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Xanthine oxidoreductase mediates membrane docking
of milk-fat droplets but is not essential for apocrine
lipid secretion
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Key points

Xanthine oxidoreductase (XOR) modulates milk lipid secretion and lactation initiation.
XOR is required for butyrophilinlal clustering in the membrane during milk lipid secretion.
XOR mediates apical membrane reorganization during milk lipid secretion.

Loss of XOR delays milk fat globule secretion.

XOR loss alters the proteome of milk fat globules.

Abstract Apocrine secretion is utilized by epithelial cells of exocrine glands. These cells bud off
membrane-bound particles into the lumen of the gland, losing a portion of the cytoplasm in
the secretion product. The lactating mammary gland secretes milk lipid by this mechanism, and
xanthine oxidoreductase (XOR) has long been thought to be functionally important. We generated
mammary-specific XOR knockout (MGKO) mice, expecting lactation to fail. Histology of the
knockout glands showed very large lipid droplets enclosed in the mammary alveolar cells, but
milk analysis showed that these large globules were secreted. Butyrophilin, a membrane protein
known to bind to XOR, was clustered at the point of contact of the cytoplasmic lipid droplet with
the apical plasma membrane, in the wild-type gland but not in the knockout, suggesting that
XOR mediates ‘docking’ to this membrane. Secreted milk fat globules were isolated from mouse
milk of wild-type and XOR MGKO dams, and subjected to LC-MS/MS for analysis of protein
component. Proteomic results showed that loss of XOR leads to an increase in cytoplasmic,
cytoskeletal, Golgi apparatus and lipid metabolism proteins associated with the secreted milk
fat globule. Association of XOR with the lipid droplet results in membrane docking and more
efficient retention of cytoplasmic components by the secretory cell. Loss of XOR then results in
a reversion to a more rudimentary, less efficient, apocrine secretion mechanism, but does not
prevent milk fat globule secretion.
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ADPH, adipophilin (a.k.a. Plin2); APM, apical plasma membrane; Atgl, adipose triglyceride lipase

(a.k.a. Pnpla2); Btn, butyrophilinlal; CAD, collision-assisted dissociation; CideA, cell death-inducing DFFA-like
effector A; CLD, cytoplasmic lipid droplet; ER, endoplasmic reticulum; FABP, fatty acid binding protein; FFPE,
formaldehyde-fixed paraffin-embedded; H&E, haematoxylin and eosin; L10, lactation day 10; LC-MS/MS, liquid
chromatography tandem mass spectroscopy; MEC, mammary epithelial cell; MFG, milk fat globule; Mfge8, milk
fat globule EGF-like protein/lactadherin; MFGM, milk fat globule membrane; MGKO, mammary gland knockout;

NSAF, normalized spectral abundance factor; Plin2, perilipin 2; Pnpla2, patatin-like phospholipase domain-containing
protein; RNS, reactive nitrogen species; ROS, reactive oxygen species; WT, wild-type; XDH, xanthine dehydrogenase;
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Abbreviations

XOR, xanthine oxidoreductase.
Introduction

Lactation, or milk secretion, evolved in mammals to
provide nutrition and immune protection to the young.
The lactating mammary gland is considered a classical
exocrine gland. Secretion of milk components by the
mammary epithelial cell utilizes five discrete cellular
pathways, including (1) exocytosis of milk proteins
and lactose, (2) transcytosis of serum proteins, (3)
membrane transporters for small molecules, (4) a
regulated paracellular pathway and (5) an apocrine
secretion pathway for milk lipids (McManaman & Neville,
2003). Apocrine secretion of milk lipids is fundamentally
distinct from the exocytotic mechanisms used for secretion
of lipids into serum and lymph (McManaman, 2012).
Milk lipids originate by direct membrane envelopment
of cytoplasmic lipid droplets (CLDs) at the apical plasma
membrane (APM), releasing membrane-bound particles
(referred to as milk fat globules — MFGs) containing
intact CLDs and elements of the cytoplasm into the
lumen of the gland (Mather & Keenan, 1998). Although
there is general consensus that milk lipids are secreted
by a membrane envelopment process, details about the
molecular machinery mediating this secretion are limited
and remain controversial (McManaman, 2012; Heid and
Keenan, 2005; Jeong et al. 2013).

Xanthine oxidoreductase (XOR) is an enzyme originally
isolated from bovine milk and is very abundant in milk fat
(reviewed by Harrison, 2006). It is a large, well-conserved,
metalloenzyme that regulates purine breakdown within
the cell. It exists in two, enzymatically distinct forms, a
dehydrogenase form, which passes reducing equivalents
to NAD"' and an oxidase form which passes them to
molecular oxygen, nitrate or nitric oxide and generates
reactive oxygen or nitrogen species (ROS or RNS). The
dehydrogenase form predominates within the mammary
secretory cell, but the oxidase form is found in milk
(McManaman et al. 2002). XOR has long been thought
to be a scaffolding protein, essential for secretion of
milk lipids, adjoining the lipid droplet coat protein,
perilipin2/adipophilin (Plin2/ADPH), and the integral
membrane protein, butyrophilin (Btn). XOR has been
shown to bind directly to a specific C-terminal domain
of Btn (Ishii et al. 1995; Jeong et al. 2009), to be
covalently bound within a larger complex with Btn and

Plin2 (McManaman et al. 2002), and its housekeeping
enzyme function is not thought to be necessary for this
process. Rather, XOR is thought to have been borrowed by
evolution to enhance the efficiency of nutrient delivery to
the neonate (Oftedal, 2012). Here we tested this conclusion
directly by deleting XOR from the mammary epithelial cell
and measuring the efficiency of lactation.

As whole body XOR deletion is lethal in mice before
reproductive maturity (Vorbach et al. 2002; Ohtsubo
et al. 2009), we used the Cre—Lox system for conditional
deletion of XOR in the mammary epithelial cells. XOR f/f
animals have exons 3 and 4 flanked by LoxP sites, which
generates a premature stop codon when recombined by
the Cre-recombinase (Fini et al. 2014, 2016). Breeding
these animals to the previously described BLG-Cre
mouse (Selbert et al. 1998) allowed deletion of the
XOR specifically in the milk-secreting cells, during late
pregnancy. We hypothesized that lactation would fail in
these animals due to an inability to secrete milk fat
as has previously been reported in XOR-deficient mice,
CideA-knockout mice and Btn-knockout mice (Vorbach
et al. 2002; Ogg et al. 2004; Wang et al. 2012). Surprisingly,
the pups survived and MFGs were secreted, hinting at a
possible compensatory secretion mechanism. Since milk
secretion did not fail catastrophically in mice lacking XOR
in their mammary glands (MGKO), we used this novel
model to investigate the cellular mechanism of milk lipid
secretion and define the precise role of XOR in this process.

To define the proteins mediating their secretion, we
floated and washed MFGs from the XOR dams and sub-
jected them to proteomic analysis. We used label-free
counting of the peptide spectra to show quantitative
differences in the protein components of the globules from
XOR knockout and wild-type littermates. We saw changes
in the proteome of the globules that suggested differences
in the secretory mechanism itself, notably an increase in
many proteins that are usually retained within the cell in
the wild-type dams. Although the proteome of the mouse
MEFG has been previously published (Wu et al. 2000), this
study utilized a more modern approach and identified
25-fold more proteins. Additionally, other groups have
published the MFG proteomes for major dairy species and
for humans (Affolter et al. 2010; Liao et al. 2011; Picariello
et al. 2012; Spertino et al. 2012). To our knowledge, this is
the first use of proteomics technology to discern changes
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in secretory mechanisms following knockout of a specific
mediator of apocrine secretion.

Methods
Ethical approval

We understand the ethical principles under which
the Journal of Physiology operates and confirm that
our work complies with the published animal ethics
checklist. Animals were humanely treated and killed in
accordance with the Guide for Care and Use of Laboratory
Animals (8th edn), by personnel trained in their
care. All procedures were approved by the Institutional
Animal Care and Use Committee of the University of
Colorado Denver Anschutz Medical Campus, on protocol
B79213(11)1E.

Animal care

Mice were house in the University of Colorado Denver
Anschutz Medical Campus, AAALAC-accredited, Centre
for Comparative Medicine. Mice had ad libitum access
to food (Harlan 2920x), in micro-isolator cages with
automated air and water, on a 10:14 h dark/light cycle,
maintained at 72°F. All animals were provided with
cotton nesting material enrichment and breeders and
experimental females were additionally provided with
shredded paper to construct an enclosed nest.

XOR" mice (created by R.M.W.) were bred with three
strains to delete XDH/XOR from the milk-secreting,
mammary alveolar cells: (1) MMTV-Cre [Jackson Labs no.
003553, STOCK Tg(MMTV-cre)4Mam/J], (2) BLG-Cre
mice (a kind gift of Trevor Williams, University of
Colorado, now available at Jackson Laboratories) and
(3) WAP-Cre (a gift of Kay-Uwe Wagner, University of
Nebraska Medical Centre) to create the XOR MGKO lines.
Histological analysis of hemizygous knockout animals
was performed to verify that Cre expression was not
deleterious. Otherwise, Cre-negative littermates were used
as controls for all experiments.

Induction of pregnancy and lactation

Experimental females age 8—16 weeks were placed with
proven C57Bl/6 stud males. The presence of a vaginal
plug was recorded and counted as pregnancy day 1. Dams
were individually housed prior to parturition. The day
a litter was first seen was counted as lactation day 0
(LO). Litters were standardized to eight pups by culling or
cross-fostering. Culled neonatal animals were humanely
killed using CO, followed by decapitation. Dam and litter
weights were collected throughout lactation and tissue was
weighed and collected after the animals had been killed.
Dams and pups older than 10 days were killed by CO,
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followed by cervical dislocation. No differences were noted
with increasing parity of the dams.

Milk collection

Pups were removed from dams for 3 h to allow milk
accumulation in the mammary glands. Milk removal was
essentially as described (DePeters & Hovey, 2009, Method
2) except that xylazine alone was used as a sedative and
muscle relaxant. Briefly, xylazine was given 1.p. at a dose of
8 mg kg~!. When the mouse was relaxed enough to have
ceased ambulation around the cage (about 5 min), the
milking procedure was begun. The mouse was picked up,
and with gentle hand-restraint, a single dose of oxytocin
(0.5 IU, 0.25 ml in sterile saline) was given 1.p. Milk
let-down occurred within 1 min and milk removal was
started. Our standard milking apparatus, attached to
house vacuum, was used. Standard hand restraint was
used throughout the milking procedure.

Milk was collected and processed at room temperature
to avoid changes in protein segregation between phases
(Dickow et al. 2011). Gentle inversion to homogenize
the milk sample was performed immediately prior to
crematocrit sampling. Ten microlitres of whole milk was
loaded into Drummond Microcap haematocrit tubes that
were then sealed with Hemato-seal (Fisher Scientific,
Houston, TX, USA). The tubes were centrifuged at 1500g
at room temperature to float the cream. The lipid fraction
was measured linearly across the tube and divided by the
length of the total milk column to give the fat percentage
(Lucas et al. 1978). To isolate the MFGs, whole milk was
mixed 1:1 with 10% sucrose and layered under 10+ ml of
PBS. This preparation was centrifuged at 1500 g at room
temperature. The floated globules were collected, washed
with PBS twice more and stored at —80°C until further
analysed.

Proteomic analysis: sample preparation

The MFG proteins were prepared essentially as previously
published (Wisniewski ef al. 2009), from the milk of four
wild-type and four XOR MGKO dams (L10). Briefly, iso-
lated MFGs were precipitated with 10% trichloroacetic
acid for 2 h at —20°C. The precipitated protein samples
were pelleted by centrifugation at 14,000 g for 20 min at
4°C, rinsed in ice-cold acetone and centrifuged again. The
pellet was air-dried and solubilized in 4% SDS, 100 mm
DTT in 100 mm Tris-HCI, pH 7.5. Sample was incubated
for 10 min at 90°C, centrifuged at 14,000 g for 10 min
and the floating cream layer was removed. The protein
concentrations were determined by the BCA Protein Assay.
Proteins were digested according to the FASP protocol
using a 30 kDa molecular weight cutoff filter. In brief,
samples were mixed in the filter unit within 8 M urea in
0.1 M Tris-HCl, pH 8.5, and centrifuged at 14,000 g for
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15 min. The proteins were reduced by addition of 100 ul
of 10 mm DTT in 8 M urea in 0.1 m Tris-HCI, pH 8.5,
with incubation for 30 min at room temperature and the
device was centrifuged. Subsequently, 100 ul of 55 mm
iodoacetamide in 8 M urea in 0.1 M Tris-HCI, pH 8.5,
was added to the samples, with incubation for 30 min at
room temperature in the dark followed by centrifugation.
Afterward, three washing steps with 100 wul of 8 M urea
in 0.1 M Tris-HCI, pH 8.5, solution were performed,
followed by three washing steps with 100 ul of 50 mm
ABC buffer. Proteins were digested with trypsin overnight
at 37°C. Peptides were recovered from the filter using 30%
acetonitrile. The volume of the eluted sample was reduced
to ~2 pl in a vacuum centrifuge and reconstituted to 50
ul with 0.1% formic acid.

LC-MS/MS analysis

Samples were analysed on an LTQ Orbitrap Velos mass
spectrometer (Thermo Fisher Scientific) coupled to an
Eksigent nanoLC-2D system through a nanoelectrospray
LC—MS interface. A sample volume of 8 ul was injected
into a 10 ul loop using the autosampler. To desalt
the sample, material was flushed out of the loop and
loaded onto a trapping column (ZORBAX 300SB-C18,
dimensions 5x0.3 mm, 5 um) and washed with 0.1%
formic acid at a flow rate of 5 ul min~! for 5 min. The
analytical column was then switched on-line at 600 nl
min~! over an in-house 100 um i.d. x 200 mm fused
silica capillary packed with 4 um 80A Synergi Hydro
C18 resin (Phenomex; Torrance, CA, USA). After 10
min of sample loading, the flow rate was adjusted to
350 nl min~!, and each sample was run on a 120 min
linear gradient of 5-40% acetonitrile with 0.1% formic
acid to separate the peptides. LC mobile phase solvents
and sample dilutions used 0.1% formic acid in water
(Buffer A) and 0.1% formic acid in acetonitrile (Buffer
B) (Chromasolv LC-MS grade; Sigma-Aldrich, St. Louis,
MO, USA). Data acquisition was performed using the
instrument-supplied Xcalibur (version 2.1) software. The
mass spectrometer was operated in positive ion mode.
Each survey scan of m/z 400-2000 was followed by
collision-assisted dissociation (CAD) MS/MS of 20 most
intense precursor ions. Singly charged ions were excluded
from CAD selection. Normalized collision energies were
employed using helium as the collision gas. Each sample
was analysed in duplicate.

Database searching, protein identification

MS/MS spectra were extracted from raw data files and
converted into mgf files using a PAVA script (UCSE
MSE, San Francisco, CA, USA). These mgf files were
then independently searched against the mouse SwissProt
database using an in-house Mascot server (Version
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2.2.06, Matrix Science, London, UK). Mass tolerances
were +15 p.p.m. for MS peaks, and +0.6 Da for
MS/MS fragment ions. Trypsin specificity was used
allowing for one missed cleavage. Met oxidation, protein
N-terminal acetylation, peptide N-terminal pyroglutamic
acid formation, deamidation of asparagine, glutamine
and tryptophan, sulphone of methionine, and tryptophan
oxidation to formylkynurenin of tryptophan were allowed
for variable modifications while carbamidomethyl of Cys
was set as a fixed modification. The MS proteomics
data have been deposited to the ProteomeXchange
Consortium (Vizcaino et al. 2014) via the PRIDE partner
repository with the dataset identifier PXD003336 and
10.6019/PXD003336.

Scaffold (version 4.3.2, Proteome Software, Portland,
OR, USA) was used to validate MS/MS-based peptide
and protein identifications. Peptide identifications were
accepted if they could be established at greater than
95.0% probability as specified by the Peptide Prophet
algorithm. Protein identifications were accepted if they
could be established at greater than 99.0% probability and
contained at least two identified unique peptides in the
first set of experiments.

Immunofluorescence staining and imaging

Formaldehyde-fixed, paraffin-embedded tissue was
sectioned by the Histology Core facility. Sections of
5 um were stained with haematoxylin and eosin (H&E)
and histological images were captured on an Olympus
BX51 microscope equipped with a 4 Mpixel Macrofire
digital camera (Optronics, Goleta, CA, USA) using the
PictureFrame Application 2.3 (Optronics). All images
were cropped and assembled using Photoshop CS2
(Adobe Systems, Mountain View, CA, USA). For immuno-
staining, sections were deparaffined with xylene and
graded ethanols and antigen retrieval was performed
using a citrate-based solution (VectorLabs, Burlingame,
CA, USA). The sections were permeabilized with saponin
and glycine, and blocked with 10% donkey serum.
Stains included: guinea pig anti-Plin2 (1:200, Fitzgerald,
Acton, MA, USA), guinea pig anti-butyrophilin (1:200,
Progen Biotechnik GmbH, Heidelberg, Germany), rabbit
anti-CideA (1:100, AbD Serotec/Bio-Rad, Raleigh, NC,
USA), wheat germ agglutinin (Alexa 555 conjugate,
Invitrogen, Carlsbad, CA, USA), and DAPI (Sigma,
D9542). Secondary antibodies were from Jackson
ImmunoResearch (West Grove, PA, USA). Sections were
mounted with ProLong Gold (Molecular Probes, Eugene,
OR, USA). MFG staining was performed on freshly iso-
lated, never-frozen milk samples, using BODIPY 493/503
(Invitrogen), and imaged neat. For analysis of cytoplasmic
crescents, whole milk was mixed with LipidTox Red and
Alexa 488-phalloidin (Invitrogen, Carlsbad, CA, USA).
Imaging was performed on a Marianas Spinning Disc

© 2016 The Authors. The Journal of Physiology © 2016 The Physiological Society
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confocal microscope (Intelligent Imaging Innovations,
Inc., Denver, CO, USA), using a 100x objective (plan
apochromat, NA 1.4). Analysis was performed using
SlideBook v. 6.0 (Intelligent Imaging Innovations), on
10-20 images from at least three animals per group.

EM analysis

Dams with standardized litters were killed by CO, and
immediately perfused, intra-cardiac, with PBS, then 2 and
4% paraformaldehyde. Dissected glands were post-fixed in
specialized EM fixative (2.5% glutaraldehyde, 1% acrolein,
20 mm MgCl, in 0.1 M phosphate, pH 7.4), and then in
2% OsOy in phosphate buffer. Tissues were dehydrated
in a graded series of ethanol, and infused with propylene
oxide/resin 3:1, propylene oxide/resin 1:1 overnight, and
fresh pure resin for 8 h, then final resin overnight at
60°C. Resin-embedded samples were sectioned at 60 nm
and collected on 200 mesh copper grids. Sections were
post-stained with 2% uranyl acetate and Reynold’s lead
citrate. Transmission electron microscopy images were
collected on a FEI Technai microscope, using a Gatan
UltraLight digital camera system.

Statistical analysis

Statistical analysis was performed using the software Prism
6 from GraphPad Software (La Jolla, CA, USA).

Results

XOR modulates milk lipid secretion and lactation
initiation

Conditional deletion of XOR in the milk-secreting,
mammary alveolar cell was achieved by crossing floxed
XOR mice with the three most common mammary-
specific Cre-expressing lines: mouse mammary tumor
virus (MMTV)-Cre (Wagner et al. 2001), whey
acidic protein (WAP)-Cre (Wagner et al. 1997) and
beta-lactoglobulin (BLG)-Cre (Selbert et al. 1998). Dams
from all three crosses produce viable offspring and nurse
to weaning. All three lines exhibit some degree of litter
growth restriction compared to wild-type (WT) dams,
and their mammary glands have similar histological
phenotypes at mid-lactation characterized by many large
CLDs trapped inside alveolar epithelial cells (Fig. 1A,
asterisks). Conditional deletion using the BLG-Cre model
shows the least mosaicism and, surprisingly, the least
growth restriction (data not shown) and so this model
was chosen for further analysis.

Growth rates of standardized litters are traditionally
used to measure milk secretion rates in genetically
modified mice. Dams were impregnated by WT males
and, following parturition, litters were standardized to
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eight pups and were weighed daily for the duration of
lactation. Litter weights of hemizygous and homozygous
XOR MGKO dams on L1 and L2 are markedly reduced
compared to WT dams, suggesting that loss of a
single copy of XOR in mammary glands of mice is
sufficient to delay lactation initiation (Fig. 1B, C).
We did not detect differences in litter growth rates
between the WT and hemizygous MGKO mice at later
stages of lactation, although growth of litters nursing
the homozygous MGKO dams was reduced from 3.2
to 2.6 g day! (Fig. 1B-E). To verify that mammary
development during pregnancy is not compromised by
XOR loss, we compared the histology of mammary
glands of dams at late pregnancy. At pregnancy day 18,
mammary glands of MGKO mice show no difference in
gross weight, adipocyte component, alveolar outgrowth
or differentiated phenotype as evidenced by secretory
product within the lumen, and CLD accumulation (data
not shown).

XOR mediates docking of the CLDs to the apical
plasma membrane

Histological analyses of the mammary gland at
mid-lactation (L10) were used define the effects of XOR
deletion. Figure 1A shows that mammary glands of MGKO
dams contain many, very large CLDs within the mammary
epithelial cells, often reaching from the basal to the apical
side of the mammary epithelial cell. Examining these
glands under the electron microscope (Fig. 2), we see that
CLDs in WT mammary epithelial cells appear to be closely
associated with the apical border of the cell, as previously
described (Heid & Keenan, 2005) Microvilli are lost in this
region and no organelles or cytoplasmic contents are seen
between the CLDs and the membrane. In contrast, CLDs
in the XOR MGKO appear to be separated from the apical
border of the cell by a thin layer of cytoplasm (Fig. 2F,
arrowheads), suggesting that XOR may be required for
close association, or ‘docking), of CLDs with the APM
during milk lipid secretion.

XOR draws Btn into the membrane domain
where CLDs are docked

XOR is hypothesized to induce CLD-membrane docking
sites by binding to the integral membrane protein, Btn, and
inducing its oligomerization (Mather and Keenan, 1998;
Jeong et al. 2013). We formally tested this hypothesis by
immunostaining formaldehyde-fixed, paraffin-embedded
(FFPE) tissue from day 10 lactating WT and XOR MGKO
dams, with antibodies against Plin2 and Btn. In both WT
and MGKO dams, Plin2 exclusively localizes to the surface
of CLDs and Btn staining is found at the APM, as well
as in secretory vesicles as previously reported (Russell
et al. 2007; Wooding et al. 2015) (Fig. 3A). However,
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Figure 1. Conditional knockout models of XOR in the mammary gland show a modest lactation defect
A, H&E-stained FFPE tissue from dams at lactation day 10~12 with the following genotypes: XORflox/flox xgRflox/flox,
MMTV-Cret’—, XORflox/flox \WAP-Cret/~ and XORfo¥/flox Bl G-Cret/~. Luminal spaces are marked with an L. Arrows
indicate small lipid droplets docked at the apical plasma membrane (APM) of the mammary epithelial cell (MEC).
Asterisks indicate large lipid droplets within the MEC in the XOR MGKO glands. Bar = 100 um. B, litter growth
curves for lactation days 0-2 shown for XORfo¥flox \WT) dams, XORfo¥+ BLG-Cret’~ (HEMI) dams and XORfloxflox,
BLG-Cret’~ (MGKO) dams. C, litter weights for eight pups, the morning after birth. (**P<0.05). D, litter growth
curves for lactation days 0-12 for the same groups. E, litter growth rates for days 3-12 for the above groups
(@PP<0.005). [Colour figure can be viewed at wileyonlinelibrary.com]
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in mammary glands of WT dams, Btn staining intensity
is markedly increased at CLD-membrane docking sites
(Fig. 3A, arrowheads). Image analysis (Fig. 3B) shows that
the average distance between peak Plin2 and Btn immuno-
fluorescence is significantly greater in MGKO than in WT
mice, which supports electron microscopy data showing
that CLDs in mammary glands of MGKO mice do not
exhibit the same close membrane association as they
do in WT mice. Collectively, these data are consistent
with the hypothesized role of XOR in mediating Btn
oligomerization and suggest that XOR-Btn interactions
induce apical membrane alterations involved in CLD
docking.

To test the hypothesis that XOR-Btn interactions
alter apical membrane properties at sites of CLD
secretion, we investigated the effects of XOR deletion
on the surface distribution of apical membrane-enriched
glycoproteins using the fluorescently labelled lectin, wheat
germ agglutinin (WGA). In mammary glands of WT
mice, apical membrane regions enriched in Btn staining
are relatively depleted of WGA staining compared to
membrane regions adjacent to these sites (Fig. 3C, Movies
1, 2). To determine if decreased WGA levels at CLD
docking sites correspond to enrichments in Btn we

Wild-Type
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next mapped spatial relationships between WGA and
Btn immunofluorescence intensities on apical membrane
regions of WT and MGKO mammary glands. Figure 3D
shows that in membrane regions surrounding docked
CLDs, WGA and Btn fluorescence intensities exhibit
anti-correlation, with a Pearson’s correlation coefficient
of —0.35 & —0.04. In contrast, in mammary glands of
MGKO mice, fluorescence intensities of WGA and Btn
are uncorrelated, with an average Pearson’s correlation
coefficient of 0.1340.13, which is significantly different
from WT glands (P = 0.0004). This result suggests Btn is
drawn from alarger pool in the membrane into the dock by
the presence of XOR and that WGA is excluded from this
region.

Docking of CLD to the membrane disassembles
the microvilli and remodels the glycocalyx

Changes in the membrane of developing drosophila
embryos have been visualized by staining with
fluorescently labelled WGA (Figard & Sokac, 2014). We
compare WGA fluorescence at APM regions associated
with docked and undocked CLDs in secretory epithelial
cells of lactating WT and MGKO mice, respectively, using

XOR MGKO

Figure 2. XOR mediates close association between the cytoplasmic lipid droplet and the apical plasma

membrane

Electron micrographs of lactating mammary gland from WT (A-D) and MGKO (E-H) dams. A and D, a cytoplasmic
lipid droplet (CLD) near the apical plasma membrane (APM). Bar = 1 um. B and F, enlargement of inset delineated
with dotted line. C and G, alveolar cell with several CLDs near at APM. Bar = 5 um. D and H, secreted MFGs in
lumen with attached crescent. Bar = 5 um. The luminal space is marked with an L. Arrows delineate distance
from CLD to plasma membrane. White arrowheads indicate secretory vesicles containing casein micelles. Secreted
MFGs are labelled with an asterisk (*). Those with crescents are marked with double asterisks (**).

© 2016 The Authors. The Journal of Physiology © 2016 The Physiological Society
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Figure 3. XOR draws Btn into the membrane domain where CLDs are docked

A, L10 mammary gland from WT and XOR MGKO dams immunostained for Btn (right, and red), Plin2 (middle,
and green) and overlay with DAPI (blue). Arrows indicate docked CLDs in the WT gland. Asterisks indicate large
CLDs within MGKO glands. Bar = 10 um. B, line intensity analysis of CLD docking showing peak-to-peak distance
between Btn and Plin2 at the membrane (>50 CLD per mouse, three mice per group, P<0.0001). C, L10 mammary
gland from WT and XOR MGKO dams stained with anti-Btn (red), WGA (green) and DAPI (blue), showing Btn
(red) staining is clustered in the WT membrane (WGA, green) but not in the MGKO membrane. Bar = 10 um.
Dotted line indicates enlarged region shown as a 3D projection. Movies show 3D imaging of CLD docking sites in
WT and MKGO glands. D, line intensity analysis of CLD docking showing segregation of Btn from WGA staining.
Pearson’s correlation coefficient shows anti-correlation of Btn and WGA in the docked CLD in WT glands (—0.35
=+ 0.4) but not in the XOR MGKO glands (0.13 £ 0.13, P = 0.0004). Fifty CLDs per group were scored from three
animals per group.
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Figure 4. Docking of CLDs to the membrane disassembles the microvilli and remodels the glycocalyx
A, 3D projections of CLDs at the apical plasma membrane (APM) of WT and MGKO glands, stained with anti-Plin2
(green), WGA (red) and DAPI (blue). Arrows indicate the angle of membrane inclusion. B, diagram of angle of
inclusion measurements performed on docked CLDs. C, angle of inclusion measured in CLDs docked at the APM
of WT and MGKO mammary glands (combined data from three mice per group, >50 CLDs per mouse). D, electron
micrograph of a docked CLD in a WT gland with the membrane colourized (red) to show microvilli and membrane
stretch. The luminal space is marked ‘L’ and a secreted MFG in the lumen is marked with an asterisk. E, line
intensity analysis of CLDs on Plin2/\WWGA-stained mammary glands. Peak-to-peak distance is increased with XOR
loss. WGA staining of the membrane over the docked CLD is decreased in the WT but not the MGKO gland (>50
CLDs per mouse, three mice per group, P<0.0001).
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Plin2 immunofluorescence to localize CLDs (Fig. 4A).
Similar to the electron micrographs previously collected
(Fig. 2), in XOR MGKO mammary glands, we notice an
expansion of the lumen surrounding the CLDs, apparently
created by continued fusion of exocytotic vesicles
containing milk proteins (Fig. 2, white arrowheads),
similar to a kiss-and-coat mechanism of sequential
exocytosis (Sokac & Bement, 2006). Apical membrane
extension around large, apically localized CLDs can also
be seen in Plin2/WGA-stained MGKO glands (Fig. 4A).
In some instances, the membrane can be seen to almost
completely engulf CLDs in MGKO glands. In contrast,
only limited membrane invagination is observed in WT
glands. These differences were quantified by determining
the angle of CLD inclusion (Fig. 4B, C). The median
angle of CLD inclusion of docked CLDs in WT glands
is 119 (£39) deg, with only a few CLDs having an
angle of inclusion greater than 180 deg. However, the
median angle of CLD inclusion in MGKO mice, 189
(£59) deg, is significantly larger (P < 0.0001). Many CLDs
in MGKO glands have an angle of inclusion of greater than
240 deg, which is consistent with their nearly complete
membrane engulfment prior to secretion. In the case
of the mouse mammary gland, membrane derived from
exocytotic vesicles is thought to contribute to the final
membrane surrounding the secreted MFGs (Kralj et al.
1992, Wooding et al. 2015). Similarly, in the XOR MGKO
gland, continued exocytosis appears to contribute to
membrane invagination of large CLDs, possibly mediating
their secretion.

Figure 4D shows an electron micrograph of a docked
CLD in a WT gland, with the apical border highlighted in
red, showing that the microvilli are lost/disassembled in
the docking region. Using the measured angle of inclusion,
we calculated the amount of additional membrane
contained in the microvilli to account for the additional
stretch. If the range is 80-158 deg, then the APM must
stretch 33—-68%, to create the spherical cap on the docked
CLD. Figure 4E shows that in WT glands, WGA staining
intensity on plasma membrane regions directly adjacent
to docked CLDs is reduced compared to that on plasma
membrane regions distal to docking sites. The WGA
staining in the dock is reduced to 40% of that in the
membrane where no CLDs are docked. In contrast, WGA
staining in regions of the membrane over CLDs in MGKO
glands is comparable to that found in regions distal to
CLDs. In addition, we found that the WGA and Plin2
fluorescence at docking sites in WT gland closely over-
lap and are not resolvable with the confocal microscope,
indicating a separation of <300 nm. As noted above
for Plin2 and Btn, peak Plin2 and WGA fluorescence
intensities in MGKO are well resolved, with an average
distance between peak Plin2 and the WGA intensities of
600 nm. Taken together, these data argue that CLD in XOR
MGKO cells are not docking at the membrane.

J. Monks and others
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CideA mediates CLD fusion and docking

CideA knockout mice were previously shown to have
disrupted MFG secretion (Wang et al. 2012) related to
XOR depletion in the mammary gland. We wanted to see
if CideA might have other roles in milk fat secretion, or
if the two proteins might be directly interacting, so we
immunostained glands for CideA (Fig. 5). In both WT
and XOR MGKO glands, we see an association of CideA
with the CLDs in the cytoplasm, and concentrated foci of
CideA at the fusion pore of two fusing CLDs (Fig. 5B). At
focal contact sites between lipid droplets, CideA promotes
directional net neutral lipid transfer from the smaller to
larger lipid droplets (Wu et al. 2014; Barneda et al. 2015).
However, we also see bright CideA staining in the docking
site in WT glands, but not in MGKO glands (Fig. 54,
arrowheads). We also measured the size of the CLD at
the APM in sections from WT and MGKO glands. We see
larger CLDs in MGKO than WT (median 12.6 vs4.5 um),
22-fold larger by volume, suggesting that delayed secretion
and CideA-mediated fusion may be resulting in larger
droplets.

Very large lipid droplets are secreted into the milk
of XOR MGKO glands

Our histological and immunofluorescence data indicate
that in the absence of XOR, CLDs are unable to
undergo apical membrane docking, which we speculated
was required for envelopment and secretion. Thus, we
expected that milk produced by MGKO mice would lack
or be deficient in lipid. Surprisingly, we found that the
volume per cent of fat in milk at L10, from MGKO
dams (5017, n = 13) is actually significantly (P<0.01)
greater than that of WT dams (36+9, n = 11) (Fig. 6A).
We visualized and measured these secreted globules by
staining with the neutral lipid stain, BODIPY 493/503. The
size of secreted MFGs from CideA null mice was smaller
than that observed in milk from WT mice (Wang, 2012).
In contrast, the size of MFGs isolated from L10 milk of the
XOR MGKO dams was significantly greater than that of
WT (Fig. 6B, C). In total, 80% of the MFGs in WT milk are
smaller than 9 um in diameter, whereas only 40% fall into
this size range in the MGKO milk. When we calculate the
fractional volume of lipid in each size range, the difference
in secretion mechanism is highlighted. More than 80% of
the total secreted lipid is present in globules greater than
12 um in diameter in the MGKO milk, while this fraction
accounts for less than 20% of the lipid in WT milk (Fig. 6C,
yellow, orange, red, purple bars). These data suggest that
in the absence of XOR, large CLDs in mammary glands
of MGKO mice, unable to dock, nevertheless undergo
engulfment and secretion by a modified apical membrane
inclusion process. This altered secretory mechanism delays
lipid release, resulting in larger CLD and larger secreted

© 2016 The Authors. The Journal of Physiology © 2016 The Physiological Society
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globules. Interestingly, doubling the size of the CLD (from
8 to 16 wm) requires 52% less membrane per unit volume
of lipid, for engulfment. Increasing the diameter of the
lipid droplet thus changes the ratio of neutral lipid to
phospholipid, and changes the proportion of membrane
required for secretion. We speculate that the loss of
docking also makes the sorting of cellular materials for
secretion less efficient.

XOR loss alters the proteome of MFGs

The modified apocrine secretion mechanism discussed
above suggests that the protein composition of MFGs from
MGKO mice should differ significantly from that of WT

A
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5909

MFGs in both the number and the type of proteins. To test
this prediction we used untargeted proteomic analysis of
MEFGs from WT and MGKO mice. LC-MS/MS analysis
of isolated and washed MFGs obtained from lactating
dams at L10 identify an average of 18,000 spectra per
run for a total of 730 proteins. Protein identifications
were accepted if they could be established at greater than
99.0% probability and contained at least two identified
unique peptides. Using these criteria, 592 proteins are
identified as being present in MFG samples from WT mice
and 651 proteins are present in XOR-MGKO samples. In
total, 505 proteins found on MFGs from both WT and
XOR-MGKO mice are used in a volcano plot analysis
(Bessarabova et al. 2012) of the fold-change between

Figure 5. CideA mediates CLD fusion and docking
A, L10 mammary gland from WT and XOR MGKO dams immunostained for CideA (red, right), Plin2 (green, centre)
and DAPI (blue in overlay). Arrowheads delineate docked CLDs with CideA clustered. Asterisk marks a large CLD
that is not docked. Bar = 10 um. B, 3D projection view of fusing CLDs. CideA (right, red), Plin2 (centre, green)
and overlay showing CideA concentrated at the fusion pore of two CLDs in WT and MGKO glands. Bar = 2 um.
C, pre-secretion CLD sizes measured in the cytoplasm near the apical plasma membrane (APM) in Plin2-stained
WT and XOR MGKO cells (>50 CLDs per mouse, three mice per group).

© 2016 The Authors. The Journal of Physiology © 2016 The Physiological Society
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their spectral counts versus significance (Fig. 7). This plot
reveals an essential asymmetry, an increase in abundance
of proteins associated with the MGKO globules. The
most significantly increased proteins were not predicted,
but include (1) glutamyl-prolyl-tRNA synthetase (Eprs),
which is 26-fold increased and forms a node connecting
cytoskeletal and vesicular trafficking networks (see Strings

B

J. Monks and others
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Analysis, Fig. 8). Eprs is a 170 kDa, low abundance
protein, part of the gamma interferon (IFN-y)-activated
inhibitor of translation (GAIT) complex, regulating trans-
lation of inflammation genes. Co-factors of Eprs include
ribosomal protein L13a, and glyceraldehyde-3-phosphate
dehydrogenase (Gapdh), both of which are present
in WT and MGKO samples. (2) Lipopolysaccharide
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Figure 6. Very large lipid droplets are secreted into the milk of XOR MGKO glands

A, crematocrit (volume % milk fat) of milk collected from WT (36 £ 9) and MGKO (50 £ 7) dams at lactation
day 10 (mean + SD, P = 0.0003). B, BODIPY 493/503-stained, post-secretion MFGs (left). Arrows indicate MFGs
damaged in the milking process. LipidTox Red and Alexa 488-phalloidin (green) staining of globules from WT and
XOR MGKO milk (right). Bar = 10 um. C, diameter of post-secretion MFGs, stained with BODIPY 493/503 (>800
MFGs per mouse, three mice per group). Size ranges are displayed as a fraction of the total counted and as a

fraction of the total lipid volume.
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(LPS)-binding protein (Lbp) is 6.2-fold increased. Lbp
is part of the innate immune system, thought to bind
CD14ininfant gut preventing pathogen binding and inter-
nalization. (3) Pnpla2/adipose triglyceride lipase (Atgl)
is 4.7-fold increased. Pnpla2/Atgl is a possible regulator
of CLD size. It interacts with Abhd5/CGI-58, which is
also increased 1.7-fold in MGKO. (4) Tubulin alpha 1b
(Tubalb), which is a node within the cytoskeletal network
(Fig. 8), is 11-fold increased. Tubulin alpha 4a and beta 4b
were also present in MGKO but were entirely absent from
WT MEFG samples.

Identified proteins are further categorized according
to Gene Ontology cellular component terms (Table 1).
We see statistically significant increases in the number
of cytoplasmic, cytoskeletal, Golgi apparatus and lipid
metabolism proteins that remain associated with the
secreted MFGs in the MGKO samples. However, proteins
associated with the endoplasmic reticulum, mitochondria,
plasma membrane and vesicle-mediated transport are not
increased in number, suggesting that the loss of XOR
changes the MFG secretory process, allowing inclusion
of proteins/organelles that are typically retained within
the cell. As suggested by the immunostains above, the
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XOR MGKO gland may depend on increased Golgi
vesicle involvement to mediate MFG secretion (Wooding
et al. 2015). However, a detailed, high-resolution electron
microscopy study of this knockout would be necessary to
discern the changes in CLD association with organelles,
and ultrastructural differences in the APM association.
To further characterize the proteins and enzymes
associated with the MFGs, we use the normalized
spectral abundance factor (NSAF) (Paoletti et al. 2006)
for each protein to estimate how XOR loss changes
protein components quantitatively. A partial list of NSAFs
showing the proteins with significant differences between
WT and MGKO globules, ranked by fold change, is
given in Table 2 and the entire dataset is given as
supplementary data (Table S1). The most abundant
protein in MFGs from both WT and XOR MGKO mice
is lactadherin/Mfg-e8, a peripheral membrane protein
thought to bind to phosphatidylserine on the external
leaflet of the APM, and its levels are unchanged. The
levels of XOR in MGKO MFGs are reduced by 97%
compared to its levels in WT MFGs. Significantly, the ratio
of normalized spectral abundance for XOR and Btn in
WT MFGs calculated from our MS/MS data is 2:1, which
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Figure 7. Volcano plot reveals asymmetry in proteins associated with MFGs from XOR MGKO dam

Plot of the log,fold change (WT/MGKO) of the spectral abundance versus the logo(P-value) for the proteome of
the MFGs. The empty point is XDH/XOR (marked with an x). The most significantly changed proteins, all in greater
abundance on MGKO MFGs are: a, glutamyl-prolyl-tRNA synthetase (EPRS), 26-fold increased; b, lipopolysaccharide
(LPS)-binding protein (LBP), 6.2-fold increased; ¢, Pnpla2, a.k.a. adipose triglyceride lipase (Atgl), 4.7-fold increased;
d, tubulin alpha 1b (Tuba1b), 11-fold increased. [Colour figure can be viewed at wileyonlinelibrary.com]
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agrees with the published ratio obtained by biochemical
measurements (McManaman et al. 2002) and provides
evidence of the validity of comparisons made using
NSAEF. Proteins with reduced levels in the MGKO globules
are rare and include butyrophilin (Btn, 63% reduced),

A

fibrinogen-pB and -y chains (Fgb and Fgg, reduced by 57
and 58%, respectively), and apolipoprotein C-III (Apoc3,
reduced by 50%). The proportional reduction in these four
proteins (Btn/Fgg/Fgb/Apoc3) suggests that they may be
present in a complex on the APM (ratio 1:2:2:1) prior to
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&

Figure 8. String networks of proteins significantly changed on MFGs from WT and XOR MGKO dams

reveal interacting proteins

A, only eight proteins are significantly lost from the MFGs when XOR (XDH) is genetically deleted (see Table 2). XOR
is known to interact with Btn. Fgg, Fgb and Apoc3 also interact. B, 52 proteins are significantly increased on the
MFGs when XOR is deleted. Labelled are nodes related to vesicle trafficking, lipid metabolism and cytoskeleton.

[Colour figure can be viewed at wileyonlinelibrary.com]
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Table 1. Total number of cytoplasmic, cytoskeletal, Golgi apparatus and lipid metabolism proteins are increased on MFGs from XOR
MGKO dams, indicating changes in efficiency of secretion; Gene Ontology (GO) analysis of subcellular organelles

GO term No. of proteins WT (mean + SEM) MGKO (mean + SEM) t-test
Cytoplasmic 607 340 + 27 410 £ 9 0.048
Cytoskeleton 84 37 £1 53 +3 0.005
Endoplasmic reticulum 95 76 + 4 70 £ 4 0.308
Ribosomal 73 55 + 4 58 + 4 0.666
Mitochondria 242 147 + 15 163 £ 5 0.372
Lipid metabolism 84 48 + 3 61 + 3 0.021
Plasma membrane 112 82 +5 87 £5 0.524
Vesicle-mediated transport 63 33 +£3 42 + 3 0.075
Golgi apparatus 67 32 + 4 46 £ 5 0.017

Shown are the total number of proteins in each GO category identified and the mean numbers of proteins from n = 4 dams in each
group, + SEM and P-value using Student’s t-test. P-value < 0.05 indicated in bold.

being recruited into a complex with XOR at the site of CLD
binding. Adenylate kinase 2 (Ak2) is similarly reduced and
while it is thought of as an enzyme localized to the inner
mitochondrial membrane, it catalyses the reversible trans-
fer of the terminal phosphate groups between ATP and
AMP, and thus may be involved in regulation of purine
metabolism, or depletion of ATP in the microvilli. It is pre-
sent in a (1:4) ratio with Btn in our samples, independent
of genotype. Only two proteins are lost entirely from
XOR-MGKO MFGs including Mucl, a major mucin pre-
sent on the apical surface of milk-secreting cells, and
ribosomal protein S21 (Rps21), a component of the 40S
subunit of the ribosome. We assess possible functional
interactions among these proteins using string analysis
(http://string-db.org/) (Fig. 8A). In addition to the known
interaction between XOR and Btn, interactions among the
fibrinogens and ApoC3 are also predicted.

Ten proteins are found exclusively in the MFGs
from MGKO dams. These include two tubulins
(Tubad4a, Tubb4b), a Rab-GTPase activating protein
(Rab3gap1), a secretory protein (Scfdl), a non-specific
lipid transfer protein (Scp2), a calcium ATPase
(Atp2a2), a sialyltransferase (Stgall), a transmembrane
superfamily member (Tm9sf2) Torsin-1B (Torlb) and
alpha-centractin (Actrla). Abundances of 41 proteins
are increased significantly by XOR loss. String analysis
shows that they are enriched in functional networks
corresponding to: vesicle trafficking, which includes a
node for coatmers (Copa, Copbl, Copb2, Copg); lipid
metabolism, which includes nodes for lipid oxidation and
lipase activities; the cytoskeleton, which includes a tubulin
node; and the mitochondria, which includes a node linking
oxidase, dehydrogenase and ATPase activities (Fig. 8 B). Of
interest, only two proteins among the 50 most abundant
are increased in the MGKO globules, including Rab18,
a small GTP-binding protein known to be important
for lipid droplet and vesicle trafficking, and Dhrsl, a
member of the short-chain dehydrogenases/reductases

© 2016 The Authors. The Journal of Physiology © 2016 The Physiological Society

family (SDR) of enzymes, most of which are known to
be NAD- or NADP-dependent oxidoreductases. Both of
these proteins were shown to be associated with the CLD
of 3T3-L1 adipocytes under conditions that stimulate
lipolysis (Brasaemle et al. 2004).

Because the lipid droplets in XOR MGKO glands are
larger, we further compared proteins associated with the
Gene Ontology term ‘Lipid Metabolism’. Supplementary
Table S1 shows the NSAF and fold change for proteins
that are present in all four MGKO samples. Notably, three
lipases, known to facilitate lipid breakdown, Pnpla2, Cel
and Lpl, are increased on the MGKO globules, despite their
significantly larger size. It is unclear whether the alveolar
cell is actively trying to reduce these oversized CLD prior
to secretion, or whether these lipases are not enzymatically
active. Several other proteins change proportionally in the
MGKO samples, possibly suggesting a direct molecular
interaction. Included are Nsdhl and Ehhadh (1:1), Pnpla2
and Cel and Hsd17b7 (2:2:1), Tecr and Hadha and Dbt
(1:2:1), Abhd5 and Acaa2 (2:1), CideA and Acsll (1:1),
and Atp5al and Atp5b and Fasn (1:2:1). Of these, only
Atp5al and Atp5b have been previously shown to be
functionally interacting proteins. Despite the larger CLDs,
lipid synthesis enzymes do not seem to be preferentially
enriched on the secreted globules. Thus, we speculate that
the increased size of the droplets is due to CideA-mediated
fusion of smaller CLDs during delayed secretion.

Inclusions of cytoplasmic components within the
membrane of the final, secreted MFGs are called crescents,
and were described in early electron micrographs of milk
and lactating glands. (Wooding et al. 1970; reviewed by
Huston & Patton, 1990). The proteomics results described
above suggest that there may be a modest increase in
these crescents associated with the globules from XOR
MGKO milk. Electron micrographs (Fig. 2D and H) show
crescents attached to secreted globules in the lumens of
both the WT and the XOR MGKO glands. Additionally,
we stained milk droplets with Acridine Orange (data not
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shown), and with a combination of LipidTox Red to
stain the neutral lipid, and phalloidin to visualize the
filamentous actin, in order to visualize these crescents
(Fig. 6B). In both the WT and the XOR MGKO, obvious
crescents were present in 25% of the globules. There
was no change in the fraction of globules with crescents,
although there may have been a small (not significant)
change in the size of the attached cytoplasmic crescent
in the XOR MGKO MFGs. This result is consistent with
the results of the proteomics data above. The abundance
of actin is increased only 1.5-fold, and similarly the
keratins, a family of cytoplasmic intermediate filament
proteins, have an average increase of 1.8- to 2.0-fold in
the XOR MGKO globules. These changes did not reach
significance, and further support the notion that even
without docking, apocrine secretion of CLDs can occur.
The process is slightly less efficient, as some cellular
components that should be retained are not, possibly
requiring new synthesis of these proteins. The growth rates
of the pups from XOR MGKO dams are only 20% less
than those of the WT dams, suggesting that the back-up
mechanism of milk fat secretion is adequate.

Discussion

Previous work has shown loss of XOR results in total
lactation failure (Vorbach et al. 2002; Wang et al. 2012).
However, those studies were performed in knockout
models which may have had deleterious effects on the
physiology of the dam, due to loss of XOR in the liver
or adipose tissue. In our conditional knockout models,
removing XOR protein in the mammary epithelial cells
alone results in only a modest lactation defect. We did
observe that XOR mediates close association between the
CLD and elements of the APM, a process we call ‘docking’.
XOR is also required for Btn membrane clustering during
milk lipid secretion, presumably drawing Btn into the
membrane domain where CLDs are docked. Additionally,
XOR mediates apical membrane reorganization during
milk lipid secretion, as docking of CLDs to the membrane
disassembles the microvilli and remodels the glycocalyx.
Finally, loss of XOR seems to delay MFG secretion,
which allows continued growth and/or fusion of CLDs.
Significantly, loss of XOR does not prevent membrane
envelopment of CLDs or their secretion. However, the
envelopment process appears to be substantially altered in
the absence of XOR, as we see pronounced invagination
of the apical membrane in MGKO glands that may be
mediated by sequential vesicular trafficking, creating a
lumen beneath the CLDs. There is an overall increase in
the number of cytoplasmic, cytoskeletal, Golgi apparatus
and lipid metabolism proteins associated with the secreted
MEFGs from XOR MGKO dams, suggesting that cellular
components that are usually retained in the cell are
present within the budded MFG membrane. Based on
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these data, we propose that XOR interactions with Btn
mediate membrane docking of CLDs, which enhances the
efficiency, but is not required for apocrine secretion of
milk lipids.

The model of milk fat secretion originally described
by Mather & Keenan (1998), utilizing the three proteins
ADPH/Plin2 on the CLD, XOR recruited from the cyto-
plasm and Btn within the APM is supported by the
data presented here. Loss of XOR resulted in inefficient
MFG secretion, as evidenced by the continued growth
and fusion of the CLD before release into the milk.
Additionally, loss of XOR results in a decrease in the
Btn associated with the secreted MFG, suggesting that
XOR recruits or clusters the Btn present in the plasma
membrane in a discrete docking step. Fluorescence
recovery after photobleaching (FRAP) of GFP-Btnlal
in MFG membranes (Jeong et al. 2013) described these
two populations of Btn, one with rapid recovery after
photobleaching, presumably mobile in the membrane,
and another that was less mobile, probably bound to XOR
and the CLD. Thus, XOR appears to be necessary for this
docking step and the idea given by Robenek et al. (2006),
in which Btn-alone tethers the CLD to the membrane,
seems to be contradicted by our data, and similarly, with
the model proposed by Chong et al. (2011) that Plin2
alone can mediate binding of the CLD to the plasma
membrane. Plin2 levels were unchanged on the globules
yet CLDs were never observed in close apposition to the
apical plasma membrane in our XOR MGKO glands.
However, Plin2 probably does play a role in the association
of the CLD with other, internal membranes, such as
endoplasmic reticulum, peroxisomal or mitochondrial
membranes (reviewed by Brasaemle and Wolins, 2012),
and with cytoskeletal elements controlling CLD trafficking
(Orlicky et al. 2013). Finally, what mediates XOR binding
to the CLDs docked at the apical membrane remains
unknown. As CideA appears to be present in the dock,
interactions between XOR and CideA should perhaps be
explored further.

Thus far unexplained is the decreased growth rate of
the litters nursed on XOR MGKO dams. We analyse
the histology of the mammary glands of pregnancy
in the BLG—Cre cross and see no difference in growth of
the epithelium, alveolar development or differentiation
as evidenced by CLD synthesis, casein expression and
luminal expansion. However, XOR may have additional
roles in neonatal development, such as modulation of
the microbiome, which could alter growth of the litter.
XOR activity in human milk has been shown to react with
xanthine in the saliva in the baby, producing bactericidal
ROS (Al-Shehri et al. 2015). And Silanikove et al. (2005)
have shown XOR-derived ROS control bacterial growth in
cow’s milk. The increase in MFG-associated LPS-binding
protein (Lbp) in our proteome thus could indicate that
in the absence of XOR, microbial growth in the gland is
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uncontrolled, as Lbp level in cow’s milk has been shown
to be increased with mastitis (Zeng et al. 2009). It is likely
that these changes in the milk affect the immature gut of
the neonate, modulating intestinal development, nutrient
absorption and growth. Studies are ongoing along this line
of research.

Others have noted that as MFG size increases, the
percentage fat in the milk also increases, (reviewed by
Jeong et al. 2013) and we see both of these changes in
our XOR MGKO milk. As lipid droplet size increases, the
surface to volume ratio actually decreases, and therefore
larger CLDs require less membrane for engulfment and
secretion. The secretion of milk products by vesicle
exocytosis may be intricately tied to the secretion of
milk lipid. Indeed, Farkas (2015) in his review of
the mechanisms of apocrine secretion, mentions that
merocrine secretion, for example the exocytosis of caseins
and lactose, may be linked to the apocrine secretory
process. In the mouse mammary gland, membrane derived
from exocytotic vesicles is thought to contribute to the final
membrane surrounding the secreted MFGs (Kralj et al.
1992). If exocytosis and MFG secretion are mechanistically
linked by the regulation of APM surface area, then
inefficient secretion of milk fat, as seen in the XOR
MGKO gland, may result in less total milk secretion.
Further analysis, perhaps with tracer studies, is necessary
to determine if milk protein secretion or lactose synthesis
may be altered in cells lacking XOR. Analysis of the alveolar
cell metabolome during lactation, the milk metabolome,
as well as expression analysis of milk synthetic enzymes
would answer these questions.

The process of milk fat secretion is a fascinating example
of apocrine secretion by a mucosal epithelium. The
molecular players mediating apocrine secretion are just
beginning to be explored. Farkas (2015) recently reviewed
this process, comparing the proteomes of several human
fluids secreted by this mechanism and compiling a list of
122 common proteins that may be crucial. Of interest,
XOR was not found in all of the fluids studied, but was
discussed as being present in milk, tears and bile secretions.
It is interesting to note that all of these secretions contain
a lipid component. Thus, XOR may mediate apocrine
secretion of lipids in other tissues as well.

Apocrine secretion is a poorly studied cellular process
as it does not occur outside of a tissue context. Others have
reported lipid release from primary mammary cell culture
(Cohen et al. 2015), but none has visualized the process,
nor presented analysis of the structure of the resulting
globules. Farkas et al. (2014) suggest that Drosophila
salivary glands could be a useful model system to
study apocrine secretion, especially for understanding the
sorting of cellular components for secretion and retention
within the cell. However, the eventual cell death of this
epithelium after major apocrine secretory processes makes
it substantively different from the lactating mammary

J. Monks and others
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cell, which must continue apocrine secretion for days,
weeks or even months. Advancement in 3D-culture of
mammary cells may yet enable live imaging of milk
secretion (Campbell et al. 2011; Mroue and Bissell, 2013),
but the external location of the mammary gland, the
short generation time of the mouse and the power of
genetic modification, along with advances in imaging of
cellular processes in live animals, suggest that apocrine
secretion of MFGs might now be studied in the lactating
animal.
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for that sample. Shown is the NSAF for WT and MGKO
globules, the gene name, the common protein name, the
accession number and the P-value.

Table S2. Changes in lipid metabolism proteins associated
with the MFG of XOR MGKO dams. Proteins classified
under the Gene Ontology term ‘Lipid metabolism’
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present in all four samples of the XOR MGKO proteome
in order of fold change from WT. Shown is the common
protein name, the gene name, the NSAF and fold-change
of MGKO/WT, as well as the P-value. Many proteins that
are known to interact with one another show similar fold
changes.



