1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
FEBS Lett. Author manuscript; available in PMC 2019 October 01.

-, HHS Public Access
«

Published in final edited form as:
FEBS Lett. 2018 October ; 592(19): 3274-3285. doi:10.1002/1873-3468.13236.

Extracellular histones are the ligands for the uptake of
exosomes and hydroxyapatite-nanoparticles by tumor cells via
syndecan-4

Josiah Ochiengl”, Gladys Nangamil2, Amos Sakwel:3, Tanu Ranal, Shalonda Ingram?, J.
Shawn Goodwin?, Cierra Moyel, Philip Lammers?, and Samuel E. Adunyah?l

1Departments of Biochemistry, Cancer Biology, Neuroscience and Pharmacology, Meharry
Medical College, Nashville, TN 37208

2Department of Internal Medicine, Meharry Medical College, Nashville, TN 37208
3Graduate School, Meharry Medical College, Nashville, TN 37208

Abstract

The mechanisms by which exosomes (hano-vesicular messengers of cells) are taken up by
recipient cells are poorly understood. We hypothesized that histones associated with these nano-
particles are the ligands which facilitate their interaction with cell surface syndecan-4 (SDC4) to
mediate their uptake. We show that the incubation with fetuin-A (exosome-associated proteins)
and histones mediates the uptake of exosomes that are normally not endocytosed. Similarly,
hydroxyapatite nanoparticles incubated with fetuin-A and histones (FNH) are internalized by
tumor cells, while nanoparticles incubated with fetuin-A alone (FN) are not. The uptake of
exosomes and FNH, both of which move to the perinuclear region of the cell, is attenuated in
SDC4-knockdown cells. Data show that FNH can compete with exosomes for uptake and that both
use SDC4 as uptake receptors.
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Introduction

Exosomes are classified as members of extracellular vesicles with diameters in the range of
30-100 nm, which originate from luminal membranes of multi-vesicular bodies-MVB,
secreted from a number of normal and transformed or tumorigenic cells upon fusion with
cell membranes [1]. Whereas the current purification strategies may not strictly distinguish
exosomes from micro-vesicles (100-1000 nm in diameter) [2], some of the exosomal
associated proteins such as CD63, CD9 [3] and histones [4], are associated mainly with
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exosomes and not micro-vesicles and could be used as exosomal markers. It is becoming
clear that the secretion and endocytic uptake of cellular exosomes represent significant
cellular mechanisms for growth, motility and invasive capacity of tumor cells both /n vitro
and /n vivo [5-7]. More broadly, exosomes shuttle biomolecules such as, miRNA and tRNA
among cells in an autocrine, paracrine or endocrine fashion to affect the normal and
pathophysiology of the recipient cells [8-10]. Cellular mechanisms that regulate secretion
and endocytic uptake of exosomes are poorly understood. Recent studies indicate that
exosomal secretion is promoted by invadopodia thereby influencing invasive and motile
properties of tumor cells [11]. Secretion of these nano-vesicles is usually preceded by a rise
in [Ca2*] and involves docking factors such as Rab11 and Rab-27A [11, 12].

The uptake mechanisms of secreted exosomes by recipient cells are just as important and
warrant intense investigation. A number of studies have proposed, based on strong
experimental evidence, that uptake is primarily mediated by heparan sulfate proteoglycans
[13, 14] even though the ligand(s) on exosomes that interact with the heparan sulfate
proteoglycans to mediate uptake is yet to be defined. A recent report suggested that
fibronectin on exosomes is the ligand that interacts with cell surface heparan sulfate
proteoglycans to mediate uptake of the exosomes [15]. We previously proposed that
histones/fetuin-A were the exosomal ligands that interact with cell surface heparan sulfate
proteoglycans. These two proteins were abundantly associated with a class of exosomes that
were easily taken up by tumor cells [14]. This observation, however, did not rule out the
other exosome-associated proteins such as CD63 and other tetraspanins [16]. To directly
show that histones and or fetuin-A (exosome-associated proteins) are the ligands for the
exosomal uptake, we questioned whether they would be sufficient to promote the uptake of
nano-particles devoid of any other protein except the duo. We chose hydroxyapatite
nanoparticles that have similar dimensions as cellular exosomes (~ < 200 nm) for this proof
of concept experiment. Hydroxyapatite has a high affinity for fetuin-A [17], which in turn
associates tightly with histones [14]. Thus, the disposition of fetuin-A/histones on the
nanoparticles would be more or less similar to their disposition on cellular exosomes [14].

The interaction of histones with heparan sulfate proteoglycan-SDC4 is not without merit. It
has been demonstrated that basic proteins such as histones bind to heparan sulfate
proteoglycans by electrostatic interaction [18, 19]. The expression of the cell surface
heparan sulfate proteoglycans syndecan-1 (SDC1) and syndecan 4 (SDC4) is increased or
upregulated in more aggressive and metastatic tumor cells [20-22] and the knockdown of
these receptors attenuate metastatic potential of tumor cells [22]. A number of studies have
shown that there is significant cross-talk via exosomes from tumor cells to stromal cells and
vice-versa to mediate processes such as cellular motility and invasion that are relevant in
metastasis [23-26].

The data presented herein demonstrate that histones on exosomes and hydroxyapatite
nanoparticles are the ligands that mediate the endocytic uptake of these nanoparticles via
cell surface SDC4 uptake receptors.
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Materials and methods:

Materials:

Cells:

Fetuin-A, histone type Il and hydroxyapatite nanoparticles (Cat. # 677418-5G) were
purchased from Sigma-Aldrich (St. Louis, MO). Fetuin-A was further purified as described
[27]. All the other reagents unless otherwise specified were purchased from Sigma-Aldrich.

BT-549, MDA-MB-231 and LN229 were purchased from ATCC (Manassas, VA). The
prostate cancer cell lines PC3 and DU145 were a kind gift from Dr. Zhenbang Chen (MMC).
BT-549 was stably transfected with the GFP-CD63 expression plasmid as described [28] to
yield the cell line BT-CD63, the source of GFP-CD63 exosomes. The cells were maintained
in either DMEM/F12 or Iscove’s modified Dulbeco Medium (IMDM) containing 10% fetal
bovine serum.

Uptake of GFP-CD63 exosomes by breast tumor cells

BT-CD63 cells were grown in 150 cm? culture flasks until ~80% confluent. The cells were
then washed in PBS and detached using 2 mM EDTA and washed X2 in serum free medium
(SFM). The cells (~1 x 109 cells) were suspended in 1 ml of SFM containing either BSA (2
mg/ml) or purified fetuin-A (2 mg/ml) in siliconized Eppendorf tubes. The tubes were
incubated at 38°C with end on end rotation for 1 h. Cells were then pelleted at 700 x g for 5
min and the supernatant centrifuged at 3,000 x g for 15 min to pellet dead cells and debris.
Exosomes were then isolated by differential centrifugation as previously described [28]. To
determine uptake, exosomes isolated in the presence of BSA (BSA-GFP-CD63 Exos) and in
the presence of fetuin-A (FetA-GFP-CD63 Exos) after purification were added to BT-549
cells (1 x 10° cells/chamber) in 8-chambered glass slides (20 pg/chamber) in SFM at 37°C
in CO,- humidified incubator and incubated for 2 h. Purified exosomes isolated in the
presence of BSA were incubated with fetuin-A (2 mg/ml): histones (100 pg/ml) for 2 h
followed by differential centrifugation as described [28], and added (20 pg/chamber) to
BT-549 in 8-chambered slides (1 x 10° cells/chamber) and incubated for 2 h at 37°C in
humidified CO, incubator. The cells were washed with warm SFM and fixed with 4%
formalin for 15 min and uptake examined under a confocal microscope (Nikon, A1R). Mean
arbitrary units of fluorescence + SD were quantified using Nikon Elements Advanced
Research Software (NEARS).

Hydroxyapatite-nanoparticles uptake assay

Whereas our earlier studies had suggested that histones were the ligands on exosomes that
mediated their uptake via heparan sulfate proteoglycans [14], exosomes have other proteins
on their surfaces that have the potential to interact with heparan sulfate proteoglycans [15].
We therefore questioned whether immobilization of histones on nanoparticles similar in size
to exosomes (< 200 nm) was sufficient to promote their uptake by tumor cells. We settled on
hydroxyapatite-nanoparticles (< 200 nm). Hydroxyapatite nanoparticles have a strong
affinity for fetuin-A [17] which in turn associates tightly with histones [14]. We suspended
20 mg of hydroxyapatite-nanoparticles and 20 mg of purified fetuin-A without (FN) or with
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1 mg of histone type Il (FNH) in 10 ml of Hanks Buffered saline and sonicated the mixtures
in 15 ml centrifuge tubes. The mixtures were incubated overnight at 4°C with end on end
rotation. The nanoparticles were then centrifuged at 700 x g to pellet large aggregates.
Typically, the supernatant (1 ml) which consisted of the nanoparticles was further
centrifuged at 5,000 x g for 5 min and the pellet re-suspended in 1 ml of complete medium
and 100 pl added to the wells of 96-well microtiter plates to form a lawn of either FN or
FNH nanoparticles. The cells to be assayed were then added on these particles at 1000 cells/
well. After an incubation period ranging from 24 h to 48 h, the cells were photographed
under an inverted microscope and the percentage of area cleared of nanoparticles determined
using NEARS. In some cases, purified fetuin-A was labeled with rhodamine isothiocyanate
as described [29] prior to incubating with either hydroxyapatite-nanoparticles (FN) or both
nanoparticles and histones (FNH).

of SDC4 and Rab-27A in the glioblastoma cell line LN229.

The cells were cultured in 6-well plates until a density of ~2 x 10° cells per well in 2 ml of
DMEMY/F12, then transfected with scrambled control or human Rab-27A or SDC4 shRNA
in Lenti-GFP using DNAfectin™ Plus, as per the manufacture’s protocol (Applied
Biological Materials Inc., Richmond, BC., Canada). The cells were selected in complete
medium containing 2.5 pg/mL of puromycin for 4 weeks. Puromycin resistant and GFP
positive cells were further isolated using fluorescence activated sorting (FACS) and
thereafter maintained in selection medium. Knockdown was validated by western blot
assays.

Uptake of rhodamine labeled exosomes and FNH nanoparticles by LN229 sh-scrambled
controls, SDC4 and Rab-27A knockdown sub-clones.

Exosomes were isolated and purified from BT-549 cells in the presence of fetuin-A as
described [28]. The exosomes were labeled with rhodamine isothiocyanate as described
[29]. The labeled exosomes (in the void volume) were separated from unreacted rhodamine
isothiocyanate using 5 ml HiTrap™ desalting columns (GE Healthcare Bio-Sciences,
Uppsala, Sweden). The exosomes were further centrifuged at 200,000 x g for 2 h and the
pellet dissolved in HBSS to give a final concentration of ~100 pg/ml. SCR-controls, SDC4-
KD or Rab-27A-KD LN229 cells were seeded in 8-chambered glass slides (1 x 10° cells/
chamber) and after an overnight incubation at 37°C, labeled exosomes (2 pg/chamber) were
added to the cells and incubated for 2 h. The cells were washed with warm SFM and fixed in
4% formalin in PBS. The chambers were removed and a drop of anti-fade with Dapi added
to the slides, cover-slipped and examined under a confocal microscope (Nikon, A1R). FNH
nanoparticles labeled with rhodamine as described above were also added (20 pg/chamber,
to SCR-control and SDC4-KD cells (1 x 10° cells/chamber)) in 8-chambered slides,
incubated for 2 h and processed as described for exosomes.

Heparin and uptake of FNH nanoparticles

We and others previously demonstrated that heparin (0—40 pg/ml) attenuated the uptake of
labeled exosomes [14]. To demonstrate that FNH nanoparticles were also taken up via
similar mechanism, FNH uptake assay was repeated in the absence or presence of heparin
(0-40 pg/ml).
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To determine whether FNH nanoparticles attenuate the exosomal mediated motility and
invasion in tumor cells

Motility and invasion are some of the key physiological mechanisms that are orchestrated by
exosomes [30, 31]. Boyden chamber motility and invasion assays were done as previously
described [32]. Briefly PC3 or DU145 prostate cancer cells (25,000 cells/chamber) were
added to the upper chambers in SFM without (controls), and with FN nanoparticles (100 ug/
chamber) or FNH (100 pg/chamber). The lower chambers contained 500 pl of complete
medium containing 10% fetal bovine serum. After an overnight incubation (10 h) the cells
migrated to the underside of the polycarbonate filters were fixed, stained with crystal violet
and quantified as described [32].

Uptake of GFP-CD63 labeled exosomes in the presence of rhodamine labeled FN or FNH
nanoparticles.

Results:

In order to directly show that FNH nanoparticles can compromise the uptake of exosomes,
MDA-MB-231 breast carcinoma cells were plated in triplicates in 8-chambered glass slides
(3 slides) as described above. Briefly the cells (2 x 10° cells/chamber) were allowed to
attach overnight in complete medium. Medium was then replaced with warm SFM. To each
of the chambers with cells, GFP-CD63 exosomes purified as described above and suspended
in SFM were added to a final concentration of 20 ng/ul. To the upper four and lower four
chambers of each slide, increasing concentrations of rhodamine labeled FN or FNH
nanoparticles (2.5-20 ng/pl) in SFM were added as shown. The volume in each chamber
was maintained at 200 pl. The proteins bound to the nano-particles (prepared as described
above) were quantified by Bradford and used to estimate the amounts of particles added to
each chamber. After 1 h of incubation at 37°C, uptake of exosomes (green channel) and
nanoparticles (red channel) by the cells was monitored by confocal microscopy (Nikon
AI1R) and quantified using NEARS software as described above.

Uptake of GFP-CD63 labeled exosomes by BT-549 cells

We previously demonstrated that only exosomes that were released by cells in the presence
of fetuin-A had the capacity to mediate cellular adhesion in recipient cells while those
released in the presence of BSA (control) lacked this capacity [33]. Further studies using
Fluorescence-Activated Vesicle Sorting (FAVS) revealed that exosomes released or secreted
in the presence of fetuin-A were decorated with histones and fetuin-A on their surfaces
while those secreted in the absence had none [14]. The present study was therefore
conducted to provide direct evidence that the presence of histones/fetuin-A on exosomes is
sufficient to drive their endocytic uptake. In three separate experiments represented by
Figure 1, we demonstrated that exosomes released from BT-CDG63 cells in the presence of
BSA (in SFM) named BSA-GFP-CD63 Exos, could not be internalized by naive BT-549
cells (Fig. 1A and 1B). The same concentration of exosomes secreted in the presence of
fetuin-A (FetA-GFP-CD63EXxos) were easily taken up by BT-549 cells after 2 h of
incubation (Fig. 1A and 1B). Interestingly, when the BSA-GFP-CD63 Exos were incubated
with Fetuin-A: histone H2A at a molar ratio of 5:1 for 2 h and then re-purified, the resulting
exosomes now loaded with fetuin-A and histones were endocytosed by BT-549 cells (Fig.
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1A and 1B). Transmission electron micrograph (TEM) of exosomes released from BT-CD63
is represented by Fig. 1C.

Endocytic uptake of nanoparticles coated with fetuin-A and histones (FNH) by tumor cells

In order to directly implicate histones and fetuin-A in the uptake mechanisms of
hydroxyapatite-nanoparticles, we reasoned that fetuin-A which has a high affinity for
hydroxyapatite [17] and also associates with positively charged histones [14] could
theoretically load histones on hydroxyapatitenanoparticles much the same way that it loads
histones on exosomes. When fetuin-A was mixed with the nanoparticles resulting in FN to
which cells were added in the wells of 96-well microtiter plates, the uptake of the particles
by PC3 and DU145 cells was negligible (Fig. 2A). However, a mixture of the nanoparticles
with fetuin-A: histones at a molar ratio of 5:1, resulting in FNH significantly improved the
uptake over a 48 h period by both cell lines and the cells can be seen engorged with the
nanoparticles (Fig. 2A). FN and FNH were boiled in Laemmli sample buffer and proteins
released resolved in SDS-PAGE which was fixed and stained with colloidal-Coomassie blue.
Only added fetuin-A and histone H2A were detected in the gel as expected (Fig. 2B). The
FN and FNH uptake studies have been repeated over 10 times using different cell lines and
similar results obtained. To demonstrate that the nanoparticles were in fact internalized and
not merely concentrated on the cell surfaces, we demonstrated using confocal microscopy
that only rhodamine labeled FNH was internalized to a significant extent and resided in the
perinuclear region of the cells (Fig. 2C). Labeled FN was hardly internalized (Fig. 2C),
meaning that histones are the main drivers of internalization as proposed.

Heparan sulfate proteoglycan-SDC4 is a major uptake receptor for exosomes and FNH
nanoparticles

Positively charged proteins such as histones have been shown to interact with heparan
sulfate proteoglycans mainly by electrostatic interaction, the latter having a net negative
charge [18, 19]. Having demonstrated that heparin and heparitinase 111 attenuate the uptake
of exosomes as well as exosomal mediated adhesion [14], we decided to knock-down one of
the members of the family, SDC4, that is normally upregulated in more metastatic tumors. It
was knocked down in LN229, a highly aggressive glioblastoma cell line. We also knocked
down Rab-27A in the same cell line. Knockdown of SDC4 significantly attenuated the
invasive capacity of LN229 cells (Fig. 3A and 3C). The results obtained here were in
agreement with other studies that showed abrogation of motility and invasion in tumor cells
where SDC4 was knocked-down or out. Knock-down of Rab-27A also attenuated invasion
(Fig. 3B and 3C). The uptake of both rhodamine-labeled exosomes and FNH nanoparticles
were significantly reduced in SDC4 knock-down cells compared to control cells transfected
with the scrambled vectors (Figs. 3D and 3E). As control, we also examined the uptake of
exosomes by Scr-control and Rab-27A knockdown cells. As shown in Fig. 3F, uptake was
not attenuated in Rab-27A knockdown cells, indicating that Rab-27A which abrogates
exosomal release, does not interfere with extracellular uptake of the particles. Similar data
was shown for FNH nanoparticles (data not shown). Lastly, we determined by Nanosight™
that exosomes and FNH nanoparticles are of comparable sizes (< 200 nm) (Fig. 3G).
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Heparin attenuates the endocytic uptake of FNH nanoparticles by tumor cells

Knowing that heparin abrogates the uptake of exosomes [14], we next asked whether it
would also influence the uptake of FNH nanoparticles. Clearly, heparin at doses > 20 pg/ml
was able to attenuate the uptake of FNH nanoparticles by DU145 prostate cancer cells (Fig.
4A). Uptake of rhodamine labeled FNH nanoparticles which was also attenuated by heparin
confirmed that the nanoparticles were internalized and not merely concentrated on the cell
surface (Fig. 4B).

FNH nanoparticles and exosomes are endocytosed and move to the perinuclear regions of

the cells

Having demonstrated that exosomes and FNH are internalized via the same pathway
(SDC4), we next wanted to determine whether the nanoparticles move to the same
compartments of the cell as exosomes and if so whether they can compete with exosomes for
uptake and thereby abrogate the signature roles of the latter (matility and invasion) in tumor
cells. As can be seen in Fig. 5A’, the exosomes (panels A and C) move to the perinuclear
region of the cells, the same area to which FNH nanoparticles also move and some can be
seen co-localized (arrows) with exosomes in the merged panels (Fig. 5A’ panels B and D
respectively). Whereas FN nanoparticles in the upper wells of the Boyden chambers did not
affect either motility or invasion of prostate cancer cells, PC3, the FNH nanoparticles
significantly attenuated motility and invasion of these cells (Fig. 5B’; panels A and B).

FNH nanoparticles competitively inhibit the uptake of exosomes by breast tumor cells.

Having demonstrated that FNH and exosomes share the same uptake route, we next
questioned whether FNH particles compromise the exosomal uptake by the cells. The data
show that as concentration of FNH in the chambers increased, the uptake of labeled
exosomes by the cells decreased accordingly (Fig. 6). Interestingly, labeled FN particles
(controls) that were not effectively internalized by the cells did not affect the uptake of
exosomes even at the highest concentration of 20 ng/pl. The data support the notion that
addition of FNH but not FN nanoparticles to the upper chambers of Boyden Chambers in
motility and invasion assays attenuates the exosomal mediated processes.

Discussion

We hereby present evidence that extracellular histones mediate the uptake of exosomes and
FNH nanoparticles by tumor cells through SDC4 mediated endocytosis. Mechanisms that
govern both the release/secretion as well as uptake of exosomes are poorly understood [11,
34]. Various exosomal uptake mechanisms have been suggested ranging from phagocytosis
[35] to receptor mediated endocytosis involving clathrin and micropinocytosis [36]. The
present analyses were conducted to define the exosomal ligands that drive their uptake via
cell surface heparan sulfate proteoglycan receptors.

The uptake mechanism of exosomes via heparan sulfate proteoglycans was initially
suggested by Christianson et al. [13]. Since then other studies including ours have confirmed
the involvement of heparan sulfate proteoglycans in the uptake of exosomes which is
attenuated by heparin [14, 37]. However, the ligand(s) on exosomes that interact(s) with the
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heparan sulfate proteoglycans is yet to be defined. Functionally, exosomes have been shown
to promote cellular adhesion, motility and invasion [28, 38]. Initial studies suggested that
integrins and extracellular matrix ligands such as fibronectin on exosomes were responsible
for the exosomal mediated cellular adhesion [39, 40]. We previously demonstrated that
exosomes isolated and purified from breast carcinoma cells in SFM, failed to promote
adhesion in the absence of complete medium (~10% FBS). On the other hand, a similar
concentration of exosomes (~100 pg/ml) isolated and purified in the presence of fetuin-A,
mediated adhesion in recipient cells in SFM [33]. Interestingly, the breast carcinoma cells
readily adhered to plastic in SFM in the presence of unpurified or purified Pedersen fetuin-A
(~0.5-2 mg/ml) [33]. At the molecular level, we reported that exosomes isolated in the
presence of fetuin-A, contain all the proteins found in exosomes isolated in the absence of
fetuin-A plus a compendium of histones, plasminogen and fetuin-A [33]. This suggested to
us that either fetuin-A, plasminogen or histones or a combination of the three proteins were
responsible for the adhesion promoting properties of exosomes. Further studies suggested
that for the exosomes to mediate adhesion, it was necessary for the recipient cells to
endocytose them [14]. The present data demonstrate that fetuin-A alone is incapable of
driving the uptake of hydroxyapatite-nanoparticles that use the same uptake route as the
exosomes. However, histones at concentrations ranging from 10-100 pg/ml on either
hydroxyapatite nanoparticles or exosomes isolated in SFM containing BSA was sufficient to
mediate uptake. Fetuin-A which has affinity for both exosomes and hydroxyapatite
nanoparticles, most likely anchors the histones on these particles. On exosomes, fetuin-A
could bind to annexins associated with these nano-vesicles [41]. Fetuin-A binds to annexins
with Kgjss in the micro-molar range [42]. Plasminogen may also interact with exosomal
annexins [43]. The data presented clearly show that exosomes isolated in the presence of
BSA in SFM (control) are not internalized by recipient cells even though they may interact
with heparan sulfate proteoglycans on the cell surface via their resident fibronectins [15].
The fact that BSA exosomes were not internalized suggested that their adhesion, motility
and invasion promoting signals are passed from cell to cell and released inside recipient cells
upon uptake. Therefore endocytic uptake of exosomes is essential for the signaling events
mediated by them.

Given that hydroxyapatite-nanoparticles occur naturally in serum and extracellular space
[44, 45] and can associate with fetuin-A/histones in this medium, there is a high likelihood
that cells that express SDC4 such as endothelial cells and smooth muscle cells actively
uptake these particles from blood [46, 47], based on the present data. It is established that
one of the functional roles of fetuin-A is to inhibit ectopic calcification [48]. In
circumstances where serum fetuin-A is low as in chronic kidney disease patients, increased
calcification occasioned by the rapid uptake of the nanoparticles is expected [49]. Therefore
the histone-SDC4 mediated uptake of exosomes and the nanoparticles has the potential to
not only impact cancer metastasis but also cardiovascular disease which ranks as the top
cause of mortality worldwide [50]. The present data suggest that hydroxyapatite
nanoparticles that occur naturally in plasma, can compete with exosomes for uptake into
tumor and cardiovascular cells to modulate processes that are mediated by these nano-
vesicles.
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Based on the data presented, we believe that once fetuin-A enters the tumor cells, it loads a
compendium of histones on the exosomes represented by empty dots, according to the
model represented by Fig. 7. These are then converted to histone laden exosomes
(represented by green dots; Fig. 7) and released from the cell. These exosomes (green dots)
interact with SDC4 on the cell surface via histones and are consequently internalized. In the
absence of fetuin-A but presence of BSA, exosomes that lack fetuin-A and histones (Fig. 7,
empty dots) are secreted. These exosomes cannot be internalized and hence cannot transmit
their signals to the recipient cells. Breast carcinoma cells and other tumor cells that do not
synthesize and secrete fetuin-A, typically do not adhere nor move and invade in SFM that
lack fetuin-A in vitro. Of note, is the ability of histone/fetuin-A to convert the so called BSA
exosomes (Fig. 7, empty dots) to “‘uptake competent” exosomes (Fig. 7, green dots). The
significance of this is that /n vivo, where you are likely to have fetuin-A and histones in the
extracellular milieu, secreted exosomes are easily internalized upon their interaction with the
histones.

In summary, we have demonstrated that histones associate with exosomes or hydroxyapatite
nanoparticles via fetuin-A in the extracellular environment to efficiently mediate the uptake
of these nanoparticles by tumor cells which express SDC4 on their surfaces.
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BT-549 + BSA-GFP-CD63 Exos
+ FetA/Hist

Figure 1. Uptake of GFP-CD63 labeled exosomes by BT-549 breast carcinoma cells.
BT-539 cells were seeded in 8-chambered glass slides (1 x 10° cells/chamber), and

incubated for 24 h in complete medium and which the medium was replaced with SFM.
Purified exosomes (100 pg/ml) secreted from BT-CD63 cells in the presence of BSA
(negative control) or fetuin-A (positive control) in SFM were incubated with the BT-549
cells (2 ug/chamber) to monitor uptake. Exosomes secreted from BT-CD63 in the presence
of BSA were also incubated with fetuin-A/histone H2A and re-purified (100 pg/ml) and
finally incubated with BT-549 cells (2 pg/chamber) for uptake studies (Fig. 1A; scale bar =
50 um). Mean arbitrary units of fluorescence + SD were quantified by NEARS for each of
the three measurements (Fig. 1B *P < 0.05; N = 6). Transmission electron micrograph of the
purified exosomes obtained as described (14) is represented by Fig. 1C (scale bar is 500

nm).
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Figure 2. Histones mediate the uptake of hydroxyapatite nanoparticles by tumor cells.
Hydroxyapatite-nanoparticles (2 mg/ml) were incubated with either 2 mg/ml of fetuin-A

(FN) or fetuin-A (2 mg/ml) and histones (100 pg/ml) (FNH) in 10 ml of HBSS for 24 h at
4°C. The particles were centrifuged at 700 x g for 5 min to pellet large aggregated particles.
The nanoparticles (colloidal) that remained suspended (9 ml) were washed 3X with HBSS,
each time pelleted by centrifugation (5,000 x g for 5 min). The final pellets were suspended
in 9 ml of complete medium and added to 96-well microtiter plates (100 pl/well) and the
tumor cells (1,000 cells/well) added to the lawn of nanoparticles. After 48 h of incubation
(37°C in humidified CO5 incubator), the cells were photographed and the % of areas cleared
of nanoparticles quantified using NEARS (Panel A; *P < 0.001; N = 6). In panel B, the
nanoparticles after the final wash in HBSS, were boiled in Laemmli sample buffer and
resolved in NUPAGE and stained with colloidal Coomassie blue (lane 1-FN; lanes 2 and 3-
FNH). In panel C, the fetuin-A was labeled with rhodamine isothiocyanate prior to
incubation with hydroxyapatite nanoparticles (FN) or the nanoparticles and histones (FNH).
The uptake of the nanoparticles (AUF) monitored using A1R confocal microscope and
quantified by NEARS (*P < 0.001; N = 6).

FEBS Lett. Author manuscript; available in PMC 2019 October 01.

| | Fetuin-A

- Histone H2A



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ochieng et al.

~27 kD —

42 kD —

Page 15

SCR-Control

| SDC4

[Ppp—— LT

SDC4-KD

No. of invading celis/field
g
Exosome uptake (AUF)

g 8
o J
Exosome uptake (AUF)

Rab-27A-KD

0
1 2 3 s -
o &
O L)
— — — B-Actin §
Scr-control F G
g .
2
: ,
3
£ > N
%
z
z
-
3
H
S
a
2

Uptake of FNH nanoparticles (AUF)

Uptake of labeled exosomes (AUF)
Uptake of laboled exosomes (AUF)

Particle diameter (nm)

Figure 3. Invasion and uptake of labeled exosomes and FNH nanoparticles by LN229 are
attenuated in SDC4-knocked down cells.

Panel A, lane 1 (SCR-control); lane 2 (SDC4-KD-clone 2; lane 3 (SDC4-KD-clone 3 and
lane 4 (SDC4-KD-clone 4). Panel B, lane 1 (SCR-control); lane 2 (Rab-27A-KD-clone 2);
lane 3 (Rab-27A-KD-clone 3). In panel C, the invasion potentials of control cells
transfected with scrambled shRNA (SCR-control) as well as clone 3 of Rab-27A-KD and
SDC4-KD were assayed using Boyden chambers (Mean £ SD *P < 0.05; N = 7) In panel D,
exosomes isolated and purified from BT-549 cells were labeled with rhodamine
isothiocyanate and uptake of both SCR-control and SDC4-KD clone 3 cells determined
(Nikon A1R) and AUF quantified by NEARS (Mean + SD, *P < 0.05; N = 6). Panel E,
FNH nanoparticles were similarly labeled with rhodamine and uptake by SCR-controls and
SDC4-KD cells determined as described for panel D. Panel F, uptake of rhodamine labeled
FNH nanoparticles by SCR-controls and Rab-27A-KD cells was determined as described for
panel D. Panel G, represents the particle size distribution of BT-CD63 exosomes and FNH
nanoparticles as determined by NanoSight™.

FEBS Lett. Author manuscript; available in PMC 2019 October 01.



1duosnuen Joyiny 1duosnuen Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ochieng et al.
A DU145
tecbntis
b,. g - -
[ »

Page 16

Control Heparin (40 pg/ml)

% ° control

5 pg/ml

% area cleared of nanopatrticles

40 pg/ml
Heparin (ug/ml)

Figure 4. Heparin inhibits the receptor mediated uptake of FNH nanoparticles.
In panel A, the areas cleared of nanoparticles in the absence or presence of heparin were

quantified by NEARS. In panel B, the uptake of rhodamine labeled FNH nanoparticles by
DU145 prostate cancer cells was determined by confocal microscopy (Nikon A1R). Lower
panels represent zoomed images of the upper panels.
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Figure 5. FNH nanoparticles and GFP-CD63 exosomes move to the perinuclear compartments of
the cell and attenuate both motility and invasion of prostate cancer tumor cells.

In A’, GFP-CD63 exosomes (4 pg/chamber) and rhodamine labeled FNH nanoparticles (4
pg/chamber) were added to DU145 prostate cancer cells in 8-chambered glass slides. The
green channel, panels A and C represent uptake of GFP-CD63 exosomes while the merged
panels B and D show both GFP-CD63 exosomes and FNH nanoparticles which indicates
that some of the exosomes were co-localized with FNH nanoparticles (arrows). In B, the
motility (panel A) and invasion (panel B) assays were done using Boyden Chambers as
described. Briefly, the cells (DU145) were added to the upper chambers in SFM without
(control) or with nanoparticles FN or FNH (100 pg/chamber). The lower chambers
contained 500 pl of complete medium (10% fetal bovine serum). * P < 0.05, N = 6; one way
ANOVA.
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Figure 6. FNH nanopatrticles competitively inhibits the uptake of exosomes by breast carcinoma
cells.

MDA-MB-231 breast carcinoma cells were plated (2 x 10° cells/chamber) in triplicates in 8-
chambered glass slides. After an overnight attachment, complete medium in the chambers
was replaced with SFM. GFP-CD63 labeled exosomes were added to each chamber (20 ng/
ul) of three separate slides containing cells. To the upper four chambers of each slide,
increasing concentrations of FN nanoparticles (2.5-20 ng/ul) in SFM were added. To the
lower four chambers, increasing concentrations of FNH nanoparticles (2.5-20 ng/ul) in SFM
were added. After 1 h of incubation at 37°C, the chambers were removed and the cells fixed
in 4% formalin and a drop of slow-fade with Dapi added and cover-slipped. Uptake of
exosomes (green channel) and nanoparticles (red channel) by the cells was monitored by
confocal microscopy (Nikon A1R) and arbitrary units of fluorescence quantified using
NEARS software as described in Materials and Methods. The bars represent means + SD
(*P < 0.05; N = 3; one way ANOVA)
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Figure 7. Model depicting the uptake of exosome secreted in the absence or presence of fetuin-A.
In the presence of fetuin-A, the exosomes secreted are easily taken up by other tumor cells

or by the secreting cells (autocrine). Exosomes secreted in the absence of fetuin-A but
presence of BSA, lack the capacity to enter the cells via syndecan 4 (SDC4) receptors.
Uptake incompetent exosomes secreted in the absence of fetuin-A can be incubated with a
mixture of fetuin-A and histones and after further purification are now competent to enter
the cells via SDCA4.
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