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Milk is a hallmark of mammals that is critical for normal
growth and development of offspring. During biosynthesis of
lactose in the Golgi complex, H� is produced as a by-product,
and there is no known mechanism for maintaining luminal pH
within the physiological range. Here, using conditional, tissue-
specific knockout mice, immunostaining, and biochemical
assays, we test whether the putative H�/Ca2�/Mn2� exchanger
known as TMEM165 (transmembrane protein 165) participates
in normal milk production. We find TMEM165 is crucial in the
lactating mammary gland for normal biosynthesis of lactose
and for normal growth rates of nursing pups. The milk of
TMEM165-deficient mice contained elevated concentrations of
fat, protein, iron, and zinc, which are likely caused by decreased
osmosis-mediated dilution of the milk caused by the decreased
biosynthesis of lactose. When normalized to total protein levels,
only calcium and manganese levels were significantly lower in
the milk from TMEM165-deficient dams than control dams.
These findings suggest that TMEM165 supplies Ca2� and Mn2�

to the Golgi complex in exchange for H� to sustain the functions
of lactose synthase and potentially other glycosyl-transferases.
Our findings highlight the importance of cation and pH home-
ostasis in the Golgi complex of professional secretory cells and
the critical role of TMEM165 in this process.

Deficiencies in the Golgi transmembrane protein TMEM165
cause a type II congenital disorder of glycosylation in humans
(1). Recent reports have shown that this protein, along with its
yeast homolog Gdt1, can transport Ca2� in vitro and promote
normal homeostasis of Ca2�, Mn2�, and H� in the Golgi com-
plex (2–4). These findings suggest that TMEM165 supports
glycosylation by maintaining proper pH and supplying Mn2�

and Ca2� that are required as cofactors in the glycosyltrans-

ferases responsible for protein and lipid glycosylation (5, 6).
Disruption of the homeostasis of pH or the concentrations of
Ca2� or Mn2� have been demonstrated to result in deficiencies
in glycosylation (6 –9). The incidence of identified cases of con-
genital disorders of glycosylation among humans is increasing,
now including more than 125 unique disorders (10).

Transmembrane protein 165 (TMEM165 mRNA)3, formerly
Tpar1, is expressed in virtually all tissues and cell types, in-
cluding the mammary gland (BioGPS). However, TMEM165
mRNA and protein levels increase dramatically, by 7- and
25-fold, respectively, in the mammary gland during the secre-
tory activation phase of lactation (11, 12). TMEM165 protein
levels accumulate in the Golgi complexes of alveolar epithelial
cells (12) along with �-lactalbumin subunit of lactose synthase,
which together with �4-galactosyltransferase I (�4-GALT-I)
synthesizes lactose in the lumen from transported UDP-galac-
tose and glucose (13). �4-GALT-I requires Mn2� as a cofactor
for its catalytic activities (13). The secretory pathway Ca2�/
Mn2�-ATPase 1 (SPCA1) supplies the Golgi with much of the
Mn2� required for lactose synthase and other glycosyltrans-
ferases (14, 15) and much of the Ca2� that is complexed with Pi
and casein proteins to form micelles in the Golgi complex (16).
Although there is no obvious requirement for a H�/Ca2�/
Mn2� exchanger in this scheme of milk production in Golgi
complex, H� is produced as a by-product of all glycosylation
reactions including lactose biosynthesis, and there is no known
mechanism for eliminating excess H� from the Golgi and
maintaining pH within a physiological range. In milk-produc-
ing cells, TMEM165 may deacidify the Golgi while supplying
Ca2� and Mn2� as both enzyme cofactors and nutrients.

In this study, we test the role of TMEM165 in the lactating
mammary gland of mice by examining mouse mutants bearing
a conditional knockout of TMEM165. Using a Cre-recombi-
nase that is driven by the whey acid protein (WAP) promoter,
which is only expressed in milk-producing alveolar epithelial
cells during late pregnancy, an 85% depletion of TMEM165
protein was achieved, and strong defects in milk quality were
observed. Unexpectedly, calcium, iron, zinc, fat, and total pro-
tein concentrations were elevated in the milk of TMEM165-
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deficient animals. However, lactose accumulation was strongly
diminished, and this likely resulted in decreased osmosis and
concentrated other components in the milk. We show that the
catalytic subunit of lactose synthase, in vitro, is highly sensitive
to acidic pH, and we propose that the reduced quality of milk in
TMEM165-deficient animals is due to a failure to remove the
H� by-product of lactose biosynthesis, a diminished supply of
Mn2� in the Golgi, or both, which then diminishes lactose syn-
thase activity and osmosis. These findings highlight the impor-
tance of ion homeostasis in the Golgi complex of professional
secretory cells and the unique role of TMEM165 in exchanging
H�, Ca2�, and Mn2�.

Results

Conditional knockout mouse displays normal histology in the
lactating mammary gland

A condition-ready TMEM165 knockout mouse was gener-
ated by transfecting embryonic stem cells with a recombinant
plasmid from EUCOMM, blastocyst injecting, germ-line
screening, and cross-breeding to C57BL/6 WT mice, as
described under “Experimental Procedures.” To study the
effect of TMEM165 on lactation, we crossed this mouse line to
a mouse line expressing Cre recombinase under control by the
WAP promoter (17). In the experiments below, all nursing mice
were heterozygous for WAP-Cre (i.e. WAP�/Cre) and either
homozygous or heterozygous for the floxed allele of TMEM165
(henceforth referred to as TMEM165�/� and TMEM165�/�) or
homozygous for the natural allele (TMEM165ctrl). To deter-
mine the efficacy of this TMEM165 conditional knockout,
Western blots were performed on mammary tissue harvested
from mothers after 12 days of lactation. The TMEM165�/�

mice demonstrated an 85% knockdown of TMEM165 expres-
sion in mammary tissue, and there was a 43% knockdown in
TMEM165�/� mammary tissue, relative to TMEM165ctrl tissue

(Fig. 1, A and B). Histological analysis via hematoxylin and eosin
sections of mammary tissue from these mothers demonstrated
no significant visible difference between genotypes (Fig. 1C).
However, TUNEL staining of mammary tissue sections demon-
strated a small but significant increase in apoptotic cells in
both TMEM165�/� and TMEM165�/� mice, relative to
TMEM165ctrl mice (Fig. 2, A and B). This suggests that even a
partial decrease in expression of TMEM165 may occasionally
affect cell survival in this tissue.

Immunostaining revealed high TMEM165 expression in the
Golgi complexes of alveolar epithelial cells that surround the
lumen of the TMEM165ctrl mammary tissue (Fig. 3). Interest-
ingly, the tissue from the TMEM165�/� mouse expressed
TMEM165 in a patchy mosaic pattern, where a fraction of the
alveolar epithelial cells maintained expression and therefore
escaped elimination by WAP-Cre (Fig. 3). One possible reason
for the mosaic expression is incomplete deletion of TMEM165
exons from some cells within the developing mammary gland
that later populate a small portion of the tissue. Similar mosaic
expression of TMEM165 was seen in mice expressing Cre
under control of the MMTV promoter (not shown). These find-
ings demonstrated that WAP-Cre produced a large, yet incom-
plete, decrease in TMEM165 expression in the milk-producing
cells of the mammary glands of TMEM165�/� animals.

Litters nursed by TMEM165�/� mothers exhibit low weight
gains

To determine whether TMEM165 deficiency affected the
overall quantity or quality of milk production, mothers nursed
litters of six pups each, and litter weight was measured every 2
days for 2 weeks. Although all the pups and mothers appeared
healthy and behaved normally, pups nursed by TMEM165�/�

mothers displayed significantly lower litter weights than
pups nursed by TMEM165ctrl mothers on all days measured

Figure 1. TMEM165�/� mammary glands display normal histology and TMEM165 deficiency. A, Western blots of total protein extracted from mammary
glands on day 12 of lactation were performed using anti-TMEM165 and anti-tubulin antibodies. B, the ratios of TMEM165 to tubulin were calculated from
quantified bands and averaged among replicates, and the heterozygous and homozygous samples were normalized to TMEM165ctrl animals (� S.D.). C,
representative images hematoxylin and eosin–stained tissue from these mothers.
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(Fig. 4A). By day 14, litters from TMEM165�/� dams weighed
only 78% of those from TMEM165ctrl dams, suggesting a strong
defect in milk quality or quantity.

Lactose deficiency in milk from TMEM165-deficient dams

Because TMEM165 deficiency leads to deficiencies of glyco-
sylation in humans (1), we hypothesized that TMEM165�/�

mice may have a deficiency in lactose biosynthesis. To test this
possibility, milk samples were collected from dams after 12 days
of lactation with 6 pups/dam, and the lactose concentration was
measured. Strikingly, we observed a 36% decrease in lactose
concentration in the TMEM165�/� dams relative to the
TMEM165�/� and TMEM165ctrl dams (Fig. 4B). The corre-
sponding decline in osmosis would serve to concentrate the
residual lactose and thus partially mask a larger decline in the
actual rate of lactose biosynthesis.

To determine whether the decline in lactose biosynthesis is
caused by a decline in lactose synthase activity, mammary
glands from TMEM165ctrl and TMEM165�/� dams were dis-
sected and homogenized. Crude membrane fractions were iso-
lated by differential centrifugation, washed to remove lactose,
permeabilized with nondenaturing detergent, and assayed in
vitro for galactosyltransferase activity using a protocol that
monitors liberation of Pi from UDP-galactose in the presence of
GlcNAc and added Mn2� (see “Experimental Procedures”).
These conditions measure �4-GALT-I activity directly and do
not rely on the potentially unstable association of �-lactalbu-
min and Mn2� with the catalytic subunit of lactose synthase. At
physiological pH of 6 for the lumen of the Golgi complex, galac-
tosyltransferase activity was indistinguishable in TMEM165ctrl

and TMEM165�/� samples (Fig. 4C). Omission of glucose (Fig.
4C) or UDP-galactose (not shown) resulted in a total loss of

Figure 2. TMEM165-deficient tissues exhibit elevated cell death. A, TUNEL staining of the tissues identifies cells that have undergone cell death. B, analysis
of the intensity shows a statistically significant increase in TUNEL-positive cells in both heterozygous and homozygous-knockout mice, relative to the WT. *, p �
0.05; **, p � 0.01; ***, p � 0.001 using Student’s t test.

Figure 3. There is mosaic expression of TMEM165 in TMEM165�/� mammary tissue. In situ immunostaining of fixed and sectioned tissue demonstrates
that TMEM165 (red) colocalizes with GM130 (green). 4�,6�-Diamino-2-phenylindole (DAPI; blue) identifies cell nuclei. Some cells within the tissue continue to
express TMEM165 in TMEM165�/� mice, resulting in mosaicism in these mice.
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galactosyltransferase activity, indicating the specificity of the
assay method. Galactosyltransferase activity remained constant
as pH of the buffer was increased to 7 or decreased to 5. How-
ever, the activity declined to background levels when the pH
was lowered to 4 or less (Fig. 4C). Thus, the TMEM165�/� and
TMEM165ctrl samples appeared to contain equivalent activities
of the lactose synthase catalytic subunit when assayed in vitro in
the presence of excess of Mn2�, and this activity was somewhat
sensitive to the acidity of the buffer. These results suggest that
lactose synthase enzyme levels are unaffected by TMEM165
deficiency and that the activity of enzyme may be severely
diminished in the Golgi complexes of TMEM165�/� cells.

Because TMEM165 is hypothesized to export luminal H� in
exchange for cytoplasmic Mn2�, TMEM165 deficiency may
diminish lactose synthase activity by increasing luminal H�,
decreased luminal Mn2�, or both, resulting in lower lactose
production and diminished milk quality.

Lactose deficiency may concentrate other milk components
because of lower dilution by osmosis

Lactose concentrations in mouse milk can reach 250 mM and
thus serves as the major osmolyte of milk and perhaps even in
the Golgi complex where lactose is synthesized. To investigate
the possibility that the deficiency of lactose secretion in

Figure 4. Milk from TMEM165�/� mothers exhibits low nutritional quality and low lactose. A, litters of six pups/mother were weighed every 2 days
following birth. The data shown are the averages (� S.D.) of litters nursed by eight mothers of TMEM165�/� and TMEM165ctrl. B, milk collected from mothers of
the specified genotype on day 12 of lactation were assayed for lactose as described under “Experimental Procedures.” C, galactosyltransferase activity,
representing �4-GALT-1 subunit of lactose synthase, was measured in detergent-solubilized crude membrane extracts prepared from the indicated nursing
mothers on day 12 of lactation. The assay method, which measures the concentration of Pi that is produced over time and normalized to the concentration of
total protein, is described under “Experimental Procedures.” *, p � 0.05; **, p � 0.01; ***, p � 0.001 using Student’s t test.
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TMEM165-deficient mammary glands produced milk with an
osmotic defect, milk samples were treated with concentrated
nitric acid to eliminate organic components and then analyzed
by inductively coupled plasma MS (ICP-MS) alongside calibra-
tion standards (see “Experimental Procedures”). Surpris-
ingly, the concentration of calcium did not decline in milk
from TMEM165�/� dams and actually increased by 23.9%
(Fig. 5A), whereas the concentration of manganese remained
constant (Fig. 5B). The concentrations of iron and zinc also
increased significantly by 21.6 and 34.2%, respectively (Fig. 5, C
and D). Because these metals are mostly bound as ions by milk
proteins, we also measured the concentration of total protein
in untreated portions of the milk samples. Milk from
TMEM165�/� dams contained �45% increase in total protein
relative to that of TMEM165�/� and TMEM165ctrl dams (Fig.
6B). Analysis of milk proteins by SDS-PAGE and staining with
Coomassie Brilliant Blue also suggested increased protein con-
centration in the milk from TMEM165�/� dams without any
noticeable difference in the pattern of the bands (Fig. 6A). In
addition, we estimated the fat composition of the milk by mea-
suring the creamatocrit composition, which is the percentage
of milk made up of cream. TMEM165�/� dams exhibited a 52%
increase in creamatocrit concentration, similar to the increase
in total protein concentration (Fig. 6C). These findings indicate
that milk from TMEM165�/� dams contains significantly
higher concentrations of calcium, iron, zinc, total protein, and
lipids, none of which are likely to diminish the milk quality.
When the metal concentrations were normalized to total pro-
tein instead of volume, iron- and zinc-to-protein ratios were
similar in milk from TMEM165�/� and TMEM165ctrl dams
(Fig. 7, C and D). However, milk from TMEM165�/� dams did
exhibit a significant decrease in the calcium- and manganese-

to-protein ratios (Fig. 7, A and B), which could lower the activity
of Mn2�-dependent glycosyltransferases such as lactose syn-
thase, causing a decrease in lactose synthesis and secretion into
milk, lower osmosis, and lower dilution of other milk compo-
nents, including metals and protein.

Discussion

TMEM165 is a Golgi-localized transmembrane protein that
is expressed in virtually all mammalian tissue and is strongly
conserved throughout animals, plants, fungi, and even pro-
karyotes. The data obtained up to now suggest that TMEM165
and its homologs transport H�, Ca2�, and Mn2� across the
Golgi membrane and therefore directly influence the homeo-
stasis of these ions, which indirectly affects the activities of
Golgi-localized glycosyltransferases and other enzymes. The
strong up-regulation of TMEM165 expression in the alveolar
epithelial cells of the mammary gland immediately before par-
turition when secretory activation is occurring (11) suggests an
important role for this ion exchanger in milk biosynthesis in
these prolific secretory cells. Here we show that indeed
TMEM165 deficiency in these cells decreases the manganese-
to-protein ratio and lactose accumulation in the milk, likely by
diminishing Mn2� transport into the Golgi that is critical for
lactose synthase activity. This results in lower osmotic dilution
of protein, fat, and other constituents and lower milk quality, as
detected by growth rates of litters.

Lactose is the major osmolyte in milk (18). In addition to this,
the process of lactose biosynthesis is carried out by a galactosyl-
transferase and therefore requires many of the same substrates
and conditions as glycosylation (Fig. 8 and Ref. 19). Because
TMEM165 deficiency is known to cause congenital disorders of
glycosylation (4, 20), it was hypothesized that disruption of

Figure 5. Measurements of metal content in milk from TMEM165�/� and control mothers were taken. Concentrations of calcium (A), manganese (B), iron
(C), and zinc (D) in skimmed milk samples from day 12 of lactation were measured by ICP-MS as described under “Experimental Procedures.” Milk from six
control and six TMEM165 homozygous knockout animals were tested. *, p � 0.05; **, p � 0.01; ***, p � 0.001 using Student’s t test.
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expression of TMEM165 during lactation would similarly
inhibit the creation of lactose, thereby decreasing the osmotic
potential of milk by reducing the lactose composition. This loss
of glycosyltransferase activity could result from a decrease in
concentration of Mn2�, which is an important cofactor in both
lactose synthesis and glycosylation (21), and/or a decrease in
pH, resultant from accumulation of protons released during
lactose synthesis that would otherwise be released to the cyto-
plasm by TMEM165.

Lactose is synthesized from UDP-galactose and glucose in
the Golgi lumen by lactose synthase, an enzyme that depends
on Mn2� and is inhibited by acidic pH. Although the expression
of the regulatory subunit of lactose synthase (�-lactalbumin) is
far greater than the catalytic subunit (�4-GALT-I), the
heterozygous knockout mutants of �-lactalbumin exhibited
10 –30% declines of lactose concentration in milk, which
decreased osmolarity and increased total protein concentration

by 20 –50% (22, 23). Milk yield also declined in these heterozy-
gotes (23); homozygous knockout mutants produced little milk
with no lactose and very high concentrations of protein and
viscosity. The consequences of TMEM165 deficiency appeared
to be similar to the heterozygous �-lactalbumin deficiency,
resulting in moderately decreased lactose and increased total
protein, fat, and ion concentrations in the milk.

Upon normalizing Ca2�, Mn2�, Zn2�, and Fe2� concentra-
tions in milk to total protein, only Ca2� and Mn2� appeared to
be significantly decreased in the TMEM165�/� animals. The
remaining calcium and manganese in milk is probably trans-
ported into the Golgi by the secretory pathway Ca2�/Mn2�-
ATPase SPCA1 (6, 14, 24), although SPCA2 may also contrib-
ute from a non-Golgi organelle (25). These SPCA pumps
contribute �40% of the Ca2� found in milk with the remaining
60% transported by the plasma membrane Ca2�-ATPase
PMCA2 (26). Because Ca2� is �30,000 times more abundant in

Figure 6. Measurements show increase of protein and lipid concentrations in milk from TMEM165�/� mothers. A and B, milk collected from mothers of
the specified genotype on day 12 of lactation was skimmed and analyzed by SDS-PAGE and staining with Coomassie Blue (A) and quantified using Bradford
stain (B). C, whole milk was also subjected to creamatocrit (lipid) analysis. *, p � 0.05; **, p � 0.01; ***, p � 0.001 using Student’s t test. n.s., not significant.
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milk than Mn2�, SPCA and TMEM165 likely transport much
more Ca2� than Mn2� during lactation. The deficiency of Ca2�

transport in TMEM165�/� animals was not as great as Mn2� in
the milk, possibly because of compensatory effects of the
PMCA2 pump, which has been shown to be the primary milk

calcium transporter (26). The SPCA pumps appeared unable to
fully compensate for the Mn2� transport defects in the
TMEM165�/� animals, and Mn2� depletion in the Golgi may
lower the activity of lactose synthase and potentially other gly-
cosyltransferases responsible for protein glycosylation despite

Figure 7. Normalized metal content in milk indicates significant deficiency of calcium and manganese from TMEM165�/� mothers. The data from Fig.
5 were normalized to total protein levels measured in Fig. 6B. A, calcium; B, manganese; C, iron; D, zinc. Milk from six control and six TMEM165-homozygous
knockout animals were tested. *, p � 0.05; **, p � 0.01; ***, p � 0.001 using Student’s t test.

Figure 8. A working model of lactose synthesis in the Golgi apparatus demonstrates a possible role for TMEM165. To synthesize lactose, UDP-galactose
is transported into the Golgi apparatus in exchange for luminal UMP by a nucleotide-sugar transporter (NST). A Mn2�-dependent lactose synthase (LS)
covalently links the galactose to glucose, releasing a proton and UDP, the latter of which is cleaved by a Ca2�-dependent phosphatase (UDPase) into Pi and
UMP. The Pi can complex with Ca2�, Mg2�, and casein and then be secreted into milk. Lactose drives osmotic uptake of water in the Golgi, secretory vesicles,
and secreted milk to provide volume and reduce viscosity.
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the fact that both are significantly up-regulated in lactation
(15). It is not yet clear whether TMEM165 alters the pH of the
Golgi of the milk-producing cells, but a failure to counter-
transport H� from the lumen to the cytoplasm in the knockout
animals could lead to hyperacidification and additional loss of
lactose synthase and glycosyltransferase activities. H� accumu-
lation and Mn2� depletion in the Golgi of these mutant cells
could also alter transport of UDP-galactose and other nucleo-
tide sugars instead of, or in addition to, glycosyltransferase
activities. Therefore, defects associated with TMEM165�/�

Golgi may be broader yet milder than simple deficiency of
�-lactalbumin.

TMEM165 is expressed throughout the body of mammals,
and humans with homozygous mutations in TMEM165 exhibit
a congenital disorder of glycosylation that ultimately manifests
with skeletal and growth abnormalities (1, 27). TMEM165-de-
ficient zebrafish similarly exhibit glycosylation defects and have
problems with cartilage development (28). Interestingly, sup-
plementation of culture medium with Mn2� was found to par-
tially reverse the glycosylation defects of TMEM165-deficient
HeLa cells. The supplemental Mn2� presumably increases
Golgi Mn2� concentration by outcompeting Ca2� as a sub-
strate for SPCAs. This rationale was first tested in yeast cells
lacking a homolog of TMEM165 known as Gdt1. The residual
partial defect in glycosylation in gdt1� yeast cells was exacer-
bated by elevated Ca2� and then ameliorated by supplementa-
tion with Mn2� in a fashion that depended on the SPCA known
as Pmr1 (3). Furthermore, when heterologously expressed in
bacteria, Gdt1 has been demonstrated to transport Mn2�,
although it exhibited a lower affinity for Mn2� than for Ca2�

(4). Presumably, the mechanism of Mn2� transport by Gdt1 is
similar to that of Ca2�, which has been demonstrated to be
coupled to the pH gradient established by the V-ATPase, the
deletion of which causes Gdt1 to function in reverse mode,
instead releasing Ca2� from Golgi lumen (29). Transport stud-
ies using the purified and reconstituted TMEM165-family pro-
teins will be necessary to ascertain their specific substrate
specificities.

In summary, the findings reported here support the hypoth-
esis that TMEM165 exchanges H�, Mn2�, and Ca2� in the
Golgi complex of professional secretory cells and thereby sup-
ports glycosyltransferases such as lactose synthase that may be
sensitive to H� and dependent on Mn2�. The extremely high
rates of lactose synthesis could generate H� as a by-product and
thus drive Mn2� and Ca2� uptake into the Golgi via TMEM165.
Imbalanced ion homeostasis in TMEM165-deficient cells leads
to defects in lactose biosynthesis through increased inhibition
or decreased activation of lactose synthase.

Experimental procedures

Knockout mice and animal care

All procedures relating to animal care and treatment were
approved by the Johns Hopkins University Animal Care and
Use Committee and conformed to guidelines of the National
Animal Disease Center Animal Care and Use Committee and
the National Institutes of Health. The mice, maintained in a
C57BL/6 or mixed C57BL/6 and 129P background, were

housed in a standard 12 h light/12 h dark cycle. Embryonic stem
cells (129/SvEv Tac) were transfected with 30 �g of the
TMEM165 Knockout First targeting vector (PATHP0001_
A_1_B01) from EUCOMM. After insertion of the complete tar-
geting vector was confirmed by PCR of both homology arms,
karyotypically normal clones were subjected to blastocyst injec-
tion and implantation into pseudopregnant females. The inte-
gration of the 5�-homology arm was confirmed using the for-
ward primer 5�-GTGGTGATCAAAGGACACCGTGTGG-3�
and the reverse primer 5�-TGTTAGTCCCAACCCCTTCCT-
CC-3�, producing a 5,233-bp band, whereas the integration of
the 3�-homology arm was confirmed using the forward primer
5�-CAACAGCAAGTGGTTTCAGGG-3� and the reverse
primer 5�-CTCTGGTCTTGATATAGACGTGGTCC-3� to
produce a 5,177-bp band. The resultant chimeric mice were
crossed to C57BL/6 WT mice and screened for germ-line trans-
mission of the Knockout First allele by PCR of the resultant
progeny, using the forward primer 5�-GTACCGCGTCGAGA-
AGTTCC-3� and the reverse primer 5�-GATAGCCTAAGCT-
CGTGTTACAATC-3� to produce a 303-bp band. The WT
allele was identified by a separate PCR using the same reverse
primer but a new forward primer, 5�-CCCTGGATTCTACTT-
AGTCCCCC-3�, which produced a 362-bp band.

ROSA-Flp mice were a gift from Dr. Rejji Kuruvilla (Johns
Hopkins University). Mice containing the ROSA-Flp allele were
identified by PCR, using the forward primer 5�-CACTGATA-
TTGTAAGTAGTTTGC-3� and the reverse primer 5�-CTAG-
TGCGAAGTAGTGATCAGG-3�. These mice were crossed to
the mouse containing the Knockout First allele to remove the
portions of the cassette contained within the two Frt sites. This
resulted in removal of all modifications except the two loxP
sites flanking exon 2 of TMEM165. Backcrossing was then con-
ducted to generate mice that tested positive for the floxed allele
of TMEM165, but not the ROSA-Flp allele. Mice were geno-
typed for the floxed allele of TMEM165 by PCR using the for-
ward primer 5�-AACTTTGGGGAGGCCAGTTAAG-3� and
the reverse primer 5�-GATAGCCTAAGCTCGTGTTACAA-
TC-3�. Using these primers, the floxed allele of TMEM165 pro-
duces a 635-bp band, whereas the unfloxed allele produces a
541-bp band. The founder TMEM165fl/� mice were back-
crossed multiple times to C57BL/6 and then inbred to generate
TMEM165fl/fl before breeding to C57BL/6 bearing WAP-Cre,
which were a gift from Dr. Zhe Li (Harvard). WAP-Cre
TMEM165fl/� males were bred to TMEM165fl/� and
TMEM165fl/fl females, and the resulting females were used in
experiments.

For experimentation, females bearing WAP-Cre and either
TMEM165fl/fl, TMEM165fl/�, or TMEM165�/� were bred,
respectively, to males bearing TMEM165�/�, TMEM165fl/�,
or TMEM165fl/fl, and the resulting litters were equalized to six
pups/mouse mother on day 1 of lactation. This breeding pro-
gram maximized uniformity among the nursing pups. The mice
were euthanized at 12 days postpartum for tissue collection,
using a 50:50 mix of CO2:O2 followed by cervical dislocation.
Mammary tissue was removed, flash-frozen in liquid nitrogen,
and stored at �80 °C until membranes were prepared. Some
tissue was fixed as described below for microscopy.
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Litter weight analysis

On the day of birth, litters were adjusted to six pups/nursing
mother. The litters were then weighed every 2 days for the first
14 days of lactation.

Histological, immunofluorescent, and TUNEL stain microscopy

Tissue slides were prepared as described previously (30).
Briefly, mammary tissue was fixed in Tellyesniczky’s fixative (a
20:2:1 ratio of 70% ethanol, formalin, and glacial acetic acid) for
5 h before being stored in 70% ethanol before paraffin embed-
ding and creation of 4-�m sections. For histological analysis,
paraffin-embedded sections were treated with eosin and hema-
toxylin stain as described by Sheehan and Hrapchak (31).
Images were obtained using a Leica Aperio AT2 at 20	 magni-
fication. For immunofluorescence, methods were conducted
as described previously (12). Briefly, tissue sections were
immersed in H-3300 (Vector Laboratories, Burlingame, CA) in
a preheated pressure cooker for 20 min after pressure normal-
ized. The sections were cooled and washed three times with
distilled, deionized water, followed by PBS for 5 min. Sections
were permeabilized and blocked in PBS containing 0.5% Triton
X-100, 0.01 g of sodium azide, and 50 mg/ml BSA prior to addi-
tion of primary antibodies at 4 °C overnight. The primary anti-
bodies used were anti-TMEM165 N-terminal end (Abcam,
Cambridge, MA) and anti-GM130 catalog no. 610822 (BD
Transduction Laboratories, San Jose, CA). The sections were
washed three times with blocking buffer before incubating at
37 °C for 2 h with secondary antibodies, green antimouse Alexa
Fluor A11017 488 F(ab�)2 fragment of goat antimouse IgG (H �
L), and red anti-rabbit Alexa Fluor A11070 594 F(ab�)2 frag-
ment of goat anti-rabbit IgG (H � L) (Molecular Probes/Life
Technologies, Inc.). The slides were again washed three times
with blocking buffer and mounted with VectaShield (Vector
Laboratories) and 4�,6�-diamino-2-phenylindole. Finally,
TUNEL staining was conducted using the an in situ cell death
detection kit, TMR Red (catalog no. 12156792910) from Roche,
according to the kit instructions. All confocal microscopic anal-
ysis was conducted using a Nikon A1� confocal scanning
microscope with two GaAsP multidetector and two normal
PMTs, utilizing NIS-Elements C imaging software (Nikon,
Tokyo, Japan). TUNEL stain images captured using the 561-nm
laser and GaAsP detector unit, collecting emissions from 570 to
620 nm.

Milk analysis for lactose, creamatocrit, and total protein

Milk collection was done as described previously (26).
Briefly, on day 12 of lactation, mothers were separated from
their size-normalized litters for 4 h to allow them to produce
sufficient milk for collection. The mothers were then anesthe-
tized with avertin prior to being given an intraperitoneal injec-
tion of 0.1 IU of oxytocin. After 10 min, milk was collected in a
1.5-ml microcentrifuge tube connected by small tubing to a low
vacuum that was pulsed. After collection, the pups were
returned to their mother. The milk that was collected was cen-
trifuged for 5 min at 4000 	 g, and the floating fat layer was
removed. The remaining skimmed milk was frozen and stored
at �80 °C for future analysis. The concentration of lactose in
the skimmed milk was determined using the Enzychrom lac-

tose assay kit (ELAC-100) from Bioassay Systems, using the
defined protocol from the kit. The concentration of protein in
the skimmed milk was determined with a Bradford assay, using
the Coomassie Plus (Bradford) assay reagent from Pierce,
according to the kit instructions.

Determination of metal composition by ICP-MS

A 125-�l aliquot of skimmed milk was prepared for metal
composition analysis by conducting acid digestion in 300-mm-
long Pyrex digestion tubes using 5 ml of concentrated (70%)
HNO3 and 2 ml of 30% H2O2 as a catalyst. Digestion was con-
ducted by gradually heating the samples to 150 °C in a heat
block and allowing the reaction to go to completion (sample
became clear and colorless). The samples were then allowed to
cool to room temperature before normalizing the volume and
adjusting the final HNO3 concentration to 6%. The samples
were stored in 15-ml metal-free polypropylene tubes from
VWR until the compositions of the identified metals were ana-
lyzed using an Agilent 7700	 inductively coupled plasma mass
spectrometer (Agilent Technologies, Santa Clara, CA). Detec-
tion of metals was completed using an octopole reaction system
cell in helium mode to remove interference. The parameters
utilized included a radio frequency power of 1,550 W, an argon
carrier gas flow of 1.01 liter/min, an argon make-up gas flow of
0.1 liter/min, a helium gas flow of 4.3 ml/min, an octopole radio
frequency of 200 V, and an OctP bias of 18 V. The samples were
infused using the model 7700X peristaltic pump with a speed of
0.1 rotations/s and micromist nebulizer. Metal concentrations
were derived from a calibration curve generated from a dilution
series of the atomic absorption standards of each metal (Fluka
Analytical, St. Louis, MO), prepared in the same matrix as the
samples. Data analysis was performed using Agilent’s Mass
Hunter software.

Galactosyltransferase activity assay

Mammary tissue collected from sacrificed mothers on day 12
of lactation was homogenized by 25 passes with Dounce A in 5
ml of a buffer containing 25 mM Tris, 150 mM NaCl, 1% Triton
X-100, and 2 mM EDTA at pH 7.5 with a protease inhibitor
mixture (Roche). The homogenate was transferred to a 15-ml
conical tube and centrifuged at 3000 	 g for 10 min to remove
cellular debris. The supernatant was then centrifuged in a
10-kDa filtration tube at 3000 	 g to remove small molecule
substrates and products as well as the EDTA. A total of 50 ml of
25 mM Tris-citrate buffer containing 150 mM NaCl, 1% Triton
X-100, 5 mM MgCl2, and 5 mM MnCl2, pH 7.5, with a protease
inhibitor mixture (Roche) was added to the samples over mul-
tiple spins in the filtration tube. The samples were then
removed from the filtration tube and appropriately diluted to
normalize the total protein concentration, as determined a
Bradford assay. The samples were then aliquoted, and the pH
was adjusted in individual aliquots by addition of citrate buffer.
The volumes were normalized using Tris-citrate buffer that was
previously adjusted to the appropriate pH. Samples were then
assayed by the methods described by Wu et al. (32) except
UDPase was not added because the samples already expressed
excess UDPase activity. Briefly, the samples were transferred to
a 96-well plate in 25-�l aliquots. Substrates were then added to
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achieve a final concentration of 1 mM UDP-galactose and 20
mM GlcNAc. Controls had UDP-galactose alone or neither sub-
strate. After 30 min, the concentration of free phosphate was
determined, using the Malachite Green phosphate detection kit
from Cell Signaling Technologies, according to the kit
instructions.

Gel electrophoresis and Western blotting

Mammary gland microsomes were prepared as previously
described (26). Briefly, the tissue was homogenized in 10 vol-
umes of Buffer A (10 mM Tris-HCl, 2 mM MgCl2, 1 mM EDTA,
and protease inhibitor mixture (Roche), pH 7.5). The homoge-
nate was mixed with an equal volume of buffer B (buffer A
containing 0.3 M KCl) and centrifuged at 10,000 	 g for 10 min.
The supernatant was collected and adjusted to 0.7 M KCl by the
addition of solid KCl, before centrifugation at 100,000 	 g for
1 h. The supernatant was discarded, and the pellets were resus-
pended in buffer C (buffer A containing 0.15 M KCl). Protein
concentrations were determined using the Bio-Rad protein
assay kit using a BSA standard, and buffer was added accord-
ingly to normalize concentration of protein across samples.
Equal volumes of microsomes and 2	 SDS sample buffer (0.1 M

Tris-HCl, pH 6.8, 4% SDS, 0.2% bromphenol blue, 20% glycerol,
2% �-mercaptoethanol) were combined, and the samples were
incubated at room temperature for 30 min. Proteins were pro-
cessed by separation on a 10% SDS/PAGE gel and Western
blotting, as described previously (33). The blots were probed
with anti-TMEM165 polyclonal antibodies from rabbit at
1:5,000 dilution (Sigma, HPA038299). Protein standards were
probed with anti-�-tubulin polyclonal antibodies from mouse
at 1:10,000 dilution (Sigma).

Statistical tests of significance

Student’s t tests were implemented on many datasets, as indi-
cated in the figures (*, p � 0.05; *, p � 0.01; ***, p � 0.001).
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