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ABSTRACT: The glycoprotein bovine lactadherin (formerly known as PAS-6/7) comprises two EGF-like
domains and two C-like domains found in blood clotting factors V and VIII. Bovine lactadherin binds to
Rvâ5 integrin in an RGD-dependent manner and also to phospholipids, especially phosphatidyl serine. To
define and characterize these bindings the interactions between lactadherin and different mammalian cell
types were investigated. Using recombinant forms of bovine lactadherin, the human breast carcinomas
MCF-7 cells expressing theRvâ5 integrin receptor were shown to bind specifically to RGD containing
lactadherin but not to a mutated RGE lactadherin. A monoclonal antibody against theRvâ5 integrin receptor
and a synthetic RGD-containing peptide inhibited the adhesion of MCF-7 cells to lactadherin. Green
monkey kidney MA-104 cells, also expressing theRvâ3 together with theRvâ5 integrin, showed binding
to bovine lactadherin via both integrins. To investigate the interaction of lipid with lactadherin two fragments
were expressed corresponding to the C1C2 domains and the C2 domain. Both fragments bound to
phosphatidyl serine in a concentration-dependent manner with an affinity similar to native lactadherin
(Kd ) 1.8 nM). A peptide corresponding to the C-terminal part of the C2 domain inhibited the binding
of lactadherin to phospholipid in a concentration-dependent manner, and finally it was shown that lactadherin
mediates binding between artificial phosphatidyl serine membranes and MCF-7 cells. Taken together
these results show that lactadherin can act as link between two surfaces by binding to integrin receptors
through its N-terminus and to phospholipids through its C-terminus.

The bovine glycoprotein lactadherin is an abundant
peripheral protein associated with the milk fat globule
membrane but is also found in a wide range of tissues and
is present in several body fluids (1, 2). Lactadherin consists
of two N-terminal EGF-like domains followed by two
repeated C domains with homology to the C1 and C2
domains of blood clotting factor V and factor VIII. Two
glycosylation variants of the bovine protein exist (formerly
known as PAS-6 and PAS-7) (3). Orthologous proteins have
been characterized in mouse (MFG-E8,4), rat (rAGS,5),
pig (P47,6), and human (BA46 or lactadherin,7), and several
splice variants have been described (3, 8). Moreover, a
second gene encoding a lactadherin-like protein called Del1
has been identified in mouse, but this protein is only
expressed in the embryo endothelium for a short period (9,
10).

The second EGF domain of bovine lactadherin contains
an Arg-Gly-Asp (RGD)1 cell adhesion sequence motif
recognized by integrin receptors (3, 7). The integrins form
a group of heterodimeric divalent cation-dependent cell
surface receptors which facilitate cell adhesion to extracel-
lular matrix proteins and cell-cell adhesion. The family
consists of over 20 integrins composed ofR andâ subunits

and is highly conserved across species. Ligands to integrin
receptors are mainly extracellular matrix proteins such as
fibronectin and collagen. Binding the ligand may result in
changes in cell life such as adhesion, differentiation,
proliferation, and death of cells (11). The RGD motif in
lactadherin is located at the turn of the B-loop in the EGF
domain and is thereby likely to be exposed to the surround-
ings. Moreover, the sequence motif in lactadherin is con-
served in all species. Subsequently, lactadherin proved to
be an integrin receptor ligand, since affinity chromatography
against bovine lactadherin purified theRvâ5 integrin receptor
(2). Likewise, human lactadherin and mouse Del1 have been
demonstrated to interact with endothelial cells expressing the
Rvâ3 integrin (9, 12). In addition to the association with
integrin, lactadherin has the ability to bind cell surfaces
directly; e.g., bovine and human lactadherin have been shown
to bind anionic phospholipid (2, 13). Due to the homology
with regions in blood clotting factor V and factor VIII, this
binding is assumed to be associated with the C-like domains
in lactadherin (14, 15).

Little is known about the physiological function of
lactadherin, and it remains to be confirmed whether it binds
integrin receptors and the lipid surface of the same cells.
On the other hand, it seems likely that the function is of a
more general character, as lactadherin is widely expressed
(2, 5, 6, 16). In pig, it has been suggested that lactadherin
could be involved in oocyte/gamete interactions, since
considerable amounts could be purified from zone pellucidae
(6). Rat lactadherin was identified as anO-acetyl ganglioside
synthase, since transfection of 9-O-acetyl ganglioside nega-
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tive cells with a mammalian expression cDNA library,
followed by selection of 9-O-acetyl ganglioside positive cells,
resulted in the isolation of the lactadherin encoding cDNA
(5). However, the function as a synthase remains to be
confirmed. Human lactadherin has drawn much attention in
relation to breast cancer, where it is being tested as a
prognostic marker (17). It has also proved to be an antiviral
protein as it can inhibit infection of MA-104 cells by
rotavirus (13). This effect is probably based on the carbo-
hydrates linked to the protein (18). Recently, a fragment
called medin from human lactadherin has been characterized
as an amyloid deposit constituent found around small vessels
entering the aortic wall (19). Finally, Del1 has an effect on
the angiogenesis of blood vessels in the developing embryo
(9, 10). In the present work we have used recombinant forms
or fragments of bovine lactadherin in order to pursue the
role of specific regions in cell interactions.

EXPERIMENTAL PROCEDURES

Antibodies and Peptides.Blocking monoclonal antibodies
against humanRvâ5 (P1F6, IgG1) andRvâ3 (LM609, IgG1)
integrin receptors were purchased from Chemicon. Mono-
clonal control antibodies to initiation factor 2â (2CE5, 1DB2,
both IgG1) were a kind gift from Dr. H. U. Sperling-Petersen,
University of Aarhus. Peptides interfering with integrin-
ligand and lactadherin-lipid interactions were synthesized by
Schafer-N, Copenhagen, Denmark (SHRGDVF, RGD pep-
tide hereinafter), ARFVRIQPVAWHNRITLRVELL (mem-
brane peptide hereinafter), or purchased from Bachem,
Switzerland (GRGESP, RGE peptide hereinafter).

Protein Expression and Purification.Methanol-inducible
yeastPichia pastoris(Invitrogen, Carlsbad, CA) was used
to express recombinant protein constructions (Figure 1).
Using PCR with primers PCR1 and PCR2, a cDNA encoding
full-length bovine lactadherin (3) was cloned into the pPIC9K
expression vector. The N-terminus was reverted to the
original using primer MUT1 and the Chameleon site-directed
mutagenesis kit (Stratagene, La Jolla, CA). From this
construct truncated lactadherin C1C2 and C2 domain versions
were made (rC1C2 and rC2) by introducing restriction sites
with primers MUT2 and MUT3 by site-directed mutagenesis.
Likewise, the mutation of Asp69 to glutamic acid was done
using MUT4 (rLactadherin-RGE). Primers used: PCR1, 5′-
TCGCCTACGTAGGTGACTTCTGTGACTCCA; PCR2, 5′-
CCTAAGAATTCGGGATGGCTTGAGGACTGG; MUT1,
5′-GAGAAAAGAGAGGCTGAAGCTTTCTCCGGTGAC-
TTCTGTGAC; MUT2, 5′-GGATACGTGGGCATCCAC-

TACGTAACCACCTGCACCTC; MUT3, 5′-GGCTGTGAG-
TAGTACGTATGCACTGA; MUT4, 5′-CCCACCGAGGGG-
AAGTCTTCATCCAG. Obtained constructions were sub-
jected to sequencing analyses. The SMD1168 yeast strain
(Invitrogen, Carlsbad, CA) was transformed by electropo-
ration and screened for expression by western blotting.
Promising clones were selected for large scale expressions
in buffered methanol-complex medium. Before methanol
induction high cell density was obtained in buffered glycerol-
complex medium. After incubation with methanol, the
medium was recovered by centrifugation (16 000g, 10 min)
and precipitated with 80% (w/v) (NH4)2SO4. The precipitate
was resuspended in and dialyzed against 50 mM Tris-HCl,
pH 7.4, 150 mM NaCl overnight. Affinity chromatography
on a 1.5× 10 cm agarose column (Mini-Leak Medium,
Kem-En-Tec, Copenhagen, Denmark) coupled with 30 mg
of anti-lactadherin IgG was used to purify all recombinant
constructs. The dialyzed medium was applied onto the
column equilibrated in 50 mM Tris-HCl, pH 7.4, 150 mM
NaCl (10 mL/h), which was then washed with 10 column
volume 50 mM Tris-HCl, pH 7.4, 0.5 M NaCl. By the
decrease of pH with 100 mM glycine at pH 2.35, bound
protein was eluted and pH in fractions was adjusted to 8.0
with 3 M Tris-HCl, pH 8.0. Eluted protein was dialyzed
against 50 mM NH4HCO3, pH 7.8, and concentrated on an
Amicon cell followed by determination of the N-terminal
amino acid sequence and amino acids analysis. Native
lactadherin was purified from bovine milk as previously
described (3).

Cell Adhesion Assay.Tissue culture cluster plates (96-
well, Costar Corp., Cambridge, MA) were coated overnight
at 4 °C with proteins diluted in phosphate-buffered saline
(PBS, 7 mM Na2HPO4, 3 mM NaH2PO4, pH 7.3, 130 mM
NaCl) to the appropriate concentrations. Controls contained
either bovine serum albumin (BSA) in PBS buffer or just
PBS buffer. The next day plates were washed 3 times with
PBS buffer and blocked with 200µL of 10 mg/mL BSA in
PBS buffer. Human breast carcinomas MCF-7 cells (ATCC,
HTB-22) and green monkey kidney MA-104 cells (ATCC,
CRL-2378) were grown to near confluence in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum,L-glutamine, penicillin, and streptomycin
(BioWhittaker, Walkersville, MD). Cells were detached with
trypsin in PBS buffer/EDTA and washed twice with DMEM
with glutamine, penicillin, streptomycin, and 10 mg/mL BSA
before resuspending in the same medium. Cells were plated
at 40 000 cells/well and allowed to adhere for 1 h at 37°C.
If added, IgG (50µg/mL) or peptide (0.2 mM) was incubated
with cells in suspension for 1 h at 37°C before plated. Wells
were then washed 3 times in PBS buffer. Detection of
adherent cells was performed essentially as described by
Lewis et al. (20). Cells were incubated with 100µL of 50
mM sodium citrate, pH 5.0, 0.4% Triton X-100, and 3 mg/
mL nitrophenyl phosphate (Sigma Chemical Co., St. Louis,
MO) for 2 h at 37°C with shaking. After addition of 25µL
of 1 M NaOH a sample of 50µL was added to 50µL of
water in a microtiter plate (Nunc, Roskilde, Denmark), and
the absorbance at 405 nm was determined in a Bio-Tek EL
311s Autoreader (Bio-Tek, Winooski, VT). A calibration
experiment of cells in suspension showed that absorbance
values were directly proportional to cell number in the range
from 500 to 50 000 cells (MCF-7: 100% adhesion∼ 35 000

FIGURE 1: Schematic representation of bovine lactadherin and
expressed fragments. Carbohydrate sites are marked with9 for
shared glycosylation and with≤ for differential glycosylation (3).
The position of the RGD motif is indicated, and disulfide bridges
are shown with lines. The Asp69 to glutamic acid point mutation
in rLactadherin-RGE is indicated.
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cells; MA-104: 100% adhesion∼ 18 000 cells). Unspecific
adhesion to BSA was subtracted from results, and all
experiments were performed at least three times, all yielding
representative results.

A modification of the above method was used when testing
lactadherin as a cell linker protein. Phospholipid solutions
of 3 µg/mL in methanol (100µL) were plated and dried at
room temperature, before blocked with 10 mg/mL BSA in
PBS buffer (200µL per well). Lactadherin was diluted to
the appropriate concentration in 10 mg/mL BSA in PBS
buffer (100µL/well) and incubated for 2 h at 37°C. Plates
were then washed in PBS buffer, and cells were added to
the wells. As control, lactadherin added to PS negative and
also to BSA blocked wells showed no MCF-7 adhesion (data
not shown). Detection was performed as described above.

Lipid Binding Using Solid-Phase ELISA.The solid-phase
ELISA for lactadherin, rC1C2, and rC2 binding to phos-
pholipid was performed as described (21). Binding to L-R-
phosphatidyl-L-serine (PS) (Sigma Chemical Co., St. Louis,
MO) was tested by adding 100µL of PS solution (3µg/mL
in methanol) to microtiter plates and allowed to dry at room
temperature. All subsequent steps were performed at 37°C,
and plates were washed 3 times between steps with Tris-
buffered saline (TBS) and 0.05% Tween-20. The plates were
blocked with 200µL of TBS with 0.05% (w/v) gelatine
(blocking buffer). Proteins were diluted to the appropriate
concentration in blocking buffer, and 100µL was added per
well. When inhibitory lactadherin C-terminal peptide (Ala386-
Leu407) was added, it was mixed with appropriate protein
prior to the addition to the well. The plates were then
incubated with 100µL of polyclonal rabbit antibody against
lactadherin diluted in blocking buffer (0.5µg/mL). Finally,
plates were incubated with 100µL of peroxidase-labeled
swine antirabbit antibodies diluted 1:2000 in blocking buffer.
Bound peroxidase activity was measured by adding 100µL
of 1,2-phenyleneamine dihydrochloride (DAKO, Glostrup,
Denmark) dissolved in 12 mL of 0.1 M sodium citrate, pH
5.0. Reactions were stopped with 100µL of 2 M H2SO4 after
4 min incubation at room temperature, and the absorbance
at 490 nm was measured. Protein concentration in the protein
stocks was determined by amino acid analysis.

RESULTS

Lactadherin Facilitates Human MCF-7 Cell Adhesion.
Bovine and human lactadherin has been shown to bindRvâ5

andRvâ3 integrins, respectively (2, 12), which prompted us
to investigate the integrin association further. Interaction of
integrin receptors with bovine lactadherin was surveyed by
a cell adhesion assay performed in microtiter plates. Recently,
it was shown that the human breast cancer cell line MCF-7
expresses theRvâ5 integrin but not theRvâ3 integrin receptor
(22). Therefore this cell line was chosen as target for
lactadherin-mediated adhesion. Purified lactadherin was used
to coat wells of microtiter plates, and cells were allowed to
adhere to the coated wells for 1 h. After incubation the
number of adherent cells was assayed using a colorimetric
method. The assay proved versatile, since lactadherin medi-
ated binding of MCF-7 cells in a concentration-dependent
manner (Figure 2A). Maximal MCF-7 binding was obtained
when the wells were coated with lactadherin at a concentra-
tion of 20-30 nM. Thus, for the following experiments

coating was performed with 43 nM solutions. When cells
were inspected under light microscope, they adhered and
spread on lactadherin and displayed normal cell morphology.
This was not observed when plated on BSA or if EDTA
was added (data not shown).

FIGURE 2: Cell adhesion assays of MCF-7 cells to lactadherin. (A)
Wells of microtiter plates were coated with bovine lactadherin in
various amounts purified from bovine milk. After the blocking of
wells with PBS-buffer/1% BSA 100µL of cells suspended in
DMEM/1% BSA (40 000/well) was added and cells were allowed
to adhere for 1 h at 37°C. After the washing of wells with PBS
buffer, bound cells were quantified with a colorimetric endogenous
cellular phosphatase assay. Control wells were coated with BSA.
(B) Inhibition of MCF-7 cell attachment to lactadherin (2µg/mL
coating) by integrin blocking peptides. Cells in suspension were
incubated with RGD peptide (b) or RGE peptide (9) at indicated
concentrations before addition to wells. (C) MCF-7 cell attachment
to lactadherin, recombinant rLactadherin, and rLactadherin-RGE
(2 µg/mL). Cells in suspension were incubated without blocking
peptide (solid bars), 0.2 mM RGD peptide (open bars), or 0.2 mM
RGE peptide (crosshatched bars). For all experiments data are
expressed as mean( standard deviation (n ) 4).
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RGD Motif in Lactadherin Is Responsible for Cell Adhe-
sion.To investigate whether MCF-7 binding to lactadherin
was solely dependent on the RGD cell adhesion motif, a 7
amino acid synthetic peptide comprising the RGD region in
lactadherin was used in peptide inhibiting studies. As the
peptide concentration was increased, the number of cells
attached decreased as expected (Figure 2B). With 10µM
peptide significant inhibition was observed, at 100µM
binding was reduced to approximately 30%, and finally at
500 µM RGD peptide no MCF-7 adhesion was observed.
As control, added RGE peptide had no effect even in high
concentrations (500µM).

Recombinant rLactadherin but Not rLactadherin-RGE
Supported MCF-7 Cell Adhesion.To supplement the peptide
inhibiting studies site-directed mutagenesis was used to
generate two recombinant lactadherin constructs inPichia
pastorisyeast. According to the peptide inhibiting experi-
ments, mutating Asp65 to Glu (rLactadherin-RGE) should
abolish the integrin binding. As shown in Figure 2C,
rLactadherin-RGE displayed no binding site for the MCF-7
cells whereas the controls, lactadherin and rLactadherin, were
both able to adhere to the cells. Moreover, adding RGD
peptide together with the cells inhibited the binding to both
lactadherin and rLactadherin, but no significant effect was
seen with the RGE control peptide (Figure 2C). The observed
reduced binding ability of rLactadherin, when compared to
purified native lactadherin, may be due to incorrect folding
in the EGF tandem repeat, since we were unable to obtain
correct folding during attempts to express this part alone (data
not shown). This was subsequently confirmed by limited
proteolysis followed by peptide mapping of lactadherin,
rLactadherin, and rLactadherin-RGE (not shown).

Specific Inhibition of Cell Adhesion to Lactadherin by
Monoclonal Antibody toRVâ5 Integrin Receptor.To verify
that theRvâ5 integrin receptor was involved in MCF-7 cell
adhesion to lactadherin, the effect of a monoclonal antibody
P1F6 able to inhibit ligand binding to theRvâ5 integrin was
tested. This was performed by preincubating MCF-7 cells
with P1F6 for 1 h prior to analysis for adhesion to
lactadherin. The antibody reduced the MCF-7 adhesion to
lactadherin to less than 20% (Figure 3A). Two control
monoclonal antibodies to an intracellular protein had no
effect on the adhesion to lactadherin when added in the same
concentration as P1F6.

BoVine Lactadherin Binds both theRVâ3 andRVâ5 Integrin
Receptors.Since human lactadherin has been shown to bind
the Rvâ3 integrin receptor, green monkey kidney MA-104
cells expressing functionally activeRvâ3 integrin receptor
(12) were investigated for the ability to adhere to bovine
lactadherin. Like MCF-7 cells, the MA-104 cells bound to
lactadherin as a function of the amount of protein in the well
reaching a maximum when 20-30 nM was used for coating.
Furthermore, MA-104 cells were unable to adhere to
rLactadherin-RGE (data not shown). To identify which
receptor is involved in binding, the effects of two monoclonal
antibodies were assayed. The antibody LM609 inhibiting the
Rvâ3 integrin reduced MA-104 cell adhesion to lactadherin
to under 20%, whereas theRvâ5 specific antibody P1F6
inhibited adhesion to about 50% of the control (Figure 3B).
Thus, bovine lactadherin is a ligand for both theRvâ3 and
Rvâ5 integrin receptors, when assayed against the human
receptors.

Phospholipid Interaction Is Mediated by a C-Terminal
Segment of Lactadherin.Several investigators have shown
that the extreme C-terminus of the C2 domain of the blood
clotting factor V and factor VIII is involved in phospholipid
binding (15, 23, 24). In analogy with that we and others have
demonstrated that lactadherin binds to phospholipids, pref-
erentially phosphatidylserine (PS) (2, 13). To further inves-
tigate this, two truncated fragments comprising the C1C2
and C2-like domains of lactadherin (rC1C2 and rC2) were
expressed inPichia pastorisand assayed for phospholipid
association. Various amounts of lactadherin, rC1C2, and rC2
were added to PS-coated microtiter plates and quantified with
a polyclonal antibody against lactadherin. All three proteins
bound to PS in a concentration-dependent manner (Figure
4). The fragments rC1C2 and rC2 gave a weaker response,
possibly due to loss of antigenic regions. Assuming a simple
one site binding model for the lactadherin association with
the artificial PS membrane, a fit to the binding curves gave
the followingKd values: lactadherin, 1.8 nM; rC2, 2.0 nM;
rC1C2, 4.9 nM. These values are within the same order of
magnitude as those determined for factor V and factor VIII
using other methods (14, 25). The involvement of the
extreme C-terminus of lactadherin in PS binding was

FIGURE 3: Inhibition of adhesion by monoclonal antibodies to
integrins. (A) Inhibition of MCF-7 cell attachment to bovine
lactadherin by monoclonal antibody toRvâ5 integrin receptor. Wells
were coated overnight with 2µg/mL lactadherin protein and blocked
with PBS buffer/1% BSA. Cells in suspension were incubated
without antibody, 50µg/mL integrin blocking monoclonal P1F6
antibody, or 50µg/mL control monoclonal antibody (2CE5, 1DB2)
for 1 h at 37°C before addition to wells. (B) Inhibition of MA-
104 cell attachment to lactadherin (2µg/mL coating) by monoclonal
antibodies to integrin receptors. Cells in suspension were incubated
without any addition, with 50µg/mL integrin blocking monoclonal
antibody (P1F6 toRvâ5; LM609 to Rvâ3), or 50µg/mL monoclonal
control antibody (1DB2). Data are expressed as mean( standard
deviation (n ) 4).
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investigated by displacement experiments using a synthetic
22 amino acid peptide comprising this region. Upon PS-
coating it was seen that the binding ability of a fixed amount
of lactadherin (20 nM) was reduced as a result of increasing
amounts of the competing peptide (Figure 5). Thus, the result
identifies the 22 amino acid C-terminal stretch in lactadherin
as at least partly responsible for the PS membrane association
of the protein.

MCF-7 Cells Can Adhere to PS-Associated Lactadherin.
Finally, to show whether lactadherin bound to PS membranes
could support MCF-7 cell adhesion, a modified cell adhesion
assay was conducted. Before addition of lactadherin in
various concentrations, microtiter plates were coated with
PS followed by BSA coating which inhibits any unspecific
binding of lactadherin to the plastic. After the cells had been
allowed to adhere for 1 h at 37°C, the wells were washed
and the number of adherent cells was measured by the
colorimetric method used above. Cells adhered to PS-

associated lactadherin as a function of the increased amounts
of protein (Figure 6). The highest level of binding was
achieved at 10-20 nM lactadherin, which is close to the
maximum lactadherin binding to PS seen in the previously
presented lipid assay binding (Figure 4). As control, lactad-
herin added to PS negative and also to BSA-blocked PS
positive wells showed no MCF-7 adhesion (data not shown).
This experiment thereby showed that lactadherin can act as
a linker between MCF-7 cells and PS-rich membranes.

DISCUSSION

Several studies have demonstrated that the RGD sequence
motif found in lactadherin could be responsible for an in
vivo integrin receptor association. This was based on
structural data implying that the RGD motif was exposed
on the surface of the EGF domain of lactadherin. Purification
of the bovineRvâ5 integrin receptor by lactadherin affinity
chromatography illustrated a specific interaction between the
two proteins (2). In accordance with that, others have shown
that human lactadherin and murine Del1 also bind to integrin
receptors. However, unlike bovine lactadherin both human
lactadherin and Del1 have been assigned asRvâ3 integrin
ligands (9, 12). An RGD peptide and a monoclonal antibody
to the RGD region in human lactadherin were able to inhibit
the binding of lactadherin to MA-104 cells (12). Furthermore,
the Rvâ3 integrin specific antibody LM609 was shown to
inhibit MA-104 cell adhesion. The same approach was used
in experiments with Del1, and in this case someRvâ5 integrin
binding was also seen when human umbilical vein endothelial
cells were used (10). The present results demonstrate that
bovine lactadherin can function as an effective extracellular
matrix for the adhesion of cells containing theRvâ3 andRvâ5

integrin receptors. Expression of theRvâ3 integrin seems to
be confined to a smaller number of cell types primarily
proliferating endothelial cells (26), whereas theRvâ5 integrin
receptor is expressed in a number of different tissues (27,
28) and the pattern is similar to that of lactadherin (2).

Numerous studies report the extreme C-terminus of factor
VIII to be at least partly responsible for the platelet

FIGURE 4: Lactadherin, rC1C2, and rC2 affinity for PS. Wells were
coated with PS and blocked with gelatine buffer. After washing,
wells were incubated with various amounts of lactadherin (b),
rC1C2 (2), or rC2 (9). Binding of lactadherin was monitored with
a polyclonal antibody against lactadherin. Uncoated wells treated
with protein showed no binding. Data are expressed as mean(
standard deviation (n ) 4).

FIGURE 5: Inhibition of lactadherin binding to PS by synthetic
membrane peptide comprising the extreme C-terminal of lactad-
herin. Peptide was added in various concentrations together with
lactadherin to PS-coated wells and allowed to equilibrate for 4 h
at 37°C. Binding of lactadherin was monitored with a polyclonal
antibody against lactadherin. Data are expressed as mean( standard
deviation (n ) 4).

FIGURE 6: Lipid-associated lactadherin supports MCF-7 cell
adhesion. Microtiter wells coated with PS were blocked with PBS
buffer/1% BSA prior to incubation with lactadherin at indicated
concentrations. Afterward 40 000 cells/well were added to PBS-
buffer washed wells and cells were allowed to adhere for 1 h at 37
°C. Bound cells were then quantified as described in experimental
procedures. Data are expressed as mean( standard deviation (n
) 4).
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membrane association. The structure of a 22 amino acid long
peptide from this region of factor VIII has been determined
(24), and from these experiments it was concluded that this
peptide was able to form an amphipaticR-helix when
presented to SDS micelles. We have found that a synthetic
peptide comprising the corresponding 22 residues in lactad-
herin was able to repress the interaction of lactadherin with
a PS membrane, and in agreement with this a monoclonal
antibody to the same region in human lactadherin was unable
to recognize the protein when this was membrane associated
(17). However, two recent crystal structures of human factor
V and factor VIII C2 domains showed that the suggested
peptide is part of a coreâ-sheet structure, and three loops
extending from the core are proposed as associating with
the membrane (29, 30). Thus, the inhibitory mechanism of
the C-terminal peptide on lactadherin binding to PS mem-
branes is not obvious.

A 50 residue long peptide has been isolated from aortic
medial amyloid and shown to originate from the C2 domain
of lactadherin (19). The peptide, called medin, contained two
of the three loops which according to the crystal structure
of the C2 domain of factor V and factor VIII were involved
in the binding to PS. Furthermore, in situ hybridization on
sections of aortic media with a lactadherin riboprobe showed
that lactadherin was produced locally by aortic smooth
muscle cells and by the endothelium of small medial vessels
(19). Recently, we investigated the expression of theRvâ5

integrin in bovine lung tissue using an antibody against the
receptor and found it expressed in the media of vessel walls
(unpublished results), and others have found theRvâ3 integrin
receptor expressed in the endothelium of large vessels (31).
These findings are in agreement with the detection of a high
concentration of lactadherin in bovine heart and lung tissues
(2) and put focus on lactadherin in normal and pathological
vascular biology.

One should note that in the present experiments lactadherin
apparently binds to the tested cells via the RGD motif and
not through the lipid binding sequence in the C-terminus. In
the lactating mammary gland, lactadherin clearly associates
with the apical membrane of the secreting epithelial cells
(32). Since we have been unable to detect with western
blotting anyRv integrin receptor subunit in the fat globule
membrane which originate from the epithelial cell membrane
(unpublished results), it is likely that lactadherin is bound
to this membrane by lipid interaction and not as ligand to
an Rv integrin. Factor V and factor VIII circulate in blood
and are mainly associated with membranes upon PS exposure
(14). Data presented here and earlier reports show that
lactadherin binds to membranes in a similar fashion (2, 13).
However, lactadherin is not present in normal serum, where
it could be a potent modulator of the coagulation cascade,
yet detectable in serum from breast cancer patients (33).
Lactadherin is therefore a potential candidate for mediating
cancer-induced clotting defects.

Apoptosis is a major event during embryogenesis, mor-
phogenesis, and normal cell turn over, and the process is
important since it prevents the uncontrolled release of
intracellular components. Transport of anionic PS to the outer
membrane leaflet is an early and widespread event during
apoptosis (34). As regards lactadherin, it has been stated that
the expression of murine lactadherin is induced 20-fold
during the involution of the mammary gland, a major

apoptotic event (35). The lactadherin integrin receptors are
involved in endocytosis during apoptosis, and the expression
of them is induced during the differentiation from the
monocyte series (36, 37). Since apoptosis-derived bodies
display PS on their surface, lactadherin may be important
for the macrophage uptake of these bodies. Recently, murine
lactadherin was found on dendrite cell derived exosomes,
PS displaying small membrane vesicles, and it is suggested
that these exosomes are targeted for uptake by other cells
via lactadherin-integrin receptor interactions (38). Therefore,
a model in which PS-associated lactadherin binds to e.g.
macrophage integrin receptors prior to endocytosis may be
interesting to pursue.

The presented results show that bovine lactadherin is a
specific ligand for theRvâ3 andRvâ5 receptors and they are
able to support MCF-7 and MA-104 cell adhesion. It is also
clear that lactadherin can bind to cell surfaces in a receptor-
independent manner. As lactadherin is only likely to bind to
PS-enriched membrane surfaces, it is relevant to probe for a
function of this protein in relation to apoptosis and endocy-
totic events involving the integrin receptors. Finally, the in
situ tissue distribution of lactadherin and its integrin receptors
in a wider number of tissues may give information facilitating
the understanding of the physiological function of the pro-
tein.
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