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ABSTRACT

The present study was conducted to determine whether fetuin-A, a dominant serum protein plays a role
in chemo-attraction and chemo-invasion of carcinoma cells in vitro. Serum is normally used as positive
chemotaxis control in Boyden chamber motility assays, prompting the need to identify the factor/s in
serum that contributes the bulk of chemo-taxis and invasion. Serum has a plethora of chemotactic factors
including stromal derived factor 1 also known as CXCL12. Using highly purified fetuin-A, we compared its
chemo-attraction potential to culture medium containing 10% fetal bovine serum. We also investigated
its ability to attract tumor cells through a bed of Matrigel (invasion assay). We demonstrated, using
similar concentration range of fetuin-A found in blood, that it robustly supports both directed chemo-
attraction and invasion of breast tumor cells. More importantly, we showed that at low concentrations
(fetuin-A coated wells) itinteracts synergistically with CXCL12 to promote chemotaxis. The presence of
plasminogen (PL) blunted the fetuin-A mediated chemotaxis. Taken together, the data suggest an

in vivo chemotaxis/invasion role for fetuin-A.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Fetuin-A (Ahsg) is one of the negative acute phase proteins in
humans, mainly produced by the liver and then secreted into the
blood where its concentration in adult serum is approximately
0.5 mg/ml [1,2]. It can also be synthesized in other organs such
as kidneys and tongue [3]. Its established physiological role is
the inhibition of ectopic calcification [4], but mounting evidence
suggests that it is a multifunctional protein capable of modulating
a number of critical signaling pathways. For example, it has a motif
that has a striking similarity with TGF-B receptor II [5], and can
function as an extracellular decoy to block TGF-B signaling [6]. It
also interferes with insulin signaling suggesting a role in the etiol-
ogy of diabetes and other metabolic diseases [7].

We have followed the potential role of fetuin-A in breast cancer
initiation and progression for a number of years. We previously
demonstrated that in fetuin-A knockout and polyoma middle-T
(PyMT) transgenic mice, TGF-B signaling using phospho-SMAD2/3
as readouts is active and the mice are protected from developing
mammary tumors [6]. We also demonstrated that colonization of
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lungs by Lewis lung carcinoma cells is blunted in the fetuin-A null
C57/BL-6 mice [8]. Furthermore we demonstrated that purified fet-
uin-A mediates the adhesion of breast carcinoma cells in vitro
which then activates growth and survival signals [9]. Lastly, we
demonstrated that fetuin-A mediates adhesion via a novel mecha-
nism involving cellular exosomes [10].

In the presentstudy, we questioned whether or not fetuin-A (a
serum protein) is a chemo-attractant in directed in vitro chemo-
taxis assays. In addition we questioned whether it would attract
tumor cells through a bed of Matrigel (chemo-invasion) when it
is in the bottom wells of Boyden assay plates. Serum or culture
mediums containing 5-10% fetal bovine serum (commonly
referred to as complete medium) are routinely used in Boyden
chamber motility assays as positive control. Serum consists of a
myriad of chemokines and extracellular matrix adhesion proteins
like fibronectin and laminin that are known to attract tumor cells
[11]. The concentration of fetuin-A in complete medium containing
10% fetal bovine serum is approximately 2 mg/ml. Interestingly,
the fetuin-A mediated adhesion via cellular exosomes, is blunted
by plasminogen [10]. We have therefore exploited this biochemical
property of plasminogen to suggest a mechanism for fetuin-A
mediated chemo-attraction.
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2. Materials and methods
2.1. Materials

Boyden chambers (motility and invasion assay kits) were
purchased from BD Biosciences (Bedford, MA). Pedersen fetuin-A
purchased from Sigma-Aldrich (St. Louis, MO) was further purified
using a glycerol step gradient to remove alpha 2-macroglobulin
and other contaminants as described [9]. Antibiotic-antimycotic
and cell media were purchased from Life Technologies (Grand Is-
land, NY). All other reagents were purchased from Sigma-Aldrich
(St. Louis, MO) unless otherwise stated.

2.2. Cells

The breast carcinoma cell line, a sub-clone of BT-549 that
expresses high levels of galectin-3 and has a high metastatic poten-
tial, was kindly donated to us by Dr. Avraham Raz of the Karmanos
Cancer Research Institute, Detroit, MI. The colon cancer cell lines,
DKO-1 and DKs-8 were kindly donated to us by Dr. Robert Coffey
of Vanderbilt University. The cells were routinely maintained in
Dulbeccos modified Eagles medium/nutrient F-12 (DMEM/F12)
supplemented with 10% heat inactivated fetal bovine serum
(FBS), antibiotic-antimycotic (50 units/ml), and incubated at
37 °Cin 5% CO, and 95% air. Where indicated, serum-free medium
(SFM) consisting of DMEM/F12 supplemented with only the antibi-
otic—antimycotic, and 0.1% BSA was used.

2.3. Fetuin-A purification

The Pedersen fetuin-A, purchased from Sigma was further
purified by glycerol step gradient as described [9]. Briefly, glycerol
gradients (10-15-30-45-60%) were made in 13-ml ultracentrifuge
tubes from 60% glycerol buffered with 10 mM Tris-HCI, pH 7.4,
150 mM Nacl, and 0.5 mM MgCl,. About 10 mg of Pedersen fet-
uin-A in a volume of 1 ml was layered on the step gradient. This
was centrifuged at 35,000 rpm (Beckman, SW40Ti rotor) for 18 h
at 4 °C. Gradients were developed from the top and resolved in
4-12% SDS-PAGE gels.

2.4. Chemotaxis assays

In these assays, fetuin-A and other chemo-attractants were
added to the lower wells of a Boyden plates. As positive controls,
the lower wells had 500 pl of DMEM/F12 culture medium supple-
mented with 10% v/v of fetal bovine serum. This mix is referenced
throughout the text as ‘complete medium’ (CM). The negative con-
trol lower wells contained 500 pl of SFM containing 0.1% BSA and
hereafter only referred to as SFM. The cells were then added to the
upper wells (25,000 cells in 500 pl of SFM) and incubated at 37 °C
for 24 h. During this incubation, migration competent cells mi-
grated through the 8 um pores of the polycarbonate filter inserts
to the underside of the filters in direct contact with the contents
of the lower wells. The non-migrated cells on the top surface of
the polycarbonate filter were scrapped off with a cotton swab,
while cells attached to the lower surface or the underside were
fixed in 4% formalin for 30 min and stained with 0.5% (w/v) crystal
violet in 25% methanol. Migrated cells on the lower surface of the
filter were enumerated under a microscope and data reported as
mean number of migrated cells/field (200x).

To determine whether fetuin-A can synergize with stromal de-
rived factor-1 (SDF-1)/CXCL12 to mediate motility, lower wells
were coated with fetuin-A at 0.3 mg/ml or 0.6 mg/ml overnight
at 4 °C. Other lower wells had 50, 100 or 150 ng/ml of CXCL12 in
SFM (500 pl/well). The fetuin-A coated wells were washed once

and reconstituted with either SFM (500 pl) alone or SFM contain-
ing 100 ng/ml of SDF-1. The positive control wells contained
500 pl of complete medium and negative control wells SFM.

To demonstrate that the movement of cells to the lower wells
was driven by the fetuin-A gradient, the assays were repeated in
the presence and absence of fetuin-A gradient. To collapse the gra-
dient (absence of gradient), increasing concentrations of fetuin-A
were added only to the upper wells of the Boyden plates. The lower
wells in this case contained 500 pl of serum-free medium.

We previously demonstrated that fetuin-A mediates cellular
adhesion via exosomes. This adhesion mechanism can be blunted
by plasminogen (PL) [10]. Since chemotaxis is mainly driven by
adhesion interactions, we therefore assessed the role of PL in fet-
uin-A mediated chemotaxis. PL (50 and 500 pig/ml) was added to
the upper wells in SFM together with the cells while the lower
wells contained either fetuin-A (1 mg/ml) or complete medium
and assays performed as described above.

Chemo-invasion assays, were performed using invasion wells
(BD Biosciences, Bedford, MA), according to manufacturer’s proto-
cols. Briefly, the Matrigel coated wells were removed from storage
at —20 °C and re-hydrated with warm SFM for 2 h at 37 °C in a 5%
CO, humidified incubator. Cells (25,000/well) were added to the
top wells in SFM. The bottom wells contained either SFM, complete
(CM) or fetuin-A (1 mg/ml). The cells were allowed to invade for
24 h and the cells penetrating to the underside of the filters enu-
merated as above. We also compared the chemo-invasion potential
of three serum proteins, fibronectin, fetuin-A and laminin.

3. Results

3.1. Fetuin-A is a major chemo-attractant for breast and colon cancer
cells

Having demonstrated that fetuin-A is a significant adhesion
protein in serum [9,10], we questioned whether it could attract
tumor cells from the upper wells when it is in the lower wells of
the Boyden chemotaxis plates. We reasoned that fetuin-A from
the lower wells would diffuse to the upper wells according to the
concentration gradients through the pores, enter the cells and trig-
ger the release of fetuin-A exosomes from them. The adhesion
competent exosomes [10], would then mediate adhesion of the
cells followed by motility, moving towards a higher concentration
of fetuin-A in the lower wells. As shown in Fig. 1A, purified fetuin-
A in SFM at 1 mg/ml is better at chemo-attraction of BT-549 cells
when compared to complete medium (CM) containing 10% FBS.
To confirm this observation in other cell types, we demonstrated
that colon cancer cell lines, DKs-8 (Fig. 1B) or DKO-1 (Fig. 1C) also
responded by moving towards higher concentrations of fetuin-A.
The colloidal Coomassie gel showing fractions (1 and 2) from
glycerol step gradient of Pedersen fetuin-A which were used in
the assays is shown in Fig. 1D.

3.2. Fetuin-A interacts synergistically with CXCL12 to attract tumor
cells

We questioned whether Boyden wells coated with fetuin-A
(0.3-0.6 mg/ml), signifying a lower fetuin-A gradient compared
to wells containing only CXCL12 (50-150 ng/ml) would produce
enough gradient to attract tumor cells. We determined that wells
coated with this concentration range of fetuin-A as well as wells
containing only CXCL12 (50-150 ng/ml) supported modest but
significant chemo-attraction in comparison to SFM control. Inter-
estingly, wells coated with fetuin-A (0.3 mg/ml or 0.6 mg/ml)
containing 100 ng/ml of CXCL12 demonstrated a dramatic increase
in the attraction of cells, suggesting synergy (Fig. 2A). This
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Fig. 1. Fetuin-A is a chemo-attractant for breast and colon carcinoma cells. The cells, BT-549 (Panel A) or Colon Cancer (Panels B and C) were added to the upper wells
(25,000 cells/well in 500 pl of SFM) of a Boyden chamber plates. The lower wells contained 500 pul of either SFM (negative control) or SFM containing 10% fetal bovine serum
(CM), representing positive control. The experimental wells contained 500 ul of fetuin-A (0.0625-1 mg/ml) dissolved in SFM. The cells were incubated overnight at 37 °C in a
humidified incubator. The cells remaining on the top wells/chambers were gently scraped off using cotton swabs and the cells that migrated to the underside of the inserts
were fixed in 4% formalin and then stained with crystal violet at 37 °C for 4 h. The inserts were then washed in water, air dried and read under an inverted microscope
equipped with a digital camera. The graphs represent the mean number of cells/field of three separate experiments + SD The fetuin-A used in these experiments was the
Pedersen fetuin-A, purified by glycerol step gradient [9] (Panel D). The arrow-heads and stars represent impurities which include alpha-2-macroglobulins (arrows) and inter-
o(globulin) inhibitor H2 (ITIH2) represented by asterisks as determined by proteomics analysis. Only pure fractions #1 or #2 were used in these experiments.

experiment suggested that fetuin-A modulates SDF-1/CXCL12
signaling.

It was determined that the movement of cells from the upper
wells through the 8 um pores was strictly a directed motility with
minimal to negligible random movement (Fig. 2B).

3.3. Abrogation of fetuin-A mediated chemotaxis by plasminogen

We previously demonstrated that plasminogen (PL) blunted
both fetuin-A and exosomal mediated adhesion [10], and so we
reasoned here that if exosomes are involved in chemo-attraction,
addition of PL to the upper Boyden wells in the assay should blunt
the motility. The data indeed show that PL at a concentration of
50 pg/ml in the upper wells blunted the migration of cells in the
presence of either complete medium (CM) or fetuin-A (Fet-A)
(1 mg/ml) in SFM in the lower wells (Fig. 3A). The inhibition was
more drastic in the case of fetuin-A where this concentration of
PL eliminated nearly all motility. In the case of CM, motility was
completely abrogated at a PL concentration of 500 pg/ml (Fig. 3A).

3.4. Fetuin-A supports robust chemo-invasion of tumor cells through a
Matrigel bed

We next questioned whether fetuin-A had the dual potential of
attracting and aiding the cells in their migration through Matrigel
(representing basement membrane). We initially compared the
ability of cells to invade Matrigel bed when SFM, CM, or fetuin-A
(FetA) were in the lower wells. Interestingly, fetuin-A was better
than complete medium (CM) in mediating directed chemo-inva-

sion (Fig. 3B). Since other serum proteins such as fibronectin and
laminin also have the ability to mediate directed chemotaxis due
to their adhesive roles, we questioned their abilities to support
chemo-invasion when placed in the lower wells. Of the three
proteins, only fetuin-A was able to promote robust chemo-invasion
(Fig. 4).

4. Discussion

In the present studies, we show for the first time, the ability of
fetuin-A to attract tumor cells along its concentration gradient and
to support invasion of cells through Matrigel coated inserts.
Whereas its purported role in cellular adhesion was controversial
for a number of years due to the presence of contaminating pro-
teins in fetuin-A preparations [1], we recently demonstrated that
highly purified form of the Pedersen fetuin-A retains cellular adhe-
siveness and promotes the growth of tumor cells through a novel
mechanism which involves cellular exosomes [10].

Previous data from our laboratory demonstrated that fetuin-A
could be internalized by breast carcinoma cells [9]. The uptake or
endocytosis of fetuin-A by vascular smooth muscle cells was also
reported by others [12]. Based on the present work, we hypothe-
size that exosomes that are secreted subsequent to the fetuin-A
uptake by tumor cells, promote adhesion, motility and invasion
of these cells towards regions of high fetuin-A concentration such
as blood vessels in vivo. In support of this idea, exosomes derived
from colon cancer cells that contain amphiregulin have been
shown to mediate adhesion, motility and invasion of these cells
[13]. Furthermore, there could be another fetuin-A gradient
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Fig. 2. Fetuin-A interacts synergistically with CXCL12 to attract tumor cells. In
panel A, chemo-attraction assay was performed as described in Section 2 using the
breast carcinoma cell line, BT-549. The lower wells were coated with either 0.3 or
0.5 mg/ml of fetuin-A in SFM overnight at 4 °C, washed and the wells reconstituted
with either 500 pul of SFM or CXCL12 (100 ng/ml) in SFM. Other lower wells
contained only indicated concentrations of CXCL12 (50-150 ng/ml) in SFM. The BT-
549 cells (25,000 cells/well) in 500 pul of SFM were then added to the upper wells
and their attraction towards the respective lower wells monitored. The bars
represent the means of three separate experiments under the same conditions + SD
(one way ANOVA *P < 0.001). In panel B, the chemo-attraction assay was repeated
with increasing concentrations of fetuin-A (0-1 mg/ml) in 500 pl of SFM in the
lower wells (open bars). BT-549 cells (25,000 cells/chamber) were added to the
upper wells in 500 pl of SFM without (open bars) or containing fetuin-A (0-1 mg/
ml) (solid bars). When fetuin-A was in the top wells with cells, the lower wells
contained 500 pl of SFM. The bars represent mean number of cells per microscope
field of three separate experiments.

established in organs such as the liver and bone [14] that may have
a higher concentration of fetuin-A relative to the blood vessels.
This gradient would then attract tumor cells from the vessels to
theirnew home (liver or bone marrow). Thus fetuin-A could be a vi-
tal component of the ‘good soil’ that prepares metastatic niches for
tumor cells [15].

Another interesting mechanism(s) suggested by the data, is that
fetuin-A even at a very low concentration, can synergize with SDF-
1/CXCL12 to enhance the latter’s chemotactic ability [ 16]. This may
involve the trafficking and or desensitization of the CXCR4 (the
SDF-1/CXCL12 receptor) by fetuin-A [17]. The treatment of kidney
HEK 293 cells with 10 nM of SDF1/CXCL12 elicited an increase in
intracellular Ca®" and phosphorylation of cortactin only at its
Tyr421 [18]. Interestingly, we have also shown that fetuin-A is
capable of eliciting similar increases in intracellular Ca®* in breast
tumor cells [10]. We previously demonstrated that some of the sig-
naling pathways activated when fetuin-A interacts with cells are
PI3/Akt and MAP kinase [9]. So far, no cell surface receptor that
may transmit these signals has been identified for fetuin-A. It
may activate these signaling pathways as a consequence of its
ability to increase intracellular calcium levels once it is taken up
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Fig. 3. Regulation of fetuin-A mediated chemo-attraction by plasminogen and the
dual abilities of fetuin-A to attract and promote invasion of tumor cells through
Matrigel. Panel A, the chemo-attraction assays were done essentially as described in
Section 2. The BT-549 cells (25,000 cells/well) were added to the upper wells of
Boyden chemotaxis wells in 500 pl of SFM without or with the indicated
concentrations of plasminogen (PL) and placed over lower wells containing either
500 pl of CM or fetuin-A (1 mg/ml) respectively. Panel B, the lower wells of Boyden
invasion chambers contained either 500 pul of SFM, CM, or purified fetuin-A
(1 mg/ml) in SFM. The BT-549 cells (25,000 cells/well in 500 pl of SFM) were added
to the upper wells containing Matrigel. The error bars in A and B represent the
means of three separate experiments under the same conditions + SD (one way
ANOVA *P <0.001).

by tumor cells [10]. Thus, fetuin-A even at very low concentrations,
may activate more than one pathways germane to chemotaxis
such as secretion of adhesion and motility competent exosomes
and regulation of CXCL12-CXCR4 axis [19]. This further under-
scores the need to fully understand these mechanisms to enable
us design small molecules that can abrogate themovement of met-
astatic cells.

The inhibition of fetuin-A mediated chemo-attraction/motility
by PL is significant in that it supports the hypothesized role of exo-
somes in the chemo-attraction and invasion mechanisms reported
herein. We previously reported that fetuin-A as well as exosomes
secreted by tumor cells in the presence of fetuin-A, had the capac-
ity to mediate adhesion that could be abrogated by plasminogen
[10]. This then suggested that fetuin-A even at low concentrations
approaching 0.1 mg/ml could be taken-up by tumor cells and sig-
nal the secretion of adhesion competent exosomes which subse-
quently mediate adhesion and cell spreading. The blood
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Fig. 4. Fetuin-A promotes robust chemo-invasion of tumor cells through Matrigel
bed while fibronectin and laminin do not. In Panel A, the lower wells of
chemoinvasion assay plates had 500 pl of SFM (control), 500 pl of SFM containing
fibronectin (30 pg/ml), laminin (30 pg/ml) and fetuin-A (1 mg/ml) The BT-549 cells
were then added to the top wells (25,000 cells/well in 500 pl of SFM) and placed on
top of the lower wells. The cells were then allowed to penetrate the Matrigel bed for
24 h and the cells invading and migrating to the underside of the coated filters
enumaraged as described in Section 2. The bars represents the average number of
invasive cells per field from two separate experiments. Panel B is a representative
image of cells that successfully invaded the Matrigel and migrated to the underside
of coated filters when the three proteins were in the bottom wells of the
chemomoinvasion assay plate.

plasminogen concentration of ~0.1 mg/ml [20], would interfere
with exosomal mediated adhesion or motility according to the data
presented herein. Interestingly, once metastatic tumor cells enter
blood vessels during intravasation, they normally come together
and form clumps sometimes with the aid of platelets (platelet
aggregation) necessary to protect them from the hostile environ-
ment in the blood vessels [21,22]. However, during the process
of extravasation, the tumor emboli has to somehow adhere to
the endothelial cells in much the same as neutrophils do when
they extravasate from the blood vessels to the site of tissue injury.
Here most likely the tumor cells use either lectins such as selectins
and or integrins [23].

The data demonstrate that fetuin-A is not only a powerful che-
mo-attractant for tumor cells, more importantly it accelerates the

invasion of the Matrigel coated inserts by the cells. A number of
serum proteins including laminin and fibronectin are excellent
chemo-attractants [11]. However, the present data suggest that
fetuin-A is the dominant serum chemo-attractant that also sup-
ports invasion through extracellular matrix, and warrants further
in vivo studies to establish it as a major player in tumor metastasis.
We previously demonstrated that one of the functions of fetuin-A
and other members of the cystatin family is to protect matrix
metalloproteinases (MMPs) from autolysis enabling them to re-
main active for a long time outside cells [24]. We believe the estab-
lished fetuin-A gradient protected and maintained the activity of
MMPs secreted at the invasive front of the cells and which in turn
accelerated their invasion.

In summary our data suggest that fetuin-A is a major chemo-
attractant in sera or blood and that tumor cells have the potential
to follow its concentration gradient from the primary sites to the
nearest blood vessel andmost likely from the blood vessels to the
secondary sites of growth during extravasation in the metastatic
process. Furthermore, fetuin-A may also synergize with the tradi-
tional chemo-attractants such as SDF-1/CXCL12 to mediate the
chemotaxis of tumor cells. Lastly, fetuin-A is not only a chemo-
attractant, it also supports robust invasion of tumor cells through
extracellular matrices represented by Matrigel. This suggested dual
roles of fetuin-A would make it an ideal attractant for metastatic
cells into and from blood vessels through extracellular matrices.
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