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Abstract

We investigated the effect of plasminogen (Plg) on the
internalization of recombinant soluble melanotransferrin
(sMTf) using U87 human glioblastoma cells and murine
embryonic fibroblasts (MEF) deficient in the low-density
lipoprotein receptor-related protein (LRP). Using biospe-
cific interaction analysis, both Glu- and Lys-Plg were
shown to interact with immobilized sMTf. The binding of
sMTT at the cell surface increased in the presence of both
forms of Plg in control and in LRP-deficient MEF cells,
whereas the uptake was strongly stimulated only by Lys-
Plg in control MEF and U87 cells. In addition, in the pre-
sence of Lys-Plg, the internalization of SMTf was a satur-
able process, sensitive to temperature and dependent on
the integrity of lysine residues. The addition of the recep-
tor-associated protein, lactoferrin and aprotinin, as well
as a monoclonal antibody (mAb) directed against LRP,
inhibited the Lys-Plg-dependent uptake of sMTf. These
results suggest an important role for LRP in this process.
In addition, using binding and uptake assays in the pres-
ence of anti-annexin Il mAb, we showed that annexin Il
might be responsible for the initial binding of sMTf in the
presence of Plg. Our results suggest a Plg-mediated
internalization mechanism for the clearance of sMTf via
annexin Il and LRP.
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Introduction

For several decades, it has been assumed that plasmin
generation is fundamental both to fibrinolysis and to
many other biological processes involving the remodeling
of basement membranes and of the extracellular matrix
(Castellino and Ploplis, 2005). Plasminogen activators
(PAs), both urokinase-type (u-PA) and tissue-type (t-PA),
catalyze conversion of the inactive zymogen plasmino-
gen (Plg) to the active serine proteinase plasmin, which
facilitates cancer cell invasion into surrounding tissues

(Dano et al., 2005). Various cell receptors play significant
roles in the regulation of Plg activation at the cell surface.
These receptors can be classified on a functional basis
into two groups: activator receptors and clearance
receptors (Hajjar, 1995). It is likely that integrated actions
of both classes of receptors are essential for the homeo-
static regulation of plasmin generation at the cell surface
(Hajjar, 1995).

The activator receptors serve to localize Plg on the cell
surface and, in some cases, to potentiate Plg activation
into plasmin by PAs (Hajjar, 1995). These receptors are
expressed by several cell types, including endothelial and
tumor cells (Hajjar, 1995). Among them, the annexin Il
receptor specifically binds to circulating N-terminal glu-
tamic acid Plg (Glu-Plg) and mediates the conversion of
Glu-PIg to its truncated, non-circulating form, N-terminal
lysine Plg (Lys-Plg), through proteolytic release by a plas-
min-dependent mechanism of a 76-aa preactivation pep-
tide (Hajjar et al., 1994; Hajjar and Krishnan, 1999; Miles
et al., 2003). This process enhances the efficiency of Plg
activation by t-PA (Hajjar and Krishnan, 1999; Miles et
al., 20083). Another family, the clearance receptors, has
been shown to promote physiological clearance of plas-
min, Plg, PAs and PAs complexed with their inhibitors,
i.e., PAl (Hajjar, 1995). They are found primarily in hepato-
cytes, fibroblasts, tissue macrophages and tumor cells
such as glioblastoma (Zheng et al., 1994; Maletinska et
al., 2000). For example, the low-density lipoprotein
receptor-related protein (LRP) serves as a crucial regu-
lator of extracellular proteolytic activity by stimulating
the clearance from blood of Plg and of PAs such as the
u-PA:PAI-1 and the t-PA:PAI-1 complexes (Nykjaer et al.,
1992; Herz and Strickland, 2001; Hussain, 2001).

Melanotransferrin (MTf) is slightly expressed in normal
tissues, but is present at much larger amounts in neo-
plastic cells and fetal tissues (Brown et al., 1981). Two
forms of MTf have been described to date: a soluble MTf
(sMTf) and a glycosyl phosphatidylinositol (GPI)-anchor
membrane-bound MTf (mMTf) (Food et al., 2002). MTf
possesses a high level of sequence similarity (37 %-39%)
with human serum transferrin (Tf), human lactoferrin (Lf)
and chicken Tf (Brown et al., 1982). A study from our
laboratory demonstrated that sMTf transcytosis across
an in vitro model of the blood-brain barrier (BBB) could
involve LRP (Demeule et al., 2002).

Recently, we demonstrated that sMTf binds to Plg
(Demeule et al., 2003) and inhibits in vitro cell invasion
(Michaud-Levesque et al., 2005a), in vitro endothelial cell
(EC) migration and tubulogenesis (Demeule et al., 2003;
Michaud-Levesque et al., 2005b), as well as in vivo
angiogenesis (Michaud-Levesque et al., 2007). We also
observed that sMTf decreased the capacity of the EC
surface to activate Plg into plasmin (Demeule et al.,
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20083). In the present work, we investigated the internal-
ization of sMTf with regard to its interaction with Plg. Our
results indicate that annexin Il and LRP cooperate to
internalize sMTf in the presence of Plg.

Results

Glu- and Lys-Plg interact with sMTf

We first evaluated the interaction between human recom-
binant sMTf and both forms of Plg, i.e., Glu- and Lys-
type Plg, using real-time biological interaction analysis
(Figure 1A). For this analytical approach, sMTf was first
immobilized on the surface of a sensor chip by standard
NHS/EDC coupling procedures. When Glu- and Lys-Plg
(0.05 pg/pl)y were subsequently injected over immobi-
lized sMTf, protein interaction occurred between both
forms of Plg and sMTf (Figure 1A; left panel). However,
a stronger interaction could be observed when Glu-Plg
was injected over sMTf compared to Lys-Plg. In fact, the
net surface plasmon resonance (SPR) signals generated
by the interaction of immobilized sMTf with Glu- and Lys-
Plg were approximately 450 and 150 relative units (RU),
respectively (Figure 1A; right panel). The kinetic data
obtained from the binding of both Plgs to immobilized
sMTf biosensor surfaces were evaluated using 1:1 Lang-
muir binding model. The dissociation constants (Ky)
obtained are presented in Table 1. These results suggest
that Lys-Plg has lower affinity for immobilized sMTf com-
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Figure 1 Glu- and Lys-plasminogen interact with sMTf and
modulate its binding and uptake.

(A) Biospecific molecular interaction analysis of Plg with sMTf
using BlAcore technology. Glu-Plg and Lys-Plg (0.05 pg/ml),
diluted in Ringer/HEPES, were injected at a flow rate of 5
pl/min onto sMTf immobilized on a sensor chip. The SPR
response for these proteins was plotted in RU as a function of
time (left panel) and the net SPR signal was quantified and
expressed in RU for both forms of Plg (right panel). Results
obtained from a representative experiment are shown (n=3). (B)
Binding and uptake of ['?%]]-sMTf (16 nm) were measured using
U87 cell monolayers in the presence or absence of unlabeled
sMTf (2 wm), Glu- and Lys-Plg (150 nwm), as described in mate-
rials and methods. *p<0.05, **p<0.01 significant difference com-
pared to the corresponding control (n=3). (C) Uptake of
[1?°1]-sMTf (16 nm) was measured using U87 cell monolayers in
the presence of various concentrations of Glu- and Lys-Plg, as
described under materials and methods. Results are expressed
as specific sSMTf uptake by subtracting the background sMTf
uptake occurring without Plg (n=6).

Table 1 Dissociation constants (K,) for the inter-
action between Lys- and Glu-Plg and immobilized
sMTH.

Immobilized protein Ligand Ky (X108 m)

Glu-Plg 0.22
Lys-Plg 1.2
The dissociation constant (K,) was calculated
from the apparent association (K,) and dissocia-
tion (K,) constants.

sMTf

pared to Glu-Plg. Furthermore, we previously showed
that plasmin and angiostatine (K1-4), two Plg fragments,
do not interact with immobilized sMTf (Demeule et al.,
2003). Taken together, these results demonstrate that
sMTTf interaction is specific to the native Plg molecule.

Both Glu- and Lys-Plg increase sMTf binding,
whereas only Lys-Plg stimulates sMTf uptake on
U87 cell monolayers

Based on the observation that both types of Plg could
interact with sMTf, we then evaluated the impact of unla-
beled sMTf, as well as Glu- and Lys-Plg (150 nwm), on the
binding (4°C) and uptake (37°C) of human recombinant
['2%1]-sMTf by U87 cell monolayers (Figure 1B). Although
both Glu- and Lys-Plg similarly increased ['?%1]-sMTf
binding to the U87 cell surface in the binding assay, only
Lys-Plg strongly stimulated the uptake of [12%]]-sMTf. The
similar levels for both binding and uptake of ['21]-sMTf
in the presence or absence of Glu-Plg indicate that sMTf
uptake is unaffected by Glu-Plg. In addition, binding of
['2%1]-sMTf in the presence of Lys-Plg was clearly lower
than its uptake (Figure 1B). However, in the absence of
Plg (basal control condition), sMTf uptake was much low-
er and was unsaturable, since the internalization of ['2°l]-
sMTf could not be inhibited by a 125-fold molar excess
of unlabeled sMTf (2 Mm). This result suggests that SMTf
alone is not internalized by a specific mechanism in U87
cells. In addition, we evaluated uptake of ['2°1]-sMTf in
the presence of various concentrations of both Glu- and
Lys-Plg (Figure 1C). Uptake of ['?5]]-sMTf was strongly
stimulated in a dose-dependent manner in the presence
of Lys-Plg, in contrast to Glu-Plg, which had a minor
effect on this process. The apparent half-saturation con-
stant [K,,(@app)] and maximum velocity [V,,...(app)] for Glu-
and Lys-Plg-dependent sMTf uptake were estimated
from these curves (Table 2). The results indicate that Glu-
and Lys-Plg-dependent sMTf uptake demonstrate similar
affinity, whereas Lys-Plg increased the maximum sMTf
uptake velocity by at least three-fold compared to Glu-
Plg. Taken together, these results suggest that sMTf

Table 2 Plg-dependent apparent half-saturation constant
[Kn(app)] and maximum velocity [V,,..(app)] for sMTf uptake
on U87 cell monolayers.

Plg type  K.(app) (x10° m) Vinax(@PP)
(ng/mg total proteinxh)

Glu-Plg 133 1.3

Lys-Plg 103 4.6




internalization is due to a receptor-mediated active endo-
cytosis involving Lys-Plg.

€ACA, RAP and LRP ligands inhibit ['?1]-sMTf
uptake in the presence of Lys-Plg

To further characterize the internalization of human
recombinant sMTf, Lys-Plg-dependent uptake of [?°l]-
sMTf was measured using U87 cell monolayers in the
presence of unlabeled sMTf, cACA (a specific lysine-ana-
log Plg-binding inhibitor) and a2-AP (a plasmin inhibitor)
(Figure 2A). A 125-fold molar excess of unlabeled sMTf
(2 wm™m), as well as 100 mm eACA, inhibited Lys-Plg-
induced uptake of ['2%]-sMTf by approximately 90%. In
addition, Lys-Plg-dependent uptake of ['?%]]-sMTf was
unaffected by the «2-AP inhibitor (300 nm) under these
conditions. Moreover, a2-AP interacts with the plas-
min(ogen) lysine-binding sites located on Kringle 1 and 4
(Frank et al., 2003; Wang et al., 2003; Coughlin, 2005)
and also prevents plasmin formation and inhibits plasmin
activity (Levi et al., 1993; Syrovets and Simmet, 2004;
Rolland et al., 2006). Thus, these results indicate that for
the a2-AP binding domain of plasmin(ogen), i.e., Kringle
1 and 4, neither the generation of plasmin from Plg nor
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Figure 2 ¢ACA, RAP and LRP ligands inhibit the uptake of
sMTf in the presence of Lys-Plg.

(A) Uptake of ['2°]]-sMTf (16 nm) was measured using U87 cell
monolayers in the presence or absence of Lys-Plg (150 nwm),
unlabeled sMTf (2 ™), eéACA (100 mm) and a2-AP (300 nwm) as
described in materials and methods (n=6). (B) Binding and
uptake of ['?°I]-sMTf (16 nm) were measured using U87 cell
monolayers in the presence or absence of Lys-Plg (150 nwm), as
well as RAP (25 wg/ml) (n=3). (C) Uptake of ['2]]-sMTf (16 nwm)
was measured using U87 cell monolayers in the presence or
absence of Lys-Plg (150 nm), as well as unlabeled human Lf,
bovine aprotinin, human holo-Tf and BSA (2 ™) (n=6). *p<0.05,
**p<0.01, significant difference compared to the corresponding
control.
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the plasmin activity itself are involved in this mechanism.
Collectively, these results indicate that, in the presence
of Lys-Plg, uptake of sMTf is a saturable process that is
dependent on lysine residues.

It has been reported that sMTf transcytosis across
BBB may involve LRP (Demeule et al., 2002) and that
LRP could mediate Plg clearance in hepatocytes (Strick-
land et al., 1990; Hajjar, 1995). Thus, to investigate the
possible involvement of LRP in the internalization of SMTf
in the presence of Lys-Plg, binding and uptake experi-
ments were performed on U87 cell monolayers in the
presence of RAP, a protein chaperone that regulates LRP
and other LDL receptor family members (Bu, 2001) (Fig-
ure 2B). Recombinant RAP (25 w.g/ml) did not affect the
binding and uptake of ['?%]-sMTf alone, whereas RAP
completely abolished the increased uptake of ['2%]-sMTf
induced by Lys-Plg without affecting the binding to U87
cell monolayers, suggesting that sMTf internalization
might involve Lys-Plg and a member of the LDL-receptor
family, potentially LRP. However, the initial binding of
sMTf in the presence of Lys-Plg was unaffected by RAP.

To characterize the involvement of LRP in the Lys-Plg-
dependent uptake of sMTf, we performed ['?I]-sMTf
uptake experiments in the presence of Lys-Plg on U87
cell monolayers with or without a 125-fold molar excess
of human Lf (a ligand of LRP; Hussain, 2001), bovine
aprotinin (a polybasic drug that antagonizes ligand bind-
ing to LRP; Hussain, 2001), human holo-Tf and BSA
(2 ™) (Figure 2C). In these uptake assays, both Lf and
bovine aprotinin strongly inhibited [?°I]-sMTf uptake in
the presence of Lys-Plg, suggesting that LRP might be
involved in the Lys-Plg-dependent internalization of sMTf
in U87 cells. This is further supported by the observation
that BSA, which binds to LRP2 (megalin), another LDL-
receptor member (Hussain, 2001), had no impact on Lys-
Plg-dependent uptake of sMTf in U87 cells. Moreover,
the Lys-Plg-dependent uptake of ['?1]-sMTf was unaf-
fected by holo-Tf in U87 cell monolayers, indicating that
the transferrin receptor is not required for the internali-
zation process.

LRP is involved during ['?°l]-sMTf uptake in the
presence of Lys-Plg

To further determine whether sMTf internalization in
the presence of Lys-Plg is mediated via LRP, we used
MEF cells that were either positive or deficient for LRP
(LRP** and LRP-), as well as U87 cells. LRP expression
in these cell lines was characterized by Western blotting
(Figure 3A). Under non-reducing and denaturing condi-
tions, LRP was immunodetected at high levels in the U87
and LRP** cell lysates, whereas it was not detected in
LRP- cells (Figure 3A), indicating that these cells repre-
sent a suitable cellular model for studying the impact of
LRP expression on the Plg-dependent internalization of
sMTf. We first used these cells to confirm whether LRP
is involved in sMTT internalization in the presence of Lys-
Plg. As shown in Figure 3B,C, in the absence of Plg, the
binding and uptake of ['?°]-sMTf was not affected by a
125-fold molar excess of unlabeled sMTf (2 wm). This
suggests that sMTf internalization without Plg is not
saturable and is not mediated by a specific mechanism
in both LRP** and LRP~- MEF cells. However, ['?%]]-sMTf
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Figure 3 LRP is involved in sMTf uptake in the presence of
Lys-Plg.

(A) LRP was immunodetected in cell lysates (10 p.g protein) from
U87, LRP~- and LRP*/* cells using a mAb directed against LRP.
(B) Binding and (C) uptake of [5]]-sMTf (16 nm) were performed
using LRP~ and LRP*/* cell monolayers in the presence or
absence of Glu- and Lys-Plg (150 nm), as well as unlabeled sMTf
(2 pM) (n=3). *p<0.05, **p<0.01, significant difference compared
to the corresponding control.

binding increased to a similar extent in the presence of
either Glu- or Lys-Plg in both LRP” and LRP*™* cell
monolayers. This binding was saturable, since a 125-fold
molar excess of unlabelled sMTf (2 wm) reduced the
binding of ['2°1]-sMTf in the presence of either Glu- or
Lys-Plg (Figure 3B). We next measured the uptake of
[1?%1]-sMTf in the presence of Plg by LRP+- and LRP*/*
cell monolayers (Figure 3C). In these assays, Lys-Plg
strongly stimulated the uptake of [?%]]-sMTf in LRP*/*
compared to LRP-- cells (Figure 3C). In contrast, Glu-Plg-
dependent binding and uptake of ['?%1]-sMTf was equiv-
alent in LRP~- and LRP** cells. Taken together, these
experiments demonstrate that, after initial binding to
another cell surface receptor, LRP internalizes sMTf only
in the presence of Lys-Plg.

The impact of a mAb directed against LRP on Lys-PIg-
induced ['?°1]-sMTf uptake was examined to determine
whether LRP could be involved (Figure 4A,B). In U87
cells, Lys-Plg-dependent uptake of ['%1]-sMTf was
reduced by approximately 75% by the anti-LRP mAb
(5 ng/assay), while non-specific IgG had no significant
effect (Figure 4A). These results strongly suggest that
LRP is involved in the Lys-Plg-dependent internalization
of sMTf in U87 cells. The effect of the mAb directed
against LRP on the Lys-Plg-dependent uptake of [2%]-
sMTf was also measured in LRP~- and LRP*/* cell (Figure
4B). Addition of the anti-LRP mAb reduced the Lys-PIg-
induced increase in uptake of ['?%]-sMTf by LRP** cell
monolayers by approximately 75%, without affecting the
uptake observed in LRP- cells (Figure 4B). Our data for
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Figure 4 LRP is involved in the internalization of sMTf in the
presence of Lys-Plg.

(A) Uptake of ['2°1]-sMTf (16 nm) was performed using U87 cell
monolayers in the presence or absence of Lys-Plg (150 nm), as
well as a mAb directed against LRP (5 p.g/assay) or non-specific
control IgG (5 pg/assay) (n=6). (B) Uptake of [2°]]-sMTf (16 nm)
was measured on LRP and LRP*/* cell monolayers in the
presence or absence of Lys-Plg (150 nm), a mAb directed
against LRP (5 pg/assay) or non-specific control I1gG (5
lg/assay) as described under materials and methods (n=3).
*p<0.05, *p<0.01, significant difference compared to the cor-
responding control.

the anti-LRP mAb and MEF-deficient cells strongly sup-
port the fact that LRP is involved in sMTf internalization
in the presence of Lys-Plg. However, in LRP-deficient
cells, we found that: (1) sMTf binding was increased by
Glu- and Lys-Plg to a similar extent; (2) binding (4°C) and
uptake (37°C) of sMTf in the presence of Lys-Plg were
equal, indicating that the uptake observed rather corre-
sponds to cell surface binding; and (3) sMTf uptake in
the presence of Lys-Plg was observed in spite of the
presence of the anti-LRP mAb. In addition, Lys-Plg-
dependent sMTf binding was not affected by RAP in U87
cells. Overall, these results confirm that initial binding of
sMTf in the presence of Plg involved a cell-surface recep-
tor other than LRP.

Annexin Il is involved in the initial binding of sSMTf in
the presence of Plg

Annexin |l is one of the best-characterized receptors
involved in Plg binding and activation at the cell surface
(Hajjar, 1995). In fact, upon binding to annexin Il, Glu-Plg
is converted to Lys-Plg by a plasmin-dependent mech-
anism that promotes efficient generation of plasmin by
PAs (Hajjar, 1995; Hajjar and Krishnan, 1999; Miles et al.,
2003). To determine whether this receptor is involved in
initial binding of sMTf in the presence of Plg, we first
analyzed annexin Il expression levels in U87 and MEF
(LRP- and LRP**) cells by Western blotting (Figure 5A).
Under non-reducing and denaturing conditions, annexin
Il migrated as a 36-kDa protein and was immunodetect-
ed in U87 cells, as well as in both control and LRP-defi-
cient MEF cell lysates (Figure 5A). Using MEF (LRP-- and
LRP**) cell monolayers, we next measured the impact
of a mAb directed against annexin Il on the binding of
[?%1]-sMTf in the presence of Glu-Plg (Figure 5B) and Lys-
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Figure 5 Annexin Il is involved in the initial binding of sSMTf in
the presence of Plg.

(A) Annexin Il was immunodetected in cell lysates (10 g protein)
from U87, LRP-- and LRP*/* cells using a mAb specific for the
protein. The binding of [?1]-sMTf (16 nm) to LRP-- and LRP*/*
cell monolayers was measured in the presence of (B) Glu-Plg
(150 nm) or (C) Lys-Plg (150 nm), as well as a mAb directed
against annexin Il (5 pg/assay) or a non-specific control I1gG
(5 pg/assay) (n=3). *p<0.05, significant difference compared to
the corresponding control.

Plg (Figure 5C). Compared to non-specific control IgG,
addition of an anti-annexin Il mAb during the assay com-
pletely abolished Glu-Plg-dependent (Figure 5B) and Lys-
Plg-dependent binding of ['2%]-sMTf (Figure 5C) on both
LRP~- and LRP** cell monolayers. These results strongly
suggest the involvement of annexin Il during initial bind-
ing of sMTf in the presence of PIg.

Initial binding to annexin Il of sMTf in the presence
of Plg is required for its subsequent LRP
internalization

Based on the observation that annexin Il seems to play
a significant role during Plg-dependent initial binding of
sMTf to the cell surface, we next determined if this initial
binding is required for subsequent sMTf internalization by
LRP by monitoring the effect of the annexin Il mAb on
['2°1]-sMTf uptake in the presence of Lys-Plg by LRP*/*
(Figure 6A) and U87 cell monolayers (Figure 6B). Addition
of the annexin Il mAb during the assays completely abo-
lished ['?°]]-sMTf uptake in the presence of Lys-Plg on
both LRP** (Figure 6A) and U87 (Figure 6B) cell mono-
layers. These results thus suggest that sMTf internaliza-
tion by LRP in the presence of Plg is dependent on initial
binding to annexin II.

Discussion

Many known cell receptors have the ability to localize
and/or potentiate Plg activation at the cell surface or to
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(150 nm), a mAb directed against annexin Il (5 p.g/assay) or non-
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ference compared to the corresponding control.

mediate the physiological clearance of plasmin(ogen) and
PAs (Hajjar, 1995). These regulators of plasmin genera-
tion are fundamental to many physiological and patho-
logical processes, such as embryonic development,
wound healing, reproductive cycles, diabetic retinopathy,
chronic inflammation, angiogenesis, tumor growth and
metastasis (Castellino and Ploplis, 2005). Previous stud-
ies in our laboratory have shown that regulation of the
PAs-dependent plasminolytic system by sMTf inhibits
cell migration and invasion (Demeule et al., 20083;
Michaud-Levesque et al., 2005a), as well as EC tubulo-
genesis in vitro (Michaud-Levesque et al., 2005b) and
angiogenesis in vivo (Michaud-Levesque et al., 2007).
Here, we have demonstrated for the first time that Plg-
induced sMTf internalization by LRP requires initial bind-
ing to annexin 1.

Based on our previous findings that sMTf binds to Plg
(Demeule et al., 2003; Michaud-Levesque et al., 2005a),
we provide here the first evidence that binding of sMTf
to the cell surface is increased in the presence of both
Glu-Plg and Lys-Plg, but that only Lys-Plg has the ability
to stimulate the uptake of sMTT. In fact, Lys-Plg strongly
increased the maximum velocity [V,.(app)] of sMTf
uptake compared to Glu-Plg. However, in the absence of
Plg, sMTf internalization was much lower and was not
saturable, indicating that sMTf is not internalized by a
specific mechanism in U87 and MEF cells. The present
result is in agreement with a recent study showing that
sMTf is internalized by a non-specific process involving
adsorptive pinocytosis followed by lysosomal degrada-
tion (Food et al., 2002). Our results raise the interesting
possibility that, in the presence of Plg, sMTf could bind
to the cell surface and undergo receptor-mediated endo-
cytosis into cells.

The competition of ['*°1]-sMTf Lys-Plg-dependent
uptake with unlabeled sMTf in U87 and MEF cells con-
firmed the presence of a receptor for the sMTf:Lys-Plg
complex. Because sMTf shares many properties with
human Tf and because the Tf receptor has been detected
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in the same tissues that express MTT, it has been pos-
tulated that sMTf is an alternate ligand for the Tf receptor
(Rothenberger et al., 1996). Since human holo-Tf had no
effect on the Lys-Plg-dependent uptake of [2%1]-sMTT,
our results strongly indicate that the Tf receptor is not
involved in this process. In addition, BSA, an LRP2
(megalin) ligand, had no significant inhibitory effect in the
uptake assays, indicating that LRP2 is not implicated in
Lys-Plg-dependent internalization of sMTf. Using RAP, a
protein chaperone that is known to block the binding and
internalization of LRP and other LDL receptor ligands
(Bu, 2001), we showed that a member of the LDL-recep-
tor family is involved in the Lys-Plg-dependent uptake of
sMTf. We observed that Lf and aprotinin competed effi-
ciently with ['2%]-sMTf Lys-Plg-dependent uptake, sug-
gesting that these two proteins share the same receptor
used by sMTT in the presence of Plg. LRP, a member of
the large LDL-receptor family (Hussain, 2001), is the
receptor for Lf and aprotinin in various cell types (Hus-
sain, 2001). The involvement of this protein in the inter-
nalization of sMTT is strongly suggested by the inhibitory
effect of a mAb against LRP and the absence of uptake
observed in LRP-deficient MEF cells. Although LRP
could internalize sMTf in the presence of Lys-Plg, this
receptor was not involved in initial binding of the protein
to the cell surface, since RAP did not block this process.
Rather, we observed that annexin Il, a well-characterized
cell surface receptor for Plg (Hajjar, 1995; Hajjar and
Krishnan, 1999), is most likely involved in binding of sMTf
to the cell surface in the presence of both forms of Plg,
independent of LRP. Since the annexin Il mAb also inhibi-
ted the increased uptake of sMTf observed with Lys-Plg
compared to Glu-Plg, this further suggests that annexin
Il initially binds sMTf in the presence of Plg before its
subsequent internalization by LRP. Collectively, our data
thus indicate that annexin Il and LRP cooperate in order
to internalize sMTf in the presence of Plg.

A cooperative mechanism has been proposed for
endocytosis of the u-PA:PAI-1 complex by LRP (Herz et
al.,, 1992; Nykjaer et al., 1992). It has been reported that
u-PA complexed with PAI-1 was endocytosed by LRP on
human monocytes in vitro and during mouse embryo
implantation in vivo. However, initial binding of the u-
PA:PAI-1 complex to the cells appears to require u-PAR,
since RAP did not block the initial binding. To explain
such results, it was proposed that the ligand (u-PA:PAI-
1) was transferred from the u-PA receptor to LRP prior
to internalization. Another study by Schwartz and co-
workers showed that two receptor mechanisms are
involved in the clearance of tissue factor pathway inhibi-
tor (TFPI) by LRP in vivo (Narita et al., 1995; Warshawsky
et al., 1996). In this study, LRP did not appear to be the
major cell-surface receptor, since TFPI binding at 4°C
was not inhibited by RAP. This result is consistent with
the presence of an additional receptor. Using protamin
inhibitor, the group identified heparan sulfate proteogly-
cans as the second receptor involved in TFPI binding.
These results clearly demonstrate that two receptor sys-
tems are involved in the clearance of TFPI. Here, we pos-
tulate a similar cooperative receptor system involving
LRP and annexin Il for the clearance of sMTf in the pres-
ence of Plg. We propose that sMTf first interacts with

circulating Glu-Plg, forming a complex that could then be
recognized by annexin Il at the cell surface, via the Plg
molecule. Since annexin Il lacks a transmembrane
domain or a cytoplasmic tail, endocytosis is not an intrin-
sic characteristic of this receptor (Hajjar, 1995). Thus,
annexin Il could bind the sMTf:Plg complex and facilitate
the conversion of Glu-Plg to Lys-Plg. Our results clearly
demonstrate that: (1) the affinity of sMTf for Glu-Plg is
higher than that measured for Lys-PIg; (2) the initial bind-
ing of sMTf:Plg complexes involves annexin II; and (3)
the uptake of sMTf in higher in the presence of Lys-Plg.
Taken together, these results suggest that after initial
binding of the sMTf:Glu-Plg complex to annexin Il, the
conversion of Glu-Plg to Lys-Plg favors complex recruit-
ment and internalization by LRP.

This cooperative mechanism also involves lysine resi-
dues, as evidenced by the loss of uptake induced by
eACA. Lysine derivatives with free «-carboxyl groups,
such as ¢ACA, or peptides with carboxy-terminal lysine
residues, are effective inhibitors of Plg interaction (Sun et
al.,, 2002). Since sMTf does not possess a carboxy-ter-
minal lysine (Yang et al., 2004) and the interaction of Plg
with annexin Il involves a carboxy-terminal lysine (Hajjar,
1995), we hypothesize that the action of the lysine analog
eACA occurs via its binding to plasminogen, which pos-
sesses high-affinity lysine binding sites (Hajjar, 1995; Sun
et al., 2002). Thus, the inhibition of Lys-Plg-dependent
sMTf uptake by séACA may be related to competition
between sMTf and annexin Il or eACA for the lysine-bind-
ing sites located on Plg.

In conclusion, these are the first in vitro results indi-
cating that Plg may regulate cell-surface sMTf binding on
annexin |l and subsequent internalization by LRP. Previ-
ous investigations have shown that endogenous sMTf is
observed in human serum at a low concentration
(between 0.017 and 0.046 nm) (Brown et al., 1981; Ken-
nard et al., 1996; Kim et al., 2001; Ujiie et al., 2002). In
addition, human serum concentrations of Plg are much
higher (approx. 2 mm) (Miyashita et al., 1988). Based on
these observations, our results suggest that when sMTf
is released into the circulation or the extracellular space,
sMTf may interact with Plg and be internalized into cells
via a cooperative mechanism involving annexin Il and
LRP. Thus, this Plg-induced clearance of sMTf could
explain the low concentration of sMTf observed in human
serum. In addition, since membrane-bound MTf binds
and stimulates Plg activation by PAs (Michaud-Levesque
et al.,, 2005a), our results suggest that sMTf could, in
cooperation with annexin Il and LRP, regulate plasmin
generation by PAs at the cell surface. Further studies are
under way to elucidate the molecular events involved in
the intracellular trafficking of MTf following its internali-
zation by LRP.

Materials and methods

Chemicals and reagents

Truncated human recombinant sMTf, which is produced by
introducing a stop codon following the glycine residue at posi-
tion 711 of the full-length MTf cDNA (27-aa C-terminal deletion),
was kindly provided by Biomarin Pharmaceutical (Novato, CA,



USA). Glu-Plg and Lys-Plg were from Calbiochem (La Jolla, CA,
USA). CM5 sensor chips were from BlAcore (Piscataway, NJ,
USA). Monoclonal antibodies (mAbs) directed against LRP and
annexin Il were from Research Diagnostics Inc. (Flander, NJ,
USA) and Santa Cruz Biotechnology (Santa Cruz, CA, USA),
respectively. Non-specific IgG antibodies and other biochemical
reagents were from Sigma-Aldrich (Oakville, ON, Canada).

BlAcore analysis

sMTf was covalently coupled to a CM5 sensor chip via primary
amine groups using N-hydroxysuccinimide (NHS)/N-ethyl-N'-
(dimethylaminopropyl)carbodiimide (EDC) coupling agents, as
previously described (Jonsson et al., 1991). Briefly, carboxy-
methylated dextran was first activated with 50 .l of NHS/EDC
(50 mm/200 mw) at a flow rate of 5 l/min. sMTf (5 g) in 20 mm
acetate buffer, pH 4.0, was then injected and the unreacted
NHS-esters were deactivated with 35 wl of 1 m ethanolamine
hydrochloride, pH 8.5. Approximately 8000-10 000 RU of sMTf
was immobilized on the sensor chip surface. Ringer’s solution
or 50 mm Tris/HCI buffer (pH 7.5) containing 150 mm NaCl and
50 mm CaCl, was used as the eluent. Glu- and Lys-Plg were
diluted in the corresponding eluent and injected onto the sensor
chip surface. Protein interactions were analyzed using the Lang-
muir binding model, which is the simplest model for 1:1 inter-
action between ligand and immobilized analyte.

Cell culture

Human glioblastoma cells (U87), and murine embryonic fibro-
blast (MEF, LRP*/*) and LRP-deficient MEF (LRP) cells were
obtained from American Type Culture Collection (ATCC; Manas-
sas, VA, USA). U87 cells were cultured in modified Eagle’s medi-
um (MEM) from Invitrogen (Burlington, ON, Canada) containing
1 mm sodium pyruvate and 10% calf bovine serum. MEF cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
from Invitrogen containing 10% fetal bovine serum.

[**1]-sMTf binding and uptake assays in the
presence of Plg

sMTf was radioiodinated by standard procedures using Na-[1?]
(Amersham Pharmacia Biotech, Baie d’Urfé, QC, Canada) and
an iodo-beads kit from Pierce Chemical Co. (Rockford, IL, USA).
U87 and MEF cells were plated onto 12-well culture plates.
Binding experiments were performed at 4°C to limit internaliza-
tion during the procedure, whereas uptake experiments were
performed at 37°C. First, ['2%]]-sMTf (16 nm) was mixed with var-
ious Plg concentrations at room temperature for 15 min. After
incubation, binding or uptake assays were initiated by adding
16 nm ['21]-sMTf with or without Plg in Ringer/HEPES solution
(150 mm NaCl, 5.2 mm KCl, 2.2 mm CaCl,, 0.2 mm MgCl,, 6.0 mm
NaHCO,, 2.8 mm glucose, 5 mm HEPES, pH 7.4) to cell mono-
layers. Assays were also conducted in the presence of receptor-
associated protein (RAP) (25 g/ml), e-amino-n-caproic acid
(¢ACA; 100 mwm), a2-antiplasmin («2-AP; 300 nwm), a 125-fold
molar excess (2 wm) of unlabelled sMTf, human holo-Tf, human
Lf, bovine aprotinin or bovine serum albumin (BSA), as well as
in the presence of mAbs (5 g/assay) directed against LRP,
annexin Il or non-specific IgG (mouse IgG1 for LRP; rabbit IgG1
for annexin Il) as controls. After 2-h incubation, cells were
washed three times with Ringer/HEPES containing 0.1% oval-
bumin and lysed in NaOH (0.3 m). After precipitation with tri-
chloroacetic acid, cell-associated radioactivity was quantified
using a gamma counter.
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Western blot analysis

Near-confluent U87 and MEF (LRP”- and LRP*/") cells were
exposed to serum-free cell culture medium. After 6-h incubation,
conditioned media were removed and the cells were solubilized
in lysis buffer (1% Triton X-100, 0.5% Nonidet P-40, 150 mm
NaCl, 1 mm EDTA, 10 mm Tris, 2% N-octylglucoside, 1 mwm
orthovanadate, pH 7.5). Cell lysates (10 .g) were subjected to
sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophore-
sis (SDS-PAGE) and separated proteins were then transferred to
polyvinylidene difluoride (PVDF) membranes (Perkin Elmer Life
Sciences, Boston, MA, USA). Following transfer, immunodetec-
tion was performed using mAbs directed against LRP or annexin
Il.

Data analysis

Data are expressed as meantSD. Statistical analyses were per-
formed with Student’s t-test when one group was compared
with the control group. To compare two or more groups with the
control group, one-way analysis of variance (ANOVA) with Dun-
nett’s post hoc test were used. All statistical analyses were
performed using GraphPad Prism version 4.0c for Macintosh
(GraphPad Software, San Diego, CA, USA; www.graphpad.
com). Significance was assumed for p values less than 0.05.

Acknowledgments

Many thank to Dr. Denis Gingras for his helpful comments on
this manuscript. This study was supported in part by grant from
the Natural Sciences and Engineering Research Council of
Canada (NSERC) to R.B. R.B. is also holder of a Research Chair
in Cancer Prevention from Université du Québec a Montréal
(UQAM). J.M.L. is a recipient of a Ph.D. scholarship from the
Fonds de la Recherche en Santé du Québec (FRSQ). We are
very grateful to Biomarin Pharmaceutical and Dr. Bu for provid-
ing sMTf and RAP, respectively. We also thank Julie Poirier for
her technical support.

References

Brown, J.P., Hewick, R.M., Hellstrom, I., Hellstrom, K.E., Doolit-
tle, R.F.,, and Dreyer, W.J. (1982). Human melanoma-associ-
ated antigen p97 is structurally and functionally related to
transferrin. Nature 296, 171-173.

Brown, J.P., Woodbury, R.G., Hart, C.E., Hellstrom, I., and Hell-
strom, K.E. (1981). Quantitative analysis of melanoma-asso-
ciated antigen p97 in normal and neoplastic tissues. Proc.
Natl. Acad. Sci. USA 78, 539-543.

Bu, G. (2001). The roles of receptor-associated protein (RAP) as
a molecular chaperone for members of the LDL receptor
family. Int. Rev. Cytol. 209, 79-116.

Castellino, F.J. and Ploplis, V.A. (2005). Structure and function of
the plasminogen/plasmin system. Thromb. Haemost. 93,
647-654.

Coughlin, P.B. (2005). Antiplasmin: the forgotten serpin? FEBS
J. 272, 4852-4857.

Dano, K., Behrendt, N., Hoyer-Hansen, G., Johnsen, M., Lund,
L.R., Ploug, M., and Romer, J. (2005). Plasminogen activation
and cancer. Thromb. Haemost. 93, 676-681.

Demeule, M., Poirier, J., Jodoin, J., Bertrand, Y., Desrosiers,
R.R., Dagenais, C., Nguyen, T., Lanthier, J., Gabathuler, R.,
Kennard, M., et al. (2002). High transcytosis of melanotrans-
ferrin (P97) across the blood-brain barrier. J. Neurochem. 83,
924-938.



754 J. Michaud-Levesque et al.

Demeule, M., Bertrand, Y., Michaud-Levesque, J., Jodoin, J.,
Rolland, Y., Gabathuler, R., and Beliveau, R. (2003). Regula-
tion of plasminogen activation: a role for melanotransferrin
(p97) in cell migration. Blood 702, 1723-1731.

Food, M.R., Sekyere, E.O., and Richardson, D.R. (2002). The
soluble form of the membrane-bound transferrin homologue,
melanotransferrin, inefficiently donates iron to cells via non-
specific internalization and degradation of the protein. Eur. J.
Biochem. 269, 4435-4445.

Frank, P.S., Douglas, J.T., Locher, M., Llinas, M., and Schaller,
J. (2003). Structural/functional characterization of the a2-
plasmin inhibitor C-terminal peptide. Biochemistry 42, 1078-
1085.

Hajjar, K.A. (1995). Cellular receptors in the regulation of plasmin
generation. Thromb. Haemost. 74, 294-301.

Hajjar, K.A. and Krishnan, S. (1999). Annexin Il: a mediator of
the plasmin/plasminogen activator system. Trends Cardio-
vasc. Med. 9, 128-138.

Hajjar, K.A., Jacovina, A.T., and Chacko, J. (1994). An endothelial
cell receptor for plasminogen/tissue plasminogen activator. I.
Identity with annexin Il. J. Biol. Chem. 269, 21191-21197.

Herz, J. and Strickland, D.K. (2001). LRP: a multifunctional scav-
enger and signaling receptor. J. Clin. Invest. 108, 779-784.

Herz, J., Clouthier, D.E., and Hammer, R.E. (1992). LDL receptor-
related protein internalizes and degrades uPA-PAI-1 com-
plexes and is essential for embryo implantation. Cell 77,
411-421.

Hussain, M.M. (2001). Structural, biochemical and signaling
properties of the low-density lipoprotein receptor gene fam-
ily. Front. Biosci. 6, D417-428.

Jonsson, U., Fagerstam, L., Ivarsson, B., Johnsson, B., Karls-
son, R., Lundh, K., Lofas, S., Persson, B., Roos, H., Ronn-
berg, I, et al. (1991). Real-time biospecific interaction
analysis using surface plasmon resonance and a sensor chip
technology. Biotechniques 77, 620-627.

Kennard, M.L., Feldman, H., Yamada, T., and Jefferies, W.A.
(1996). Serum levels of the iron binding protein p97 are ele-
vated in Alzheimer’s disease. Nat. Med. 2, 1230-1235.

Kim, D.K., Seo, M.Y., Lim, S.W., Kim, S., Kim, J.W., Carroll, B.J.,
Kwon, D.Y., Kwon, T., and Kang, S.S. (2001). Serum melano-
transferrin, p97 as a biochemical marker of Alzheimer’s dis-
ease. Neuropsychopharmacology 25, 84-90.

Levi, M., Roem, D., Kamp, A.M., de Boer, J.P,, Hack, C.E., and
ten Cate, J.W. (1993). Assessment of the relative contribution
of different protease inhibitors to the inhibition of plasmin in
vivo. Thromb. Haemost. 69, 141-146.

Maletinska, L., Blakely, E.A., Bjornstad, K.A., Deen, D.F., Knoff,
L.J., and Forte, T.M. (2000). Human glioblastoma cell lines:
levels of low-density lipoprotein receptor and low-density
lipoprotein receptor-related protein. Cancer Res. 60,
2300-2303.

Michaud-Levesque, J., Demeule, M., and Beliveau, R. (2005a).
Stimulation of cell surface plasminogen activation by
membrane-bound melanotransferrin: a key phenomenon for
cell invasion. Exp. Cell Res. 308, 479-490.

Michaud-Levesque, J., Rolland, Y., Demeule, M., Bertrand, Y.,
and Beliveau, R. (2005b). Inhibition of endothelial cell move-
ment and tubulogenesis by human recombinant soluble
melanotransferrin: involvement of the u-PAR/LRP plasmino-
lytic system. Biochim. Biophys. Acta 1743, 243-253.

Michaud-Levesque, J., Demeule, M., and Beliveau, R. (2007). In
vivo inhibition of angiogenesis by a soluble form of melano-
transferrin. Carcinogenesis 28, 280-288.

Miles, L.A., Castellino, F.J., and Gong, Y. (2003). Critical role for
conversion of Glu-plasminogen to Lys-plasminogen for opti-
mal stimulation of plasminogen activation on cell surfaces.
Trends Cardiovasc. Med. 713, 21-30.

Miyashita, C., Wenzel, E., and Heiden, M. (1988). Plasminogen:
a brief introduction into its biochemistry and function.
Haemostasis 78 (Suppl. 1), 7-13.

Narita, M., Bu, G., Olins, G.M., Higuchi, D.A., Herz, J., Broze,
G.J. Jr,, and Schwartz, A.L. (1995). Two receptor systems are
involved in the plasma clearance of tissue factor pathway
inhibitor in vivo. J. Biol. Chem. 270, 24800-24804.

Nykjaer, A., Petersen, C.M., Moller, B., Jensen, P.H., Moestrup,
S.K., Holtet, T.L., Etzerodt, M., Thogersen, H.C., Munch, M.,
Andreasen, PA., et al. (1992). Purified a2-macroglobulin
receptor/LDL  receptor-related protein binds  uroki-
nase:plasminogen activator inhibitor type-1 complex. Evi-
dence that the a2-macroglobulin receptor mediates cellular
degradation of urokinase receptor-bound complexes. J. Biol.
Chem. 267, 14543-14546.

Rolland, Y., Demeule, M., and Beliveau, R. (2006). Melanotrans-
ferrin stimulates t-PA-dependent activation of plasminogen
in endothelial cells leading to cell detachment. Biochim. Bio-
phys. Acta 1763, 393-401.

Rothenberger, S., Food, M.R., Gabathuler, R., Kennard, M.L.,
Yamada, T., Yasuhara, O., McGeer, P.L., and Jefferies, W.A.
(1996). Coincident expression and distribution of melano-
transferrin and transferrin receptor in human brain capillary
endothelium. Brain Res. 772, 117-121.

Strickland, D.K., Ashcom, J.D., Williams, S., Burgess, W.H.,
Migliorini, M., and Argraves, W.S. (1990). Sequence identity
between the «2-macroglobulin receptor and low-density
lipoprotein receptor-related protein suggests that this mole-
cule is a multifunctional receptor. J. Biol. Chem. 265,
17401-17404.

Sun, Z., Chen, Y.H., Wang, P., Zhang, J., Gurewich, V., Zhang,
P, and Liu, J.N. (2002). The blockage of the high-affinity
lysine binding sites of plasminogen by EACA significantly
inhibits prourokinase-induced plasminogen activation. Bio-
chim. Biophys. Acta 7596, 182-192.

Syrovets, T. and Simmet, T. (2004). Novel aspects and new roles
for the serine protease plasmin. Cell. Mol. Life Sci. 67,
873-885.

Ujiie, M., Dickstein, D.L., and Jefferies, W.A. (2002). p97 as a
biomarker for Alzheimer’s disease. Front. Biosci. 7, e42-47.

Wang, H., Yu, A., Wiman, B., and Pap, S. (2003). Identification
of amino acids in antiplasmin involved in its noncovalent
‘lysine-binding-site’-dependent interaction with plasmin. Eur.
J. Biochem. 270, 2023-2029.

Warshawsky, |., Herz, J., Broze, G.J. Jr., and Schwartz, A.L.
(1996). The low density lipoprotein receptor-related protein
can function independently from heparan sulfate proteogly-
cans in tissue factor pathway inhibitor endocytosis. J. Biol.
Chem. 271, 25873-25879.

Yang, J., Tiong, J., Kennard, M., and Jefferies, W.A. (2004). Dele-
tion of the GPI pre-anchor sequence in human p97 - a gen-
eral approach for generating the soluble form of GPI-linked
proteins. Protein Expr. Purif. 34, 28-48.

Zheng, G., Bachinsky, D.R., Stamenkovic, I., Strickland, D.K.,
Brown, D., Andres, G., and McCluskey, R.T. (1994). Organ
distribution in rats of two members of the low-density lipo-
protein receptor gene family, gp330 and LRP/a2MR, and the
receptor-associated protein (RAP). J. Histochem. Cytochem.
42, 531-542.

Received November 23, 2006; accepted April 3, 2007



