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Abstract

The present analyses were undertaken to define the mechanisms by which fetuin-A modulates 

cellular adhesion. FLAG-tagged fetuin-A was expressed in breast carcinoma and HEK-293T cells. 

We demonstrated by confocal microscopy that fetuin-A co-localizes with histone H2A in the cell 

nucleus, forms stable complexes with histones such as H2A and H3 in solution, and shuttles 

histones to exosomes. The rate of cellular adhesion and spreading to either fibronectin or laminin 

coated wells was accelerated significantly in the presence of either endogenous fetuin-A or serum 

derived protein. More importantly, the formation of focal adhesion complexes on surfaces coated 

by laminin or fibronectin was accelerated in the presence of fetuin-A or histone coated exosomes. 

Cellular adhesion mediated by histone coated exosomes was abrogated by heparin and heparinase 

III. Heparinase III cleaves heparan sulfate from cell surface heparan sulfate proteoglycans. Lastly, 

the uptake of histone coated exosomes and subsequent cellular adhesion, was abrogated by 

heparin. Taken together, the data suggest a mechanism where fetuin-A, either endogenously 

synthesized or supplied extracellularly can extract histones from the nucleus or elsewhere in the 

cytosol/membrane and load them on cellular exosomes which then mediate adhesion by 

interacting with cell surface heparan sulfate proteoglycans via bound histones.
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Introduction

Fetuin-A is a serum glycoprotein synthesized by the liver and secreted into the blood stream. 

The widely accepted physiological function of this protein is the inhibition of ectopic 

calcification [1]. However, it also modulates a number of signaling pathways including 

those involving TGF-β and insulin [2,3,4,5]. Because of its widespread involvement in so 

many physiological mechanisms, fetuin-A is now considered a multi-functional protein [6].

Its role in cellular adhesion has been controversial. For many years, the prevailing dogma 

was that adhesion proteins that co-purify with fetuin-A such as fibronectin, promote the 

adhesion of cells to extracellular matrices [7,8]. We, however, demonstrated that highly 

purified fetuin-A was just as effective as crude Pedersen fetuin-A in mediating cellular 

adhesion [9]. Initially we proposed that annexins particularly AnxA2 and AnxA6 were the 

putative cell surface receptors for fetuin-A mediated adhesion [10]. However, further 

mechanistic studies failed to demonstrate the receptor role of annexins. Nevertheless, 

annexins particularly AnxA6 were deemed essential for fetuin-A endocytic uptake by tumor 

cells [9]. Interestingly, this fetuin-A uptake was obligatory for strong cellular adhesion and 

spreading on plastic. Cells in which AnxA6 was knocked down failed to adhere and spread 

properly on plastic [9].

In order to understand the mechanism(s) by which fetuin-A mediates adhesion, we analyzed 

the adhesion potential and composition of exosomes secreted in the absence and in the 

presence of fetuin-A by detached tumor cells in suspension. We had determined in prior 

studies that detached cells secreted more exosomes than adhered and spread cells [11]. We 

showed that cellular exosomes that promoted adhesion were those secreted in the presence 

of fetuin-A, while those secreted in the absence of fetuin-A lacked adhesion promoting 

properties. Interestingly, the adhesion competent exosomes contained histones and fetuin-A 

in addition to the usual exosomal marker proteins such as HSP90 [12]. The adhesion 

incompetent exosomes on the other hand lacked histones, but contained the compendium of 

exosomal marker proteins [12]. A number of studies have also demonstrated the exosomal 

mediated adhesion and cellular growth in tumor cell lines in vitro [13,14], while others have 

implicated these nano-vesicles in the preparation of metastatic niches in vivo [15]. Even 

though studies have suggested that exosomal associated integrins drive the adhesion process 

[16,17], we demonstrated that both adhesion incompetent and competent cellular exosomes 

contain integrins [12], implying that other mechanisms are involved.

Exosomes are nano particles (30-100 nm) that originate from the inward budding of an 

endosomes's limiting membrane into its lumen, giving rise to endosomes containing multiple 

intraluminal vesicles known as multivesicular bodies (MVBs). The outer membranes of 

MVBs can fuse with the plasma membrane and release their intraluminal vesicles to the 

extracellular milieu as exosomes [18]. Whereas interesting potential physiological roles of 
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exosomes are being unraveled at an ever increasing pace in the literature, the mechanisms 

that regulate their biogenesis and function particularly in cancer cells are unclear [19].

In the present study, we questioned whether fetuin-A interacted with histones intracellularly 

and in solution and whether it was responsible for trafficking/shuttling histones from the 

nucleus to the exosomes and membranes as well as maturation of focal adhesions. A number 

of plasma proteins such as plasminogen have been shown to interact with histones in 

solution, mitigating their deleterious effects on cells [20]. Interestingly, plasminogen is 

capable of attenuating the exosomal mediated adhesion [12], further suggesting that histones 

are involved in the exosomal mediated adhesion. Even though histones have not been 

established as bonafide adhesion molecules, their extracellular appearance and suggested 

roles in this microenvironment have provoked interest in biology [21,22]. For example, a 

recent report indicated that extracellular histones activated a number of adhesion related 

signals such as PI3 kinase/Akt in platelets [23].

Materials and methods

Materials

Crude fetuin-A (Pedersen fetuin-A) and histone from calf thymus (lyophilized powder) were 

purchased from Sigma (St. Louis, MO). Crude fetuin-A was purified according to the 

procedure detailed in [9]. Antibodies to histone H2A and H3 were purchased from Cell 

Signaling Technology (Danvers, MA). Monoclonal mouse Anti-FLAG M2, 

indocarbocyanide (Cy3)-conjugated sheep anti-mouse IgG, FITC-conjugated anti-rabbit IgG 

and anti-vinculin antibodies were from Sigma. All other antibodies were purchased from 

Santa Cruz Biotechnology (Dallas, TX) unless stated otherwise. All other reagents were 

from Sigma unless stated otherwise.

Cells

The breast carcinoma cell line (BT-549) and HEK293T cells were purchased from ATCC 

(Manassas, VA). A sub-clone of BT-549 forced to express galectin-3 and named 

BT-549Gal3, was kindly donated by Dr. Avraham Raz (Karmanos Cancer Research 

Institute, Detroit, MI). Human fetuin A (AHSG) was cloned into the pMZS-3F vector [24] to 

generate pMZS-3F-fetuin-A.The recombinant or empty vector were then used to transfect 

BT-549Gal3 cells, selected with increasing concentrations of G418 and the resulting stably 

transfected clones are herein designated FF94 and EV94 respectively. The parental BT-549 

was also stably transfected with the fetuin-A expression vector and selected as above to 

yield FFBT and the empty vector transfected controls, EVBT. The generated breast 

carcinoma cell lines were propagated in Dulbecco's modified Eagle's medium/nutrient F-12 

(DMEM/F-12) supplemented with 10% heat inactivated fetal bovine serum, 2 mmol/liter L-

glutamine, 100 units/ml penicillin, and 50 units/ml streptomycin in a 95% air and 5% CO2 

incubator at 37°C. Where indicated, serum free medium (SFM) consisted of DMEM/F-12 in 

which fetal bovine serum (FBS) was replaced with 0.1% bovine serum albumin (BSA).
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Promotion of cellular adhesion and spreading by fetuin-A

The 96-well micro-titer plates were coated with either fibronectin (FN) or laminin (LN) (40 

μg/ml) in PBS overnight at 4°C, the wells blocked with 3% (w/v) BSA and an equal number 

of BT-549Gal3 cells (3 × 104 cells/well) added to the wells in triplicates. The cells were 

added in the absence (FN; LN) or presence of purified bovine fetuin-A (FetA + FN; FetA + 

LN). The cells were allowed to adhere for 1 h, 2 h and 8 h at 37°C in a humidified cell 

incubator. At the end of each incubation period, the wells were washed twice with SFM and 

the adherent cells fixed in 4% formalin, stained with crystal violet, washed with water and 

10% acetic acid added (100 μl/well) to release the stain from the cells. The absorbance was 

read at 570 nm to indicate the relative number of cells adhered in each well. Each bar is 

represents average ± S.D. absorbance of 4 wells. The experiment was repeated 3 times with 

similar data.

Co-localization of fetuin-A and histone H2A in the nucleus of breast carcinoma cells

The G418-selected cells following transfection with FLAG-tagged fetuin-A, were grown on 

glass coverslips, fixed in cold methanol for 5 min and blocked with 3% BSA for 30 min. 

This was followed by incubation with mouse anti-FLAG antibodies and subsequently with 

secondary antibodies labeled with Cy3. After extensive washing, the cells were incubated 

with rabbit anti-histone H2A antibodies followed by FITC labeled secondary antibodies, 

washed and visualized by confocal microscopy (Nikon A1r).

Co-immunoprecipitation of nuclear fetuin-A/histone complex

In order to demonstrate that fetuin-A in the nucleus associates with histones, nuclear 

fractions were prepared from EVBT and FFBT cells as previously described [25]. The 

clarified nuclear proteins were pre-cleared for one hour at 4°C by incubation with protein 

A/G agarose (Santa Cruz). Pre-cleared lysates (0.5mg) were then incubated overnight at 4°C 

with 4 μg of mouse-anti FLAG antibody, and rabbit-anti histone H2A antibodies, followed 

by a 2 hour incubation with protein A/G beads. The beads were washed five times with 

RIPA buffer and proteins bound to beads were analyzed by western blotting after elution 

with 2X SDS-PAGE sample buffer.

Interaction of fetuin-A with histones in solution

To further demonstrate the interaction between fetuin-A and histones in other cells, we 

transfected HEK-293T cells with the FLAG-tagged fetuin-A vector pMZS-3F-fetuin-A and 

pMZS-3F empty vector using lipofectamine 2000 (Invitrogen, Grand Island, NY) according 

to manufacturer's instructions. The FLAG-tagged fetuin-A expressing HEK293T cells were 

designated FF93T. These cells were selected in increasing concentrations of G418 (300-800 

μg/ml) for about 2 weeks. Resistant surviving colonies were screened for expression of 

FLAG-tagged fetuin-A by western blotting. The FLAG expressing clones were grown to 

60-90% confluence and lysed for 30 min on ice in TAP-tag lysis (10% glycerol, 50 mM 

Hepes-KOH pH 8.0, 100 mM KCl, 2mM EDTA, 0.1% NP-40, 2mM dithiothreitol, 1X 

protease inhibitors, 10 mM NaF, 0.25 mM Sodium orthovanadate, 50 mM β-

glycerolphosphate). The lysate was cleared by centrifugation at 10,000 rpm for 15 min and 

1000 μg of lysate incubated with 50 μl of anti-FLAG agarose beads overnight at 4°C with 
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end-over-end rocking. The beads were washed 5 times in TAP-tag lysis buffer and the 

FLAG-bound proteins eluted in 2x SDS sample buffer. The eluates were resolved in 

NuPAGE Bis-Tris 4-12% pre-cast gels (Invitrogen, Grand Island NY) and transferred to 

nitrocellulose membranes and membranes probed with antibodies to fetuin-A, FLAG, 

histone H2A or H3A. The cells were also transfected with empty vector as control and the 

cells designated as EV93T.

Gel Overlay experiments

Lyophilized powder of histone from calf thymus was resolved in NuPAGE Bis-Tris gel 

4-12% (Invitrogen, Grand Island, NY) and transferred to nitrocellulose membrane. The 

membrane was blocked with 5% BSA in TBST and then overlaid with either asialofetuin-A 

or fetuin-A (1 mg/ml). Fetuin-A or asialofetuin-A bound to histones imbedded in the 

membrane were revealed by probing the membranes with anti-fetuin-A antibodies and 

visualized by enhanced chemiluminescense (ECL).

Isolation and purification of exosomes from tumor cells in suspension

Exosomes were isolated and purified as described [12]. Briefly, tumor cells growing in 175 

cm2 culture flasks were harvested when they were about 80% confluent with 2 mM EDTA 

in PBS, washed twice in SFM and re-suspended in 0.5-1 ml of SFM containing either BSA 

or fetuin-A (1 mg/ml). Cells expressing FLAG-tagged fetuin-A as well as their transfection 

controls were harvested in SFM. Cells that do not express fetuin-A were incubated in the 

SFM with or without fetuin-A to obtain adhesion competent and incompetent exosomes 

respectively, for 1 h at 37°C on a rotator. The cells were pelleted and the conditioned 

medium containing secreted exosomes centrifuged for 20 min at 2000 × g to pellet dead 

cells and cellular debris. The resultant supernatant was then centrifuged at 20,000 × g to 

pellet micro vesicles. Exoquick™ (System Biosciences, Mountain View , CA), was added to 

the supernatant (250 μl/1 ml) mixed and incubated overnight at 4°C and centrifuged for 20 

min at 3,000 × g to pellet exosomes. The exosomes were re-suspended in HBS (Hanks 

buffered saline) and the protein concentration estimated using the Bradford assay (Biorad). 

To show that the cells remained viable in suspension during the 1 h incubation period, LDH 

cytotoxicity Assay where the level of LDH in the conditioned medium of suspended cells 

was performed following Manufacturer's protocol (Roche). Briefly the BT-549Gal3 breast 

tumor cells (1 × 106 cells/Eppendorf vial) in SFM containing either BSA or fetuin-A (1 

mg/ml) were incubated at 37°C for various time points (0-120 min) with end-over-end 

rocking, after which aliquots of the conditioned medium were used in the assay after 

pelleting the cells. The level of LDH in each vial was compared and expressed as a 

percentage of LDH in a vial containing the same number of cells that were partially lysed. 

The viability of the cells in suspension was also determined by the Trypan blue dye 

exclusion at the end of incubation periods.

Transmission Electron Microscopy (TEM)

To ascertain that we had isolated pure exosomes, the vesicles (~1 mg/ml) were fixed in 1% 

(final concentration) of glutaraldehyde in 0.1 M phosphate buffer, pH 7.4. The samples were 

then allowed to absorb to TEM grids and negatively stained with 1% uranyl acetate. Images 

were taken from various areas of the grid (15,000X).
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Fluorescence Activated Vesicular Sorting (FAVS)

A critical requirement for fetuin-A and or histones to be directly involved in exosomal 

mediated adhesion, is that they should be located on the extracellular surface of exosomes. 

To demonstrate this topography, we applied the technique of Fluorescence Activated 

Vesicular Sorting (FAVS). In this technique, the antibodies to fetuin-A or histone H2A only 

recognize the molecules if they are on the extracellular surface because they would not be 

able to cross the vesicular membranes if the molecules were on the luminal surfaces of 

exosomes. We therefore obtained cellular exosomes from BT-549 transfected with either 

FLAG-tagged fetuin-A or empty vector control as described above. Exosomes from the 

fetuin-A transfected cells were named Fet-A exosomes and those from control transfected 

cells were designated EV exosomes. Twenty-five micrograms of EV or Fet-A exosomes 

were stained with 1/100 final dilution of anti-fetuin-A (goat poly Ab) for 1 hour at 4°C with 

constant rotation and in the presence of 10 μg/ml human IVIG (Intravenous Immune 

Globulin) blocking agent. Exosomes were washed 3 times by pelleting with 

ultracentrifugation at 200,000 × g for 1 hr. EV and Fet-A exosomes were then 

counterstained with a 1/100 final dilution of donkey anti-goat secondary conjugated with 

AlexaFluor 488 for 1 hour at 4°C with constant rotation and in the presence of 10 μg/ml 

human IVIG blocking agent and washed as before. EV and Fet-A exosomes were then 

stained with 1/100 final dilution of anti-histone H2A (rabbit poly Ab) for 1 hour at 4°C with 

constant rotation and in the presence of 10 μg/ml human IVIG blocking agent and then 

washed as previously indicated. Finally an AlexaFluor 568 conjugated donkey anti-rabbit 

secondary was used at 1/100 final dilution to stain the histone-H2A primary Ab as indicated 

above and suspended in PBS supplemented with 25 mM HEPES for FAVS analysis. 

Appropriate controls with primary only or secondary only were utilized to establish 

background levels and subsequent gating.

Cell fractionation experiments

BT549 cells transfected with either FLAG-tagged Fetuin-A (FFBT) or the empty vector 

control (EVBT) were grown to 80% confluence and detached with 2 mM EDTA in PBS. 

The cells were then washed in serum free medium and re-plated on 145 mm dishes pre-

coated with either laminin or fibronectin (40 μg/ml) and incubated for 30 minutes at 37°C in 

a humidified CO2 incubator. The cells were lysed and fractionated into nuclear chromatin 

bound, cytosolic and membrane associated proteins as previously described [25]. In brief, 

cells were re-suspended in hypotonic lysis buffer (10 mM HEPES pH 7.2, 10 mM KCl, 1.5 

mM MgCl2, 0.34 M sucrose 10% glycerol, 1mM dithiothreitol, 1mM phenylmethylsulfonyl 

fluoride, 0.04% Triton X-100); incubated on ice for 15 minutes, then centrifuged at 700 × g 

for 4 minutes at 4 °C to generate a post nuclear supernatant or PNS fraction. After 

thoroughly washing the nuclear pellet, chromatin-associated proteins were extracted from 

the nuclear pellet fraction with RIPA lysis buffer (50mM Tris HCl, pH 7.4, 1% NP-40, 0.5% 

sodium deoxycholate 150 mM NaCl, 1 mM EDTA) and then clarified at 16,000 × g for 10 

min to obtain the soluble chromatin associated proteins or nuclear fraction. Crude 

membranes and membrane-associated proteins were obtained by centrifugation of the PNS 

fraction at 100,000 × g for 2 hours. The supernatant (cytosolic fraction) was transferred to 

new tubes while the crude membrane pellet was solubilized in RIPA buffer and cleared by 
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centrifugation at 16,000 × g for 10 min. Equal amounts of the whole cell lysate, the 

cytosolic, nuclear and membrane fractions were then analyzed by western blotting.

Modulation of focal adhesion assembly by fetuin-A and adhesion competent exosomes

Glass coverslips were coated with fibronectin (40 μg/ml) in PBS overnight at 4°C. The 

coverslips were then blocked with 3% BSA for 30 min at 37°C. Breast carcinoma cells 

(BT-549Gal3) were then added to the coverslips in six well culture plates and incubated for 

exactly 30 min in SFM containing BSA (1 mg/ml) or purified fetuin-A (1 mg/ml). The cells 

were also incubated for 30 min in SFM containing 20 μg/ml of either adhesion incompetent 

(BSA-Exo) or adhesion competent (FetA-Exo) exosomes.

At the end of the incubation period, the medium was aspirated and the cells fixed/

permeabilized in 0.5% (w/v) of Triton-X100; 3% (w/v) paraformaldehyde for exactly 2 min. 

The detergent was removed promptly and the cells washed once with 3% paraformaldehyde 

and fixed in the same solution for another 30 min. The glass coverslips with the cells were 

then blocked with 3% BSA in PBS for at least 1 h at 37°C and then incubated with anti-

vinculin in PBS for 30 min at 37°C. After washing, the cells were stained with Cy3-

secondary antibodies for another 30 min at 37°C. This was followed by another set of 

washes and the coverslips were mounted with Prolong Gold anti-fade with DAPI and 

examined on a confocal microscope (Nikon A1r).

Modulation of cellular adhesion by heparin and heparinase III

BT-549Gal3 cells were plated in 96-well micro-titer plates (2 × 104 cells/well) in serum free 

medium containing exosomes loaded with histones and fetuin-A (20 μg/ml) and in the 

absence (control) or presence of heparin (40 μg/ml). The cells were incubated for at least 4 

hours, the wells washed once with SFM and adherent and spread cells photographed.

The cells were also plated in 96-well micro-titer plates (2 × 104 cells/well) in triplicates and 

allowed to adhere in the presence of exosomes loaded with histones (20 μg/ml) in the 

absence (control) and in the presence of heparinase III. This enzymes cleaves the heparin 

sulfate moieties from the heparan sulfate proteoglycans on the cell surface. After 2 h, non-

adherent cells were washed off and adhered cells fixed as above and counted under a 

microscope (20 × objective).

Uptake of CD63-GFP-labeled exosomes by breast tumor cells

To document the uptake of cellular exosomes, we isolated and purified CD63-GFP-labeled 

exosomes from BT-CD63 cells as described [11]. Briefly, the BT-CD63 cells (1 × 108) were 

detached by EDTA and the cells in suspension incubated with purified fetuin-A at 37°C in 

Eppendorf cuvettes by end-over-end rotation. At the end of the incubation, the cells were 

pelleted and the supernatant subjected to further centrifugations steps to remove cell debris 

and microvesicles. Exosomes were precipitated from the final supernatant by ExoQuick™. 

Breast carcinoma cells, BT-549Gal3 (2 × 104 cells/chamber) were then allowed to attach to 

glass chamber slides in SFM containing the GFP-labeled exosomes (~20 μg/ml) in the 

absence and presence of heparin (40 μg/ml). After 30 min incubation period at 37°C, the 

cells were fixed in 4% formalin and the glass slides prepared for confocal microscopy.
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Results

Fetuin-A accelerates the adhesion and cell spreading on fibronectin and laminin

Knowing that purified fetuin-A has the capacity to mediate cellular adhesion to plastic in 

serum free medium [9], we questioned whether it would also accelerate the adhesion of 

these cells to fibronectin and collagen coated surfaces in serum free medium. We have 

shown in three separate experiments that the presence of fetuin-A (0.5-1 mg/ml) accelerates 

the adhesion and spreading of breast carcinoma cells to both fibronectin and laminin coated 

surfaces in SFM. Adhesion of cells to either fibronectin (FN) or laminin (LN) was more or 

less complete within 2 h (Fig. 1A and 1B) in the presence of fetuin-A. In its absence, it took 

as long as 8 h for cells to fully adhere to either fibronectin or laminin in serum free medium 

(Fig 1). Cells also adhered, spread and grew on plastic in the presence of fetuin-A alone. 

However it took a relatively long time (~8 h) for cells to achieve complete adhesion and 

spreading on plastic in the presence of fetuin-A alone (Fig. 1C). The fetuin-A mediated 

adhesion to plastic is not attenuated by RGD peptides nor by the absence of Mg2+ or Mn2+ 

ions both of which are required for integrin driven adhesion. However, calcium ions are 

required for fetuin-A driven adhesion [10].

Fetuin-A interacts with histones in the nucleus of breast carcinoma cells

We and others have previously demonstrated the rapid uptake of fetuin-A by tumor and 

vascular smooth muscle cells from the medium [9,26], and that this uptake was a pre-

requisite for fetuin-A mediated cellular adhesion. Subsequent studies from our laboratory 

demonstrated that intracellular fetuin-A was associated with histones and exosomes. Since 

histones are normally confined to the cell nucleus, the study suggested that fetuin-A could 

also be in the nucleus where it potentially interacts with histones. In order for us to follow 

the trafficking of intracellular fetuin-A more carefully, we expressed human fetuin-A with a 

FLAG-tag in human breast carcinoma cells and determined that it co-localized with histone 

H2A as prototype in the cell nucleus (Fig. 2). More importantly when the cells were 

fractionated, FLAG-tagged fetuin-A was in the nuclear fraction and co-immunoprecipitated 

with Histone H2A (Fig 3). It should be noted that fetuin-A has the potential to interact with 

other histone isoforms [12]. The non-specific thick bands that appear above the histone H2A 

band is most likely the light IgG chain (~25 kDa) which if often observed in 

immunoprecipitation blots.

Interaction of fetuin-A with histones in solution and in Gel overlay experiments

Transfection of FLAG-tagged fetuin-A into HEK 293 cells was quite efficient (Fig. 4A). To 

further demonstrate the interaction between fetuin-A and histones, anti-FLAG beads pulled 

down fetuin-A from the cell lysates of fetuin-A transfected (HEK 293T) cells together with 

the interacting proteins which included histone H2A and histone H3. The study clearly 

demonstrated that fetuin-A interacted with histones in the cell lysates (Fig 4B), and there 

was negligible interaction in the lysates of cells transfected with empty vector (EV93T) (Fig. 

4B).

In order to rule out the possibility that fetuin-A interacted with histones via other proteins, 

we demonstrated that both asialofetuin-A (Fig. 4C) and fetuin-A (Fig. 4D) bind directly to 
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histone in gel overlay experiments. Furthermore, the experiments suggested that sialic acid 

residues on fetuin-A are not utilized in this binding interaction since the sialic acid denuded 

asialofetuin-A interacted with histones to the same extent as fetuin-A.

Presence of fetuin-A and histones on adhesion competent exosomes

It was important to show that during the secretion of exosomes, the suspended cells 

remained viable. Indeed the suspended cells whether in the presence of BSA or fetuin-A, 

remained viable for up to 2 h. The cells suspended for various time points excluded Trypan 

blue dye and the levels of LDH in the conditioned media did not change appreciably from 

the beginning to the end of the 1 hour incubation period (Table 1).

We previously described two forms of cellular exosomes isolated from breast tumor cells. 

Those that mediated adhesion contained fetuin-A and histones in addition to the other 

exosomal marker proteins such as HSP90 and annexins. Adhesion incompetent exosomes on 

the other hand lacked histones and fetuin-A [12]. We therefore questioned whether these 

proteins could be recognized on the surfaces of adhesion competent exosomes. If either 

fetuin-A or histones or both were directly involved in the cellular adhesion process, it was 

critical to show that they are disposed on the exosomal surfaces facing the extracellular 

milieu and not the lumen of exosomes. To address this problem, we employed the technique 

of FAVS. It was clear that exosomes isolated from fetuin-A expressing cells had high levels 

of both fetuin-A and histone H2A on their surfaces (Fig. 5A). Exosomes from cells 

transfected with empty vector (EV) which were transfection controls, did not contain 

significant quantities of either fetuin-A or histone H2A. The little fetuin-A and histone H2A 

detected could be due to residual fetuin-A from culture medium because the antibody used 

recognized both human and bovine fetuin-A.

The morphology of cellular exosomes was confirmed by transmission electron microscopy 

as cup shaped vesicles in the range of 30-100 nm in diameter (Fig. 5B). The presence of 

histone H2A and fetuin-A in the adhesion competent exosomes was also validated by 

western blot (Fig. 5C).

Distribution of vinculin, fetuin-A, and histone H2A in the membranes of adhered and well 
spread cells

In three separate experiments, we observed that in adhered and spread cells, vinculin, and 

fetuin-A were in both soluble and plasma membranes fractions (Fig. 6A). In contrast Akt1 

was concentrated in the cytosolic fraction relative to the plasma membrane. Histone H2A 

and epidermal growth factor receptor were concentrated in the plasma membrane fractions 

relative to the soluble fractions. Epidermal growth factor receptor was used as the loading 

control for membrane proteins. The presence of histone H2A in the cell membrane of fetuin-

A expressing cells was unexpected but again strongly suggested the interaction of fetuin-A 

with histones in this fraction. The data suggest that during cellular adhesion and spreading, 

fetuin-A and histones are concentrated on exosomes that interact with components of focal 

adhesion in the plasma membrane. Interestingly, vinculin, a major cytoskeleton protein and 

a marker of focal adhesion plaques, was concentrated in the membranes of fetuin-A 

expressing FFBT cells, particularly when the cells were adhered on fibronectin (Fig. 6B). 
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This suggests that fetuin-A plays a role in the rapid assembly of focal adhesion proteins in 

the membrane.

Fetuin-A and adhesion competent exosomes accelerate the assembly of focal adhesions 
in tumor cells

We have consistently demonstrated that cells tend to adhere and spread more rapidly to 

extracellular matrices either in the presence of adhesion competent exosomes [11,12] or 

fetuin-A [9]. We show here that focal adhesions, represented by the punctate staining of 

vinculin at the adhesion plaques, form readily in the presence of either fetuin-A or adhesion 

competent cellular exosomes (Fig. 7, arrows). Assembly of focal adhesions is complete 

within 30 min in the presence of either fetuin-A (FetA) or adhesion competent exosomes 

(FetA-Exo). In their absence, it may take up to 3 h for focal adhesion plaques to properly 

assemble in these cells (data not shown).

Inhibition of exosomal mediated adhesion by heparin and heparinase III

Exosomes loaded with histones and fetuin-A promote adhesion and cell spreading on plastic 

(Fig 8A). Here we wanted to confirm that indeed histones are the major mediators of 

adhesion on exosomes and so proteins that bind to or interact with histones should in theory 

abrogate exosomal mediated adhesion [12]. Heparin at concentrations ranging from 5-40 

μg/ml (data not shown) abrogated exosomal mediated adhesion. At 40 μg/ml, not only was 

adhesion inhibited, cell spreading was also abolished (Fig. 8B). Interestingly, fetuin-A 

mediated adhesion of cells to plastic was also abrogated by heparin (data not shown). We 

reasoned that heparin most likely interacted with the motifs in histones that were responsible 

for binding to heparan sulfate proteoglycans [27]. We therefore allowed BT-549Gal3 to 

adhere to plastic in the presence of adhesion competent exosomes and in the absence or 

presence of heparinase III that specifically cleaves heparin sulfate chains from heparan 

sulfate proteoglycans. The treatment abrogated cellular adhesion and spreading in the 

presence of cellular exosomes (Fig. 8C and 8D), again suggesting that histones on exosomes 

interact with cell surface heparan sulfate proteoglycans. In order to show that it is the cell 

surface proteoglycans that are involved in the process, we also pre-incubated cells with 

heparinase III prior to detachment and then following detachment with EDTA, plated cells 

in 96-well microtiter plates in the presence of adhesion competent exosomes. Similar data as 

shown in Fig. 8 panel C was obtained (data not shown).

Heparin abrogates the cellular uptake of CD63-GFP-labeled exosomes and exosomal 
mediated cellular adhesion and spreading

We have provided evidence that the uptake of GFP-labeled exosomes that were also coated 

with histones (prepared in the presence of fetuin-A) by BT-549Gal3 cells, leads to cellular 

adhesion and spreading (Fig. 9). This is clearly the thrust of the present work, where we 

have argued that the role of fetuin-A in adhesion is to drive the secretion of histone coated 

exosomes whose subsequent uptake by the same exosome secreting or neighboring cells 

results in cellular adhesion and spreading. Heparin at a concentration of 40 μg/ml 

completely abrogated the uptake of CD63-GFP-labeled exosomes and concomitantly 

inhibited the exosomal mediated adhesion (Fig. 9).
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DISCUSSION

The impetus for the present studies was our earlier report where we demonstrated that only 

cellular exosomes carrying histones and fetuin-A, had the potential to mediate adhesion and 

spreading of tumor cells. These exosomes were secreted by the tumor cells in the presence 

of fetuin-A [12]. We hereby provide evidence that fetuin-A interacts with histones 

intracellularly and shuttles them to the exosomal and plasma membrane compartments. The 

endocytic uptake of histone coated exosomes leads to rapid assembly of focal adhesions, 

attachment and spreading of tumor cells.

We previously studied the role of fetuin-A in cellular adhesion and growth with the belief 

that it had specific cell adhesion receptors [9,10]. It is now clear that whereas there are no 

cell surface receptors for cellular adhesion to fetuin-A, its uptake by cells that respond to it, 

is required for subsequent adhesion and cell spreading [9]. Cellular adhesion is a complex 

physiological phenomenon that is not fully understood beyond the identification and 

characterization of integrins and its ligands in the extracellular matrix [28]. Within the last 

two decades, the role of other potential players in cellular adhesion such as heparan sulfate 

proteoglycans and exosomes has attracted considerable attention [29,30]. It is in this context 

that we propose a new physiological role for fetuin-A in these cellular processes. We show 

the physical interaction between fetuin-A and cellular histones. The data suggest that fetuin-

A interacts with histones intracellularly and is either secreted via exosomes or as a complex 

with histones and subsequently loads its histone cargo on exosomes extracellularly.

We have demonstrated that the speed of adhesion of tumor cells to extracellular adhesion 

molecules such as fibronectin and laminin is significantly enhanced in the presence of 

cellular exosomes that were prepared in the presence of fetuin-A [12]. We now show that 

fetuin-A similarly accelerates the adhesion of tumor cells to either fibronectin, laminin or 

plastic and suggest that fetuin-A acts via cellular exosomes. Rapid adhesion of tumor cells 

particularly those with metastatic potential, to extracellular matrix proteins, is clearly 

advantageous. Such cells can rapidly turnover their focal adhesions to enable motility [31]. 

Cells in culture with the ability to adhere rapidly also have a growth and plating advantage 

over their counterparts that adhere slowly. The ability of fetuin-A to promote the rapid 

adhesion of cells to extracellular matrix proteins could explain why media containing fetal 

bovine serum, that contains a high concentration of the protein, is preferred for the culture of 

tumor cells [7,8]. Furthermore, in vivo studies support the tumor adhesion and growth 

promoting properties of fetuin-A [4,32].

Whereas we showed that histone H2A co-localizes with fetuin-A in the nucleus in tumor 

cells forced to express the protein, most cells including breast tumor cells in culture do not 

synthesize and secrete fetuin-A, relying exclusively on culture media containing fetal bovine 

serum for their supply. We and others have shown by confocal microscopy that breast tumor 

cells and smooth muscle cells take up fetuin-A from the medium via a novel endocytic 

mechanism requiring annexins [9,26]. Since fetuin-A is synthesized and secreted via a 

classical pathway, it is likely that the cells that were forced to express fetuin-A also secrete 

and take up fetuin-A in a paracrine or autocrine fashion using the same uptake pathway. The 

endocytosed fetuin-A enters most of the cellular compartments including the nucleus where 
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it most likely interacts with histones. The fetuin-A uptake mechanisms do not appear to 

require a receptor [26]. However, once fetuin-A loads its histone cargo on exosomes, the 

subsequent uptake of histone coated exosomes by the cells requires a receptor, whose 

preferred ligand appears to be histones on exosomes. For this reason, it was necessary to 

show by FAVS that fetuin-A and histones are on the extracellular surface of exosomal 

membranes. The FAVS assay also demonstrated that fetuin-A and histones are not 

contaminating proteins that were pulled down by the polymer based exosome purification 

reagent. The protocol involves a number of ultracentrifugation steps that would quickly 

eliminated proteins that loosely associate with exosomes. Lastly, fetuin-A/ahsg and histones 

are frequently observed in exosomes isolated from tumor cells [33].

The present studies suggest that the interaction of histone coated exosomes with the putative 

cell surface receptor signals the assembly of focal adhesion, cell adhesion and spreading. It 

is established that the assembly/maturation of focal adhesion involves the translocation and 

concentration of a heterogeneous group of at least 50 different molecules including 

cytoskeleton proteins and proteoglycans (vinculin, talin, actin, tensin, syndecans, etc.) at the 

adherent junctions in the plasma membrane [34]. The presence and function of heparan 

sulfate proteoglycans such as syndercan-4 at these focal adhesion complexes is critical to 

complete the focal adhesion assembly process [35]. The ligands for the cell surface 

proteoglycans such as syndecan-4 range from heparin binding domain of fibronectin to 

growth factors [35]. We hereby suggest histones as part of repertoire of heparan sulfate 

proteoglycan binding proteins and may act as the ‘eat me’ signal for exosomal uptake. It was 

demonstrated by modeling studies that proteins containing a high percentage of basic amino 

acids such as histones have a preferential binding interaction with heparan sulfate 

proteoglycans [36]. A recent report suggested that the uptake of cellular exosomes via cell 

surface heparan sulfate proteoglycans receptors promoted cellular motility [37]. This report 

was of great interest to us because it suggested for the first time the existence of potential 

ligands for cell surface heparan sulfate proteoglycans on cellular exosomes, needed to speed 

the assembly of focal adhesion complexes, a process necessary for cellular motility. 

Exosomes have been shown to promote motility and invasion of tumor cells [38]. The 

present data support the notion that heparan sulfate proteoglycans are indeed the receptors 

for internalization of exosomes and suggest that histones that coat these exosomes are the 

preferred ligands for them. The exosomal mediated motility reported by Christianson et al. 

[37] was attenuated by heparin which also blunted exosomal uptake by the cells as well as 

adhesion and cell spreading reported herein. Heparin is a potent inhibitor of histones, 

potentially disengaging the exosomes from interacting with cell surface heparan sulfate 

proteoglycans. Interestingly, it has been demonstrated that heparanase, an enzyme that 

cleaves heparan sulfate from heparan sulfate proteoglycans, can release and increase the 

secretion of exosomes from adherent cells [39]. Furthermore, heparanase (heparinase III) 

also attenuated exosomal mediated adhesion and cell spreading reported herein.

In summary, we have provided evidence that fetuin-A in tumor cells is capable of shuttling 

histones from the cell compartments including nucleus to the exosomes. The uptake of 

histone coated exosomes leads to cellular adhesion and spreading. This uptake is inhibited 

by heparin which also attenuates exosomal mediated cellular adhesion. The data suggest that 

histones on exosomes are ligands for heparan sulfate proteoglycans that mediate focal 
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adhesion assembly signaling which in turn leads to cellular attachment, spreading and 

motility on various extracellular matrices including plastic.
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• Fetuin-A associates with histones intracellularly

• Fetuin-A shuttles histones to exosomes

• Uptake of histone coated exosomes drive focal adhesion assembly

• Uptake of histone coated exosomes mediate adhesion and cell spreading
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Fig. 1. Fetuin-A accelerates the adhesion of tumor cells to fibronectin and laminin coated wells
The wells of 96-well microtiter plates were coated with either fibronectin or laminin (40 

μg/ml) in PBS overnight at 4°C, blocked with 3% BSA and BT-549Gal3 cells added to the 

wells (3 × 104 cells/well). The cells were incubated in the absence or presence of fetuin-A (1 

mg/ml). As controls, the same number of cells were plated on uncoated wells in the presence 

of fetuin-A (1 mg/ml). The cells were allowed to adhere for 1 h, 2 h and 8 h at 37°C in a 

humidified incubator. At the end of incubation, the wells were washed 2x with SFM and 

adherent cells fixed in 4% formalin, stained with crystal violet, washed in water and 10% 

acetic acid added (100 μl/well) to release the stain from the cells. The absorbance was read 

at 570 nm to indicate the relative number of cells adhered in each well. Each bar represents 

average ± S.D. absorbance of 4 wells (* 0.05< P; ** 0.001< P). The experiment was 

repeated 3 times with similar data.
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Fig. 2. Co-localization of fetuin-A and histone H2A in the cell nucleus
FLAG-tagged fetuin-A expressing BT-549Gal3 (FF94) cells were plated on glass coverslips 

and allowed to grow in complete medium until ~ 70% confluent. The cells were fixed in 

cold methanol for 5 min and blocked with 3% BSA for 30 min. This was followed by 

incubation with mouse monoclonal anti-FLAG antibodies for 1 h, washed and then 

incubated with Cy3 secondary for another 1 h. The coverslips were washed and incubated 

with rabbit anti-histone H2A antibodies for another 1 h. Once again the coverslips were 

washed and incubated with FITC-labeled secondary antibodies. This was followed by 

another set of washes and the coverslips were mounted with Prolong Gold anti-fade and 

examined on a confocal microscope (Nikon Air).

Nangami et al. Page 18

Exp Cell Res. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig 3. Association of fetuin-A with histones in the cell nucleus
Nuclear fractions from EVBT and FFBT cells were prepared as described in Materials and 

Methods. To show the association of fetuin-A and histone H2A as a prototypical histone in 

the nucleus, after pre-clearance, the chromatin fractions were incubated overnight at 4°C 

with mouse anti-FLAG and rabbit anti-histone H2A antibodies respectively. This was 

followed by incubation with protein A/G agarose beads. The beads were washed in RIPA 

buffer and analyzed by western blot.
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Fig 4. Interaction between fetuin-A and histones in solution
In panel A, cell lysates (100 μg) from FLAG-tagged fetuin-A HEK-93T cells (FF93T) and 

from those transfected with empty vector (EV93T) were incubated with 50 μl of anti-FLAG 

beads suspended in agarose. The beads were washed 5x in TAP-tag lysis buffer and then 

FLAG-fetuin-A bound proteins eluted in 2x sample buffer. The elutes were resolved in 

NuPAGE Bis-Tris 4-12% pre-cast gels, transferred to nitrocellulose and probed with 

antibodies to fetuin-A, visualized by ECL, membrane stripped and probed with anti-histone 

H2A and lastly with anti-histone H3. In panel B, the cell lysates were resolved in the 

NuPAGE gels, transferred to nitrocellulose and probed with anti-FLAG and with anti-

GAPDH for loading control. In panel C, fetuin-A (lane 1) asialofetuin-A (lane 2) histone 

H2A (lanes 3 and 4) were resolved in the NuPAGE gels, transferred to nitrocellulose paper, 

blocked with 3% BSA (w/v) and then overlaid with asialofetuin-A. The membrane was 

washed and probed with anti-fetuin-A antibodies and visualized by ECL. In pane D, the 
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experiment described in panel C was repeated except that instead of overlaying with 

asialofetuin-A, it was overlaid with fetuin-A.
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Fig. 5. Localization of fetuin-A and histone H2A on the extracellular surfaces of cellular 
exosomes by FAVS
In panel A, cellular exosomes (25 μg) from BT-549Gal3 cells transfected with plasmids 

carrying the fetuin-A (Fet-A) (FF94) or transfected with empty vector (EV94) controls, were 

stained with anti-fetuin-A antibodies washed and subjected to ultracentrifugation as 

described in Materials and Methods. This was followed by incubation with secondary 

antibodies conjugated to Alexa Fluor 488 for 1 h and washed as above. The exosomes (EV 

and Fet-A) were then stained with anti-histone H2A antibodies followed by secondary 

antibodies conjugated to AlexaFluor 569, incubated and washed as above. Appropriate 

controls with secondary antibodies only were utilized to establish background levels and 

subsequent gating. In panel B, exosomes from FF94 cells were analyzed by TEM that 

revealed the cup shaped vesicles. In panel C, EVBT (lane 1) and FFBT (lane 2) exosomes 

were dissolved in SDS-sample buffer, resolved in NuPAGE gels, transferred to 

nitrocellulose paper and probed with anti-fetuin-A antibodies and visualized by enhanced 

chemiluminescense (ECL). The blot was stripped and probed in sequential order with anti-

Histone H2A antibodies and anti-HSP90 (heat shock protein-90) and again visualized by 

ECL.
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Fig. 6. Fetuin-A mediated trafficking of vinculin and histone H2A to the membrane fraction of 
adhered and spread cells
Fetuin-A transfected BT-549 cells and empty vector transfection controls were dislodged 

from culture flasks with EDTA and allowed to adhere to 145 mm petri dishes pre-coated 

with either laminin or fibronectin (40 μg/ml) and incubated for 30 min at 37°C in a 

humidified CO2 incubator. The cells were lysed and fractionated into nuclear chromatin 

bound, cytosolic and membrane associated proteins as described in Materials and Methods. 

In panel A, the cytosolic and membrane fractions from cells incubated on laminin coated 

dishes were resolved in NuPAGE gels, transferred to nitrocellulose and probed for vinculin, 

Akt1, FLAG-fetuin-A, and EGFR. In panel B, the membrane fractions from cells incubated 

on fibronectin coated dishes were probed for vinculin, FLAG-fetuin-A, histone H2A and 

EGFR.
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Fig. 7. Fetuin-A/Exosomes accelerate the maturation of focal adhesions
Glass coverslips were coated with fibronectin (40 μg/ml) in PBS overnight at 4°C, followed 

by blocking with 3% BSA for 30 min at 37°C. Breast carcinoma cells (BT-549Gal3) were 

then plated on the coverslips in six-well plates and incubated for exactly 30 min in SFM 

containing BSA (1 mg/ml) or purified fetuin-A (1 mg/ml). The cells were also incubated for 

30 min in SFM containing either adhesion incompetent (BSA-Exo) or adhesion competent 

(FetA-Exo) exosomes. The medium was aspirated and the cells fixed/permeabilized in 0.5% 

(w/v) of Triton X-100; 3% (w/v) paraformaldehyde in PBS for exactly 2 min. The detergent 
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was removed and wells containing coverslips washed once with 3% paraformaldehyde/PBS 

and fixed in the same solution for another 30 min. The glass coverslips with the cells were 

then blocked with 3% BSA in PBS for 1 h and then incubated with anti-vinculin in PBS for 

30 min at 37°C. After washing, the fixed cells were stained with cy3-secondary antibodies 

for another 30 min at 37°C. This was followed by another set of washes and the coverslips 

mounted with Prolong Gold anti-fade with DAPI and examined (Nikon A1r).
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Fig. 8. Inhibition of Exosomal mediated adhesion by heparin and heparinase III
The BT-549Gal3 cells were plated in 96 well microtiter plates (2 × 104 cells/well) and 

allowed to adhere in the presence of adhesion competent exosomes (loaded with histones 

and fetuin-A) (20 μg/ml) in the absence (panel A) and in the presence of heparin (40 μg/ml) 

(panel B). The same number of cells/well were also allowed to adhere in the presence of 

adhesion competent exosomes and heparinase III (panel C) and quantified in panel D.
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Fig 9. Heparin abrogates the uptake of CD63-GFP-labeled exosomes as well as exosomal 
mediated adhesion and cell spreading
CD63-GFP-labeled exosomes were purified from BT-CD63 as described in Materials and 

Methods. BT-549Gal3 cells were then incubated withCD63-GFP-labeled exosomes (~20 

μg/ml) from BTCD63 cells for 30 min in glass bottom chambered slides at 37°C in the 

absence or presence of heparin (40 μg/ml). At the completion of incubation period, the 

chambers were removed and the slides prepare for confocal microscopy.

Nangami et al. Page 27

Exp Cell Res. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Nangami et al. Page 28

Table 1

Incubating tumor cells in suspension during exosome isolation does not compromise their viability. 

BT549Gal3 cells were incubated with SFM containing either BSA or fetuin-A (1 mg/ml) in Eppendorf tubes 

(0-120 min) in order to secrete optimal levels of cellular exosomes. At the end of each incubation period, 

cellular integrity and viability was determined by LDH cytotoxicity assay and Trypan blue dye exclusion.

Incubation Period (min) Protein in the incubation 
medium (1 mg/ml) Relative Concentration of LDH

*
 in 

conditioned medium (% ± S.D.)

% Cell viability determined by 
Trypan blue dye exclusion

0 min BSA 24.2 + 4 100

Fetuin-A 28.7 + 7.8 100

20 min BSA 24.9 + 7.4 100

Fetuin-A 30.7 + 0.07 100

40 min BSA 29.3 + 1.9 100

Fetuin-A 31.3 + 0.2 100

60 min BSA 28.1 + 3.3 100

Fetuin-A 34.5 + 2.5 100

120 min BSA 33.2 + 0.4 100

Fetuin-A 33.4 + 1.7 100

*
The relative concentration of lactate dehydrogenase (LDH) in the conditioned medium was determined as % of LDH in the vials containing the 

same number of cells (1,000,000 cells) that were partially lysed.
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