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The endoplasmic reticulum and casein-containing 
vesicles contribute to milk fat globule membrane

ABSTRACT During lactation, mammary epithelial cells secrete huge amounts of milk from 
their apical side. The current view is that caseins are secreted by exocytosis, whereas milk fat 
globules are released by budding, enwrapped by the plasma membrane. Owing to the num-
ber and large size of milk fat globules, the membrane surface needed for their release might 
exceed that of the apical plasma membrane. A large-scale proteomics analysis of both cyto-
plasmic lipid droplets and secreted milk fat globule membranes was used to decipher the 
cellular origins of the milk fat globule membrane. Surprisingly, differential analysis of protein 
profiles of these two organelles strongly suggest that, in addition to the plasma membrane, 
the endoplasmic reticulum and the secretory vesicles contribute to the milk fat globule mem-
brane. Analysis of membrane-associated and raft microdomain proteins reinforces this pos-
sibility and also points to a role for lipid rafts in milk product secretion. Our results provide 
evidence for a significant contribution of the endoplasmic reticulum to the milk fat globule 
membrane and a role for SNAREs in membrane dynamics during milk secretion. These novel 
aspects point to a more complex model for milk secretion than currently envisioned.

INTRODUCTION
The mammary gland is dedicated to the feeding of the mammalian 
newborn. Therefore this organ undergoes repeated cycles of 

growth, differentiation, and regression concomitantly with variations 
in the reproductive status. During lactation, highly differentiated 
mammary epithelial secretory cells (MESCs) are organized into al-
veolar structures that are surrounded by contractile myoepithelial 
cells and embedded in a stroma (connective and adipose tissues, 
blood vessels, and nerve terminals). MESCs produce and secrete 
large amounts of milk, which is an aqueous fluid containing proteins 
(mainly caseins, assembled in micellar structures), milk fat globules 
(MFGs), and soluble components, such as lactose and minerals. 
Caseins are synthesized and transported along the secretory path-
way and released by exocytosis. Although casein secretion appears 
to be mostly continuous, MESCs possess both a constitutive and a 
regulated secretory pathway (Turner et al., 1992). Whatever their se-
cretory mode, trafficking steps within the secretory pathway and 
exocytosis, that is, the fusion of casein-containing vesicles with the 
apical plasma membrane (APM), involve soluble N-ethylmaleimide–
sensitive fusion (NSF) attachment protein receptor (SNARE) proteins 
(Chat et al., 2011), as described in other cell types (Sollner et al., 
1993b; Jahn and Scheller, 2006). The various SNAREs predomi-
nantly reside in distinct cellular compartments and are involved in 
specific trafficking pathways, with SNARE pairing potentially con-
tributing to the specificity of the membrane fusion events (McNew, 
2008). By zipping through their coil-coiled domains, R-SNAREs 
(formerly termed v-SNAREs), present in the vesicle membrane, as-
sociate with Q-SNAREs (formerly termed t-SNAREs), localized on 
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monolayer arising from the ER and enwrapped by another phospho-
lipid bilayer coming from the APM. Although several models have 
been proposed for MFG secretion, the molecular mechanisms and 
the kinetics of this event are still controversial (Jeong et al., 2013). 
Numerous MS analyses of the MFG membrane (MFGM) have led to 
the identification of several major proteins, such as butyrophilin 
(BTN1; Ogg et al., 2004), xanthine oxidoreductase (XOR; Vorbach 
et al., 2002), CIDE-A (Wang et al., 2012), and PLIN2 (Chong et al., 
2011), the role of which has been functionally demonstrated in MFG 
secretion. Two central questions remain: the origin of the membrane 
needed for MFG release, and the molecular mechanisms underlying 
this process. Because the diameter of MFGs is ∼0.5–10 μm, depend-
ing on the species, and due to the high number of MFGs secreted 
during lactation, the membrane surface needed could exceed that 
of the APM of MESCs.

In the present study, we asked whether the MFGM arises only 
from the APM or whether other intracellular compartments contrib-
ute to its formation and, if so, to what extent. We assumed that the 
differential analysis of protein profiles from CLDs and MFGs ob-
tained by large-scale proteomics would lead to “protein signatures” 
of intracellular compartments that contribute to the MFGM forma-
tion. Indeed, our results show that membranous compartments such 
as the ER, secretory vesicles (SVs), and mitochondria provide mem-
branes during MFG budding. This possibility is also supported by 
the specific analysis of the transmembrane proteins and the pat-
terns of SNARE proteins associated with each of these cellular com-
partments. Of interest, free CH and GM1 ganglioside, two known 
components of lipid rafts, appear closely associated with CLDs and 
MFGs. In agreement with this, the analysis of raft-associated pro-
teins clearly showed that they represent up to 50% of the proteins 
identified in CLDs, whereas this proportion appeared slightly re-
duced in MFGMs, suggesting that lipid rafts associate early with the 
fat fraction of milk. Thus the present work points to the existence of 
a specialized mechanism for connecting intracellular membranes 
during milk product secretion.

RESULTS
The differential analysis of CLD and MFGM proteins 
identifies major functions and intracellular compartments 
involved in their biogenesis and secretion
To identify the proteins differentially associated with CLDs and se-
creted MFGs, we performed a large-scale proteomics analysis of 
these two supramolecular structures by liquid chromatography–tan-
dem mass spectrometry (LC-MS/MS). The experimental strategy is 
shown in Figure 1. CLDs were prepared from mammary acini puri-
fied from mouse mammary glands at day 10 of lactation (L10), and 
MFGMs were isolated from mouse milk collected at the same lacta-
tion stage. We first checked the purity of the isolated fractions. The 
preparation of CLDs (Figure 2A) was first analyzed by light and fluo-
rescence microscopy (Figure 2B). Purified CLDs appeared as small, 
spherical structures of heterogeneous but limited diameters (Figure 
2B, nt), similar to CLDs isolated from other cell types (Liu et al., 
2004; Bartz et al., 2007). Of importance, CLDs counterstaining for 
glycoconjugates (Figure 2B, GC) or F-actin (Figure 2B, actin) clearly 
showed that membrane debris, other cellular organelles, or actin 
were barely detected in our preparation. Conversely, CLDs counter-
staining for GM1 ganglioside (Figure 2B, GM1) revealed that mem-
brane rafts were closely linked to CLDs, as also suggested by our 
other results (see later description). We further verified the purity of 
our CLD preparation by Western blot. Equal amounts (50 μg) of P1, 
S1, total membrane (P2), cytosol (S2), and CLDs fractions were sepa-
rated by SDS–PAGE and analyzed using the indicated antibodies. 

the target membranes, to form a highly stable four-helix bundle 
complex termed the SNARE complex. This complex then gradually 
brings the two opposing lipid bilayers into close proximity and pro-
motes their fusion (Sollner et al., 1993b; Weber et al., 1998). After-
ward, SNARE complexes are dissociated by the NSF adenosine tri-
phosphatase and its adaptor protein synaptosomal-associated 
protein (SNAP; Sollner et al., 1993a). Previous work suggests that at 
the least SNAP23, vesicle-associated membrane protein 8 (VAMP8), 
and syntaxins (Stx) 7 and 12 play a role in casein exocytosis (Wang 
et al., 2007; Chat et al., 2011). Some SNARE proteins have also 
been localized to membrane microdomains called lipid rafts, which 
are small, heterogeneous, highly dynamic, and sterol and sphingo-
lipid enriched. Owing to their composition, lipid rafts are believed 
to display a liquid-ordered phase with a reduced molecular diffu-
sion, thus specifically segregating some membrane proteins. By 
locally clustering and stabilizing protein–lipid and protein–protein 
interactions, lipid rafts both compartmentalize and optimize signal-
ing efficiency and also favor membrane curvature. Lipid rafts are 
present along the secretory pathway and at the plasma membrane 
(PM) and have been implicated in a wide range of cellular processes, 
including T- and B-cell activation, hormone signaling, focal adhe-
sions and cell migration, membrane trafficking in polarized epithe-
lial cells and exocytosis (for reviews, see Lang, 2007; Lingwood and 
Simons, 2010; Simons and Sampaio, 2011).

Although different mechanisms have been proposed, the pre-
vailing model is that cytoplasmic lipid droplets (CLDs) are formed by 
accumulation of neutral lipids (mainly triacylglycerols and sterol es-
ters) and cholesterol (CH) between the two leaflets of the endoplas-
mic reticulum (ER) membrane (Wilfling et al., 2014). Therefore CLDs 
are surrounded by a CH-containing phospholipid monolayer that is 
compositionally distinct from ER membranes or sphingolipid/CH-
rich microdomains (Tauchi-Sato et al., 2002; Bartz et al., 2007). Nu-
merous mass spectrometry (MS) studies have established a panel of 
specific CLD-associated proteins, including enzymes involved in 
lipid metabolism, perilipins (PLIN1, PLIN2/adipophilin/adipocyte 
differentiation–related protein, PLIN3/tail-interacting protein of 
47 kDa [TIP47]), members of the cell death–inducing DNA fragmen-
tation factor 45–like effector (CIDE) protein family (CIDE-A–C), and 
Rab18 GTPase. In addition, ER-resident proteins, some of which are 
required for CLD formation and/or expansion, have also been re-
peatedly identified in CLD preparations. Moreover, proteins usually 
associated with other cellular compartments, such as the Golgi ap-
paratus, endosomes, peroxisomes, mitochondria, and the PM, are 
also found in CLDs, reflecting their highly dynamic interactions with 
these organelles (for recent reviews, see Barbosa et al., 2015; Gao 
and Goodman, 2015). Furthermore, these interactions are regulated 
by some Rab GTPases found in CLDs and promote both protein and 
lipid transfer and/or metabolism between cellular compartments 
(Kiss and Nilsson, 2014). In some cell types, such as MESCs, large 
CLDs are formed, at least in part, by fusion of smaller CLDs. 
Although the mechanism of CLD fusion is still a matter of debate, 
some SNARE proteins were found in purified CLDs, and SNAP23 
was shown to be involved in their growth by fusion (Bostrom et al., 
2007). CLDs are believed to bud from the ER but may stay con-
nected to the ER as a specialized ER subdomain. Whatever the case, 
CLDs appear to remain intimately associated with the ER and con-
tact points between CLDs, and ER cisternae appear to be ribosome 
rich (Wan et al., 2007). In lactating MESCs, CLDs are vectorially 
transported to the apical side, where they are secreted as large 
MFGs (Mather and Keenan, 1998; Heid and Keenan, 2005; 
McManaman, 2012). MFGs represent a unique feature of lipid secre-
tion because they are released surrounded by a phospholipid 
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Figure 2C clearly shows that 1) the protein pattern of purified CLDs 
was significantly different from that of the other cellular fractions 
(Figure 2C, CLDs), 2) the isolated CLDs had little to no contamina-
tion with plasma membrane (E-cadherin), ER lumen (PdiA3, GRP78), 
ER membrane (calnexin, Stx18), Golgi (GM130), or cytosol (β-actin), 
and 3) the CLD fraction was significantly enriched for PLIN2, a spe-
cific marker of CLDs (Figure 2D, CLDs). In addition, the protein pro-
files of various CLD preparations were almost identical, indicating 
the reproducibility and quality of the purification method (unpub-
lished results).

To ensure the quality of the MFGM samples, we first analyzed 
proteins from the whole–mouse milk and milk subfractions, namely 
caseins, lactoserum, and MFGMs, by SDS–PAGE. The protein pro-
file obtained for MFGMs appeared to contain only low levels of ca-
seins and to be specifically enriched in some proteins (Figure 3, ar-
rowheads) compared with whole milk, casein pellet, and lactoserum. 
MFGs and MFGMs were also observed by transmission electron 
microscopy after negative coloration. As shown in Figure 3B, MFGs 
appeared as large, round lipid droplets, whereas isolated MFGMs 
were less structured and clearly devoid of neutral lipid core, mem-
brane debris, or cellular organelles, confirming the purity of the pre-
pared MFGMs. MFGs have been reported to occasionally contain 
cytoplasmic crescents, the incidence of which varies by species, 
milking interval, and time of day (Patton and Huston, 1988; Huston 
and Patton, 1990). To estimate the incidence of these structures, we 
labeled MFGs isolated from freshly collected mouse milk at day 10 
of lactation with acridine orange (AO), FM4-64, Alexa 594–conju-
gated wheat germ agglutinin (WGA), or rhodamine-conjugated 
phalloidin (Supplemental Figure S1). The incidence of cytoplasmic 
crescents was estimated to be 2.95, 2,91, 3,15, and 2.63% (average 
2.91% ) of the mouse MFGs labeled with AO (n = 5496), FM4-64 
(n = 6662), WGA (n = 5528), or phalloidin (n = 5474), respectively. 
Thus the low incidence of cytoplasmic crescents in mouse MFGs 
would likely not affect the subsequent mass spectrometry analysis.

The one-dimensional (1D) protein profiles of both CLD and 
MFGM fractions that were subjected to proteomic analysis by LC-
MS/MS were similar to published results and clearly show that major 
proteins, namely PLIN2 in CLDs and BTN1 and MFG-EGF factor 8/
lactadherin (MFG-E8) in MFGMs, are specifically enriched in our 
preparations (Figure 4, arrowheads). Moreover, our LC-MS/MS re-
sults (see Supplemental Table S1 for protein and peptide identifica-
tion) confirmed the purity of the analyzed fractions, as the major 
proteins detected were known protein markers of CLDs and 
MFGMs, respectively. The LC-MS/MS analysis of CLDs (Supplemen-
tal Table S1, CLD) led to the unambiguous identification of 260 pro-
teins (peptide false discovery rate [FDR] = 0.09%) with an average 
recovery of ∼40% with previously published studies (Wu et al., 2000; 
Brasaemle et al., 2004; Fujimoto et al., 2004; Liu et al., 2004; Turro 
et al., 2006; Bartz et al., 2007; Wan et al., 2007; Hodges and Wu, 
2010; Bouchoux et al., 2011). Proteins commonly found in CLD 
preparations, such as PLIN2, Rab18, and enzymes involved in lipid 
metabolism (SDR1, ABHD5, NADH Cytb5 reductase), were identi-
fied, validating the procedure (see also Western blot results). Pro-
teins were classified according to their function (Supplemental Table 
S1, CLD function) or cellular localization (Supplemental Table S1, 
CLD, localization) on the basis of a single relevant gene ontology 
(GO) term. Only two ribosomal proteins (0.77%; see later descrip-
tion) were identified in CLDs. Owing to the lack of relevance of this 
functional category and because it contain numerous hits, we sys-
tematically excluded ribosomal proteins from further statistical anal-
yses so as not to introduce a bias in favor of the function and cellular 

FIGURE 1: Experimental flowchart for the identification of the 
proteins associated with murine MESC CLDs and with MFGMs. 
MFGs were isolated from mouse milk (L10), and MFGM proteins 
were extracted. MESCs (acini) were purified from mouse mammary 
glands collected at L10 and homogenized, and CLDs were purified 
by flotation on a sucrose gradient. Proteins from both CLDs and 
MFGMs were separated by 1D SDS–PAGE. The gel lanes were sliced 
into 26 pieces, the proteins were subjected to in-gel trypsin 
digestion, and the hydrolysates were analyzed by LC-MS/MS. The 
proteins identified by at least two peptides were classified for both 
function and cellular localization based on their GO terms (Uniprot 
KB database).
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cellular localization), whereas the remaining 
proteins were mainly assigned to the mem-
brane (12.40%), mitochondrion (5.81%), and 
endoplasmic reticulum (3.49%) categories.

The LC-MS/MS analysis allowed the 
identification of 395 proteins (peptide FDR 
= 0.11%) in MFGMs (Supplemental Table 
S1, MFGM) with an average recovery of 
∼40% and up to 70% for known major MFG 
proteins, such as BTN1, fatty acid synthase, 
XOR, MFG-E8, PLIN2, CIDE-A, cluster of 
differentiation 36, and mucin1 (Muc1) with 
previous studies (Wu et al., 2000; Fortunato 
et al., 2003; Reinhardt and Lippolis, 2006; 
Affolter et al., 2010; Pisanu et al., 2011; 
Spertino et al., 2012). Sixty-six (16.71%) of 
these proteins were associated with ribo-
somes. As previously mentioned, these ri-
bosomal proteins were excluded for further 
analysis, and the remaining 329 proteins 
were classified on the basis of their function 
(Supplemental Table S1, MFGM function) or 
cellular localization (Figure 5A, MFGMs; 
Supplemental Table S1, MFGM localiza-
tion). A large majority of the identified pro-
teins (∼90%) were assigned to the protein 
synthesis, binding, and folding (27.30%), 
enzymatic activities (23.62%), membrane 
and vesicular trafficking (11.35%), immune 
function (9.20%), fat transport/metabolism 
(8.28%), and transport (7.36%) categories. 
About 97% of the identified proteins fell 
into the following five main cellular localiza-
tions: cytoplasm (24.23%), mitochondrion 
(19.33%), membrane (18.41%), ER (17.48%), 
and secreted (17.18%). Of note is the strik-
ing change in the cellular origin categories 
of the identified proteins between CLDs 
and MFGMs (Figure 5A, compare CLDs and 
MFGMs, right).

Among the proteins associated with ei-
ther MFGMs (329 proteins) or CLDs (258 
proteins), 70 (plus two ribosomal proteins) 
were found to be common to the two or-
ganelles. About 93% of the common pro-
teins (Figure 5A, common) fell into only four 
functional categories: membrane and vesic-
ular trafficking (21.43%), enzymatic activity 
(31.43%), protein synthesis, binding and 
folding (25.71%), and fat transport/metabo-
lism (14.28%). Note that the relative propor-
tions of proteins within the enzymatic activ-
ity, protein synthesis, binding and folding, 
and membrane and vesicular trafficking ma-
jor function categories were similar in CLDs 
and among the proteins common to both 

CLDs and MFGMs, whereas the last category was quite reduced in 
MFGMs. As to the cellular localization, half of the identified proteins 
(50.00%) appeared to be cytoplasmic, the remaining common pro-
teins being essentially classified in the categories membrane 
(21.43%), mitochondrion (11.43%), and endoplasmic reticulum 
(8.57%).

localization with which they are associated. As shown in Figure 5A 
(CLDs, function), the identified proteins fell into 13 functional cate-
gories. Three major groups of proteins represent ∼77% of the total: 
enzymatic activities (31.01%), protein synthesis, binding and folding 
(23.64%), and membrane and vesicular trafficking (21.70%). Nearly 
72% of the identified proteins were cytoplasmic (Figure 5A, CLDs, 

FIGURE 2: Isolation and quality of the purified CLDs from mouse lactating mammary gland. 
(A) Mammary acini purified from mouse mammary gland at day 10 of lactation were washed and 
homogenized. Total lysate (T) was centrifuged at 800 × g for 10 min at 4°C. The postnuclear 
supernatant (S1) was subsequently centrifuged at 110,000 × g for 1 h at 4°C to isolate cellular 
membrane (P2) and soluble material (S2). After centrifugation of the total lysate at 274,000 × g 
for 1 h at 4°C, the top white layer was the CLD fraction. (B) Isolated CLDs were analyzed by 
differential interference contrast microscopy (a; nt, not treated) and fluorescence microscopy 
after BODIPY 493/503 staining (lipids; b, e, h, k). CLDs were counterstained with Alexa Fluor 
594–conjugated WGA (d), rhodamine-conjugated phalloidin (actin; g), or Alexa 594–conjugated 
CTxB (GM1; j) and merged (c, f, i, l) in order to visualize potential contaminations. Scale bar, 
10 μm. (C) Proteins extracted from the different fractions were separated by SDS–PAGE and 
stained with Coomassie blue. Note the distinct banding pattern of CLDs. (D) The same protein 
samples were also subjected to Western blotting to test for contamination from other cellular 
fractions. Specific antibodies were used to probe for marker proteins of different cellular 
organelles/fractions: PLIN2 (CLD protein), BTN1 (MFG protein), E-cadherin (PM), β-actin 
(cytosol), PdiA3 and GRP78 (ER lumen), calnexin and Stx-18 (ER membrane), and GM130 (Golgi). 
Note the strong enrichment of PLIN2 in the CLD fraction. BTN1, butyrophilin; E-Cad, 
E-cadherin; GM130, Golgi matrix protein 130; GRP78, glucose-regulated protein 78; M, whole 
milk; P1, pellet 1; P2, pellet 2; PdiA3, protein disulfide isomerase A3; PLIN2, perilipin2; S1, 
supernatant 1; S2, supernatant 2; Stx-18, syntaxin 18; T, total extract.
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The comparison of the functional and 
cellular localization categories of the pro-
teins identified in CLDs and MFGMs 
(Figure 5B) clearly shows that the propor-
tion of proteins classified in membrane 
and vesicular trafficking or cell signaling 
categories is significantly reduced in 
MFGs compared with CLDs, whereas that 
of proteins falling in the immune function 
and transport categories is significantly 
increased in MFGMs (Figure 5B, left). On 
the other hand, the proportion of proteins 
involved in enzymatic activity, protein syn-
thesis, binding, and folding, and fat trans-
port/metabolism appears quite similar 
between MFGMs and CLDs. The compari-
son of the cellular localizations (Figure 5B, 
right) shows that, whereas the percentage 
of cytoplasmic proteins is drastically re-
duced, that of proteins in the ER, mito-
chondrion, and secreted categories is sig-
nificantly increased in MFGMs compared 
with CLDs. Furthermore, the number of 
ribosomal proteins (excluded from the 
foregoing analysis) was dramatically in-
creased to 69 proteins in MFGMs, repre-
senting up to 17.47% of identified pro-
teins, whereas only 2 ribosomal proteins 
(0.77%, also found in MFGMs) were found 
in CLDs (unpublished data).

Taken together, these results suggest 
that the proteins associated with CLDs and 

MFGMs greatly differ in terms of functions and cellular origins. The 
intriguing fact that the proteins assigned to the membrane category 
were not significantly increased in the secreted MFGs compared 
with CLDs can be explained by the increase in proteins assigned to 
the endoplasmic reticulum and mitochondrion groups, as well as in 
ribosomal proteins. These observations led to the attractive possi-
bility that, in addition to the APM, intracellular compartments such 
as the ER and mitochondria could provide membrane for the bud-
ding of MFGs.

The selective study of membrane-associated proteins favors 
the involvement of the ER as the source of membrane for 
MFG budding
To reinforce the hypothesis that membranous intracellular compart-
ments play a role during the budding of MFGs, we analyzed the pool 
of membrane-associated proteins identified in CLDs and MFGMs in 
further detail. The number of proteins with single- or multiple-pass 
transmembrane domains, as well as lipid-anchored proteins, was es-
timated in both sets of data (Figure 6). This comparison (Figure 6A, 
left, excluding ribosomal proteins) shows a huge increase in the 
number of the membrane-associated proteins in MFGMs (96 pro-
teins, 21.36% of the total) compared with CLDs (21 proteins, 8.14% 
of the total). Of note, this was largely due to the high number of 
single- and multiple-pass transmembrane proteins in MFGMs. In 
contrast, the number of lipid-anchored proteins was quite similar in 
CLDs and MFGMs. Among these proteins, only 13 (61.90% for CLDs 
and 4.02% for MFGMs) are common to both CLDs and MFGMs, with 
more than two-thirds (nine) being lipid-anchored proteins. Thus, 
whereas the number of lipid-anchored proteins appears quite similar 
in CLDs (15) and MFGMs (17), there is a substantial increase in both 

FIGURE 3: Analysis of the different mouse milk fractions and quality of the MFGMs. (A) Whole 
mouse milk as well as the milk fractions corresponding to caseins, lactoserum, and MFGMs were 
analyzed by SDS–PAGE on 12.5% acrylamide gel. Caseins appeared to be the main proteins 
present in mouse milk and were only faintly present in the lactoserum and MFGs fractions. The 
specific protein pattern observed for MFGMs indicated the minimal contamination by caseins or 
lactoserum proteins, as well as the enrichment of some proteins in this fraction. Relative 
molecular masses (kilodaltons) and casein isoforms are indicated on the left. (B) MFGs purified 
from mouse milk and isolated MFGMs were analyzed by transmission electron microscopy after 
negative coloration. The MFGs appeared as round structures with a lipid core, whereas MFGMs 
were devoid of neutral lipid core, cellular debris, or membranous organelles.

FIGURE 4: Protein profile of the CLDs and MFGMs by 1D SDS–PAGE. 
CLDs were prepared from mammary acini purified from mouse 
mammary gland at day 10 of lactation, and MFGMs were recovered 
from MFGs isolated from mouse milk collected at the same time point, 
as described in Materials and Methods. Proteins (∼8 μg) were loaded 
on 4–12% polyacrylamide gels (NuPAGE Novex, 4–12% Bis-Tris gel, 
NP002) in MES buffer and further stained with SimplyBlue SafeStain 
G250 (LC6060; Invitrogen). The relative molecular masses (kilodaltons) 
are indicated. Marker proteins appeared specifically enriched in each 
preparation: PLIN2 in CLDs, and BTN1 and MFG-E8 in MFGMs.
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these proteins on the basis of their cellular localization (Figure 6B). 
In CLDs (Figure 6B, left), the membrane-associated proteins are 
mainly assigned to the membrane category (80.95%), whereas 
those assigned to the endoplasmic reticulum (9.52%), mitochon-
drion (4.76%), and Golgi (4.76%) categories are clearly underrep-
resented. In contrast, in MFGMs (Figure 6B, right), membrane-as-
sociated proteins assigned to the membrane category still 
represent 46.88% of proteins, but those in the endoplasmic reticu-
lum and mitochondrion categories represent 35.41 and 11.46% of 
proteins, respectively. These three cellular localizations account 
for up to 93.75% of membrane-associated proteins identified in 
MFGMs.

single- and multiple-pass transmembrane proteins in MFGMs com-
pared with CLDs. Moreover, when depicted as proportions (Figure 
6A, right), our data clearly show that single- and multiple-pass trans-
membrane proteins are significantly (p < 0.01) increased in MFGMs 
compared with CLDs. Conversely, the proportion of lipid-anchored 
proteins is reduced in MFGMs compared with CLDs. Of interest, the 
analysis of the common proteins indicates that the overall ratio of 
single- and multiple-pass versus lipid-anchored proteins is quite 
similar to that observed for CLDs but clearly different from the rela-
tive distribution obtained for MFGMs.

To gain information on the cellular origins of the membrane-
associated proteins identified in CLDs and MFGMs, we classified 

FIGURE 5: Classification of the proteins identified in CLDs or MFGMs based on their biological function or cellular 
localization. (A) The proteins identified by LC-MS/MS with at least two peptides in CLDs (260 proteins) or MFGMs 
(395 proteins) were classified by either their biological function (left) or cellular localization (right), according to the GO 
terms of the Uniprot KB database (Supplemental Table S1). The categorizations of the proteins common to CLDs and 
MFGMs (72 proteins) are also shown. (B) The relative distributions of the proteins associated with CLDs or MFGMs were 
compared on the basis of their function (left) or cellular localization (right). Note that the scale of the right graph is 
twofold greater than that of the left graph. Ribosomal proteins were excluded from these classifications because they 
would have artificially increased the protein synthesis, binding, and folding functional category, as well as the 
endoplasmic reticulum cellular localization category. **p < 0.01.
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Lipid rafts may be involved in CLD biogenesis 
and MFG secretion
Because some proteins, such as SNAP23, Muc1, erlin2, prohibitin, 
and GRP78, were described as being present in lipid rafts 
(Chamberlain and Gould, 2002; Staubach et al., 2009), we reana-
lyzed our LC-MS/MS results, focusing on proteins that were already 
described in raft proteomics studies. Because both the sample 
preparation and the proteomic method can affect the identification 
of proteins, we chose four studies based on the facts that 1) they 
were performed with the same approach used in the present study 
(1D SDS–PAGE and LC-MS/MS); 2) lipid rafts were extracted using 
Triton X-100, and 3) they covered different species as well as pri-
mary cells and cell lines (human, HeLa cells, Foster et al., 2003; 
mouse spinal cord, Zhai et al., 2009; NG 108-15 cells [mouse neuro-
blastoma/rat glioma hybrid], Poston et al., 2011; and rat renal col-
lecting duct cells, Yu et al., 2008). A list of the proteins already found 
in lipid rafts is given in Supplemental Table S1 (CLD, MFGM, and 
common raft-associated proteins). This analysis clearly indicates 
that raft-associated proteins were found in both mouse CLDs and 
MFGMs (Figure 7A). Surprisingly, these proteins represent a signifi-
cantly (p < 0.01) higher proportion in CLDs (53%) than in MFGMs 
(38%). Some of these lipid raft–associated proteins were common 
to both organelles (20.00% in CLDs and 13.16% in MFGMs), 
whereas others were specifically present in CLD (33.08%) or MFGM 
(25.32%) preparations, respectively. Moreover, the analysis of the 

The cellular localizations of the membrane-associated proteins 
were also compared between CLDs and MFGMs, in terms of both 
numbers (Figure 6C, left) and relative proportions (Figure 6C, right). 
The results clearly show a significant increase in the number of 
membrane-associated proteins within the membrane, endoplasmic 
reticulum, and mitochondrion categories in MFGMs compared with 
CLDs (Figure 6C, left). However, despite a threefold increase in the 
number of membrane-associated proteins assigned to the mem-
brane category, their relative proportion significantly decreases (ap-
proximately twofold) in MFGMs compared with CLDs, whereas the 
relative proportion of proteins assigned to the endoplasmic reticu-
lum and mitochondrion categories increases concomitantly with 
their number (Figure 6C, left vs. right).

As a whole, our analysis shows that, in addition to an increase in 
the total number of membrane-associated proteins in MFGMs (96) 
compared with CLDs (21), those identified in MFGMs are mostly 
transmembrane proteins (82, 29%) whereas those found in CLDs are 
mainly lipid-anchored proteins (71, 43%). These observations are fully 
consistent with the membrane topology of these organelles, a phos-
pholipid monolayer for CLDs, and an additional bilayer for MFGs. 
Moreover, a large majority of membrane-associated proteins present 
in MFGMs are not found in CLDs. Because membrane-associated 
proteins can be considered a signature of a given membranous com-
partment, our results strongly suggest that, besides the APM, the ER 
and potentially mitochondrion contribute to MFGM formation.

FIGURE 6: Analysis of the membrane-associated proteins identified in CLDs and/or MFGMs. (A) Membrane-associated 
proteins (single- or multiple-pass transmembrane proteins and lipid-anchored proteins) identified in CLDs, MFGMs, or 
common to both organelles were specifically analyzed in terms of numbers (left) and percentages (right). (B) Membrane-
associated proteins identified in CLDs (left) or MFGMs (right) were classified by their cellular localization. (C) Membrane-
associated proteins classified based on their cellular localization were compared between CLDs and MFGMs in terms of 
number of proteins (left) and proportions (right). *p < 0.05; **p < 0.01.
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MFGMs was also performed (Figure 7C). 
The results indicate that a large majority of 
these proteins belong mainly to three func-
tional categories (∼83%)—enzymatic activ-
ity (40.38%), protein synthesis, binding, 
and folding (23.07%), and membrane and 
vesicular trafficking (19.23%)—and four 
cellular localization categories (∼94%)—
cytoplasm (44.23%), membrane (23.07%), 
mitochondrion (15.38%), and endoplasmic 
reticulum (11.54%).

Taken together, these results further sup-
port that the ER and potentially mitochon-
dria contribute to the formation of the 
MFGM and also point to the intriguing pos-
sibility that lipid rafts could be linked to the 
biogenesis of CLDs and/or the secretion of 
MFGs.

GM1 ganglioside—a lipid raft 
marker—and cholesterol are 
associated with both CLDs and MFGs
Because the foregoing results suggest that 
lipid rafts associate with CLDs and MFGs in 
MESCs, we studied the subcellular localiza-
tion of GM1 ganglioside, a known lipid raft 
marker, by indirect immunofluorescence 
(IIF) in mouse mammary gland sections at 
L10 and in purified MFGs (Figure 8). When 
milk secretion was slowed by separating the 
pups from the female, GM1 ganglioside 
appeared to be distributed throughout the 
MESCs, with a slight association of the 
labeling with the basolateral PM and some 
intracellular accumulation frequently sur-
rounding CLDs (Figure 8A, arrows). In the 
lumen of the acini, GM1 was detected on 
the surface of budding and secreted MFGs 
(Figure 8A, arrowheads). The same localiza-
tions were observed for GM1 ganglioside in 
the presence of pups, although its presence 
in the vicinity of CLDs was less frequent (un-
published data). Because casein-containing 
SVs are commonly observed around CLDs 
in the subapical region of MESCs during 
lactation, GM1 ganglioside and caseins 
were codetected. As shown in Figure 8B, 
GM1 ganglioside and caseins both accu-
mulated at the apical side of MESCs when 

milk secretion was down-regulated, but they were only poorly colo-
calized (yellow) in discrete areas in MESCs. No intracellular accumu-
lation was observed for caseins, unlike GM1 ganglioside. More-
over, although both GM1 ganglioside and caseins were present on 
the surface of budding and secreted MFGs, little to no colocaliza-
tion was observed (Figure 8B, arrowheads). GM1 ganglioside was 
also detected on the surface of purified MFGs (Figure 8C). The in-
tensity of the GM1 ganglioside labeling was quite variable among 
the MFGs, and its distribution was heterogeneous on the surface 
of the MFGs.

Because CH is an obligate component of lipid rafts, it was de-
tected using filipin, a drug known to bind membrane sterols, espe-
cially unesterified CH. When milk secretion was slowed, free CH 

proteins common to CLDs and MFGMs indicates that only 27.78% 
are nonraft proteins, whereas the vast majority (72.22%) were 
found in lipid rafts in at least one of the chosen studies. When the 
identified raft-associated proteins were classified by function and 
cellular localization (Figure 7B, left and right, respectively), it clearly 
appeared that the proteins in the membrane and vesicular traffick-
ing and redox regulation functional categories were significantly 
decreased, whereas those in the transport category were substan-
tially increased in MFGMs compared with CLDs. The cellular local-
ization cytoplasm category was drastically reduced, whereas the 
endoplasmic reticulum and mitochondrion categories were signifi-
cantly increased in MFGMs compared with CLDs. A detailed analy-
sis of the raft-associated proteins common to both CLDs and 

FIGURE 7: Analysis of the proteins associated with lipid rafts in mouse CLDs or MFGMs. 
Proteins identified by LC-MS/MS in mouse CLDs and MFGMs were classified based on their 
association with lipid rafts (Supplemental Table S1, CLD, MFGM, and common raft-associated 
proteins) by comparing them with those already found in lipid rafts in other studies (human 
HeLa cells, Foster et al., 2003; mouse spinal cord, Zhai et al., 2009; NG 108-15 cells [mouse 
neuroblastoma/rat glioma hybrid], Poston et al., 2011; rat renal collecting duct cells, Yu et al., 
2008; Supplemental Table S1, CLD, MFGM, and common raft-associated proteins). (A) Proteins 
were classified into three categories: nonraft proteins (gray boxes), lipid raft–associated proteins 
common to both CLDs (20.00%) and MFGMs (13.16%; white boxes), and raft-associated 
proteins present only in CLDs (33.08%) or only in MFGMs (25.32%; black boxes). Note that the 
total of raft-associated proteins is significantly different (p < 0.01) between CLDs (53.08%) and 
MFGMs (38.48%). Data are expressed as percentage of total proteins. (B) The lipid raft-
associated proteins identified in CLDs or MFGMs were classified based on their function (left) 
or cellular localization (right) and compared between the two organelles. *p < 0.05; **p < 0.01. 
(C) The lipid raft-associated proteins common to both CLDs and MFGMs were classified based 
on their function (left) or cellular localization (right).
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MFGs suggests an early association of lipid raft components with 
CLDs and a role of these membrane microdomains in CLD biogen-
esis and/or MFG secretion.

Intracellular compartment marker proteins are differentially 
associated with CLDs and MFGMs
To confirm the LC-MS/MS results, we investigated the presence of 
various proteins in both CLDs and MFGMs by Western blot (Figure 
9). We first checked for the presence of two known protein markers 
of CLDs and MFGMs—PLIN2 and BTN1, respectively. PLIN2 was 
strongly detected in CLDs and only slightly in MFGMs, whereas 
BTN1 clearly accumulated in MFGMs compared with CLDs. Two 
other CLD/MFG markers—Rab18 and XOR—were also identified in 
both sample types by MS, unambiguously confirming their respec-
tive natures. Because MFG budding consumes a huge quantity of 
membrane, a plausible hypothesis is that the membrane supplied 
by the exocytosis of SVs is at least partially used to enwrap the 
MFGs. To further test this possibility, we investigated the presence 
of the SNAREs involved in milk product trafficking and/or secretion, 
that is, the Q-SNAREs SNAP23, Stx-3, -4, -6, -7, and -12, and the 
R-SNAREs VAMP4, VAMP8, and Sec22b (Chat et al., 2011), in CLDs 
and MFGMs. Of note, LC-MS/MS did not identify SNARE proteins in 
CLDs, whereas SNAP23, VAMP8, and Sec22b were found in 
MFGMs. In contrast, Western blot analysis showed that SNAP23 
was present in both CLDs and MFGMs, as previously suggested (Liu 
et al., 2004; Reinhardt and Lippolis, 2006; Bostrom et al., 2007; 
Affolter et al., 2010). Other Q-SNAREs (Stx-3, -4, -6, -7, and -12) 
were all detected in MFGMs, but only Stx-6 and -12 were also found 
in CLDs. A surprising result was the clear accumulation of Stx-4 in 
MFGs compared with CLDs, as this SNARE was previously localized 
to the basolateral PM of lactating MESCs (Chat et al., 2011). As for 
the R-SNAREs, VAMP4 was detected in both CLDs and MFGMs, 
whereas VAMP8 and Sec22b were present only in MFGMs. Note 
that, for VAMP4, a doublet was observed in MFGMs, suggesting a 
possible change in the phosphorylation status and/or the presence 
of VAMP4 variants associated with MFGMs compared with CLDs. 
Because our previous work suggested that, at the least, SNAP23 
and VAMP8 were most likely involved in the exocytosis of caseins, 
the present results suggest that the membrane delivered at the 
APM of lactating MESCs after fusion of casein-containing SVs is re-
used to enwrap the budding MFGs. Moreover, together with the 
detection of three ER-resident proteins—calnexin, GRP78, and 
PDIA3, which were also identified by LC-MS/MS—the presence of 
Sec22b in MFGMs but not in CLDs supports a strong interaction 
between the ER and CLDs and the possibility that the ER contrib-
utes to the formation of the MFGM, as Sec22b is an ER-resident 
transmembrane SNARE.

The presence of other proteins identified by MS in both CLDs 
and MFGMs (Rab7A GTPase) or only in CLDs (AnxA2) or not found 
in our study but shown to be associated with CLDs in other cell 
types (caveolin1 [Cav1]) was also investigated. Rab7A appeared to 
be enriched in MFGMs compared with CLDs, whereas Cav1 and 
AnxA2 were only detected in CLDs. These observations suggest 
that, whereas certain proteins are specifically associated with the 
secreted MFGs, others, such as Cav1 and AnxA2, are likely sorted 
away from the budding MFGs to be retained in the cell. In addition, 
erlin2 and flotillin2, two known protein markers of lipid rafts, were 
clearly detected in MFGMs but not in CLDs.

Taken together, our Western blot results suggest that some 
SNARE proteins are associated with CLDs (SNAP23, Stx-6 and -12, 
VAMP4), whereas others are present only in MFGMs (Stx-3, -4, and 
-7, VAMP8, and Sec22b). The appearance of Stx-7, Stx-12, and 

was detected throughout the secretory MESCs, with evident 
accumulation around the CLDs, as well as on the surface of MFGs 
(Supplemental Figure S2A, arrows and arrowheads, respectively), 
similar to what was observed for GM1 ganglioside (Figure 8A). 
Other cell types surrounding the alveolae were also strongly la-
beled by filipin. Free CH was also present on the surface of per-
meabilized MFGs (Supplemental Figure S2B). Free CH was found 
to colocalize with GM1 ganglioside at the basolateral PM of the 
MESCs, but CH and GM1 ganglioside were only sparsely associ-
ated around CLDs and on the surface of MFGs (Supplemental 
Figure S2C, open arrowheads).

Together with the analysis of raft-associated proteins, the intra-
cellular association of GM1 ganglioside and free CH with CLDs and 

FIGURE 8: GM1 ganglioside, a marker of lipid raft microdomains, is 
associated with both CLDs and MFGs. The intracellular localization of 
GM1 ganglioside was studied by fluorescence using Alexa 594–
conjugated CTxB in mouse mammary gland at day 10 of lactation in 
the absence of pups, as well as on MFGs purified from mouse milk 
collected at the same time point. (A) GM1 ganglioside appeared to be 
present on the surface of budding and secreted MFGs (arrowheads) 
and throughout the MESCs, with clear accumulations surrounding the 
CLDs (arrows). A negative control without CTxB did not show any 
labeling (bottom). (B) GM1 ganglioside and caseins were codetected 
in sections of mouse mammary gland at day 10 of lactation. Although 
both GM1 ganglioside and caseins were associated with budding and 
secreted MFGs (arrowheads), they only occasionally colocalized. A 
negative control without primary antibody did not show any labeling 
or red fluorescence (CTxB). (C) GM1 ganglioside was detected on the 
surface of MFGs by Alexa 594–conjugated CTxB. All images are 
z- projections (y-axis) of confocal stacks. Asterisks indicate lumens. 
Scale bar, 10 μm (mammary gland sections), 5 μm (MFGs).
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is dilated by the accumulation of milk products. The pups were ei-
ther left with the female (Figure 10, +p) or, to slow milk secretion, 
separated from the female for 4 h (Figure 10, −p) before the mam-
mary gland was removed. Muc1 and BTN1, two MFG protein mark-
ers, were both mainly accumulated at the apical side of lactating 
MESCs (Figure 10, Muc1 and BTN1). Muc1 labeling was exclusively 
associated with the APM of lactating MESCs. Note the important 
morphological change in MESCs, mainly at their apical side, upon 
suckling (Figure 10, Muc1, compare +p and −p). Muc1 was also ob-
served on secreted MFGs present in the lumen of the acini (Figure 
10, Muc1, arrowheads) but did not appear to be associated with 
CLDs, even when in the vicinity of the APM (Figure 10, Muc1, zoom). 
As expected, BTN1 was mainly localized to the APM of the lactating 
MESCs, as well as on the surface of the budding and secreted MFGs 
(Figure 10, BTN1, arrowheads). However, unlike Muc1, BTN1 was 
also occasionally observed surrounding the CLDs localized beneath 
the APM of MESCs (Figure 10, BTN1, arrows). PLIN2, a CLD protein 
marker, labeled most of the CLDs (Figure 10, PLIN2), which ap-
peared to have chiefly accumulated in the subapical region of 
MESCs under conditions slowing the secretion of milk products 
(Figure 10, PLIN2, −p, arrows). PLIN2 was also observed around 
budding and secreted MFGs in the lumen of the acini (Figure 10, 
PLIN2, arrowheads). As for Rab18, it was distributed throughout the 
cells, with a clear accumulation at the basal side of MESCs, around 
CLDs (Figure 10, Rab18, +p, arrows), and at the surface of both bud-
ding and secreted MFGs (Figure 10, Rab18, +p, arrowheads). How-
ever, when secretion was slowed, Rab18 labeling was more promi-
nent around CLDs, which accumulated in the subapical region of 
MESCs (Figure 10, Rab18, −p, arrows), whereas the basal side was 
no longer labeled. Finally, we investigated the localization of Rab7, 
which was identified in both CLDs and MFGMs by MS (Figure 10, 
Rab7). During suckling, Rab7 labeling appeared to be distributed 
throughout the cytoplasm, with clear accumulation around some 
CLDs (Figure 10, Rab7, +p, arrows), and in the vicinity of the PM of 
MESCs. Rab7 was also faintly detected at the surface of secreted 
MFGs (Figure 10, Rab7, +p, arrowheads). When secretion was 
slowed, Rab7 seemed to be less cytoplasmic and more tightly ac-
cumulated beneath the PM, particularly at the apical side of the 
MESCs. Similarly, the accumulation of Rab7 around CLDs was less 
frequently observed (Figure 10, Rab7, −p). Negative controls with 
no primary antibody did not show any labeling (Figure 10, −Ig1).

Taken together, these results suggest that the proteins studied 
here are associated with CLDs and/or budding MFGs with different 
spatiotemporal kinetics, depending on the secretory activity of 
MESCs.

PLIN2 and BTN1 are both associated with apical CLDs 
and colocalize on the surface of MFGs during suckling
Although the molecular mechanisms involved in the budding of 
MFGs are not fully understood, one view is that the PLIN2 present 
on the CLDs may associate, even transiently, with the BTN1 local-
ized at the APM, forming a tripartite complex with XOR, a cytoplas-
mic protein, to zip the membrane around the budding MFGs. If so, 
at least PLIN2 and BTN1 should be colocalized at the surface of the 
budding and secreted MFGs. As expected, PLIN2 was mostly as-
sociated with CLDs (Figure 11, PLIN2, arrows), whereas the bulk of 
BTN1 was localized to the APM of MESCs (Figure 11, BTN1) and 
sometimes around apical CLDs (Supplemental Movie S1). When 
secretion was slowed, PLIN2 appeared to be localized around 
CLDs (Figure 11, −p, PLIN2, arrows), which mostly accumulated at 
the apical side of MESCs. Although PLIN2 and BTN1 were both 
present in the subapical region of MESCs, they appeared only 

FIGURE 9: Western blot analysis of a number of proteins associated 
with mouse CLDs and/or MFGs. The presence of some of the proteins 
identified in CLDs and/or MFGs by LC-MS/MS was investigated by 
WB. CLDs were isolated by flotation on a sucrose gradient from acini 
purified from murine mammary gland at day 10 of lactation. MFGs 
were isolated from mouse milk collected at the same time point, and 
MFGMs were extracted. The following types of proteins were 
analyzed: protein markers of CLDs (PLIN2) and MFGs (BTN1), SNARE 
proteins (SNAP23, syntaxins 3, 4, 6, 7, and 12, VAMP4, VAMP8, and 
Sec22b), ER-resident proteins (calnexin, GRP-78, and PDIA3), other 
proteins related to membrane trafficking (Rab7, Cav-1, and AnxA2), 
and raft microdomain markers (erlin2 and flotillin2). AnxA2, annexin 
A2; BTN1, butyrophilin; Cav-1: caveolin-1; GRP78, glucose-regulated 
protein 78; PDIA3, protein disulfide isomerase A3; PLIN2; adipophilin; 
SNAP23, synaptosomal-associated protein of 23 kDa; Stx, syntaxin; 
VAMP, vesicle-associated membrane protein.

VAMP8 in MFGMs strongly supports the possibility that, after exocy-
tosis, the membrane from casein-containing SVs is incorporated into 
the MFGM. Furthermore, the clear emergence of erlin2 and of the 
ER-resident SNARE Sec22b is consistent with the contribution of the 
ER to the MFGM. In addition, the presence of erlin2 and flotillin2 in 
MFGM but not in CLDs argues for a role of lipid rafts in MFG 
secretion.

The spatiotemporal association of some proteins with CLDs 
and MFGs depends on the secretory activity of MESCs
To obtain further information on certain proteins associated with 
CLDs and/or MFGMs, we localized Muc1, PLIN2, BTN1, and Rab18 
and 7 at the subcellular level by IIF in mouse mammary tissue sec-
tions at L10 (Figure 10). Because SNARE proteins and Rab GTPases 
cycle between donor and acceptor compartments, we performed 
analyses under experimental conditions that slow milk secretion 
(Wilde et al., 1999; Weaver and Hernandez, 2016). In these condi-
tions, the high membrane turnover required for milk product trans-
port and secretion is limited, and cycling proteins preferentially re-
side in their compartment of origin. Moreover, the observation of 
the APM of MESCs is also facilitated because the lumen of the acini 
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Protein markers exhibit different distributions on the 
surface of MFGs
To observe directly the distribution of some of the proteins identi-
fied by MS, we performed IIF on purified MFGs. Because the gelatin 
used to embed the MFGs generated some fluorescence back-
ground, we systematically imaged the MFGs that were trapped in 
the air bubbles of the preparation. Note that 1) MFGs were fixed 
before being embedded in gelatin, as there appeared to be no dif-
ference in the distribution pattern of the studied proteins compared 
with nonfixed MFGs (unpublished data), and 2) for all the IIF experi-
ments, MFGs were permeabilized with saponin 0.05% in phosphate-
buffered saline (PBS) in order not to extract CH from the putative 
lipid rafts within the MFGM. Because the polymeric immunoglobu-
lin receptor (pIgR) has been shown to be present on MFGs, we first 
performed IIF experiments with irrelevant primary antibodies in or-
der to ensure that any labeling observed was not due to unspecific 
capture of the antibodies by this receptor. Two antibodies were 
used for this control experiment: a mouse monoclonal antibody 

sparsely colocalized (Figure 11, −p, merge 1, open arrowheads, 
and Supplemental Movie S2). Conversely, they were clearly colo-
calized on the surface of secreted MFGs (Figure 11, −p, merge 1, 
arrowheads). Of interest, the colocalization of PLIN2 and BTN1 ap-
peared to be enhanced (Figure 11, +p) upon suckling, notably on 
the surface of budding and secreted MFGs (Figure 11, PLIN2 and 
BTN1, +p, arrowheads, and Supplemental Movie S3). Moreover, 
PLIN2 and BTN1 also occasionally colocalized around CLDs pres-
ent just beneath the APM (Figure 11, −p, +p, merge 1, open ar-
rowheads), suggesting that a pool of BTN1 could associate with 
CLDs before they reach the APM of MESCs (Supplemental Movie 
S1). Negative controls without primary antibodies (Figure 11, −Ig1) 
did not show any labeling.

These observations indicate that PLIN2 and BTN1 are in close 
proximity only on the surface of both budding and secreted MFGs, 
suggesting that their association, even if transient, mostly occurs on 
the apical side of MESCs, probably to tightly wrap the APM around 
the budding MFGs at the time of suckling.

FIGURE 10: Cellular localization of proteins identified in CLDs and/or MFGs in the mouse mammary gland during 
lactation. The intracellular localization of different proteins associated with CLDs and/or MFGMs was studied by IIF on 
mouse mammary gland at day 10 of lactation in the presence (+p) or absence of pups (−p). The indicated proteins are in 
red; neutral lipids (CLDs and MFGs) are in green; DNA was stained with DAPI (blue); the merge shows the superposition 
of the colored images. Mucin-1 (Muc1) and butyrophilin (BTN1) were essentially localized at the APM of MESCs and 
around budding and secreted MFGs in the lumen of acini (arrowheads). BTN1 was also observed surrounding apical 
CLDs (arrows) in the absence of pups. Adipophilin (PLIN2), as well as the small GTPases Rab18 and Rab7, were 
observed around both CLDs (arrows) and MFGs (arrowheads). Note that these latter markers also appeared to 
accumulate in the subapical region of MESCs in the absence of pups. All images are z-projections (y-axis) of confocal 
stacks. Asterisks indicate lumens. Scale bar, 10 μm.
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2006). Because SNAP23 and VAMP8 have 
been described as being localized in lipid 
rafts, we also attempted to colocalize these 
proteins with GM1 ganglioside (Figure 8C). 
However, for unknown reasons, convincing 
results were not achieved whatever the pro-
cedure used (GM1 first/SNARE second or 
SNARE first/GM1 second), the intensity of 
both labelings being low (unpublished 
data). As expected, Muc1, which is localized 
on the extracellular leaflet of the APM of 
MESCs (Figure 10, Muc1), was detected on 
the surface of the MFGs even when the per-
meabilization step was omitted (unpub-
lished data). Negative controls without pri-
mary antibody showed no labeling (Figure 
12, –Ig1).

Taken together, these results show that 
various proteins previously identified by LC-
MS/MS in MFGMs all display a punctate dis-
tribution pattern on the surface of MFGs, 
with some differences in the density and 
homogeneity of the observed labeling. The 
presence of SNAP23 and VAMP8 inside the 
MFGM strongly argues for the membrane 
supplied by casein exocytosis being reused 
for the budding of MFGs.

DISCUSSION
During lactation, MESCs produce and se-
crete large amounts of milk from their apical 
side. Milk proteins, transported along the 
secretory pathway, are released by exocyto-
sis, whereas MFGs are expulsed by budding, 
enwrapped by the APM bilayer. Thus, at the 
time of suckling, there is both membrane 
supply and loss at the APM of MESCs due to 

SV fusion and MFG budding, respectively. Moreover, because of the 
high number and the large size of MFGs (several micrometers in di-
ameter), the amount of membrane needed for their secretion may 
exceed the APM surface available. We hypothesized that differential 
analysis of the protein profiles of CLDs and secreted MGFs would 
lead to the identification of molecular actors and membranous or-
ganelles involved in MFG secretion. After validation of the methods 
used to prepare CLDs and MFGMs, we analyzed the samples by LC-
MS/MS and obtained protein profiles consistent with those pub-
lished for mouse (Wu et al., 2000) and other (Fortunato et al., 2003; 
Reinhardt and Lippolis, 2006; Pisanu et al., 2011) species and cell 
types (Liu et al., 2004; Turro et al., 2006; Wan et al., 2007). Indeed, 
260 proteins were identified in CLDs and 395 in MFGMs, but, surpris-
ingly, only 72 were found to be common to both. Of note, cytoplas-
mic crescents containing various intracellular organelles have been 
described between the lipid core and the outer membrane of the 
MFGs in all species (Wooding and Peaker, 1970; Patton and Huston, 
1988). However, we assume that these structures are unlikely to con-
tribute significantly to the presence of intracellular proteins found in 
MFGMs because 1) the incidence of these structures is low and de-
pends on the species, 2) mouse MFGs contain very little cytoplasm 
(Wu et al., 2000), and 3) cytoplasmic crescents, the incidence of 
which was <3% in mouse MFGs (Supplemental Figure S1), were not 
observed in our MFGM preparations (Figure 3). When classified 
based on their function, proteins found in CLDs are mostly involved 

(homologous interaction with the pIgR) directed against C23/nucle-
olin, a nuclear protein; and a rabbit polyclonal antibody (heterolo-
gous interaction with the pIgR) against ARK2/Aurora. As shown in 
Supplemental Figure S3, no labeling was observed for either of 
these antibodies or with secondary antibodies alone. PLIN2 and 
BTN1, two known protein markers of CLDs and MFGs, respectively, 
both displayed a discrete and punctate distribution on the surface 
of MFGs (Figure 12, BTN1, PLIN2). MFGs appeared heavily stained 
for Rab18, another CLD/MFG protein marker (Figure 12, Rab18). 
Rab7, which was identified in both CLD and MFG samples by MS, 
was also clearly detected on the surface of MFGs (Figure 12, Rab7). 
Finally, SNAP23 (Figure 12, SNAP23, and Supplemental Movie S4) 
and VAMP8 (Figure 12, VAMP8, and Supplemental Movie S5), two 
SNARE proteins involved in casein exocytosis, were clearly detected 
on the surface of MFGs as numerous and intense small patches. Of 
interest, SNAP23 and VAMP8 were not detected when the permea-
bilization step was omitted, and the labeling corresponding to 
SNAP23 was markedly decreased when Triton X-100 0.2% was used 
instead of saponin 0.05% (unpublished data). These observations 
were in agreement with 1) the localization of the SNARE proteins 
inside the MFGM, which is consistent with the formation of a SNARE 
complex on the cytoplasmic side of the APM for casein exocytosis, 
and 2) the fact that SNAP23 is found within “Triton-sensitive” mem-
branes and/or extracted by this detergent due to its palmitoyl mem-
brane anchor (Chamberlain and Gould, 2002; Puri and Roche, 

FIGURE 11: Codetection of PLIN2 and BTN1 in mouse mammary gland at day 10 of lactation 
by IIF. The intracellular localization of two protein markers associated with CLDs and/or MFGs 
was studied by IIF on tissue sections from the mammary gland of mice in the absence (−p) or 
presence of the pups (+p) at day 10 of lactation. Neutral lipids were stained with BODIPY 
493/503 (magenta false color), and DNA was stained with DAPI (blue). PLIN2 (red false color) 
was observed throughout the MESCs, with clear accumulations around CLDs (arrows) and on 
the surface of MFGs (arrowheads). BTN1 (green) was quite exclusively localized at the apical 
side of MESCs, with some light but visible labeling around apical CLDs (arrows), as well as 
around MFGs (arrowheads). No clear colocalization of PLIN2 and BTN1 was observed in the 
apical region of MESCs, with the exception of apical CLDs (merge 1, open arrowheads) and 
MFGs (merge 1, white circles). Note that the colocalization between PLIN2 and CLD seems to 
be increased on the surface of MFGs upon suckling (merge 1, white circles; compare −p and +p). 
Merge 2 shows the four-color picture resulting from the superposition of previous ones. 
Negative controls without primary antibodies (–Ig1) did not show any labeling. All images are 
z-projections (y-axis) of confocal stacks. Asterisks indicate lumens. Scale bar, 10 μm.
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and multiple-pass transmembrane proteins account for up to 82% of 
the 96 membrane-associated proteins identified in MFGMs. In addi-
tion, although the number of lipid-anchored proteins is quite similar 
in CLDs (15) and MFGMs (17), they represent only ∼18% of mem-
brane-associated proteins in MFGMs (four times less than in CLDs) 
due to the huge increase in the number of transmembrane proteins 
in MFGMs compared with CLDs. This drastic change reflects the fact 
that CLDs are surrounded by a phospholipid monolayer containing 
mainly lipid-anchored proteins, whereas MFGs are surrounded by an 
additional bilayer arising from various cellular compartments.

CLDs are believed to form by accumulation of neutral lipids 
within specific domains of the ER called mitochondria-associated ER 
membranes (MAMs; Rusinol et al., 1994; Stone et al., 2009). Ultra-
structural studies have shown that the ER is tightly wrapped around 
CLDs (Blanchette-Mackie et al., 1995), with ribosome-rich contact 
points (Ozeki et al., 2005). This connection makes sense, as the en-
zymes catalyzing the final steps of neutral lipid synthesis reside in 
the ER. Proteins with no obvious link to CLD functions are also com-
monly found in CLD preparations, reflecting the physical and func-
tional interactions of CLDs with other membranous organelles 
(Barbosa et al., 2015; Gao and Goodman, 2015). These interactions 
have been shown to be regulated by a narrow number of Rab 
GTPases (Kiss and Nilsson, 2014) and sometimes involve SNARE 
proteins (Jagerstrom et al., 2009).

Several mechanisms probably underlie the maintenance of the 
APM surface. Although de novo membrane synthesis cannot totally 
be ruled out, other nonexclusive sources of membrane seem to be 
involved in the building of the MFGM. First, a substantial portion of 
the MFGM obviously comes from the APM of the cell, the deploy-
ment of microvillosities providing both a large membrane surface 
and a favorable context for secretion due to a local reduction of the 
surface tension. Other mechanisms, including membrane insertion 
after SV exocytosis (Dai and Sheetz, 1995) and cortical cytoskeleton 
rearrangement, also locally decrease membrane tension (Raucher 
and Sheetz, 2000). Second, the membrane supplied by the fusion 
of many SVs with the APM can also be used to enwrap the MFG 
(Wooding and Sargeant, 2015; present study). Indeed, the pres-
ence in MFGMs of some SNARE proteins (SNAP23, VAMP8, Stx-7, 
and Stx-12), which have been localized on the surface of SVs (Chat 
et al., 2011), supports this possibility. Moreover, this would have the 
double advantage of allowing the release of milk components and 
of balancing, at least in part, the membrane loss caused by MFG 
release. As suggested on the basis of a limited number of proteins 
(Wu et al., 2000), our results strongly support a third possibility: 
that, in addition to the APM, some intracellular compartments, such 
as the ER, significantly contribute to MFGM formation. Intriguingly, 
the ER has already been involved in other “membrane-consuming 
processes,” such as phagocytosis (Desjardins, 2003), when the PM 
must rapidly expand around the engulfed particles. In this case, the 
ER provides up to 20% of the early phagosome membrane to-
gether with endomembranes of various origins (i.e., PM, endo-
somes, and lysosomes; Garin et al., 2001; Campbell-Valois et al., 
2012). In this case, only a subset of ER proteins is recruited to the 
early phagosome, suggesting that specific subdomains of this 
organelle might be involved in phagocytosis. Moreover, two ER-
resident SNAREs, Sec22b and Stx-18, have been implicated in ER–
PM/phagosome fusion (Hatsuzawa et al., 2006; Cebrian et al., 
2011), and SNAP23, as well as Stx-7 and Stx-12/13, regulates 
phagosome formation and maturation (Collins et al., 2002; Sakurai 
et al., 2012). The physiological significance of connecting cellular 
membranes has been described in eukaryotic cells (reviewed in 
Prinz, 2014; Schrader et al., 2015; Phillips and Voeltz, 2016). Indeed, 

in the metabolism, synthesis, and binding and folding of proteins or 
membrane and vesicular trafficking. In MFGMs, the membrane and 
vesicular trafficking and cell signaling functions are reduced, whereas 
the immune function and transport categories are increased, com-
pared with CLDs. These variations probably reflect the transition be-
tween CLDs, which are dynamic crossroads for glucide, proteic amino 
acid, and fat metabolism, and MFGs, which are mainly intended to 
feed and immunologically protect the newborn. Of interest, the clas-
sification of the identified proteins based on their cellular localization 
shows a striking change between CLDs and MFGMs. Whereas cyto-
plasmic proteins account for >70% of the proteins identified in CLDs, 
they only represent ∼24% of the proteins identified in MFGMs, with a 
concomitant increase of the membrane, endoplasmic reticulum, mi-
tochondrion, and secreted categories up to ∼18% each. Further-
more, a limited number (21) of membrane-associated proteins, which 
are mostly lipid anchored (71%), are found on CLDs, whereas single- 

FIGURE 12: Distribution of BTN1, PLIN2, Rab18 and 7 GTPases, and 
SNAP23 and VAMP8 SNARE proteins on mouse MFGs. Mouse milk 
was centrifuged, and MFGs present in the cream fraction were 
embedded in PBS/20% gelatin and immediately frozen. Cryosections 
(5 μm) were incubated with the indicated antibodies and processed 
for IIF. A punctate, more or less dense and homogeneous labeling was 
observed at the surface of the MFGs for all markers studied (red). 
Neutral lipids were labeled with BODIPY 493/503 (green). All images 
are z-projections (y-axis) of confocal stacks. Scale bar, 5 μm.
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the lactating female 4 h before being killed in order to limit milk 
secretion by MESCs (Wilde et al., 1999; Weaver and Hernandez, 
2016). Mice were killed by cervical dislocation at day 10 of lactation, 

the ER has been demonstrated to interact with the PM, allowing 
bidirectional regulated transfer of lipids, small molecules, and ions 
without membrane fusion. Of interest, the translocon of the rough 
endoplasmic reticulum (RER) was shown to interact directly with the 
PM-bound exocyst (Guo and Novick, 2004), and the ER protein 
VAMP-associated protein (VAP; also found in MFGMs in this study) 
forms bridging complexes with peripheral membrane proteins on 
the PM, as well as other sites in the cell (Loewen et al., 2003). Be-
cause ER displays a nonuniform compartmentalization in structur-
ally and functionally specialized regions (reviewed in Borgese et al., 
2006; Friedman and Voeltz, 2011; Westrate et al., 2015), our results 
also suggest that MFGMs at the least contain RER due to the high 
number of ribosomal proteins and factors involved in translation, 
and also transitional ER, based on the identification of several ER 
exit site–resident proteins (five COP subunits, Rab1, Mia3, trans-
membrane emp24-like trafficking proteins 2, 3, 5, and 10, and valo-
sin-containing protein). Unexpectedly, our results also suggest that 
a fraction of the MFGM could arise, although to a lesser extent, 
from the mitochondrial membrane (63 proteins, of which 11 
[17.46%] are transmembrane proteins). Mitochondria and ER are 
functionally related and physically linked through MAMs, explain-
ing how some integral proteins, such as the voltage-dependent 
anion channel (“porin”), are shared by both organelles (Shoshan-
Barmatz et al., 2004).

Lipid rafts play a role in membrane trafficking, particularly in exo-
cytosis and membrane-consuming processes such as phagocytosis 
(Goyette et al., 2012) and membrane resealing (Miller et al., 2015). 
Of interest, some proteins classically found in these microdomains 
(caveolin, prohibitin, Muc1, SNAP23, nicastrin, and erlin2) were 
identified in CLDs and/or MFGMs. Furthermore, the accumulation 
of GM1 ganglioside (Figure 8) and free CH (Supplemental Figure S2) 
around CLDs and MFGs is consistent with previous observations in 
adipocytes (Prattes et al., 2000) and the presence of lipid rafts on 
MFGM (Lopez and Menard, 2011). Thus our results indicate that, in 
lactating MESCs, lipid rafts associate early with the CLDs and could 
play a role in their biogenesis and/or secretion.

Thus a possible model emerges (Figure 13) in which SNAREs 
could be central actors to coordinate membrane supply and loss 
and promote the synchronized secretion of milk products during 
suckling. Indeed, whereas BTN1, PLIN2, and XOR likely contribute 
to the MFG budding (Figure 13, 1), SNARE proteins could connect 
the surrounding SVs not only together, but also with the budding 
MFGs and the APM through the formation of SNARE complexes 
(Figure 13, asterisks; Chat et al., 2011). In this way, SNARE proteins 
could promote both the exocytosis of caseins (Figure 13, 2) and 
the connection of the ER with the APM to provide membrane to 
enwrap the budding MFG (Figure 13, 3). In this case, the final step 
of MFG release likely occurs upon homotypic fusion of the SVs 
surrounding the budding MFG (Figure 13, 4; apocrine secretion) 
rather than by final scission of the PM at a budding neck (Wooding, 
1971; Kralj and Pipan, 1992). This model would have the double 
advantage of allowing release of milk components and, at least in 
part, balancing membrane loss caused by MFGs release. This sce-
nario supports a central regulatory role for SNARE proteins in spa-
tiotemporally coordinated membrane exchanges underlying syn-
chronized secretion of milk products (Truchet et al., 2014).

MATERIALS AND METHODS
Animals
CD1 mice were bred at INRA (UE0907 IERP, Jouy-en-Josas, France). 
After parturition, the number of pups per mouse was systematically 
adjusted to 10. For some experiments, pups were separated from 

FIGURE 13: Model illustrating the coordinated secretion of milk 
products in MESCs. CLDs grow by accumulation of neutral lipids 
between the two leaflets of the ER, and are released by budding (1) as 
MFGs at the apical side of the MESCs. Caseins, the major milk 
proteins, are synthesized within the ER, transported along the 
secretory pathway, and released by exocytosis (2) upon the formation 
of SNARE complexes (asterisks) containing SNAP23 and VAMP8. 
Given that these two SNARE proteins were 1) observed at the 
interface between budding MFGs and casein-containing SVs in the 
subapical region of lactating MESCs (Chat et al., 2011), and 2) found 
to be present on MFGs (present study), the membrane provided by 
exocytosis of the SVs is likely reused to enwrap the MFG during its 
budding. Moreover, our results strongly suggest that MFGM also 
arises from intracellular membranous compartments such as the ER 
and potentially mitochondria. The direct or indirect connection 
between the ER and the APM (3) explains the presence of Sec22b in 
the MFGM. Together with xanthine oxidoreductase, the CLD-
associated protein PLIN2 (white triangles) and the MFG marker BTN1 
(black triangles) may interact to zip the APM at the surface of the 
MFG during its budding. The accumulation of some protein markers, 
including some SNAREs, at the base of budding MFGs suggests a 
possible homotypic fusion of SVs (4) in this area. This would favor both 
secretion of casein micelles and release of MFGs in the lumen of the 
alveoli by providing additional membranes for the budding process. 
G, Golgi apparatus; Mt, mitochondrion; N, nucleus; TJ, tight junction.
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Développement et Reproduction, INRA, Jouy-en-Josas, France), re-
spectively. With the exception of the anti-PLIN2, produced in guinea 
pig, and the anti-flotillin2, produced in mouse, all primary antibod-
ies used were developed in rabbit. Secondary antibodies used in IIF 
experiments were tetramethylrhodamine isothiocyanate– or fluores-
cein isothiocyanate (FITC)–conjugated goat anti-rabbit immuno-
globulin G (IgG) (H + L) (1:300 dilution; Jackson ImmunoResearch 
Laboratories, Interchim, Montluçon, France, and Santa Cruz Bio-
technology, Tebu-Bio, Le Perray-en-Yveline, France, respectively) 
and rhodamine-conjugated goat anti-guinea pig IgG (H + L) (1:300 
dilution; Santa Cruz Biotechnology). For WB experiments, the sec-
ondary antibodies were horseradish peroxidase (HRP)–conjugated 
goat anti-rabbit IgG (1:5000 dilution; Jackson ImmunoResearch 
Laboratories), HRP-conjugated goat anti-guinea pig IgG (1:5000 di-
lution; Santa Cruz Biotechnology), or HRP-conjugated sheep anti-
mouse pIgG (1:2000 dilution; Sigma-Aldrich, Lyon, France).

Mouse milk collection
At day 10 of lactation (L10), pups were separated from their mothers 
4 h before milking. Dams were intraperitoneally injected with 0.2 U 

and the inguinal mammary glands were immediately excised. All 
ethical aspects of animal care complied with relevant guidelines and 
licensing requirements laid down by the French Ministry of Agricul-
ture, and the procedures used were approved by the local ethics 
committee (Agreement 12/097 from the Comethea Jouy-en-Josas/
AgroParisTech).

Antibodies
Primary antibodies and the dilutions used for indirect immuno-
fluorescence (IIF) and Western blot (WB) experiments are given in 
Table 1. The antibodies against mouse caseins (7781), Stx-6, butyr-
ophilin, Rab7, annexin A2 (AnxA2), C23/nucleolin, and ARK2/Aurora 
were generous gifts from M. C. Neville (University of Colorado 
Health Sciences Center, Aurora, CO), S. Tooze (Cancer Research UK, 
London Research Institute, London, United Kingdom), I. H. Mather 
(Department of Animal and Avian Sciences, University of Maryland, 
College Park, MD), M. Zerial (Max Planck Institute for Molecular Cell 
Biology and Genetics, Dresden, Germany), J. Ayala-Sanmartin 
(CNRS, UMR7203, Laboratoire des Biomolécules, Ecole Normale 
Supérieure, Paris, France), and N. Beaujean (UMR1198 Biologie du 

Antibody Supplier WB IIF

β-Actin Sigma-Aldrich 1:5000 x

PLIN2/adipophilin Progen 1:5000 1:100

Annexin A2 Gift from J. Ayala-Sanmartin 1:500 1:50

ARK2/Aurora Gift from N. Beaujean; Santa Cruz Biotechnology x 1:50

Butyrophilin Gift from I. H. Mather 1:3000 1:300

Calnexin Enzo Life Sciences 1:1000 x

Mouse caseins (#7781) Gift from M. C. Neville x 1:50

Caveolin1 BD Transduction Laboratories 1:1000 1:100

E-cadherin BD Transduction Laboratories 1:2000 x

Erlin2 Sigma-Aldrich 1:1000 x

Flotillin2 Santa Cruz Biotechnology 1:1000 x

GM130 BD Transduction Laboratories 1:250 x

GRP78/BiP Abcam 1:1000 1:150

Mucin1 Abcam 1:500 1:100

C23/nucleolin Gift from N. Beaujean; Santa Cruz Biotechnology x 1:20

PDIA3 Abcam 1:500 1:100

Rab7 Gift from M. Zerial 1:250 1:50

Rab18 Calbiochem 1:1000 1:50

Sec22b Synaptic Systems 1:5000 1:100

Syntaxin 3 Synaptic Systems 1:500 1:150

Syntaxin 4 Chemicon International 1:300 1:50

Syntaxin 6 Gift from S. Tooze 1:1000 1:50

Syntaxin 7 Synaptic Systems 1:1000 1:100

Syntaxin 12 Synaptic Systems 1:1000 1:100

Syntaxin 18 Synaptic Systems 1:1500 x

VAMP4 Abcam 1:500 1:50

VAMP8 Novus Biologicals 1:200 1:25

BiP, binding immunoglobulin protein; GRP, glucose-regulated protein; PDI, protein disulfide isomerase; PLIN2, perilipin; SNAP23, synaptosomal-associated protein; 
VAMP, vesicle-associated membrane protein; x, not used.

TABLE 1: Antibodies used for Western blot and indirect immunofluorescence experiments.
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Villebon-sur-Yvette, France) on 20 μl of MFGM proteins precipitated 
with acetone and resuspended in water. The quality of both CLD 
and MFGM preparations was controlled by direct microscopic ob-
servation of the purified structures after fluorescent labeling with 
BODIPY 493/503 (Molecular Probes) and by analyzing specific 
marker proteins by WB.

LC-MS/MS
For MS analysis, samples (∼8 μg) were resolved on 4–12% polyacryl-
amide gels (NuPAGE Novex, 4–12% Bis-Tris gel, NP002) in 2-(N-mor-
pholino)ethanesulfonic acid (MES) buffer and stained with Simply-
Blue SafeStain G250 (LC6060; Invitrogen). The molecular mass of the 
detected proteins was evaluated by comparison with PageRuler 
Prestained Protein Ladder (Euromedex, Souffelweyersheim, France) 
or See Blue Plus 2 (Invitrogen) markers. Twenty-six slices covering the 
whole gel lane were excised and placed in the wells of a 96-well 
plate. The pieces of gel were washed twice with successive baths of 
50 M NH4HCO3/acetonitrile (ACN; 50/50; vol/vol). Gel pieces were 
dried, and proteins were reduced using 10 mM dithiothreitol in 
25 mM NH4HCO3, followed by alkylation with 55 mM iodoacetamide 
in 25 mM NH4HCO3. Digestion was subsequently performed for 6 h 
at 37°C with 100 ng of modified trypsin (Promega, Madison, WI) in 
50 mM NH4HCO3. The peptides were extracted with 2% trifluoro-
acetic acid (TFA), 50% ACN, and ACN successively. The peptide ex-
tracts and the supernatants from the digestion were pooled and 
dried in a vacuum centrifuge and then resuspended in 20 μl of 0.08% 
TFA and 2% ACN. HPLC was performed on an Ultimate 3000 LC 
system (Dionex, Thermo Fisher Scientific). A 4-μl sample was loaded 
at 20 μl/min on a precolumn cartridge (stationary phase: C18 Pep-
Map 100, 5 μm; column: 300 μm inner diameter [i.d.], 5 mm; Dionex) 
and desalted with 0.08% TFA and 2% ACN. After 4 min, the precol-
umn cartridge was connected to the separating PepMap C18 col-
umn (stationary phase: C18 PepMap 100, 3 μm; column: 75 μm i.d., 
150 mm; Dionex). The buffers were 0.1% HCOOH/2% ACN (A) and 
0.1% HCOOH/80% ACN (B). The peptide separation was achieved 
with a linear gradient from 0 to 36% B for 18 min at 300 nl/min. One 
run took 50 min or 140 min, including the regeneration step at 100% 
B and the equilibration step at 100% A. The eluted peptides were 
analyzed online with an LTQ-Orbitrap mass spectrometer (Thermo 
Fisher Scientific, Villebon-sur-Yvette, France) using a nanoelectro-
spray interface. Ionization (1.3-kV ionization potential) was performed 
with a liquid junction and a capillary probe (10-μm i.d.; NewObjec-
tive). Peptide ions were analyzed using Xcalibur 2.07 with the follow-
ing data-dependent acquisition steps: 1) full MS scan in orbitrap 
(mass-to-charge ratio [m/z] = 300–1600, profile mode) and 2) MS/MS 
in linear trap (qz = 0.25; activation time, 30 ms; collision energy, 45%; 
centroid mode). Step 2 was repeated for the four major ions de-
tected in step 1. Dynamic exclusion time was set to 90 s.

Peptide identification and data analysis
A database search was performed with X!Tandem (v2010.12.01.1; 
www.thegpm.org/TANDEM/) using the X!Tandem pipeline (version 
3.1.3; pappso.inra.fr/bioinfo/xtandempipeline/). The enzymatic 
cleavage was declared to be a trypsin digestion with one possible 
miscleavage. Cys carboxyamidomethylation and Met oxidation 
were set to static and possible modifications, respectively. Precursor 
mass and fragment mass tolerance were 10 ppm and 0.5 Da, re-
spectively. A refinement search was performed with similar param-
eters, except that semitryptic peptides and possible N-ter protein 
acetylation were searched. Several databases were used: the Uni-
prot KB Mus musculus, C57BL6 database (49,728 entries, version 
March 2011 from EBI [www.ebi.ac.uk/integr8]) and the contaminant 

of synthetic oxytocin (CEVA Santé Animale, Libourne, France) 
and anesthetized (0.01 ml/g of body weight) with a solution of 10% 
Imalgene 1000 (Merial, Lyon, France) and 5% Rompun (Bayer 
Pharma, Puteaux, France) in saline. Mouse milk was manually col-
lected in a sterile tube kept on ice and eventually stored at −80°C 
for MFGM protein preparation. For WB analysis, milk samples were 
diluted with water in a 1:4 (vol:vol) ratio, skimmed by centrifugation 
(10,000 × g, 4°C, 15 min), and stored at −80°C.

Preparation of mammary acini
Mammary acini were prepared from mice at L10 as previously de-
scribed (Chat et al., 2011). Tissue digestion was controlled by direct 
observation of the preparation under a microscope. Mammary acini 
were thoroughly rinsed with DMEM/F12 to remove collagenase A 
and recovered by low-speed centrifugation.

CLD and MFGM preparation
Unless specified, all procedures were performed at 4°C. CLDs were 
extracted from freshly prepared acini purified from mouse mam-
mary glands (at least four animals) at L10 using a procedure adapted 
from Liu et al. (2008). Briefly, cells were washed in ice-cold PBS, re-
suspended, and mechanically homogenized in buffer A (25 mM tri-
cine, pH 7.6, 2 mM EDTA, 2 mM MgCl2, 250 mM sucrose) contain-
ing 0.5 mM phenylmethylsulfonyl fluoride (PMSF) and a protease 
inhibitor cocktail (1:50 dilution; Sigma-Aldrich). We added 6 ml of 
the homogenate to an SW41 tube and loaded 6 ml of buffer B 
(20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, pH 7.4, 
100 mM KCl, 2 mM MgCl2, 0.5 mM PMSF) on top of the postnuclear 
supernatant fraction. After centrifugation at 274,000 × g for 1 h at 
4°C, the tubes were placed at −20°C for 24 h. CLDs were carefully 
collected from the top layer of the frozen gradient and washed three 
times with buffer B. CLD proteins were quantified using a Bradford 
assay. Quality of the CLD preparation was controlled by light and 
fluorescence microscopy using BODIPY 493/503 (Molecular Probes), 
Alexa 594–conjugated cholera toxin B subunit (CTxB; Invitrogen), 
Alexa Fluor 594–conjugated WGA, or rhodamine-conjugated phal-
loidin (Molecular Probes) to label neutral lipids, GM1 ganglioside, 
glycoconjugates, or F-actin, respectively.

MFGMs were prepared from mouse milk collected at L10 (milk 
from at least two animals was pooled for each preparation) accord-
ing to the procedures described by Fortunato et al. (2003) and 
Spertino et al. (2012). Briefly, whole mouse milk was diluted 1:4 in 
sterile water and centrifuged at 10,000 × g for 15 min at 4°C, and 
the cream was manually collected from the top of the tube. Skimmed 
milk was centrifuged at 13,000 × g for 15 min at room temperature 
to obtain the lactoserum and the caseins in the pellet. For protein 
extraction, the cream was washed by three cycles of dispersion in 
0.9% (wt/vol) NaCl, followed by centrifugation at 4000 × g for 30 min 
at room temperature to remove residual caseins and whey proteins 
eventually adsorbed to fat globules. The lysis of MFGs was per-
formed in 63 mM Tris-HCl, pH 6.8, containing 2% SDS, 5% β-
mercaptoethanol (β-MeOH), and protease and phosphatase inhibi-
tor cocktails for 1 h at room temperature and with regular vortexing. 
Lysate was centrifuged at 10,000 × g for 10 min at room tempera-
ture, and proteins present in the supernatant were precipitated with 
10% trichloroacetic acid at 4°C for 1 h, pelleted at 13,000 × g for 
30 min, and resuspended in ethanol/ether (vol/vol) before centrifu-
gation at 13,000 × g for 10 min at 4°C. The final pellet was solubi-
lized in a buffer containing 62 mM Tris-HCl, pH 6.8, 10% glycerol 
(wt/vol), 10 mM EDTA, 3% SDS, and 3% β-MeOH, boiled for 5 min, 
and stored at −20°C until SDS–PAGE analysis. Protein quantification 
was performed using the BCA Protein Assay Kit (Pierce Perbio, 
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(Olympus). Some images were captured with an optical sectioning 
microscope attached to an AxioObserver imaging Apotome system 
(Zeiss; 63×/NA 1.4 oil-immersion objective). Confocal microscopy 
was performed with a Zeiss LSM 510 microscope (Confocal Facilities, 
MIMA2 Platform, INRA Jouy-en-Josas, France; www6.jouy.inra.fr/
mima2) equipped with CLSM 510 confocal laser scanning software, 
using a Plan-Apochromat 63× oil-immersion objective (NA 1.4) and 
the 488- or 568-nm excitation wavelength of the laser. All images 
were analyzed using ImageJ 1.47q software (Schneider et al., 2012; 
http://rsb.info.nih.gov/ij/).

database (trypsin, keratins, etc.). The identified proteins were filtered 
according to the following restrictions: 1) a minimum of two different 
peptides was required with an E value <0.05, and 2) a protein E 
value (product of unique peptide E values) <10−4. The mass spec-
trometry proteomics data have been deposited with the Proteom-
eXchange Consortium (Vizcaíno et al., 2014) via the PRIDE partner 
repository with the data set identifier PXD001024 and DOI 10.6019/
PXD001024. For further analysis, only the specific protein isoforms 
(difference of at least two peptides) from the groups identified by 
LC-MS/MS were manually annotated in the context of GO to assign 
them a unique relevant function and cellular localization. When nec-
essary, a probable cellular localization was assigned to some pro-
teins based on bibliographic data or on their amino acid sequence 
using PsortII prediction software (psort.hgc.jp/form2.html). All of the 
MS data were statistically analyzed using the proportion test of R 
software (R Development Core Team, 2010; www.R-project.org).

Western blot
A 20-μg amount of total protein from the MFGM fractions was ana-
lyzed by SDS-polyacrylamide 12% gel electrophoresis (SDS–PAGE) 
and transferred onto Hybond nitrocellulose membrane (Amersham). 
The membrane was blocked with 1% polyvinyl alcohol in PBS for 
1 min and then with 10% nonfat milk in PBS/0.3% Tween 20 and in-
cubated overnight with primary antibodies diluted as indicated in 
Table 1 in PBS with 1% milk and 0.3% Tween 20. The membrane was 
extensively washed with PBS/0.3% Tween 20 and incubated with 
HRP-conjugated goat anti-rabbit IgG (1:5000 dilution) or HRP-con-
jugated sheep anti-mouse IgG (1:5000 dilution) for 1 h at room tem-
perature. The signal was detected by means of enhanced chemilu-
minescence (GE Healthcare, Orsay, France). The molecular mass of 
detected proteins was evaluated by comparison with the Prestained 
Protein Ladder (Euromedex). In some experiments, membranes 
were reprobed after stripping with Restore Western Blot Stripping 
Buffer (Pierce Perbio). Each experiment was repeated at least twice.

Immunofluorescence
Freshly collected mouse milk was centrifuged at 10,000 × g for 
15 min at 4°C, and the cream fraction was fixed or not with 4% para-
formaldehyde (PFA) in PBS for 15 min at 4°C and embedded in 20% 
gelatin in PBS. The gelatin blocks were immediately placed at 4°C 
for 30 min and at −20°C for 1 h and stored at −80°C. IIF was per-
formed on 5-μm cryosections as described for mammary gland sec-
tions (see later description), except that the mounting medium was 
without 4,6-diamidino-2-phenylindole (DAPI).

Mammary gland fragments were prepared as described in Chat 
et al. (2011), except that they were fixed with 4% PFA in PBS for 
15 min at room temperature. IIF was performed on tissue sections 
as indicated in Chat et al. (2011). Neutral lipids were stained with a 
solution of 3 μg/ml BODIPY 493/503 (Molecular Probes) diluted in 
PBS. Slides were mounted with Vectashield (Vector Laboratories 
LTD, United Kingdom) containing DAPI and stored at 4°C until ob-
servation. For some experiments, tissue sections or MFGs were also 
labeled for actin with rhodamine-conjugated phalloidin (Molecular 
Probes), GM1 ganglioside with Alexa 594–conjugated CTxB (Invitro-
gen), or free CH using filipin (Sigma-Aldrich). Each experiment was 
performed at least twice and included control sections incubated 
without primary antibody or with irrelevant primary antibodies (i.e., 
against nucleolin or ARK2/Aurora). Epifluorescence microscopy was 
performed with a Leica Leitz DMRB microscope equipped with stan-
dard filters for FITC, rhodamine, and DAPI emissions, a 63× oil-
immersion objective (numerical aperture [NA] 1.3), and a DP50 imag-
ing camera (Olympus, Rungis, France) coupled to the CellˆF software 
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