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Abstract
Using multi-color live cell imaging in combination with biochemical assays we have investigated an
endocytic pathway mediated by cell surface proteoglycans, primary receptors for many cationic
ligands. We have characterized this pathway for a variety of proteoglycan-binding ligands including
cationic polymers, lipids, and polypeptides. Following clathrin- and caveolin-independent, but
flotillin- and dynamin-dependent internalization, proteoglycan-bound ligands associate with
flotillin-1-positive vesicles and are efficiently trafficked to late endosomes. The route to late
endosomes differs considerably from that following clathrin-mediated endocytosis. The
proteoglycan-dependent pathway to late endosomes does not require microtubule-dependent
transport or PI(3)K-dependent sorting from early endosomes. The pathway taken by these ligands is
identical to that taken by an antibody against heparan sulfate proteoglycans, suggesting this
mechanism may be used generally by cell surface proteoglycans and proteoglycan-binding ligands
without secondary receptors.

Endocytosis is an essential cellular function responsible for the uptake of nutrients and down-
regulation of signaling receptors. Multiple cellular pathways exist to mediate endocytosis,
among which the clathrin- and caveolin-mediated endocytic pathways are best known (1-3).
However, a growing list of molecules, receptors and pathogens has been identified to enter
cells through clathrin- and caveolin-independent pathways, triggering interest in the
characterization of the endocytic mechanisms and trafficking itineraries of these pathways. A
clathrin- and caveolin-independent pathway can exist as a constitutive internalization
mechanism, such as for the interleukin 2 receptor (4) and for certain glycosyl-
phosphatidylinositol (GPI)-anchored proteins (5). Clathrin- and caveolin-independent
endocytosis is also used by pathogens to invade cells, either exclusively, as for the murine
polyoma virus (6,7), or in combination with a conventional pathway, as is the case for the
influenza virus (8,9). Even cargo that can enter through clathrin- or caveolin-mediated
endocytosis may use a clathrin- and caveolin-independent pathway in the absence of clathrin
or caveolin, such as for simian virus 40 (SV40) and cholera toxin B (CTB) (10,11).

In addition to determining the cargo and conditions that lead to clathrin- and caveolin-
independent endocytosis, it is also desirable to understand the post-internalization trafficking
itinerary following these entry mechanisms. These properties have been examined for several
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molecular cargoes. For example, the interleukin 2 receptor is associated with detergent-
resistant membrane domains and exhibits dynamin-2-dependent internalization (4). Certain
GPI-anchored proteins, after internalization through clathrin-, caveolin- and dynamin-
independent endocytosis, have been shown to enter Rab5-independent, GPI-anchored protein-
enriched endosomal compartments (GEECs) before being trafficked to recycling endosomes
(5). In the absence of caveolin, SV40 enters cells through a clathrin- and caveolin-independent
mechanism, but eventually follows the same intracellular trafficking pathway as the one used
by those viruses internalized through a caveolin-mediated pathway (10). Standard marker
proteins for the clathrin- and caveolin-independent pathway are still lacking. The recent finding
that flotillin-1 may be a marker protein associated with a clathrin- and caveolin-independent
pathway(s) provides an interesting possibility for further defining these pathways (12).

In this study, we have found that cell surface proteoglycans channel a variety of ligands into
a clathrin- and caveolin-independent endocytic pathway. The strong anionic charge present on
the glycosaminoglycan chains of proteoglycans (13) makes them favorable binding sites for
cationic polymers, lipids and polypeptides used for drug and gene delivery (14-17) as well as
for pathogens, lipoproteins, growth factors and other signaling molecules (16,18). Therefore,
understanding the endocytosis of cell surface proteoglycans has important implications in
regulating signaling cascades as well as in delivering therapeutic materials to cells. While
proteoglycan catabolism has been probed previously (19-22), certain aspects of the endocytic
mechanism and trafficking itinerary of cell surface proteoglycans remain unclear.

We use a combination of multicolor live cell imaging and biochemical assays to characterize
the trafficking behavior of three distinct proteoglycan-binding ligands. These ligands include
a polymer, polyethylenimine (PEI); a cationic lipid mixture, Lipofectamine (LF); and a
polypeptide, polyarginine (PA). PEI and LF are commonly used reagents for the delivery of
DNA and small interfering RNA (siRNA) into cells (23,24). To image the delivery behavior
by PEI and LF, we complexed PEI (or LF) with fluorescently-labeled DNA or siRNA to form
polyplexes (or lipoplexes). PA is a ‘cell-penetrating’ peptide that can mediate the uptake of
proteins and drugs into mammalian cells (25). These peptides have also been proposed as
delivery vectors for diagnostic or therapeutic nanoparticles (26). To determine the pathway
taken by PA to deliver nanoparticles into cells, we imaged complexes formed between PA and
quantum dots (PA-QDs). The internalization and trafficking behavior of these proteoglycan-
binding ligands and cell surface proteoglycans reveals a clathrin- and caveolin-independent,
but flotillin- and dynamin-dependent, endocytic pathway with a trafficking itinerary that has
not been observed previously.

Results
Internalization of cationic polymers, lipids and polypeptides is mediated by cell surface
proteoglycans

Based on the positive charge carried by these ligands and previous work with cationic lipids,
polyamines, and cell-penetrating peptides (14,27-30), we speculated that anionic proteoglycans
on the cell surface may serve as binding sites for the three cationic ligands studied here. As
both PEI and LF are common transfection reagents, we first tested whether transfection by
these reagents depended on sulfated, anionic cell surface proteoglycans. To this end, BS-C-1
cells, a monkey kidney cell line that is both easily transfected with cationic ligands and has a
flat morphology favorable for imaging, were treated with 80mMsodiumchlorate for 24 h to
inhibit the activity of ATP sulfurylase, an enzyme responsible sulfation of proteoglycans in
cells (31).

The sulfate groups of the proteoglycan provide the negative charge, which is the proposed
domain of interaction with the cationic ligand. Immediately before transfection, the cell culture
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medium was replaced with sodium chlorate-free medium. To prevent endocytosis due to
proteoglycan regeneration, a 2 h incubation with PEI-DNA or LF-DNA was followed by
dextran sulfate-induced deactivation of complexes remaining on the cell surface. The anionic
charge of dextran sulfate dissociated the DNA from the PEI or LF and allowed the DNA to be
removed from the cell culture, as described in Materials and Methods. Transfection efficiency
was measured using b-galactosidase as a reporter gene. The expression level of b-galactosidase,
determined 24 h later, showed that the sodium chlorate treatment inhibited PEI- and LF-
mediated transfection in a concentration-dependent manner (Figure 1A). As an independent
test of the effect of proteoglycans on transfection, experiments were also carried out with
proteoglycan-deficient Chinese hamster ovary (PGD-CHO) cells. This cell line lacks
xylosyltransferase, an enzyme critical for glycosaminoglycan synthesis (32,33). Compared
with wild-type CHO cells, these proteoglycan-deficient cells exhibit substantially reduced
transfection efficiency (Figure 1B).

Next, we tested whether the cationic ligands remained colocalized with proteoglycans during
and after endocytosis. For this purpose, a fluorescent antibody against heparan sulfate [anti-
heparan sulfate proteoglycan (HSPG)], the disaccharide unit present on the glycosaminoglycan
chains of HSPGs, was bound to BS-C-1 cells for 10 min at 48C, a temperature at which
endocytosis cannot proceed. After removing excess anti-HSPG from the medium, we incubated
polyplexes with the cells at 48C for an additional 10 min and then removed excess polyplexes.
Cells were then incubated at 378C to allow endocytosis for 5-30 min, and the extent of
colocalization between polyplexes and anti-HSPG was determined. The colocalization level
was very high (92%) throughout this period (Figure 2A,C). Experiments described below show
that the internalization of polyplexes began within minutes under these conditions and nearly
all polyplexes entered cells within 30 min. These results indicate that polyplexes remained
colocalized with proteoglycans during and after endocytosis. For comparison, we used the
same assay to determine colocalization between proteoglycans and transferrin, a ligand known
to enter cells through transferrin receptors (34,35). The colocalization between transferrin and
anti-HSPG over the same time period was only 20% (Figure 2B,C). Similar results were
obtained using a fluorescent-labeled antibody against glypican-1, the core protein-associated
GPI-linked HSPGs. Polyplexes showed 90% colocalization with anti-glypican-1, whereas
transferrin only showed 23% colocalization with anti-glypican-1. These imaging results,
combined with the transfection results described above, suggest that the cellular entry of
polyplexes and lipoplexes is mediated by cell surface HSPGs.

To test whether PA-QDs also bind to cell surface proteoglycans, we compared the binding of
PA-QDs with sodium chlorate-treated BS-C-1 cells and with normal, untreated cells. To this
end, BS-C-1 cells were incubated with PAQDs at 48C for 10 min, and excess PA-QDs in the
medium were removed. Cells were then immediately imaged at room temperature. Whereas
untreated cells showed a large amount of bound PA-QDs, binding was strongly inhibited for
sodium chlorate-treated cells (Figure 1C). As expected, cellular entry of PA-QDs was also
inhibited by sodium chlorate (data not shown). Without the PA coating, the QDs did not bind
to cells. These observations confirm a previous result demonstrating that PA binds to cells
through cell surface proteoglycans (27). Similar binding results were obtained for polyplexes
and lipoplexes (data not shown). The binding of fluorescent anti-HSPG was also inhibited by
sodium chlorate treatment, indicating that the sodium chlorate treatment indeed removed the
cell surface proteoglycans (Figure 1C). Control experiments with fluorescent transferrin
showed that the cellular binding of transferrin was not inhibited by the sodium chlorate
treatment (Figure 1C).

Payne et al. Page 3

Traffic. Author manuscript; available in PMC 2009 July 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Proteoglycan-binding ligands are endocytosed by a clathrin- and caveolin-independent
pathway

We took three approaches to address the potential role of clathrin- and caveolin-mediated
endocytosis in the internalization of PEI, LF and PA. First, we imaged the internalization of
polyplexes, lipoplexes and PA-QDs in the presence of drugs that inhibit clathrin- or caveolin-
mediated endocytosis. Second, we used siRNA to knock down clathrin or caveolin and
measured the effect on internalization. Third, we measured the transfection efficiency of PEI
and LF in cells treated with drugs that inhibit clathrin- or caveolin-mediated endocytosis.

First, we briefly describe our criteria for determining internalization. After being added to the
cell medium, polyplexes typically accumulated in endocytic vesicles within minutes. These
vesicles exhibited rapid and directed movement (Figure 3A) with an instantaneous velocity
characteristic of kinesin- or dynein-directed transport on microtubules (36). A similar transport
mechanism for PEI has been recently reported (37). These movements were inhibited by
nocodazole, a microtubule-disrupting drug (Figure 3A), and are distinct from motion on the
cell surface. Dextran sulfate, which carries a strong anionic charge, can be used to dissociate
the fluorescently-labeled siRNA from the PEI after polyplex formation. Washing the cells with
50 mg/mL dextran sulfate thus removed the fluorescent signal from polyplexes on the plasma
membrane. However, the addition of dextran sulfate to the cell medium did not result in the
loss of fluorescent signal from polyplexes undergoing rapid, directed motion (data not shown).
These features indicated that the polyplex-containing vesicles were transported on
microtubules inside cells. We used this microtubule-dependent movement as a signal to
indicate that polyplexes have already been internalized into intracellular vesicles. By these
criteria, nearly 100% of the polyplexes entered BS-C-1 cells within 30 min. The use of rapid
motion as an indication of entry may lead to an error in measurement caused by endosomes
that remain stationary during the entire period of observation. As discussed in Materials and
Methods, we estimate this error to be less than 10% for all ligands studied here.

To inhibit clathrin-mediated endocytosis, BS-C-1 cells were treated with 5 mg/mL
chlorpromazine for 30 min prior to the addition of the polyplexes. This treatment completely
blocked the endocytosis of human low-density lipoprotein (LDL) (Figure 3B), a ligand known
to enter cells through clathrin-mediated endocytosis. In comparison, chlorpromazine did not
inhibit the entry of polyplexes (Figure 3B). Filipin and nystatin, cholesterol-binding drugs that
inhibit caveolin-mediated endocytosis, also did not inhibit polyplex entry (Figure 3B, nystatin
not shown). In comparison, the entry of CTB, which is known to enter cells through caveolae
(38,39), was inhibited by filipin (Figure 3B). While CTB can use other endocytic pathways
(11,12), the results shown here, together with our previous observation that CTB shows nearly
100% colocalization with caveolin-1 in BS-C-1 cells (9), indicate that the internalization of
CTB in these cells is caveolin-dependent. Similar results with chlorpromazine and filipin were
also observed for lipoplexes, PA-QDs and anti-HSPG (Figure 3B). While chlorpromazine
treatment did not block the entry of CTB and filipin treatment did not block the entry of LDL
(Figure 3B), it is worth noting that the inhibitory effects of these drugs may not be entirely
specific. For example, chlorpromazine may inhibit some clathrin-independent endocytic
pathways. However, the ability of chlorpromazine to inhibit clathrin-mediated endocytosis, as
shown by the LDL control, taken together with our observation that chlorpromazine did not
inhibit the internalization of these proteoglycan-binding ligands, strongly suggests that their
entry was not mediated by clathrin. Similarly, the observation that filipin and nystatin did not
inhibit internalization provides strong evidence that the entry of these ligands was also
caveolin-independent.

To more specifically inhibit clathrin- or caveolin-mediated endocytosis, we used siRNA to
knock down the expression level of clathrin and caveolin in cells. As the clathrin sequence is
available for the human genome but not for monkey, we tested clathrin and caveolin
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knockdown in human (HeLa) cells. Non-targeting (non-specific) siRNA transfected cells were
used as controls. The knockdown efficiency was tested by immunofluorescence as well as by
the endocytosis of transferrin, which enters cells through clathrin-mediated endocytosis, and
of CTB, which enters cells through caveolin-mediated endocytosis (Figure 3C,D). A
cotransfected enhanced yellow fluorescent protein (EYFP) marker was used to locate
knockdown cells. Using immunofluorescence, we determined that 76% of cells exhibited
substantial clathrin knockdown and 68% of cells exhibited substantial caveolin knockdown,
i.e. these cells did not show detectable immunofluorescence for clathrin or caveolin,
respectively. Notably, whereas only a fraction of clathrin- or caveolin knockdown cells
expressed the cotransfected EYFP marker, all cells expressing EYFP exhibited clathrin or
caveolin knockdown. The EYFP-expressing cells were used for ligand uptake analysis. Cells
were incubated with each ligand for 30 min. The efficiency of entry was determined using the
assay described above for the drug studies. As expected, the entry efficiency of transferrin in
clathrin knockdown cells was very low, only 2% when compared with amount of transferrin
that entered control cells treated with nonspecific siRNA (Figure 3D). CTB showed only 7%
entry into caveolin knockdown cells, again normalized against the amount of CTB entry in
control cells transfected with non-specific siRNA (Figure 3D). In comparison with these
clathrin- and caveolin-dependent ligands, polyplexes and anti-HSPG were not significantly
inhibited by siRNA against clathrin or caveolin (Figure 3D). Polyplexes showed 95%
internalization efficiency for clathrin knockdown cells and 70% internalization efficiency for
caveolin knockdown cells, normalized against the amount of entry observed for control cells.
Anti-HSPG showed 87% entry efficiency for clathrin knockdown cells and 103% for caveolin
knockdown cells, normalized against results from control cells.

To further test whether the clathrin- and caveolin-independent pathway exploited by these
ligands is related to their gene delivery activity, we examined PEI- and LF-mediated
transfection by measuring the expression level of a delivered b-galactosidase gene, as shown
in Figure 1A,B. In BS-C-1 cells treated with 5mg/mL chlorpromazine, a concentration
sufficient to block clathrin-mediated endocytosis of LDL, the PEI- and LF-mediated
transfection efficiencies were 90 and 95%, respectively, compared with untreated cells. In cells
treated with 5 mg/mL filipin, a concentration sufficient to block caveolin-mediated endocytosis
of CTB, the PEI- and LF-mediated transfection efficiencies were 135 and 70%, respectively.
The error in the transfection measurements was determined to be 10% based on results from
three independent experiments. Taken together, these results strongly suggest that the
polyplexes, lipoplexes and PA-QDs enter cells through a clathrin- and caveolin-independent
pathway.

Internalization of proteoglycan-binding ligand is dynamin-dependent
Two approaches were used to test the role of dynamin in the internalization of the proteoglycan-
binding ligands using the polyplexes as a representative ligand. First, BS-C-1 cells were treated
with Dynasore, a cell permeable drug that inhibits dynamin-1 and dynamin-2 (40). Dynasore
treatment successfully blocked the internalization of transferring (Figure 4A), which is known
to require dynamin for internalization (41). Notably, Dynasore also inhibited the internalization
of the polyplexes. The polyplex uptake was only 15%comparedwith untreated control cells
(Figure 4A).

As an alternative method to investigate the dynamin dependence for internalization, we used
siRNA to knock down the expression level of dynamin-2 in HeLa cells. The knockdown
efficiency was tested by immunofluorescence as well as by the endocytosis of transferrin
(Figure 4B). Again, a cotransfected EYFP marker was used to mark knockdown cells. Using
immunofluorescence, we determined that 58% of cells exhibited substantial dynamin-2
knockdown. Whereas not all these dynamin-2 knockdown cells expressed the EYFP marker,
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all cells expressing EYFP exhibited dynamin knockdown. The EYFP-expressing cells were
used for ligand uptake analysis. Cells were incubated with polyplexes for 30 min and the
efficiency of entry was determined using the assay described above. While the amount of
transferrin that entered control cells treated with non-specific siRNA was high, the entry
efficiency of transferrin in dynamin-2 knockdown cells was not detectable. Similar to
transferrin, polyplexes showed only 2% internalization efficiency for dynamin-2 knockdown
cells compared with control cells treated with non-specific siRNA (Figure 4B).

Proteoglycan-binding ligands colocalized with flotillin-1
Recent reports have shown that flotillin-1 serves as amarker for a clathrin- and caveolin-
independent pathway (12). To test the possible involvement of flotillin-1 with the clathrin and
caveolin-independent pathway used by the cationic ligands, we measured the colocalization
of enhanced green fluorescent protein (EGFP)-flotillin-1with the cationic ligands and anti-
HSPG. PEI, lipoplexes, PA-QDs and anti-HSPG all showed substantial colocalization with
EGFP-flotillin-1 within the first 10 min following binding (Figure 5A,C). Specifically, PEI
showed 91% colocalization, lipoplexes 84%, PA-QDs 78% and anti-HSPG 82%. In
comparison, transferrin and LDL, both classical markers of the clathrin-mediated pathway
showed only 9% colocalization with EGFP-flotillin-1 within the same time period (Figure
5B,C).

To test whether flotilin-1 is required for the uptake of proteoglycan-binding ligands, we also
used siRNA against flotillin-1. Seventy-two percent of cells showed flotillin-1 knockdown as
measured by immunofluorescence. To mark knockdown cells, we again used a cotransfected
EYFP marker as described above for clathrin, caveolin and dynamin-2 knockdown. Non-
specific siRNA was used as a control. Cells were incubated with polyplexes for 30 min. The
efficiency of entry was determined using the assay described above. siRNA against flotillin-1
inhibited the internalization of the polyplexes with a 69% decrease in internalization compared
with control cells, whereas transferrin entry, used as a control, was not significantly inhibited
by flotillin knockdown (Figure 5D).

Proteoglycan-binding ligands are efficiently trafficked to late endosomes
To further determine the intracellular trafficking pathway of these proteoglycan-binding
ligands, we imaged the ligands simultaneously with early and late endosomes that were marked
by fluorescent proteins fused to specific Rab guanosine triphosphatases (42-47). Rab5 has been
used previously as an early endosomal marker (42,43) and Rab7 and Rab9 have been used as
late endosomal markers (42,44). To confirm that these fluorescent Rab proteins indeed label
the intended endosomes, we first imaged them together with independent endosomal markers.
As expected, Rab5 showed a high degree of colocalization (80%) with early endosomal antigen
1 (EEA1) (Figure 6A). It was previously established that LDL is trafficked to late endosomes
and lysosomes for degradation and accumulates in late endosomes within 1 h following
endocytosis (48,49). Indeed, 89%of LDL particles colocalized with Rab9- positive endosomes
at 1 h after endocytosis (Figure 6B). In cells expressing both enhanced cyan fluorescent protein
(ECFP)-Rab7 and EYFP-Rab9, discrete Rab9 structures and Rab7 structures showed a high
degree of colocalization (91%; data not shown), consistent with previous findings (44). We
have also shown that PEI- and LF-mediated transfection was not inhibited by the expression
of fluorescent Rab proteins and that the trafficking of LDL was unperturbed (data not shown),
consistent with previous findings that the low expression level used for these fluorescent-
labeled Rab proteins does not compromise the function of the endosomes (43-47).

We imaged polyplexes simultaneously with EYFP-Rab5 or EYFP-Rab9 at various times after
endocytosis to monitor the trafficking behavior of PEI. The following criteria were used to
judge colocalization with a specific endosome: ligands were considered to be colocalized with
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an endosome only if they showed significant spatial overlap and moved together for a minimum
of 20 seconds. By observing the motion of the endosome and ligand, rather than a static
image,we ensured that we were measuring true colocalization rather than a noninteracting,
chance overlap within the same detection volume. By these criteria, the fraction of polyplexes
colocalized with Rab5-labeled early endosomes remained low after endocytosis and decayed
to an undetectable level within 60 min (Figure 6C,E). The extent and time-dependence of
colocalization with EEA1 mirrored the results for Rab5 (data not shown), consistent with the
high colocalization obtained between Rab5 and EEA1. Colocalization with Rab9-labeled late
endosomes increased steadily to nearly 100%within 2 h (Figure 6D,E). Similar trends in
colocalization with Rab5 and Rab9 were observed for lipoplexes, PA-QDs and anti-HSPG
(data not shown). While the Golgi has also been found to contain Rab9 (44), we did not observe
the accumulation of these ligands in the Golgi region. In addition, the colocalization between
these ligands and Rab7, another late endosomal marker, was nearly identical to that observed
with Rab9 (data not shown). These results indicate that all three proteoglycan-binding ligands
and anti-HSPG were efficiently trafficked to late endosomes, consistent with a previous result
showing that a cell-penetrating peptide colocalizes extensively with acidic endocytic
compartments (29). As a control, we tested the time-dependent colocalization of LDL with
Rab5 and Rab9 (Figure 6F). As expected for LDL, we observed high colocalization of LDL
with Rab5 at early time-points, which peaked at about 80%, followed by a steady decrease in
colocalization to 20% at 1 h. In comparison, LDL colocalization with Rab9 increased steadily
to 90% at 30 min and remained greater than 90% until at least 1 h after endocytosis. It has been
shown previously that a fraction of endosomes contain both early and late endosome markers
(45-47), potentially representing an intermediate phase of endosome maturation. A significant
fraction of LDL is delivered to these intermediate endosomes (47). Thus, the fractions of LDL
colocalizing with Rab5 and Rab9 added up to more than 100%at certain time-points.

Microtubules are not required for trafficking to late endosomes
Conventional transport from early to late endosomes requires microtubules (50). We sought
to address whether microtubule transport was required for proteoglycan-binding ligands to
enter late endosomes. We incubated BS-C-1 cells with nocodazole to disrupt microtubules. As
expected, the rapid and directed movement of the endocytic vesicles containing proteoglycan-
bound ligands was inhibited (Figure 3A). However, the colocalization of polyplexes with Rab5
or Rab9 endosomes was only slightly affected. The maximum percentage of polyplexes
colocalized with Rab5 endosomes remained similar to that in untreated cells, but the decay rate
from the maximum was slower (Figure 6E). The rate of entry into late endosomes is largely
unaffected, but the final colocalization (measured at 2 h after endocytosis) was reduced by
20%, consistent with the increased colocalization with early endosomes at the same time
(Figure 6E). Similar results were obtained for lipoplexes, PA-QDs and anti-HSPG (Figure 7A).
The trafficking of LDL to late endosomes was, however, substantially inhibited in nocodazole-
treated cells. Unlike in untreated cells, where most of the LDL particles were trafficked to late
endosomes containing Rab9, but not Rab5, in nocodazole-treated cells, the majority of LDL
showed an overlap with both Rab5 and Rab9 at 1 h after endocytosis (Figure 7A). This result
indicates that in microtubule- disrupted cells, LDL was trapped in endosomal maturation
intermediates that contained both early (Rab5) and late (Rab9) endosome markers (45-47),
whereas the proteoglycan-binding ligands are still efficiently trafficked to late endosomes.

Phosphatidylinositol 3-phosphate-mediated sorting is not required for entry into late
endosomes

Both early endosome fusion and the sorting of certain cargo from early to late endosomes
require the activity of phosphatidyl-inositol-3-OH kinase [PI(3)K] (51-54). The activity of PI
(3)K can be specifically disrupted using the fungal toxin wortmannin (51,55,56). By disrupting
PI(3)K activity, we can test the role of early endosomal sorting in the intracellular transport of
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cationic ligands. The transport of LDL from early to late endosomes was severely inhibited by
the 30 min pretreatment of cells with 240 nM wortmannin. In untreated cells, the majority of
LDL colocalized with Rab9 at 1 h after endocytosis (Figure 7B). Wortmannin treatment
resulted in a nearly four-fold decrease in the colocalization of LDL with Rab 9 and a substantial
retention of LDL in the Rab5 marked endosomes at the same time-point (Figure 7B), suggesting
LDL was no longer sorted efficiently from the early endosomes to the late endosomes. In
contrast, the transport of polyplexes, lipoplexes, PA-QDs and anti-HSPG to late endosomes
was essentially uninhibited by wortmannin (Figure 7B). While wortmannin has been shown
to prevent many types of cargo, including Semliki Forest virus (55), EGF receptor (53) and
LDL, as shown here, from reaching late endosomes, results for bulk fluids have been mixed.
For example, trafficking of horseradish peroxidase to a degradative pathway was blocked by
wortmannin, but trafficking of Lucifer yellow (56) and dextran (53) was not blocked. As such,
while our results suggest the interesting possibility that the proteoglycan-binding ligands can
be trafficked to late endosomes directly, without sorting from early endosomes, it remains
possible that these ligands are delivered from early to late endosomes by a non-specific
mechanism similar to the behavior of some bulk fluids.

Discussion
A substantial range of endocytic cargo, including signaling receptors, nutrients, toxins and
viruses, enters cells independently of both clathrin and caveolin. While likely encompassing
numerous endocytic pathways, they have been grouped in the category of ‘clathrin- and
caveolin-independent endocytosis. We have shown that three distinct proteoglycan-binding
ligands, PEI, LF and PA, entered cells by a clathrin- and caveolin-independent, but dynamin-
and flotillin-dependent, mechanism (Figures 3-5). The post-endocytic trafficking observed for
this pathway showed important differences compared with the clathrin and caveolin-mediated
pathways. Cargo trafficked along this pathway colocalized with flotillin-1-positive vesicles
(Figure 5). After internalization, cargo was delivered into late endosomes with high efficiency
(Figure 6). The majority of cationic ligands were delivered to late endosomes without requiring
microtubule-dependent transport or phosphatidylinositol 3-phosphate (PtdIns3P)-dependent
sorting from early endosomes to multi-vesicular bodies, possibly bypassing the early
endosomes (Figure 7). In contrast, PtdIns3P-dependent sorting from the early endosome and
microtubule-dependent trafficking to the late endosome are two hallmarks of the postendocytic
trafficking pathway following clathrin-dependent endocytosis (50,54,57).

The above results indicate that the three proteoglycan-binding ligands, PEI, LF and PA, have
similar internalization and trafficking mechanisms. No secondary endocytic receptor has been
identified for these ligands nor are they likely to have the same secondary receptor, considering
their distinct chemical structures. It is therefore possible that their endocytic trafficking is
directed by their common primary receptor, cell surface proteoglycans. This model is supported
by our observation that the internalization mechanism and post-endocytic trafficking behavior
of cell surface proteoglycans, reported by an antibody against HSPG (anti-HSPG), were highly
similar to those observed for the three proteoglycan-binding ligands (Figures 3, 5 and 7).
Moreover, immediately following entry, polyplexes are nearly 100% colocalized with anti-
HSPG within the same vesicles (Figure 2).

The proteoglycan-dependent trafficking pathway described above is distinct from previously
identified clathrin- and caveolin-independent pathways. For example, interleukin 2 receptors
are associated with detergent-resistant membrane domains, internalized in a dynamin-
dependent manner and delivered to early endosomes (4). GPI-anchored proteins are
internalized independently of dynamin and trafficked through specific early endosomal
compartments, GEECs, devoid of conventional early endosome markers such as Rab5, before
reaching recycling endosomes (5). Some GPI-anchored proteins have also been shown to
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colocalize with flotillin-1 (12) and possibly the Golgi apparatus (58). SV40 takes a caveolar-
like pathway in route to the endoplasmic reticulum (ER) (10). The antimicrobial peptide LL-37
likely enters cells through a caveolin-independent, but lipid raft-dependent, pathway (30). In
comparison, the entry of the cationic, proteoglycan-binding ligands studied in this work did
not appear to involve cholesterol-enriched membrane domains, as indicated by the lack of
effect of filipin and nystatin on the internalization of these ligands. The internalization of these
ligands was dynamin-dependent. The proteoglycan-binding ligands showed high
colocalization with flotillin-1, and the destination of these ligands appeared to be late
endosomes instead of Golgi, recycling endosomes or the ER. At early times, the trafficking
path of these ligands may intersect with the routes taken by other clathrin- and caveolin-
independent cargo, for example at flotillin-positive vesicles or GEECs. A full characterization
of the early endocytic compartments for these proteoglycan-dependent ligands remains to be
elucidated. It was previously reported that the flotillin-dependent entry pathway of CTB and
GPI-anchored proteins is dynamin-independent (5,12). Here, we show that entry of the
proteoglycan-binding ligands requires both flotillin and dynamin. This difference suggests that
flotillin-1 may play a role in multiple endocytic pathways, both dynamin-dependent and
independent.

As the cationic ligands described here are commonly used for gene delivery, it is interesting
to consider how the observed endocytic pathway may relate to the ability of these ligands to
productively deliver genes into the cell. Unfortunately, release of the complexes from late
endosomes was observed to be a rate-limiting step and occurred rarely, such that we were
unable to track entry of DNA or siRNA into the cytoplasm and ultimately into the nucleus.
While our direct imaging experiments use lower concentrations of cationic ligands than that
recommended for transfection, we found that increasing the concentration to the normal
transfection concentration did not lead to visible endosomal release of the complexes. Our
transfection experiments, using high concentrations of cationic ligands, demonstrated that
transfection by PEI and LF required proteoglycans, but not clathrin or caveolin. Therefore, it
is likely that productive transfection by PEI and LF uses the entry and trafficking pathway
described in this study. In the event that this pathway does not lead to productive gene delivery,
it remains an important consideration for the rational design of cationic vectors as the majority
of polyplexes, lipoplexes and PA-QDs entered cells through this pathway.

In summary, we have identified a constitutive clathrin- and caveolin-independent endocytic
pathway used by HSPGs, primary receptors for many ligands essential for cell maintenance
and signaling (16,18). Cationic ligands with important applications in gene, protein and drug
delivery, such as cationic polymers, lipids and polypeptides, are internalized, along with cell
surface proteoglycans, through this pathway. By tracking the interaction of these proteoglycan-
binding ligands with endocytic structures in real time, we have found that this entry pathway
leads to an intracellular trafficking itinerary that is distinct from previously described endocytic
pathways. These cationic ligands entered cells with a dynamin-dependent mechanism,
associated with flotillin-1-positive vesicles, and ultimately accumulated in late endosomes.
The majority of the proteoglycanbinding ligands were delivered to late endosomes without
requiring intact microtubules or PtdIns3P-dependent sorting through early endosomes,
possibly bypassing conventional early endosomes. The endocytic pathway described here
reflects an intrinsic endocytic pathway for the downregulation of HSPGs at the cell surface
and is therefore likely to be a general pathway used by other proteoglycan-binding ligands that
lack secondary endocytic receptors.
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Materials and Methods
Cell culture

BS-C-1 and HeLa S3 (ATCC, Manassas, VA) cells were maintained in a 37°C, 5% carbon
dioxide environment in Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen, Carlsbad,
CA) with 10% (v/v) fetal bovine serum (FBS, Invitrogen). Wild-type and mutant (pgsA-745)
CHO (ATCC) cells were maintained in a 37°C, 5% carbon dioxide environment in F-12K
medium (ATCC) with 10% (v/v) FBS.

Wild type and mutant CHO cells were only used for the experiments described in Figure 1B.
HeLa cells were only used for the siRNA knockdown experiments described in Figure 3C, 3D,
4B and 5D. All other experiments used BS-C-1 cells. Cells were passaged every 3 days. For
fluorescence imaging, cells were cultured in 60 mm glass-bottom cell culture dishes (MatTek,
Ashland, MA).

Fluorescent labeling of cationic ligands: Polyplexes, lipoplexes, PA-QDs, anti-HSPG, and
additional endocytic ligands

PEI (in vitro jetPEI, Qbiogene, Morgan Irvine, CA) and LF (Invitrogen) were complexed with
22 base pair Cy5- or TMR-labeled siRNA (Dharmacon, Lafayette, CO) to form polyplexes
and lipoplexes, respectively, according to the manufacturers’ instructions. Directly labeling
PEI with Cy5 (Amersham/GE Healthcare, Piscataway, NJ) or complexing PEI with TOTO
(Invitrogen)-labeled DNA results in the same intracellular pathway (data not shown). PEI-
DNA (or PEI-siRNA) was formed with an N to P ratio of 8 as we found this ratio to be optimal
for transfection of the BS-C-1 cells. PA was conjugated with fluorescent quantum dots (PA-
QDs). To form PA-QDs, streptavidin-labeled quantum dots with an emission of 705 nm
(Quantum Dot Corporation) were incubated with biotinylated polyarginine according to the
manufacturer’s instructions. In the absence of polyarginine, no cellular binding or entry of
quantum dots was observed. Antibodies against proteoglycans (MAB2040, Chemicon,
Temecula, CA; referred to as anti-HSPG and GPC1, Abnova, Taipei City, Taiwan; referred to
as anti-glypican-1) were labeled with Cy5 (Amersham) according to the manufacturer’s
instructions.

In addition to the cationic ligands, a number of well-characterized ligands were used for control
experiments. Transferrin, labeled with TMR or Alexa647, and Cholera toxin B (CTB), labeled
with Alexa647, were purchased from Invitrogen. LDL (MP Biomedical) was labeled with DiD
(Invitrogen) at a concentration of 0.5 μM and mixed gently for 1 hour before removal of excess
dye on a Nap5 column (Amersham).

Expression of fluorescently-labeled endocytic proteins
For imaging flotillin-1, early endosomes, or late endosomes, BS-C-1 cells were transfected
with flotillin-1-EGFP (a gift from B. J. Nichols), EYFP-Rab5 (a gift from M. Zerial), ECFP-
Rab7, or EYFP-Rab9 (gifts from S. Pfeffer). Transfections were performed with the FuGENE
6 (Roche, Indianapolis, IN) transfection reagent 24 hours after plating. Experiments were
carried out approximately 48 hours following transfection with the exception of flotillin-1-
GFP, which was imaged 24 hours after transfection.

Drug treatments
To remove cell surface proteoglycans, cells were incubated with sodium chlorate (NaClO3) at
the specified concentration for 24 hours prior to transfection experiments and 48 hours prior
to binding experiments. No difference was observed between the 24 and 48 hour pretreatment,
the longer pretreatment was used to grow cells to the appropriate confluency for imaging.
Chlorpromazine (5 μg/mL), filipin (5 μg/mL) or nystatin (25 μg/mL) was used to inhibit
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clathrin- or caveolin-medaited endocytosis. Wortmannin (240 nM) was used to inhibit PI(3)
K. Nocodazole (60 μM, Calbiochem, San Diego, CA) was used to disrupt microtubules.
Dynasore (80 μm, synthesized by H. Pelish and a gift from T. Kirchhausen) was incubated
with the cells in serum-free PBS-glucose. All drugs, with the exception of sodium chlorate,
were added to cells 30 minutes prior to experiments and remained present during the
experiments. The efficiency of each drug treatment was tested with control ligands as described
in the text. Dextran sulfate, 50 μg/mL, was used, as described in the text, to remove the DNA
or siRNA associated with polyplexes that had not been internalized and remained bound to the
plasma membrane. The effect of dextran sulfate was to cause the dissociation of siRNA from
PEI. This was tested using Cy5-labeled PEI and TMR-labeled siRNA cold bound to the cell.
After dextran sulfate treatment, the siRNA signal was removed from the cell surface while the
PEI remained bound and was able to enter the cells upon warming. All reagents were from
Sigma-Aldrich (St. Louis, MO) unless otherwise noted.

siRNA knockdown
Approximately 105 HeLa S3 (ATCC) cells were seeded in each well of a 6-well plate 24 hours
before transfection. For transfection, 10 μL of OligofectAMINE (Invitrogen) were added to
20 μL Opti-MEM I (Invitrogen) and the solution was incubated for 5-10 minutes at room
temperature. This mixture was then added to a second solution of 5 μL of siRNA (40 μM) and
158 μL Opti-MEM I and allowed to complex for 15-20 minutes at room temperature. After
incubation, 807 μL of Opti-MEM I were added to the OligofectAMINE/siRNA solution and
the resulting 1 mL was added to the cells. Four hours after the addition of the solution, 4 mL
of DMEM with 20% FBS was added. On day 2, cells were trypsinized and seeded into 6 cm
plates. On day 3, cells were transfected with siRNA again according to the above procedure,
only scaled by a factor of 1.5 to compensate for the larger dish area. In this second round of
transfection with siRNA, cells were cotransfected with an EYFP plasmid for use as a marker
using the FuGENE 6 (Roche), transfection procedure described above. On day 4 cells were
trypsinized again and split into glass-bottomed culture dishes for experiments. A scrambled,
non-specific siRNA construct was used as a control (siCONTROL Non-targeting siRNA 1,
Dharmacon). siRNA against clathrin heavy chain was described previously (55), siRNA
against human caveolin-1 was obtained from Qiagen (HS_CAV1_10_HP), siRNA against
dynamin-2 was obtained from Qiagen (HS_DNM2_8_HP), and siRNA against flotillin-1 was
a combination of UGAGGCCAUGGUGGUCUCCdTdT from Dharmacon and Santa Cruz
Biotechnology (Santa Cruz, CA, Catalog Number: 35391) (12).

Cellular binding assay
Cells were cooled to 4°C for 5 minutes before the addition of polyplexes (50 μL, 20% of
recommended transfection amount), lipoplexes (50 μL, 5% of recommended transfection
amount), PA-QDs (10 μL, 2% of recommended cell labeling amount), heparan sulfate
antibodies (40 μL, 1:500 dilution of labeled antibody), transferrin (10 μg/mL), or cholera toxin
B (100 μg/mL). Lower concentrations of polyplexes were used for imaging to avoid extensive
fluorescence background. Ligands were allowed to bind for 10 minutes at 4°C at which point
cells were rinsed twice with chilled MEM and then imaged with the excitation laser intensity
held constant. Sodium chlorate was removed from the medium before the addition of the
ligands.

Cellular entry assay
Ligands, at the same concentration as for the cell binding assay, were added to cells at 37°C
and incubated for the time noted in the text. Additionally, DiD labeled LDL was used at a
concentration of 33 μg/mL. The amount of polyplexes, lipoplexes, or anti-HSPG that entered
cells was determined by measuring the total fluorescent signal included within endocytic
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compartments that show microtubule-dependent movement. This method may result in an
underestimate as stationary endosomes would not be included. Based on the number of
stationary spots, this underestimate, at maximum, gives 5%, 7%, and 5% error for polyplexes,
lipoplexes, and HSPG antibody, respectively. Aggregates greater than 1 μm in size,
distinguished with light microscopy, were not counted. PA-QD entry was measured by
counting the number of PA-QDs undergoing microtubule-dependent movement as compared
to diffusive movement on the cell surface. Typically 10% of the PA-QD particles were
stationary and were not included in the measurement. The amount of tranferrin and CTB that
entered cells was determined by comparing the fluorescent signal of tranferrin (or CTB) in
drug- or siRNA-treated cells with results obtained in control cells after an acid wash (0.2 M
acetic acid, 0.2 M NaCl in PBS, rinsed twice at 4°C) was used to remove transferrin and CTB
bound to cell surface. For the measurements of heparan sulfate antibodies with polyplexes or
transferrin, cells were chilled to 4°C and anti-HSPG was cold bound to the cells for 10 minutes.
The cells were then rinsed twice with DMEM with 10% FBS prior to the addition of the
polyplexes (or transferrin) which were then cold bound for an additional 10 minutes. Cells
were washed twice with MEM and incubated at 37°C for the specified time.

Transfection assay
Transfection efficiency was measured 24 hours post-transfection by a -galactosidase assay
(Promega, Madison, WI), according to the manufacturer’s instructions. PEI or LF was
complexed with a - galactosidase plasmid. The expression of this plasmid was measured by
adding o-nitrophyl-B-D-galactopyranoside (ONPG) to lysed cells. The conversion of ONPG
to the yellow o-nitrophenol by□ - galactosidase was measured with a UV-Vis
spectrophotometer. To determine the transfection efficiency in the presence of drugs, cells
were pretreated with the drug for 30 minutes and incubated with full concentrations of PEI-
DNA or LF-DNA complexes for two hours in the presence of the drug. The cells were then
treated with 50 μg/mL dextran sulfate to deactivate any complex that had not been internalized
and the drug was then removed to reduce possible adverse effects on cells. Dextran sulfate
causes the dissociation of DNA from PEI, but not PEI from cells. The addition of dextran
sulfate simultaneously with the transfection reagent results in no transfection (data not shown).
Transfection efficiency was normalized against control experiments carried out with untreated
cells.

Immunofluorescence
Immunofluorescence was based on standard protocols. Cells were fixed with 2% formaldehyde
at 40 minutes at room temperature and then permeabilized (3% BSA, 10% FBS, 0.5% Triton-
X100 in PBS) for 15 minutes at room temperature. The primary antibody (1 mg/mL) was added
to the cells at a 1:200 dilution and incubated overnight at 4°C. The secondary antibody (1 mg/
mL) was added to the cells (in 0.2% BSA and 0.1% Triton-100 in PBS) at a 1:1000 dilution
and incubated at room temperature for 30 minutes. Cells were washed three times with 0.2%
BSA and 0.1% Triton-100 in PBS between each step. Anti-EEA1 and anti-Flotillin-1
monoclonal antibodies were obtained from BD Biosciences (San Jose, CA). Anti-Clathrin
Heavy Chain and Anti-Caveolin-1 antibodies were from Santa Cruz Biotechnologies. All
secondary antibodies were purchased from Invitrogen.

Fluorescence imaging
Cy5, Alexa647, and DiD were excited with a 633 nm helium-neon laser (Melles-Griot,
Carlsbad, CA). Quantum dots, EYFP, and TMR were excited with a 532 nm diode laser
(Crystalaser, Reno, NV). EGFP was excited with the 488 nm line and ECFP with the 457 nm
line of an argon ion laser (Melles Griot). An inverted microscope (Olympus IX70, Center
Valley, PA) in an epi-fluorescent configuration with an oil-immersion objective (N.A. = 1.45,
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60x, Olympus) was used for imaging. Long and short wavelength emissions were spectrally
separated by a 650 nm long-pass dichroic mirrors (Chroma, Rockingham, VT), and imaged
onto a CCD camera (Roper Scientific, Tucson, AZ, CoolSnap HQ). A 665 nm longpass filter
was used for Cy5 or QD detection, a 585/35 nm bandpass filter was used for EYFP and TMR,
a 535/20 nm bandpass filter for EGFP, and a 480/40 nm bandpass filter for ECFP. Images were
typically recorded at a rate of 1 frame/second with a 500 ms exposure. Image analysis has been
described previously (9).

Immediately before imaging experiments, cells were washed with phenol red-free minimum
essential medium with 1% glucose. Glucose oxidase (0.2 mg/mL) with catalase (1 μL/mL) was
used as an oxygen scavenger. Unless otherwise noted, experiments were conducted at 37°C.
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Figure 1. Cellular entry of cationic polymers, lipids, and polypeptides is mediated by cell surface
proteoglycans
A) Transfection of BS-C-1 cells by PEI and LF is inhibited by sodium chlorate, a drug that
inhibits proteoglycan synthesis, in a concentration dependent manner. B) Transfection by PEI
and LF is much less efficient in a proteoglycan-deficient cell line of CHO cells (PGD-CHO)
than in wildtype CHO cells. Transfection efficiencies are normalized against untreated cells.
Based on experiments done in triplicate, the error in the transfection measurement is 10%. C)
Sodium chlorate (NaClO3, 80 mM) treatment blocks the binding of PA-QDs and anti-HSPG,
but not that of transferrin (Tfn), to the surface of BS-C-1 cells. The diffuse red signal in the
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images is due to out of focus fluorescence on the thicker regions of the cells. Scale bars: 10
μm.
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Figure 2. Polyplexes colocalize with a heparan sulfate antibody (anti-HSPG)
A) Polyplex (green) and anti-HSPG (red) after 20 minutes incubation with cells. Colocalization
is shown in yellow. B) Tranferrin (green) and anti-HSPG (red) after 20 minutes incubation
with cells. Scale bars: 10 μm. C) Percent colocalization of polyplexes and transferrin with anti-
HSPG averaged from 5 to 30 minutes following binding.

Payne et al. Page 19

Traffic. Author manuscript; available in PMC 2009 July 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Endocytosis of polyplexes, lipoplexes, PA-QDs, and anti-HSPG is independent of clathrin
or caveolin
A) Microtubule-dependent motion (blue) of a vesicle containing polyplexes inside a cell. About
95% of vesicles containing polyplexes exhibit this type of movement. This rapid movement is
inhibited when microtubules are disrupted with nocodazole (red). B) Amount of polyplexes,
lipoplexes, PA-QDs, anti-HSPG, low-density lipoprotein (LDL), and cholera toxin B (CTB)
that entered cells within 30 minutes for untreated cells (control) and cells treated with
chlorpromazine or filipin. All results are normalized against untreated cells. C) Representative
images of control cells transfected with non-specific siRNA, cells transfected with siRNA
against clathrin heavy chain (CHC), and cells transfected with siRNA against caveolin-1 (Cav)
30 minutes following the addition of Alexa647-labeled transferrin (Tfn) or CTB. Transferrin
or CTB that remained on the cell surface was removed with an acid wash. Scale bars: 10 μm.
D) Fraction of polyplexes, anti-HSPG, transferrin (Tfn), and CTB that have entered cells within
30 minutes in control cells transfected with non-specific siRNA and clathrin or caveolin-1
knockdown cells.
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Figure 4. Internalization of polyplexes requires dynamin-2
A) Fraction of transferrin and polyplexes that have entered cells within 30 minutes in control
cells and Dynasore-treated cells. B) Fraction of transferrin and polyplexes that have entered
cells within 30 minutes in control cells transfected with non-specific siRNA and in cells
transfected with siRNA against dynamin-2.
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Figure 5. Cationic ligands and anti-HSPG colocalize with flotillin-1 at early times post-endocytosis
A) PEI (red) and EGFP-flotillin-1 (green) at 10 minutes post-endocytosis. Colocalization is
shown in yellow. B) Transferrin (red) and EGFP-flotillin-1 (green) at 10 minutes post-
endocytosis. Scale bars: 10 μm. C) PEI, lipoplexes, PA-QDs, and anti-HSPG all show extensive
colocalization with flotillin-1 vesicles within the first 20 minutes of entry. In comparison,
transferrin and LDL, both clathrin-dependent ligands show less than 10% colocalization with
flotillin-1. D) Fraction of transferrin and polyplexes that have entered cells within 30 minutes
in control cells transfected with non-specific siRNA and in cells transfected with siRNA against
flotillin-1.
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Figure 6. Proteoglycans and proteoglycan-binding ligands are trafficked to late endosomes with
high efficiency
A) Colocalization between EYFP-Rab5 (green) and EEA1 (red), an early endosomal marker.
EEA1 was detected by immunofluorescence. Image adapted from Lakadamyali, et al. (43). B)
Colocalization between EYFP-Rab9 (green) and DiD-labeled LDL (red). The image was taken
1 hour after LDL internalization, at which point LDL accumulates in late endosomes. C) A
two-color image of polyplexes and EYFP-Rab5, an early endosomal marker, 20 minutes after
the addition of polyplexes to cells. D) A two-color image of polyplexes and EYFP-Rab9, a late
endosomal marker, 1 hour after the addition of polyplexes to cells. Colocalization is shown in
yellow. Scale bars: 10 μm. E) Fraction of polyplexes colocalized with Rab5 (gray) and Rab9
(black) as a function of time. The solid and dashed lines indicate results from cells treated with
nocodazole and untreated cells, respectively. . Error bars indicate standard error. Results were
averaged over 5 cells. F) Fraction of LDL particles colocalized with Rab5 (gray) and Rab9
(black) as a function of time in untreated cells. Error bars indicate standard error. Results were
averaged over 4 - 7 cells.
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Figure 7. Proteoglycans and proteoglycan-binding ligands are trafficked to late endosomes
independently of microtubule-dependent motion or PI(3)K-dependent sorting from early
endosomes
A) Fraction of polyplexes, lipoplexes, PA-QDs, anti-HSPG, and LDL colocalized with Rab5
(gray) and Rab9 (black) at 1 hour after incubation with nocodazole-treated cells (solid
columns). The majority of polyplexes, lipoplexes, PA-QDs, and anti-HSPG accumulate in
endosomes that contain only Rab 9 but not Rab5. In contrast, the majority of LDL particles
colocalize with both Rab5 and Rab9. The dashed columns show results for LDL in untreated
control cells for comparison. Error bars indicate standard deviation. G) PtdIns3P-dependent
sorting from early endosomes is not required for late endosomal entry of cationic ligands and
HSPG. Fraction of polyplexes, lipoplexes, PA-QDs, and anti-HSPG in late endosomes that
contain Rab9, but not Rab5, is similar in untreated cells and in cells treated with wortmannin,
an inhibitor of PI(3)K. In comparison, colocalization of LDL with Rab9 is substantially reduced
by wortmannin treatment. Measurements were done 1 hour post-endocytosis. Error bars
indicate standard deviation.
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