 

domain carries two highly conserved C1 and C2 regions, flanking a variable (V) domain, 

which is specific for each syndecan type. The C1 region binds to proteins that can link to 

the actin cytoskeleton e.g. ezrin- radixin-moesin proteins 
17

  and tyrosine phosphate 

complexes (e.g. Src, Fyn) 
18

. The C2 domain of syndecans carries an EFYA motif and can 

potentially bind to many PDZ carrying proteins, including GIPC/synectin, syntenin and 

CASK 
19, 20

. In previous studies, evidence has been obtained which supports the role of 

syndecans in the endocytic internalization of nanoparticles, employed for gene delivery, 

such as cationic polyethyleneimine polyplexes 
5, 6, 8

 and lipoplexes 
8, 21

. We observed that 

the cationic nanodevices interact with syndecans, localized in cellular protrusions known as 

filopodia, along which they may surf to the cell body, relying on an actin retrograde flow 

mechanism, similarly as reported for viruses 
7, 9

 and bacteria 
22

. Clustering of syndecans 

appears a crucial step in the mechanism of nanoparticle flow along the filopodia 
8
  and at 

the plasma membrane in PEI-mediated transfection 
6
.  Interestingly, in the latter study it has 

been shown that in HEK293 cells overexpression of syndecan-1 slightly enhanced PEI-

mediated transfection, while it was dramatically suppressed upon overexpression of 

syndecan-2, which was related to differences in the kinetics of endocytosis of the SDC1- 

versus SDC2-interacting polyplexes. Also, specific involvement of various structural 

domains in the protein, as in clustering and endocytic internalization, could be identified by 

employing different syndecan mutants 
6
. However, since our earlier studies revealed the 

specific involvement of syndecans in the processing of cationic nanoparticles prior to 

endocytosis, it was of interest to identify structural parameters of the syndecans that control 

clustering at the surface of  the filopodia and mediate actin retrograde flow by which the 

particles move along the filopodia. Our data reveal that the transmembrane domain of the 

syndecans is instrumental for nanoparticle surfing along the filopodia towards the cell 

surface. 

 

Materials and Methods 

 

Reagents and antibodies 

Unlabeled Linear polyethyleneimine (LPEI, average MW= 22kDa) and labeled PEI 

(jetPEI®-FluoR) was purchased from Polyplus-transfection (Illkirch, France). 

Lipofactamine 2000, alexa 633-labled goat anti-rabbit secondary antibody, alexa 633-
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labeled phalloidin (for visualization of actin by confocal microscopy) was purchased from 

Invitrogen. Rabbit anti-caveolin and mouse anti-clathrin heavy chain were from Becton 

Dickinson Transduction Laboratories (Breda, The Netherlands). Unless stated otherwise, all 

other chemicals were from Sigma (Zwijndrecht, the Netherlands). 

  

Cells 

HeLa cells were maintained in 25cm
2
 Coster flasks in Dulbecco’s Modified Eagle Medium 

F-12 (DMEM/F-12, Gibco, The Netherlands) supplemented with 2mM L-glutamine 

(Gibco, the Netherlands), penicillin and streptomycin (Invitrogen) 100units/ml each, and 

10% (v/v) FCS at 37
o
C under an atmosphere of  5% CO2.  

 

Plasmids 

Plasmids were obtained from the following sources: pEGFP-N1 was purchased from 

Clontech (USA). Wt Syndecan-1 (pSDC1-GFP) and wt syndecan-2 (pSDC2-RFP) and all 

other mutants, used in this study (see Figure. 1a) were generated as described 
6
. Plasmid 

DNA was amplified from E.Coli, using Sigma Aldrich GenElute
TM

 HP Plasmid 

Mini/Midiprep kits (Sigma-Aldrich), following the manufacturers protocol.  

 

Preparation of Polyplexes and Transfection 

Unless indicated otherwise, the experiments were carried out with linear polyethyleneimine 

(LPEI, PolyPlus-transfection).  LPEI polyplexes were prepared at an N/P ratio of 5, and 

mixed according to manufacturer’s protocol. For confocal and Live Cell Imaging 

fluorescently labeled polyplexes were generated using either cy3-labeled pDNA (Mirus, 

MA) or FluoR-labeled PEI (PolyPlus transfection).  

In order to determine the transfection efficiency of polyplexes, HeLa cells were plated at 

1,5x10
5
cells/well in a twelve wells plate. After 24 hours, the cells were washed once with 

serum free medium, followed by addition of 0.5ml/well of the same serum free medium. 

Subsequently polyplexes containing 1µg of pEGFP, prepared in 200 µl HBSS, were added 

and incubated for 2 h. When inhibitors were used, the cells were pre-incubated with 

inhibitors for 30 minutes prior to addition of the polyplexes. After 2 h, the transfection 

medium was replaced with complete cell culture medium. Cells were refreshed again after 

24hrs and transfection efficiency was measured after 48hrs, using FACS-analysis (Elite, 

Coulter 10,000events λex 488nm/λem 530nm).  

Polyplex-mediated delivery of oligonucleotides (ODNs) was carried out as described before 

(REF H89 story). Briefly, 0.1 nmol of TRITC-labeled oligonucleotides (ODNs) 

(Biomers.net) was mixed with LPEI at an N/P ratio of ~5.  HeLa cells, plated one day 

before the experiment at 1.5x10
5
cells/well on glass coverslips were washed once with 

serum free medium, followed by addition of 0.5ml/well of the same medium. The ODN 

containing polyplexes were suspended in 200 µl of HBSS, added to each well and 

incubated with the cells for 2 h. Subsequently the cells were washed once with HBSS, and 

live cells were examined by fluorescence microscopy. 
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Confocal Microscopy 

HeLa cells were transiently transfected with wt SDC1/2 and all mutant forms (Figure.1a). 

To this end, the cells were plated on glass cover slips at 1x10
5
cells/ml two days prior to the 

experiment. Transfection was done with each construct using Lipofactamine 2000 as 

transfection reagent, according to the manufacturer’s protocol. On the day of experiment, 

the cells were incubated with fluorescently labeled polyplexes. After the selected 

incubation period, the cells were washed three times with PBS to remove unbound 

polyplexes, followed by fixation with 4% PFA for 20 minutes. For actin and caveolin 

staining, cells were permeabilized with 0.2% Triton X-100 for 2 minutes. The unspecific 

binding of antibodies was blocked by incubating cells for 1 min in 1% BSA. Primary 

antibody Rabbit anti caveolin-1 was diluted (1:500) in 1% BSA and the cells were 

incubated for 1hr at 37
o
C in a humid chamber. Subsequently, the cells were washed three 

times with PBS and further incubated for 30 min at 37
o
C  with alexa 633- labeled Goat anti-

rabbit secondary antibody, diluted (1:400) in 1% BSA. For actin staining alexa 633 labeled 

phalloidin was used and the cells were incubated at 37
o
C for 30min. After washing the cells 

three times with PBS, the coverslips were mounted on glass slides using Dako mounting 

medium (Dako, Carpinteria, USA). A Leica TCS SP2 confocal microscope (Leica 

Microsystem, Germany) was used to visualize the samples, using a 63x oil immersion lens. 

Images were further analyzed by using ImageJ (NIH).  

 

Fluorescence Microscopy  

Fluorescence microscopy was used to quantitatively determine the efficiency of cellular 

delivery of oligonucleotides. Briefly, HeLa cells were plated at 1x10
5
cells/well in a twelve 

wells plate, two days before the experiment. After 24hrs, the cells were transfected with the 

syndecan construct of interest, using Lipofactamine 2000 according to manufacturer’s 

protocol.  After another 24h, the cells were washed two times with serum free medium. 

Polyplexes, containing 0.1 nmol of oligonucleotides (at an N/P ratio of ~5) were suspended 

in 200 µl HBSS, were added to the well and the incubation was continued for 2hrs. After a 

wash (once) with HBSS, live cells were directly put on glass slides carrying a drop of 

HBSS. Delivery efficiency was determined from the ratio of labeled versus nonlabeled 

nuclei of the cells counted. The images were further analyzed using ImageJ (NIH). 

 

Live Cell Imaging 

Live cell imaging was carried out as described before. Briefly, HeLa cells were plated on 

glass bottomed 2 wells plates (Lab-Tek Chambered Coverglass, Thermo Fisher Scientific, 

Denmark) two days prior to the experiment at1.8x10
5
 cell/well). The next day the cells 

were transfected with the syndecan constructs, using LF2000. On the day of the experiment 

the syndecan expressing HeLa cells were placed directly in a Solamere Spinning Disk 

Confocal Microscope (based on a Leica DM IRE2 Inverted microscope, Leica 

Microsystems, Germany, Solamere, Salt Lake City, USA) equipped with a 

temperature/CO2 controlled cabinet and an automated stage . Cells expressing syndecans 

were selected for imaging prior to the addition of polyplexes.  After addition of polyplexes, 
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image acquisition was directly started using InVivo software (Media Cybernetics, Inc., 

Bethesda, MD). Images were further analyzed using ImageJ (NIH) and Imaris (Bitplane 

AG, Switzerland). 

 

Results and Discussion 

 

Cellular distribution of mutant syndecan-GFP fusion proteins 

Nanoparticle surfing along filopodia mediates the transfer of the attached particles to the 

cell body, where they subsequently enter the cell by endocytic mechanisms. Clustering of 

syndecans is required in this process, presumably by facilitating the stable attachment of the 

particles to the filopodia and likely in activating actin retrograde flow, which transfers the 

syndecan-attached polyplexes to the cell body. To obtain better insight into the various 

aspects of the mechanism by which syndecans mediate the surfing of nanoparticles along 

filopodia, we expressed different GFP-tagged syndecan mutants (Figure.1a) in HeLa cells, 

with the aim of characterizing their dynamics as a function of their structure, upon 

interaction with PEI-polyplexes. Besides wt syndecan-1 (SDC1) and wt syndecan-2 

(SDC2), the following constructs were employed: SDC1ΔCyto, which lacks the 

cytoplasmic domain, eSDC1tcCD4, which lacks the cytoplasmic domain while the 

transmembrane domain has been substituted for that of CD4, a non-HSPG transmembrane 

domain, and two chimeras, i.e., eSDC1tcSDC2 and eSDC2tcSDC1, which contain the 

extracellular domains (e) of SDC1 and SDC2, linked to the transmembrane (t) and 

cytoplasmic (c) domain of SDC2 and SDC1, respectively. The various constructs were 

expressed by using Lipofectamine, as described in Materials and Methods. After 24 h, the 

cells were fixed with 4% PFA and visualized by confocal microscopy.  

 
Figure 1:  
Expression of GFP-labeled Syndecan constructs in HeLa cells. (a) Schematic summary of the various 

syndecan constructs applied in this study. (b) Confocal images of expressed syndecan constructs, including 

wild types (SDC1 and SDC2), lacking the cytoplasmic (SDC1ΔCyto), and the transmembrane domain  
(SDC1tcCD4), which was replaced with a non-syndecan transmembrane domain CD4. Also syndecan 1 and 2 

chimeras were expressed (eSDC1tcSDC2 and eSDC2tcSDC1). The inset in each figure shows actin staining, 

using Alexa 633 labeled phalloidin. Scale bars 5um. 
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As shown in Figure.1b, in HeLa cells both wild type and mutant proteins are all expressed 

at the cell surface. However, surface localization is most pronounced in case of the SDC2 

ectodomain expressing protein constructs, whereas in case of the constructs that contain an 

SDC1 ectodomain, significant fractions can be detected in the cytoplasm, suggesting their 

less efficient transfer to the cell surface, particularly when the mutants were devoid of the 

cytoplasmic domain (SDC1ΔCyto) and, in addition, contained a non-related transmembrane 

domain (eSDC1tcCD4). However, the very presence of at least substantial amounts of 

proteins from all constructs at the surface excludes significant interference of the GFP-tags 

with a membrane surface location, consistent with previous observations in HEK293 cells 
6
. 

Hence the SDC mutant-overexpressing cells thus provided the option to closely examine 

the structural requirements for filopodia-mediated processing of cationic nanoparticles to 

the cell body surface. 

 

The transmembrane domain is necessary for clustering of syndecans in filopodia 

Previously it has been shown that upon addition of polyplexes, a rapid clustering of 

syndecan occurs, which is essential for the nanoparticles to surf along the filopodia to the 

cell body plasma membrane via actin retrograde flow 
8
. Similarly, syndecan clustering at 

the cell surface appears equally important for internalization of nanoparticles 
6
 or 

lipoproteins
23

  by endocytosis.  In order to define structural parameters within syndecans 

that govern clustering and transfer in the filopodia-mediated processing of the nanoparticles 

to the surface of the cell body, we therefore examined these events in HeLa cells, 

expressing the various syndecan-mutants. To this end, the cells, expressing the various 

GFP-tagged constructs (cf. Figure.1a), were incubated with FluoR-labeled PEI polyplexes 

for two hours, after which time interval the cells were washed, fixed and stained for actin, 

using phalloidin. Subsequently, the interaction of the nanoparticles with the filopodia was 

analyzed by confocal microscopy. A typical image, like that shown in Figure 2a, is obtained 

for all syndecan-mutant overexpressing cells, except in cells overexpressing the 

transmembrane mutant eSDC1ΔCD4, where only few polyplexes appeared to interact with 

filopodia, and a lower level of particle internalization was observed.  Thus, after an 

incubation of 90 minutes, the cells show internalized polyplexes, in either the absence (red) 

or presence of syndecans (yellow), as well as a prominent interaction of the nanoparticles 

with surface protruding filopodia. Close examination of the polyplex-filopodia interaction 

indicates that cells over-expressing wild type syndecan-1 (SDC1) Figure. 2b), SDC1ΔCyto 

(Figure. 2c), and the chimeras eSDC1tcSDC2 (Figure. 2d) and eSDC2tcSDC1 (Figure. 2e) 

all reveal the association of the polyplexes with filopodia in conjunction with the clustering 

of the various syndecan mutants, as reflected by (colocalized) yellow fluorescence. 

Interestingly, in cells overexpressing eSDC1ΔCD4, in which the transmembrane domain 

was replaced with that of non-HSPG CD4, only a limited degree of polyplex association 

with actin-stained filopodia was observed, compared to that seen for all other mutants. 

Moreover, in this particular case, clustering of the syndecan mutant was conspicuously 

absent (Figure.2e).  
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Figure 2: 
Deletion of the transmembrane domain abolishes syndecan clustering in the filopodia. HeLa cells 

expressing syndecan constructs of interest (green) were incubated with FluoR-labeled polyplexes (red), fixed 

and subsequently stained with Alexa 633 labeled phalloidin  pseudocolored blue).  See Materials and Methods 
for details. In (a) a typical image is shown as obtained for wt SDC1 overexpressing cells after an incubation of 

the cells with the polyplexes for 90 minutes. A very similar image was obtained for all other mutants, except 
in cells overexpressing the transmembrane mutant. Note the presence of the (red) polyplexes at the tips of the 

filopodia, extending into the media. In b-e, a detailed view of attached nanoparticles to the filopodia is shown, 

revealing the clustering of syndecan near the attachment site of the particle, visualized in the red and green 
channels (upper frames) (b) SDC1, (c) SDC1ΔCyto, (d) eSDC1tcSDC2 (e) eSDC2tcSDC1. By contrast, note 

that in cells overexpressing the transmembrane mutant (eSDC1tcCD4) as shown in (f), significant syndecan 

clustering is not apparent. Scale bar 5um.  

 

 

Indeed, in previous work 
8
, we have provided evidence that clustering of syndecans is an 

essential requirement for stabilizing the interaction of both cationic polymer and lipid-based 

nanoparticles with filopodia, and their subsequent processing to the surface of the cell body, 

preceding nanoparticle internalization by endocytosis. Specifically, it was observed that 

without syndecan clustering, stable attachment of the nanoparticles to the filopodia was 

precluded, resulting in their dissociation into the surrounding medium (see e.g. Figure. 3c). 

Clearly, as shown here, the transmembrane domain of syndecans appears to be the driving 

force of the protein’s clustering in filopodia, and these data are consistent with previous 

observations, indicating that transmembrane domain-mediated clustering of syndecans is of 

relevance to a variety of biological functions 
15, 16

, including the endocytic internalization of 

nanoparticles at the cell surface
6
.  

 

Syndecan-mediated transfer of polyplexes along filopodia does not depend on the 

cytoplasmic domain  

To obtain a better insight and further support that overexpressing the transmembrane 

syndecan mutant interferes with filopodia-nanoparticle interactions, the dynamics of the 

process were monitored by live cell imaging.  The eSDC1ΔCD4 mutant was therefore 

overexpressed in the HeLa cells, as described above. As a control, we also overexpressed 

SDC1ΔCyto, which lacks the cytoplasmic domain but does not appear to interfere with 

syndecan clustering. FluoR-labled PEI polyplexes were added to the cells and the 

interaction was monitored, as described in Materials and Methods. As demonstrated in 

Figure. 3a, (Supplementary Materials Movie-1) when the polyplex interacts with the 

filopodia, the GFP-labeled SDC1ΔCyto mutant is rapidly recruited to the site of 

nanoparticle binding. as apparent from the appearance of the yellow colocalization signal 
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(Figure 3a) and the time-dependent accumulation of green GFP fluorescence at the site of 

the (red) nanoparticle, as visualized by their separate monitoring in the green and red 

channels, respectively (upper panel in Figure.3a).  

 

 
 

Figure 3: 

Failure of syndecan clustering immobilizes polyplexes and leads to their dissociation from the filopodia. 

(a) HeLa cells expressing SDC1ΔCyto (pseudocolored green) were incubated with FluoR-labeled polyplexes 

and monitored by live cell imaging. It is apparent that after binding of the polyplexes to the filopodia a rapid 
clustering of syndecans takes place, followed by recruitment of polyplexes to the cell body. Upper frames 

reveal syndecan recruitment (green) at the site of polyplex attachment (red). The time lapse is indicated in the 

first and last frame. (b) Selected frames from Supplementary Materials Movie 2 show that cells expressing the 
transmembrane syndecan mutant eSDC1tcCD4 do not show clustering of the mutant protein, as result of 

which the polyplexes (red) do not move towards the cell body and remain at the attachment site. (c) Selected 

frames from Movie-3 showing the fragility of the interaction between polyplexes and filopodia in the absence 
of syndecan clustering as occurs in the eSDC1tcCD4 mutant. At such conditions, the particles readily 

dissociate from the filopodia as shown in the sequential images.  

 

 

 In this process, the particle is transferred to the cell surface along the filopodia with a rate 

of approximately 3 µm/minute, which is compatible to that obtained for wt syndecan, as 

previously reported 
8
. Accordingly, we thus conclude that effective filopodia-mediated 

transfer of the polyplexes to the cell body surface does not depend on the cytosolic domain 

of syndecans.  We then similarly analyzed the dynamics of processing of the FluoR-labled 

PEI polyplexes in HeLa cells, expressing the transmembrane domain mutant, eSDC1tcCD4. 

As anticipated (cf. Figure. 2f) and in line with the absence of significant clustering of the 

mutated syndecan (Figure. 3b, Supplementary Materials Movie-2), it is apparent that the 

filopodia-attached polyplex is virtually immobile and transfer to the cell body is effectively 

impeded. Importantly, in contrast to the clearly distinguishable oligomerization of the 

cytoplasmic domain mutant, the transmembrane domain mutant fails to oligomerize 

(compare upper panels in Figure. 3a and 3b, illustrating the extent of accumulated GFP-
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labeled syndecan of the cytoplasmic and transmembrane mutants, respectively)). Clearly, as 

observed previously when modulating wt syndecan dynamics by pharmacological means 
8
, 

a malfunctioning of syndecan clustering impedes the lateral movement along the filopodia, 

while in addition, syndecan clustering appears to stabilize the interaction of the 

nanoparticles, failure of such clustering leading to dissociation of the particle from the 

filopodia. Indeed, in cells expressing the transmembrane mutant, a direct demonstration of 

such an unstable interaction is shown in figure 3c and movies 3 and 4. Evidently, the 

dynamic interaction of the polyplexes with cells expressing the transmembrane mutant also 

shows that a loss of the stabilization of the syndecan-mediated interaction due to a failure of 

oligomerization, leads to the dissociation of the particles, from filopodia (Figure 3c, 

Supplementary Materials Movie 3). Finally, it is of particular interest that the SDC1ΔCyto 

mutant was neither defective in its ability to cluster nor in transferring the nanoparticle 

along the filopodia. These data thus suggest that the cytoplasmic domain is not involved in 

regulating the lateral movement of the syndecan receptor by actin retrograde flow.  

 

Syndecan dependent-delivery of nucleic acids and the role of raft-mediated 

mechanisms 

The data presented above indicate that filopodia-mediated processing of polyplexes towards 

the cell body depends on the transmembrane domain of syndecans, implying that in the 

transmembrane mutant less polyplexes reach the cell body and consequently cellular 

internalization is reduced
8
.  By contrast, all other mutants, including the mutant lacking the 

cytoplasmic domain, appeared to be able to mediate cell body directed transfer as efficient 

as wt syndecans. To verify whether these observations were matched by the efficiency of 

actual delivery of nucleic acids by the polyplexes, we examined the efficiency of nuclear 

delivery of fluorescently labeled ODNs in cells overexpressing the various mutants. We 

therefore incubated the HeLa cells, expressing the various mutants, with polyplexes 

carrying TRITC-labeled ODNs. After 2 h, the cells were washed with HBSS and the 

efficiency of delivery, calculated from the number of nuclei labeled with the fluorescently 

tagged ODNs, was determined.  As shown in Figure. 4, in line with an unperturbed flow of 

the nanocarriers along the filopodia in all but the transmembrane syndecan mutant 

expressing cells, similar levels of ODN delivery were observed. In contrast, in cells 

expressing the transmembrane syndecan mutant, delivery was reduced by approximately 50 

%. Our results are in partial agreement with similar data presented in a recent study of Paris 

et al., 
6
.  These authors investigated syndecan-dependent internalization of polyplexes in 

HEK293 cells, as determined by PEI-mediated gene expression. In particular, it was 

reported that syndecan-2 overexpression resulted in a marked diminishment in transfection, 

compared to levels obtained in syndecan-1 overexpressing cells. These observations could 

not be confirmed in the present study as the overall effects for both syndecans, i.e., 

clustering in filopodia and ODN delivery, were quantitatively very similar in cell 

overexpressing either of these mutants. 
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Figure 4: 

Effect of syndecan mutants on ODN delivery; role of cholesterol. (a) HeLa cells expressing the various 
syndecan mutants were incubated with TRITC-ODN carrying polyplexes and incubated for 2hrs. Delivery 

efficiency was determined as described in Materials and Methods by fluorescence microscopy (n=3).  (b) 

Removal of cholesterol by treatment of the cells with MβCD effectively inhibits the transfection efficiency of 

PEI polyplexes in a concentration dependent manner (mean ± SEM, n = 6). (c) HeLa cells expressing 

syndecan-1 were stained for caveolin-1, using rabbit anti-caveolin primary antibody and alexa 633-labeled 

goat anti-rabbit secondary antibody (PEI-ve). Note the absence of colocalization between overexpressed 
syndecan and caveolin. The cells (PEI +ve) were subsequently incubated with FluoR-labeled polyplexes (red) 

and stained for caveolin-1 (blue). Arrows indicate co-localization of PEI complexes, caveolae and syndecans. 

 

 

Previous studies have also suggested that syndecans cluster in cholesterol-enriched rafts, 

localized at the plasma membrane
5
. The evidence was derived from experiments in which 

cholesterol was removed by treatment of the cells with methyl-β-cyclodextrin, showing that 

syndecan clustering is no longer observed while PEI-mediated transfection is inhibited 
6
. 

We observed similarly (Figure.4b) that cholesterol removal effectively inhibited 

transfection efficiency in a concentration-dependent manner. The question arises however, 

whether the observed inhibition is due to failure of syndecan clustering at the cell surface, 

thereby inhibiting nanoparticle internalization (cf. 
8
). It has been well-established that 

membrane invagination, as required for nanocarrier internalization, is strongly impeded 

upon removal of cholesterol, which frustrates the induction of membrane curvature 
24

. As a 

result, the initial internalization step in endocytic pathways is inhibited
25

, and nanoparticles 

can be seen to accumulate at the cell surface, without internalization, thus strongly 

inhibiting transfection efficiency 
26

. Of interest, however, whereas cholesterol removal may 

suggest a role of raft domains in clustering of syndecans at the cell surface, our preliminary 

data (not shown) indicate that such a concentration dependent treatment was without any 
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effect on the surfing of the nanoparticles along the filopodia, showing a seemingly 

unperturbed clustering of syndecans in these structures (cf. Figure.2). This finding may 

indicate potential differences in mechanisms of syndecan clustering at the filopodia and cell 

body surface, the underlying molecular cause of which remains to be elucidated. In 

preliminary work, carried out in this context, we took into account that polyplexes can use 

multiple internalization pathways 
27, 28

, including the raft-dependent caveolar pathway. As a 

marker of the latter, we employed caveolin-1 and examined the dynamics of syndecans in 

caveolae-mediated entry of polyplexes. As shown in Figure 4c, in control cells, the 

syndecans are present at the cell membrane, but colocalization with caveolin, primarily 

localizing in the cytoplasm, is not apparent. However, as shown in figure 4c (arrows), 

following entry of polyplexes, intracellular compartments are seen where syndecans and 

caveolin-1 colocalize. This would be consistent with the notion that raft-localized 

syndecans may mediate polyplex-internalization via the caveolar pathway.  

 

Concluding Remarks 

Our data demonstrate the requirement of syndecan clustering, driven by its transmembrane 

domain, for nanoparticle processing along filopodia toward the cell body. In fact, these data 

are consistent with observations indicating a similar requirement for internalization of 

polyplexes 
6
, and earlier work showing that the transmembrane domain in syndecans is 

indispensable for homologous oligomerization 
29

.  Intriguingly, deleting the cytoplasmic 

domain was without effect, which was unexpected given the role of actin retrograde flow as 

a driving force for the flow of syndecans (and attached nanocarriers) along the filopodia 

towards the cell body. These data may suggest that communication of the syndecan with 

actin filaments may also proceed via the transmembrane domain, for example by interacting 

with transmembrane domains of proteins that mediate the direct interaction with the actin 

filaments. The identity of such proteins and the underlying mechanism(s), e.g., hetero-

oligomerization, driving such interactions remain to be determined. Of further interest, 

whereas MβCD treatment, thought to remove plasma membrane cholesterol and thereby 

compromising lipid raft integrity, abolishes polyplex-induced clustering of syndecans at the 

cell surface 
6
, and endocytic internalization of syndecans 

30
, a similar treatment was without 

effect on nanoparticle-induced clustering of syndecans at and their subsequent processing 

along filopodia. Further work is needed to clarify the underlying (molecular) cause of this 

difference, also in light of the controversial use of MβCD to prove the presence of rafts. 

Moreover, failure of syndecan clustering may frustrate (stable) nanoparticle binding to the 

cell surface, which vice-versa could also  be the cause of failure of syndecan clustering,  

while cholesterol removal per se may interfere with membrane curvature and membrane 

invagination, thus impeding endocytic internalization. Obviously, these and other issues 

merit further investigations in defining the precise role of syndecans in nanoparticle 

internalization, as revealed by intriguing differences between syndecan-mediated 

processing of nanoparticles along filopodia and at the cell surface. 
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Supplementary Material 

 

Four Movies are described in the text, these movies are available via internet at the 

following link: 

 

http://www.rug.nl/umcg/faculteit/disciplinegroepen/celbiologie/Zuhorn_IS/ur

Rehman-Zia 

 

Movie 1: SDC1ΔCyto overexpressing HeLa cells (green) were incubated with FluoR-

labeled PEI polyplexes (red) and monitored by live cell imaging. After initial binding of 

polyplexes rapid clustering of syndecans takes place, followed by flow of the complexes to 

the cell body.  Images were played at 2 frames/second. 

Movie 2: HeLa cells expressing SDC1tcCD4 (green) were incubated with FluoR-labeled 

PEI polyplexes (red) and monitored by live cell imaging. After addition of polyplexes no 

clustering was observed and the complexes remain attached to the filopodia, without 

moving to the cell surface.  Images were played at 3frames/second. 

Movie 3: HeLa cells expressing SDC1tcCD4 (green) were incubated with FluoR-labeled 

PEI polyplexes (red) and monitored by live cell imaging. In the absence of syndecan 

clustering, polyplexes readily dissociate from the filopodia. Images were played at 

2frames/second. 

Movie 4: HeLa cells expressing SDC1tcCD4 (green) were incubated with FluoR-labeled 

PEI polyplexes (red) and monitored by live cell imaging. In the absence of syndecan 

clustering, polyplexes can also lose directionality can move in ‘reverse’ surfing manner. 

Images were played at 2frames/second. 
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