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A milk membrane glycoprotein, MFG-E8 [milk fat globule-EGF
(epidermal growth factor) factor 8], is expressed abundantly in
lactating mammary glands in stage- and tissue-specific manners,
and has been believed to be secreted in association with milk fat
globules. In the present paper, we describe further up-regulation of
MFG-E8 in involuting mammary glands, where the glands under-
go a substantial increase in the rate of epithelial cell apoptosis,
and a possible role of MFG-E8 in mediating recognition and
engulfment of apoptotic cells through its specific binding to PS
(phosphatidylserine). Immunoblotting and RNA blotting analyses
revealed that both MFG-E8 protein and MFG-E8 mRNA were
markedly increased in mammary tissue within 3 days of either
natural or forced weaning (pup withdrawal) of lactating mice.
Using immunohistochemical analysis of the mammary tissue cryo-
sections, the MFG-E8 signal was detected around the epithelium
of such involuting mammary glands, but was almost undetectable
at early- and mid-lactation stages, although strong signals were
obtained for milk fat globules stored in the alveolar lumen. Some
signals double positive to a macrophage differentiation marker,

CD68, and MFG-E8 were detected in the post-weaning mammary
tissue, although such double-positive signals were much smal-
ler in number than the MFG-E8 single-positive ones. Total MFG-
E8 in milk was also increased in the post-weaning mammary
glands and, furthermore, the free MFG-E8 content in the post-
weaning milk, as measured by in vitro PS-binding and apoptotic
HC11 cell-binding activities, was much higher than that of lacta-
tion. In addition, the post-weaning milk enhanced the binding
of apoptotic HC11 cells to J774 macrophages. Sucrose density-
gradient ultracentrifugation analyses revealed that such enhanced
PS-binding activity of MFG-E8 was present in membrane ves-
icle fractions (density 1.05–1.13 g/ml), rather than milk fat glo-
bule fractions. The weaning-induced MFG-E8 might play an
important role in the recognition and engulfment of apoptotic
epithelial cells by the neighbouring phagocytic epithelial cells in
involuting mammary glands.
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INTRODUCTION

After completion of lactation, the mammary glands undergo in-
volution, regressing to a state like that of virgin animals. The post-
lactational involution of the mammary glands can be divided
into two distinct phases. The first phase is characterized by en-
gorgement of the gland with milk and initial apoptosis of mam-
mary epithelial cells, and the second one is characterized by bio-
synthesis of proteinases and intensive tissue remodelling [1–3].
The involuting mammary gland undergoes massive cell loss by
apoptosis. Apoptotic mammary epithelial cells must be cleared
immediately by phagocytes in involuting mammary glands to pre-
vent inflammation and autoimmune response against intracellular
antigens released from the dying cells [4]. Phagocytosis of apop-
totic mammary epithelial cells by both macrophages and residual
living epithelial cells has been demonstrated with convincing
data, and three potential fates of apoptotic mammary epithelial
cells were suggested: release into the lumen, phagocytosis by
neighbouring alveolar epithelial cells and phagocytosis by macro-
phages [3,5]. As phagocytosis-related molecules associated with
the apoptotic cell uptake, various receptors or ligands such as

CD14, CD36, CD68, αvβ3 integrin and ABC1 (ATP-binding cas-
sette 1) transporter, have been suggested [6], but detailed mecha-
nisms for the recognition of apoptotic cells by phagocytes still
remain to be investigated. Recently, another molecule, MFG-E8
[MFG (milk fat globule)-EGF (epidermal growth factor) factor 8]
with an integrin-binding RGD motif and PS (phosphatidylserine)-
binding domains has directly been identified by using MFG-E8-
deficient mice as a tethering molecule between apoptotic cells and
activated macrophages [7,8].

MFG-E8 was originally identified as a major component of
MFGM (MFG membrane) surrounding the lipid droplets [9] and
has therefore been assumed to be involved in milk fat secretion,
although no experimental evidence has been reported. This MFG-
E8 protein was cloned and characterized as 53- and 66-kDa
glycoproteins associated peripherally with the MFGM [9]. This
molecule consists of two repeated EGF-like domains (an RGD
motif is located in the second EGF domain) on the N-terminal side
and of two repeated C (discoidin-like) domains homologous with
the C1 and C2 domains of blood coagulation Factors V and
VIII. Orthologous proteins have been isolated in cow (MGP57/
53 or PAS-6/7) [10,11], human (BA46 or lactadherin) [12,13] and
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1 Correspondence may be addressed to either of these authors (email tmatsuda@agr.nagoya-u.ac.jp or n-aoki@bio.mie-u.ac.jp).

c© 2006 Biochemical Society



22 H. Nakatani and others

rat (rAGS) [14]. Although MFG-E8 contains no apparent hydro-
phobic transmembrane regions, MFG-E8 has been shown to be
a peripheral membrane protein and binds directly to the MFGM
and cell membrane [11,15–17]. Both the native and recombinant
MFG-E8 proteins bind in vitro to anionic phospholipids, especi-
ally PS [18–20]. This PS-binding of MFG-E8 has been reported
to depend only on the C2 domain, but not the C1 domain, in the
same manner as that of blood coagulation Factors V and VIII
[21–23].

In our earlier studies, the expression of MFG-E8 in mouse mam-
mary glands was shown to be up-regulated after parturition and
was maintained during lactation even at a later stage of day 16
[24]. MFG-E8 expression at levels lower than that of lactating
mammary glands has also been detected in various other tissues,
including brain, lung, heart, kidney and spleen in some mammals,
such as mouse, human and cow [24–26]. Very recently, a com-
prehensive analysis of gene expression in mouse mammary gland
involution has been conducted by using the microarray technique,
and revealed that MFG-E8 transcripts gradually increased to ap-
prox. 1.5 times the normalized intensity within 3 days after the
forced weaning for l0-day lactating mice [6].

These previous experimental data on the structure, function and
expression of MFG-E8 suggested to us that MFG-E8 might also
be involved in recognition and clearance of the apoptotic cells
during mammary gland involution. The main aims of the present
study are to clarify the weaning-induced MFG-E8 expression in
mammary glands and its PS-binding activity levels and to examine
the possibility of apoptotic cell marking by mammary MFG-
E8. Using milk recovered from involuting mammary glands, we
demonstrated for the first time that MFG-E8 in the post-weaning
milk exhibited high PS-binding activity and specifically bound to
apoptosis-induced HC11 cells.

MATERIALS AND METHODS

Materials

The rabbit antibody against MFG-E8 was described previously
[24], and anti-(mouse casein) antibody was prepared by the im-
munization of a rabbit using Freund’s adjuvant with the casein
purified by acid precipitation from mouse milk. Anti-(mouse
CD68) and anti-(cytokeratin 18) (K18, clone Ks18.04) antibodies
were purchased from Serotec and Progen respectively. All other
reagents were from Sigma, unless noted otherwise.

Mice care, weaning and sample preparation

Lactating Balb/c mice (8-week-old) purchased from Japan SLC
were fed laboratory chow, and were cared for according to the
Nagoya University guidelines for animal study. Litter size was
standardized to six pups within 24 h postpartum. For ‘forced
weaning’, the pups were separated from the mother mouse at
day 2 or 10 of lactation. We designated day 20 after delivery the
time of natural weaning, and hence the pups were separated from
the mother at this time for ‘natural weaning’.

Mammary tissue and milk samples were always prepared from
the number 4 glands (the numbering from head to tail) of each
mouse at lactation or post-weaning stages as described. The tissue
samples were excised from the glands and were homogenized im-
mediately in each appropriate buffer for protein or RNA analyses,
or frozen for histological analyses. For the milk sampling, the
mouse was anaesthetized with Nembutal (Abbott Laboratories)
and oxytocin (10 units per mouse; Teikoku Hormone MFG) was
injected intraperitoneally to induce milk secretion. Then, the milk
sample was collected from the mammary glands by milking

manually using glass capillaries. The milk samples collected were
either used immediately or kept frozen at −30 ◦C until use.

SDS/PAGE and immunoblotting

The mammary tissue samples were homogenized by sonication
in 1× SDS/PAGE sample buffer [27] containing 4% 2-mercapto-
ethanol (12.5 µl per mg of tissue wet weight), boiled and centri-
fuged at 12000 g for 15 min to remove insoluble materials. As
for the milk samples, whole milk was mixed directly with the
sample buffer as above at the ratio of 1:30 (v/v). The tissue homo-
genates obtained (corresponding to 20 µg of tissue wet weight)
or the milk samples (corresponding to 0.08 µl) were separated
on SDS/10% polyacrylamide gels and transferred on to PVDF
membranes. The membranes were blocked with 1× NETG sol-
ution [150 mM NaCl, 5 mM EDTA, pH 8.0, 0.05% (v/v) Triton
X-100 and 0.25% (w/v) gelatin] for 1 h at room temperature
(25 ◦C), incubated with primary antibody at 4 ◦C overnight and
then with horseradish-peroxidase-conjugated secondary antibody
at room temperature for 1 h. The protein bands were visualized
with an ECL® (enhanced chemiluminescence) detection kit
(Amersham Biosciences) and Light Capture System (AE-6962;
ATTO). For the milk samples, proteins in the polyacrylamide gel
were stained with Coomassie Brilliant Blue R-250.

RNA blotting

Total RNA was isolated from mammary glands using TRIzol®

Reagent (Invitrogen), separated on denatured agarose gels, and
blotted on to nylon membranes. The membrane was hybridized
with the MFG-E8 cDNA probe, which had been labelled with
[α-32P]dCTP using Rediprime II (Amersham Biosciences) and
purified with a ProbeQuant G-50 Micro Column (Amersham
Biosciences) in Ultra-Hyb buffer (Ambion) at 42 ◦C overnight.
The membrane was washed and exposed to X-ray films.

Immunohistochemical analysis

Mammary glands were dissociated from lactating or involuting
mice, and were immediately embedded and frozen with OCT
compound (Tissue-Tec) at −80 ◦C. Cryosections (7–10 µm) were
fixed with 100% methanol or 4% (w/v) paraformaldehyde at
room temperature for 20 min, washed three times with PBS,
blocked with PBS containing 2% BSA at room temperature
for 30 min, and reacted with primary antibody at 4 ◦C overnight.
Sections were then washed with PBS for 15 min and incubated
with Alexa Fluor® 488 (green) or Alexa Fluor® 568 (red)-conju-
gated secondary antibody (Molecular Probes) and 100 ng/ml PI
(propidium iodide) (Sigma) or 0.1 mM TOTO-3 iodine (Mol-
ecular Probes) at room temperature for 30 min. Finally, sections
were washed three times with PBS and once with distilled
water, and were observed by confocal laser-scanning fluorescence
microscopy (Axioplan 2; Zeiss).

Fractionation of milk by sucrose density-gradient
ultracentrifugation

Whole milk (corresponding to 5 µl) samples were layered on a
linear sucrose gradient (10–70 % sucrose in PBS) prepared with
Gradient Mate device (BioComp) in a Beckman SW41 tube which
was centrifuged at 200000 g for 18 h. Gradient fractions of 900 µl
were collected from the top of the tube (12 fractions in total)
and immediately used for the PS-binding analyses. The residual
parts were subjected to TCA (trichloroacetic acid) precipitation,
followed by SDS/10% PAGE and immunoblotting.
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ELISA-based phospholipid-binding assay

The ELISA for MFG-E8 binding to solid-phase phospholipid
was performed as described previously [25]. L-α-phosphatidyl-L-
serine (Sigma) or L-α-phosphatidylcholine (Sigma) in methanol
(10 µg/ml) was added to microwell plates (Nunc) (30 µl/well)
followed by drying at 37 ◦C. The plates were washed three times
between all subsequent steps with PBS containing 0.05 % (v/v)
Tween 20. The plates were blocked with 200 µl of PBS con-
taining 0.25% (w/v) gelatin (blocking buffer). Whole milk diluted
in 100 µl of PBS or each gradient fraction (50 µl) obtained by
ultracentrifugation were added to wells, followed by incubation at
4 ◦C overnight. The plates were then incubated with anti-MFG-E8
serum and horseradish-peroxidase-labelled goat anti-(rabbit IgG)
as the secondary antibody, and peroxidase activity was measured.

Detection of apoptotic mammary epithelial cells

For apoptosis induction, HC11 mammary epithelial cells were
treated with 150 nM okadaic acid (Sigma) for 18 h. Apoptotic and
non-apoptotic cells were fixed with 4% (w/v) paraformaldehyde
for 20 min and permeabilized with 0.5 % (v/v) Triton X-100
in PBS for 10 min at room temperature. Apoptotic cells were
detected by using the Dead End Fluorometric TUNEL (terminal
deoxynucleotidyl transferase-mediated dUTP nick-end labelling)
System (Promega) according to the manufacturer’s instructions,
or anti-(cleaved caspase 3) (Asp175) antibody (Cell Signaling
Technology) followed by Alexa Fluor® 488-conjugated anti-
rabbit IgG.

Binding assay of MFG-E8 to apoptotic mammary epithelial cells

Apoptotic and non-apoptotic cells were incubated at 37 ◦C for 1 h
with whole-milk samples derived from lactating and involuting
mice, which had been diluted 1:500 with serum-free Dulbecco’s
modified Eagle’s medium. Cells were washed three times with
PBS, fixed with 2% (w/v) paraformaldehyde for 20 min at room
temperature, washed with PBST [PBS containing 0.05% (v/v)
Tween 20], and blocked in PBS containing 2 % (w/v) BSA for
30 min at room temperature. After brief washing with PBST,
cells were reacted sequentially with anti-MFG-E8 antibody, Alexa
Fluor® 488-conjugated goat anti-rabbit antibody and PI. Finally,
cells were washed three times with PBST and twice with distilled
water, and were observed by fluorescence microscopy.

For J774 macrophage binding, apoptotic HC11cells (5 ×
105 cells/well of 24-well plate) were previously biotinylated with
1 mg/ml of biotinylation reagent (EL-LinkTM sulpho-N-hydro-
xysuccinimido-biotin; Pierce) at 37 ◦C for 30 min, and then incu-
bated with mouse milk samples as above. The biotinylated cells
were added to J774 cells (5 × 105) in culture and were co-cul-
tured for 1 h. Following extensive washing, both cell types were
fixed with 4% (w/v) paraformaldehyde and were reacted with
specific antibody against macrophage marker (CD68) for 18 h
at 4 ◦C. Biotinylated HC11 and CD68-positive J774 cells were
detected with Alexa Fluor® 568-conjugated streptavidin (Mol-
ecular Probes) and Alexa Fluor® 488-conjugated anti-rabbit IgG
respectively. Nuclei were counter-stained with DAPI (4,6-di-
amidino-2-phenylindole).

RESULTS

MFG-E8 protein and mRNA were increased by either natural
or forced weaning in the mammary glands

In our previous study on the gene expression of MFGM proteins,
including MFG-E8, in various gestation and lactation stages of

Figure 1 Increase in MFG-E8 protein in involuting mammary glands

(A–C) Mammary glands were excised from two independent lactating and involuting mice.
Tissue homogenates were solubilized with Laemmli buffer and separated by SDS/10 % PAGE
followed by blotting on to PVDF membranes. The membranes were sequentially probed with
anti-MFG-E8, anti-caseins and anti-(cytokeratin 18) (K18) antibodies. (A) Day 2 of lactating mice,
and the mice 1, 2, and 3 days after forced weaning from lactation day 2. (B) Day 10 of lactating
mice, and the mice 1, 2, and 3 days after forced weaning from lactation day 10. (C) Days 14
and 17 of lactating mice, and mice 1 and 3 days after natural weaning (day 20 of lactation).
Molecular-mass sizes are given in kDa.

mouse mammary glands, we have found that MFG-E8 was up-
regulated similarly to the other milk protein in the lactation stage,
and also that MFG-E8 was not down-regulated, but remained con-
stant at the end of lactation before natural weaning [24]. This
prompted us to examine the MFG-E8 expression in more detail in
the different developmental stages of mammary gland, including
involution.

As shown in Figure 1, by forced weaning during the lactation
stages as well as natural weaning at post-lactation, levels of MFG-
E8 protein in the mammary tissue markedly increased, whereas
the major milk proteins, α- and β-casein, remained constant
or even decreased. Mammary epithelial marker protein K18 was
also evenly detected. The MFG-E8 protein increase was more
strongly induced by forced weaning at a mid-lactation stage
(day 10) than at an early-lactation stage (day 2). Consistent with
protein data, MFG-E8 transcripts were also up-regulated in the
tissue during the post-weaning periods (Figure 2).

c© 2006 Biochemical Society



24 H. Nakatani and others

Figure 2 Increase in MFG-E8 transcript in involuting mammary glands

Mammary glands were excised from the mice during lactation [days 10, 14 and 17 (L10, L14 and
L17 respectively)] and involution induced by natural [1 and 3 days after weaning (W1 and W3
respectively)] and forced [2 and 3 days after lactating day 10 (L10-I2 and L10-I3 respectively)]
weaning. Total RNAs (20 µg) were separated and hybridized with 32P-labelled mouse MFG-E8
cDNA and 36B4 probes. The ribosomal 28 S and 18 S RNAs were detected by ethidium bromide
(EtBr) staining.

MFG-E8 was detected immunohistologically around the
epithelium of post-weaning mammary glands more strongly
than lactating glands

In the lactating mammary glands (L2 and L10), MFG-E8 was
undetectable in the epithelium under the conditions used except
for MFGs stored in the alveolar lumen (Figure 3). In contrast,
in the involuting mammary glands 1 and 2 days after weaning at
early-lactation day 2 (L2-I1 and L2-I2) and 3 days after the natural
weaning (W3), MFG-E8 was clearly detected around or on the
apical surface of the alveolar epithelium. In the involuting mam-
mary glands 2 and 3 days after weaning at mid-lactation day 10
(L10-I2 and L10-I3 respectively), a thick MFG-E8-positive layer
was observed along the epithelium in addition to the MFG-E8
signal around the epithelium. This strong signal was assumed to
be MFGs translocated to the epithelium from the gland alveolar
lumen. These histochemical results in addition to the biochemical
data shown in Figures 1 and 2 suggest that the augmented

Figure 3 MFG-E8 in the epithelium of involuting mammary glands

Mammary glands were excised from lactating day 2 (a) and day 10 (e) mice and involuting mice: 1 day (b) and 2 days (c and d) after pup withdrawal from lactating day 2 mice, 2 days (f) and 3 days
(g and h) after pup withdrawal from lactating day 10 mice, and 3 days after natural weaning (i and j). Cryosections (10 µm in thickness) were prepared and probed with anti-MFG-E8 (a–c, e–g and
i) or anti-V8 protease (d, h and j; negative control) antibody, and bound antibodies were detected with Alexa Fluor® 488-conjugated anti-rabbit antibody (green). Nuclei were counterstained with PI
(red). Arrowheads in (a) show MFG-E8 seen in the lumen as large globules, and arrowheads in (c) indicate the MFG-E8 accumulated in the apical regions of epithelium. Scale bars, 50 µm.
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Figure 4 MFG-E8/CD68 (macrosialin)-double-positive cells in the involuting mammary glands

Mammary glands were excised from involuting mice induced by 2-day pup withdrawal from lactating day 2 (A) and 3-day pup withdrawal from lactating day 10 (B, upper row). Mammary glands
from lactating day 10 were used as a control (B, lower row). Cryosections (10 µm in thickness) were prepared, and probed with anti-CD68 (green), anti-MFG-E8 (red) or non-immune antibody as a
negative control (in A). Nuclei were counterstained with TOTO-3 iodine (blue). Co-localization of CD68-positive macrophages and MFG-E8 in yellow are indicated by arrowheads. Scale bars, 50 µm.

expression of MFG-E8 protein was induced in mammary epi-
thelial cells by weaning, and it could be induced not only after
accomplishment of lactation, but also at any stage of lactation.

The CD68/MFG-E8 double-positive cells (activated macrophages)
were also detected but in small numbers in the post-weaning
mammary glands

Several CD68-positive cells, activated macrophages, were also
detected immunohistologically in the involuting mammary glands
2 or 3 days after the forced weaning at early- (day 2) or mid-lacta-
tion (day 10), and most of these CD68-positive cells were also
positive to anti-MFG-E8 staining (Figure 4). Only a few sig-
nals were observed in the lactating mammary glands under the
same conditions as for the immunostaining with anti-CD68 (Fig-
ure 4B). MFG-E8 expression and secretion by the mammary

tissue macrophages might also contribute in part to the increase in
MFG-E8 in the involuting mammary glands. However, the number
of MFG-E8-positive- and CD68-negative signals were much more
than that of the double-positive signals. Thus the MFG-E8 in-
crease in the post-weaning mammary glands could be ascribed
mainly to the mammary epithelial cells.

MFG-E8 was secreted into milk by the post-weaning mammary
glands and had an ability to bind to PS and apoptosis-induced
HC11 cells in vitro

The immunoblotting analysis (Figure 5A) revealed that the total
MFG-E8 content in milk recovered from the post-weaning mam-
mary glands 2 days after the forced weaning at lactation day 2
(L2-I2) was higher than that of the corresponding lactating
gland (lactation day 4, L4) on a protein weight basis. However,
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Figure 5 Increased amounts and PS-binding of MFG-E8 in the milk from
involuting mammary glands

(A) Milk was collected from lactating day 2 mice and involuting mice, 2 days after pup withdrawal
from lactating day 2 mice. Aliquots (0.08 µl) of whole-milk samples (corresponding to 0.08 µl)
were separated by SDS/10 % PAGE followed by immunoblotting with anti-MFG-E8 (upper panel)
or Coomassie Brilliant Blue (CBB) staining (lower panel). Molecular-mass sizes are indicated in
kDa. (B) Whole-milk samples as in (A) were diluted 1:1000 in PBS and added to the microwell
plates, which had been coated with L-α-phosphatidyl-L-serine (PS) or L-α-phosphatidylcholine
(PC). Bound MFG-E8 was detected as described in the Materials and methods section. Results
are means +− S.D. for four independent experiments. (C) Milk samples as in (B) were serially
diluted in PBS and processed as above. Concentration of milk diluted 1:1000 in PBS was
expressed as 1. Results are means +− S.D. for four independent experiments.

such a difference in MFG-E8 content between the two samples
from lactating and involuting mammary glands was not so remark-
able as compared with that of the mammary tissue samples (see
Figure 1). In contrast with the total MFG-E8 content, the free
MFG-E8 as measured by the PS-binding assay was markedly high

in the milk from post-weaning mammary glands (Figure 5B). The
PS-binding activity of MFG-E8 increased in a dose-dependent
manner, while the PC (phosphatidylcholine)-binding activity was
marginal (Figure 5C), consistent with our previous results using
recombinant MFG-E8 expressed and secreted by COS7 cells [28].

To extend this finding further, milk samples recovered from the
post-weaning mammary glands 2 days after the forced weaning
at lactation day 2 (L2-I2) were subjected to an intact-cell-based
binding assay. A mouse mammary epithelial cell line, HC11, was
treated with okadaic acid for the apoptosis induction, and was sub-
sequently incubated with the culture medium supplemented with
the MFG-E8-containing milk from the post-weaning mammary
glands. Most mammary epithelial cells treated with okadaic acid
were positive by TUNEL assay (Figure 6A) and immunostaining
with anti-(cleaved caspase 3) antibody (Figure 6B), suggesting
the successful induction of apoptosis by treatment with okadaic
acid. Several apoptosis-induced HC11 cells exhibited chromatin
condensation, but none of the control healthy cells was clearly
labelled with MFG-E8 of milk recovered from the post-weaning
mammary glands (Figure 6C, panels a and b). Further magnifica-
tion of the apoptotic cells revealed speckled localization of MFG-
E8 on the cell surface (Figure 6C, panel e). When cultured in the
medium without the MFG-E8-containing milk, even the apop-
tosis-induced HC11 cells were completely negative to the anti-
MFG-E8 staining (Figure 6C, panel d). The cultured HC11 cells
itself expressed and secreted MFG-E8 into the culture medium
(results not shown). The level of such endogenous MFG-E8 was
assumed to be much lower than that of milk from the post-
weaning mammary gland and to be below the detection limit
of our experimental conditions.

To confirm that MFG-E8 acts as a link between apoptotic
cells and phagocytes such as macrophages, apoptotic cells were
labelled by biotinylation, incubated with the MFG-E8-containing
milk, and then added to J774 macrophages. The apoptotic macro-
phages obviously bound to apoptotic HC11 cells more frequently
than they bound to J774 cells, when pre-treated with the MFG-
E8-containing milk from the post-weaning mammary glands
(Figure 6D, panel a). Much less co-localization with macrophages
of the apoptotic cells pre-treated with lactating milk (Figure 6D,
panel b) or the non-apoptotic cells pre-treated with post-weaning
milk (Figure 6D, panel c) was observed. These results support
the idea that MFG-E8 in the post-weaning milk plays a role in
tethering of apoptotic cells to phagocytes during involution.

Predominant distribution of MFG-E8 PS-binding activity
in the milk membrane vesicle fractions

It has been reported that substantial amounts of MFG-E8 are
also present in the whey fraction [29–31], which is free from
fat, although it was originally identified as a major component
of MFGM [9]. To better understand the increase in PS-binding of
MFG-E8 of milk retained in involuting mammary glands, whole-
milk samples were subjected to fractionation on sucrose density
gradient ranging from 10 to 70 % concentration. As shown in
Figure 7(A), fractions 2–10 derived from involuting glands exhi-
bited significantly higher MFG-E8 PS-binding activity over those
from lactating ones, and except for the low-density top fraction
containing MFGs, the PS-binding activity was peaked in fractions
6 and 7 with densities ranging from 1.07 to 1.12, which met the
criteria for ELMV (exosome-like membrane vesicle) fractions
[32]. On the other hand, PC-binding activity of these frac-
tions from both lactating and involuting mice was negligible
(results not shown).

Using immunoblotting, MFG-E8 protein of milk from lactating
glands was detected mainly in the top, middle and pellet fractions
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Figure 6 Specific binding of MFG-E8 derived from involuting mammary glands to apoptotic mammary epithelial cells

(A and B) HC11 cells were cultured as described in the Materials and methods section and apoptosis was induced. Apoptotic cells (+apo) and non-apoptotic healthy cells (−apo) were assessed
using TUNEL assay (A) or immunostaining with anti-(cleaved caspase 3) antibody (B). (C) Whole-milk samples from lactating (panel b) and involuting (panels a, c, e and f) mammary glands as
described in Figure 5 were diluted and added to apoptotic (panels a, b and d–f) or non-apoptotic (panel c) HC11 mammary epithelial cells. No milk was added as a control (panel d). Following
incubation and washing, each well was incubated with anti-MFG-E8 (panels a–e) or anti-V8 (panel f) antibody, and bound antibodies were detected with Alexa Fluor® 488-conjugated anti-rabbit
antibody (green). Nuclei were counterstained with PI (red). In panel a, numbered cells in the centre section are shown with further magnification in the corresponding numbered squares in the same
panel. Much further magnification of apoptotic cells with bound MFG-E8 are shown in panel e. (D) Apoptotic (panels a, b and d) or non-apoptotic (panel c) HC11 cells were labelled by biotinylation,
pre-treated with lactating (panel b) or involuting (panels a and c) milk, and incubated with J774 macrophages. In panel c, cells were pre-treated with no milk. Biotinylated HC11 cells and CD68-positive
J774 macrophages were detected with Alexa Fluor® 568-conjugated streptavidin (red) and Alexa Fluor® 488-conjugated anti-rabbit IgG (green) respectively. Nuclei were counterstained with DAPI
(blue). Note that co-localization of biotinylated apoptotic HC11 cells and CD68-positive J774 macrophages is obvious in panel a, as indicated by arrowheads. Scale bars, 50 µm.
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Figure 7 Predominant distribution of MFG-E8 with PS-binding activity in the milk ELMV fractions

(A) Whole-milk samples (5 µl) as described in Figure 5 were fractionated by sucrose density-gradient (10–70 %) ultracentrifugation. Each density-gradient fraction (900 µl per fraction) was collected
from the top, added to PS- or PC-coated plates, and processed as described in Figure 5. Results are means +− S.D. for four independent experiments. (B) Each gradient fraction (900 µl per fraction)
was collected from the top (corresponding to lane 1), precipitated with TCA and separated by SDS/10 % PAGE followed by immunoblotting with anti-MFG-E8 antibody (upper panels) or Coomassie
Brilliant Blue (CBB) staining (lower panels). Pellets were directly dissolved in Laemmli buffer and processed as above. ELMV fractions (lanes 5–8, and 17–21) are indicated by bars.

(Figure 7B, left-hand panels). Among the three fractions, only the
top fraction containing MFGs exhibited reasonable PS-binding
activity. In contrast, the milk samples from post-weaning glands
showed the increased MFG-E8 protein as a whole, especially in
the intermediate fractions, with densities ranging from 1.04 to
1.12 (Figure 7B, right-hand panels), which nearly met the profile
of MFG-E8 PS-binding activity (Figure 7A).

DISCUSSION

Apoptosis of mammary epithelial cells upon weaning is a critical
developmental process in mammary glands, and the rapid removal
of apoptotic cells ensures appropriate tissue remodelling for the
subsequent pregnancy. During the involution process, a set of
genes has been reported to be transcrptionally regulated [6] and
assumed to be associated with clearance of apoptotic cells. How-
ever, it has not been well documented how apoptotic mammary
epithelial cells are recognized, engulfed and eliminated by phago-
cytic cells.

In the present study, the MFG-E8 protein in mammary tissue
was demonstrated by immunoblotting to increase on a tissue wet
weight basis after weaning (Figure 1). Rigorous determination of
expression at protein level would not be easy because milk pro-
teins, including MFG-E8, had accumulated in the gland alveolar

lumen before weaning and the mammary gland tissue samples
could not completely be free from milk in the lumen. Based on
the histochemical observation (Figure 3) and the biochemical data
of MFG-E8 (Figure 5A), we can conclude that the MFG-E8
protein increase observed in the tissue samples of involuting mam-
mary gland (Figure 1) is the sum of increased MFG-E8 protein
in both the cellular and the secreted proteins. Moreover, at the
resolution of fluorescence microscopic observation, it is unclear
whether the MFG-E8 protein localized in the intracellular space
or on the apical surface of the alveolar epithelium. Thus, strictly
speaking, MFG-E8 protein around the epithelium would include
the MFG-E8 which had been secreted in the lumen and sub-
sequently bound to the surface of apoptotic epithelial cells, be-
cause MFG-E8 in the milk from involuting mammary glands in
fact bound to apoptotic HC11 cells (Figure 6). In either event,
it is presumed that up-regulation of MFG-E8 expression at the
protein level is induced in involuting mammary glands. Such an
increase in MFG-E8 protein is consistent with the up-regulation
at a transcriptional level as shown by RNA blotting (Figure 2) as
well as the previously reported microarray data [6].

Fewer numbers of CD68/MFG-E8-double-positive cells were
detected in the involuting mammary glands after weaning at
either early- (day 2) or mid- (day 10) lactation stage (Figure 4).
These findings are consistent with the results of the previous
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work showing that macrophages were present in the mammary
glands only in low numbers during lactation and in the initial
stage of involution and that their numbers began to increase on
day 3 post-weaning and continue to increase up until day 10 post-
weaning [33]. These immunohistological observations suggest
that macrophages were indeed recruited in the involuting mam-
mary glands and expressed MFG-E8. However, the CD68/MFG-
E8-double-positive cells were detected in limited parts of the
mammary gland, whereas MFG-E8-positive cells were found in
the major part of alveolar epithelium. Our present data, together
with the results of previous work [33], suggest that activated
macrophages is not the major cause of the MFG-E8 increase
in involuting mammary glands, at least during a few days after
weaning. The mammary epithelial cells themselves would act as
non-professional phagocytes and express and secrete MFG-E8 for
the effective phagocytosis of apoptotic bodies shed in the lumen
and/or neighbouring apoptotic epithelial cells.

The MFG-E8 concentration in the post-weaning milk was sug-
gested by immunoblotting to be markedly higher than that of
milk from lactating glands (Figure 5A). During mammary gland
involution, the milk constituents remaining in the alveolar lumen
ought to be cleared through pinocytosis and/or phagocytosis
by professional and/or non-professional cells. However, within
2 days of weaning, no large changes in the major milk protein,
casein, have yet been caused in the alveolar lumen, as demon-
strated by SDS/10 % PAGE analysis of whole milk (Figure 5A).
Therefore it could be presumed that MFG-E8 increased in the milk
of involuting mammary glands, which is exceptional for milk pro-
teins. It is of interest to note that the binding activities of MFG-
E8 in the milk from lactating glands to the solid-phase PS and
the apoptosis-induced HC11 cells were much lower than that
of the post-weaning milk (Figures 5 and 6), even though the milk
from lactating mammary glands indeed contained a substantial
amount of MFG-E8 (Figure 5A). Moreover, MFG-E8 in the post-
weaning milk could tether apoptotic HC11 cells to J774 macro-
phages efficiently (Figure 6D). Such differences in PS-binding
activity per MFG-E8 protein between the two milk samples from
involuting and lactating mammary glands was more remarkable
when the milk samples were fractionated by density gradient ultra-
centrifugation (Figure 7). The MFG-E8 protein contents in the top
and middle fractions (numbers 1 and 7 respectively) were com-
parable between the two milk samples based on their immuno-
blotting band intensities. In accordance with the MFG-E8 protein
contents, the PS-binding activities of the top fractions of the two
samples were almost equal. These top fractions with a density
below 1.0 are rich in MFGs. Interestingly, however, the middle
fraction (number 7) of the milk from lactating glands exhibited
markedly low PS-binding activity in spite of the presence of MFG-
E8 protein. In other words, the PS-binding activity of MFG-E8
was suppressed in the lactating mammary glands as compared
with that of the involuting glands. These results indicate that the
weaning-induced increase in the PS-binding activity of MFG-E8
is due not only to the MFG-E8 protein increase, but also to some
unknown quality changes such as the association state of MFG-
E8 with fat globules in milk. It would be of special interest to
determine whether MFG-E8 in the post-weaning milk associates
with PS of MFGs or some other phospholipid membranes in milk
described below.

In milk, in addition to association with MFGs, MFG-E8 is
known to be present in the whey fraction, free from fat [29–31].
In our previous study, MFG-E8 was also found to be present in
the membrane vesicle fraction of culture supernatant of mammary
epithelial COMMA-1D cells [28]. In the present study, we demon-
strated for the first time that MFG-E8 also exists in the exosome-
like membrane fractions (densities ranging from 1.04 to 1.12) in

milk (Figure 5). Thus it would be likely that MFG-E8 associating
with the ELMVs contribute to the weaning-induced increase
or lactation-dependent suppression in the PS-binding activity of
MFG-E8 in milk.

Since the present paper was first submitted, two independent
groups have reported that MFG-E8 is a critical protein for mam-
mary gland remodelling during the involution process with MFG-
E8-knockout mice [34,35]. A deficiency of MFG-E8 caused
delayed clearance of apoptotic mammary epithelial cells as well
as MFGs and impaired involution and inflammation of mammary
glands, strongly supporting our results that MFG-E8 mediated
phagocytosis of apoptotic mammary epithelial cells.

We thank Dr David Flint for critical reading of this manuscript. This work was supported
in part by Grants-in-Aid from the Ministry of Education, Science, Sports, and Culture in
Japan (to N. A. and T. M.).
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