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Prior studies have demonstrated that the calcium pump, plasma membrane calcium ATPase 2

(PMCA2), mediates calcium transport into milk and prevents mammary epithelial cell death during

lactation. PMCA2 also regulates cell proliferation and cell death in breast cancer cells, in part by

maintaining the receptor tyrosine kinase ErbB2/HER2 within specialized plasma membrane do-

mains. Furthermore, the regulation of PMCA2 membrane localization and activity in breast cancer

cells requires its interaction with the PDZ domain–containing scaffolding molecule sodium-

hydrogen exchanger regulatory factor (NHERF) 1. In this study, we asked whether NHERF1 also

interacts with PMCA2 in normal mammary epithelial cells during lactation. Our results demonstrate

that NHERF1 expression is upregulated during lactation and that it interacts with PMCA2 at the

apical membrane of secretory luminal epithelial cells. Similar to PMCA2, NHERF1 expression is

rapidly reduced by milk stasis after weaning. Examining lactating NHERF1 knockout (KO) mice

showed that NHERF1 contributes to the proper apical location of PMCA2, for proper apical–basal

polarity in luminal epithelial cells, and that it participates in the suppression of Stat3 activation and

the prevention of premature mammary gland involution. Additionally, we found that PMCA2 also

interacts with the closely related scaffolding molecule, NHERF2, at the apical membrane, which

likely maintains PMCA2 at the plasma membrane of mammary epithelial cells in lactating

NHERF1KO mice. Based on these data, we conclude that, during lactation, NHERF1 is required for

the proper expression and apical localization of PMCA2, which, in turn, contributes to preventing

the premature activation of Stat3 and the lysosome-mediated cell death pathway that usually occur

only early in mammary involution. (Endocrinology 160: 1797–1810, 2019)

In mammals, reproductive cycles are associated with the

proliferation and differentiation of a large number of

secretory alveolar epithelial cells during pregnancy (1–4).

During lactation, these cells produce milk to feed off-

spring but, once no longer needed after weaning, they are

eliminated in a two-stage process of coordinated cell

death (3–5). The first phase of mammary involution is

triggered by milk collecting in the alveolar lumens (milk

stasis), and the second phase is triggered by the drop in

circulating prolactin levels (3–5). Regulation of the in-

volution process is very complex and involves the par-

ticipation of many signaling molecules and cell types.

However, a dominant pathway triggering the first phase

of involution involves the activation and nuclear trans-

location of the transcription factor Stat3 (2–4). Milk

stasis causes distension of the alveolar lumen, changing

ISSN Online 1945-7170

Copyright © 2019 Endocrine Society

Received 22 March 2019. Accepted 7 May 2019.

First Published Online 14 May 2019

Abbreviations: ERM, ezrin/radixin/moesin/merlin; H&E, hematoxylin and eosin; JAK1,

Janus kinase 1; KO, knockout; LIF, leukemia inhibitory factor; NHERF, sodium–hydrogen

exchanger regulatory factor; PDZ, PSD-95/Drosophila discs large/ZO-1; phospho-,

phosphorylated; PLA, proximity ligation assay; PMCA2, plasma membrane calcium

ATPase 2; qPCR, quantitative PCR; TBST, Tris-buffered saline with 1% Tween 20; WGA,

wheat germ agglutinin; WT, wild-type.

doi: 10.1210/en.2019-00230 Endocrinology, August 2019, 160(8):1797–1810 https://academic.oup.com/endo 1797

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/e
n
d
o
/a

rtic
le

/1
6
0
/8

/1
7
9
7
/5

4
8
8
0
7
2
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2

http://orcid.org/0000-0001-8865-2545
http://orcid.org/0000-0001-8865-2545
http://dx.doi.org/10.1210/en.2019-00230
https://academic.oup.com/endo


the shape of the mammary epithelial cells and upregu-

lating the production of leukemia inhibitory factor (LIF),

which, in turn, activates its receptor and Janus kinase 1

(JAK1), leading to phosphorylation of Stat3. Phos-

phorylated (phospho-)Stat3, in turn, activates a process

of lysosomal biogenesis and reuptake of milk lipids

causing increased permeability of the lysosomal mem-

branes and activation of a cathepsin-mediated form of

caspase-negative cell death (6, 7). The dying cells are

either shed into the lumen, where they become TUNNEL

positive, or are phagocytosed by their neighboring viable

epithelial cells. Although this process is reversible when

suckling is resumed within 48 hours, beyond that time,

systemic prolactin levels decline, which then leads to

activation of matrix metalloproteinases, irreversible

breakdown of the basement membrane, and a wave of

more widespread cell death by apoptosis (3, 4).

The plasma membrane calcium ATPase 2 (PMCA2)

is a P-type ion pump that transports calcium from

the cytoplasm across the plasma membrane and into the

extracellular fluid (8–10). It is highly expressed at the

apical surface of lactating breast cells, where it transports

calcium into milk (11–13). Its expression rapidly de-

creases after weaning in response to milk stasis, and

lactating PMCA2-null mice display premature activation

of mammary involution associated with elevated in-

tracellular calcium levels. PMCA2 is also re-expressed in

breast cancers, and inHER2-positive breast cancer cells it

interacts with several scaffolding molecules and HSP90

to maintain active HER2–Akt signaling, which is im-

portant for cell proliferation and survival (14, 15).

The sodium–hydrogen exchanger regulatory factor

(NHERF) 1 is one of a family of four scaffolding proteins

(NHERF1 to NHERF4) that contain tandem PSD-95/

Drosophila discs large/ZO-1 (PDZ) domains and a

C-terminal ezrin/radixin/moesin/merlin (ERM) binding

domain (16–20). NHERF1 interacts with a variety of

membrane proteins such as ion channels/transporters,

G-protein–coupled receptors, and receptor tyrosine ki-

nases through interactions with a canonical PDZ binding

motif, which allows it to facilitate the formation of

multiprotein signaling complexes that are tethered to the

actin cytoskeleton (16–20). NHERF1 has been reported

to participate in the initiation and maintenance of apical/

basal polarity in polarized cells, where it is found at the

apical cell membrane (21, 22). In surface epithelial cells, it

also facilitates the structural organization of microvilli at

the apical surface as well as the retention of signaling

complexes within microvilli (23–27).

NHERF1 has been reported to be expressed in breast

epithelial and breast cancer cells and to have variable

functions (28–37). In the normal mammary gland,

NHERF1 has been shown to be expressed at low levels at

the apical surface of ductal mammary epithelial cells of

virgin mice (24, 38). During lactation, NHERF1 ex-

pression is upregulated, and Morales et al. (38) have

reported that it becomes expressed at the basolateral

surface of secretory epithelial cells in the mouse mam-

mary gland. They reported that NHERF1 interacted with

the prolactin receptor and was necessary for proper

prolactin-induced Stat5 signaling as well as secretory dif-

ferentiation of mammary epithelial cells (38). NHERF1

expression is also upregulated in many breast cancers, and

different NHERF1 mutations have been reported either to

inhibit or to promote breast cancer cell growth (30, 36,

39–41). In several studies, tumorNHERF1 levels have been

shown to correlate with HER2 expression (24, 28, 33, 34),

and in one tissue microarray cohort of .650 patients, in-

creasing NHERF1 and HER2 expression interacted to

predict increased mortality (24). Our laboratory has

demonstrated that in HER2-positive breast cancer cells,

NHERF1 interacts with PMCA2 as part of a multiprotein

signaling complex that also includes ezrin and HSP90, as

well as HER2, EGFR, and HER3 (14, 15, 24). The for-

mation of this complex is required to maintain activated

HER2 at the cell surface, and loss of NHERF1 is associated

with internalization and degradation of HER2, which, in

turn, profoundly inhibits downstreamHER2 signaling (24).

The splice variant of PMCA2 expressed by the mam-

mary gland (PMCA2wb) contains an extended C-terminal

domain ending in a canonical, PDZ recognition sequence

(ETSL) shown to mediate its interaction with NHERF1 in

CHOandMCF10A cells (24, 42, 43). Given the important

interactions between PMCA2 and NHERF1 in HER2-

positive breast cancer cells, we hypothesized thatNHERF1

may be involved in the apical localization of PMCA2 in

mammary epithelial cells. In this study, we demonstrate

that, indeed, NHERF1 and PMCA2 colocalize in the

apical plasma membrane in lactating mammary epithelial

cells. Furthermore, we demonstrate that NHERF1 is im-

portant for the proper localization of PMCA2 and the

maintenance of normal cell polarity and that it contributes

to the prevention of early involution.

Materials and Methods

Mouse models
NHERF1 knockout (KO) mice were originally generated by

Weinman and colleagues (44) and then backcrossed to C57BL/
6J mice for 10 generations (45). Teat sealing was performed on
lactating female mice on day 10 postpartum (46, 47). Vetbond
(3M, St. Paul, MN; catalog no. 1469SB) adhesive was used to
block the primary duct of the fourth inguinal mammary gland
on the left side, after whichmice were euthanized andmammary
glands harvested at 2, 4, 8, and 24 hours after teat sealing. The
contralateral right fourth inguinal mammary gland was har-
vested to serve as the unsealed control. Each teat sealing
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experiment and time point was performed on three mice. All
mouse experiments were reviewed and approved by the Yale
University Institutional Animal Care and Use Committee.

Histology and immunohistochemistry
Whole mammary glands were fixed in 4% paraformaldehyde

at 4°C for 12 hours. Antigen retrievalwas accomplished by heating
sections in 7 mM citrate, under pressure. Sections were incubated
overnight at 4°C with primary antibodies. Primary antibodies
include those against phospho-STAT3 (48) and phospho-STAT5
(49), from Cell Signaling Technology (Danvers, MA) and b-casein
(50) from Santa Cruz Biotechnology (Dallas, TX). Staining was
detected using Vector Elite ABC kits (Vector Laboratories, Bur-
lingame, CA) and 3,30-diaminobenzidine (Vector Laboratories).

The percentages of secretory alveoli were scored on hema-
toxylin and eosin (H&E)–stained sections for the presence or
absence of suprabasal epithelial cells. In sections from three
different wild-type (WT) or NHERF1KO mice, we examined 8
to 10 alveoli in different randomly selected high-power (340)
microscopic fields and scored a total of 50 alveoli for each
mouse (150 total for each genotype). To determine the per-
centage of Stat3-positive cells we examined three sections for
each genotype, one each from three separate mice. All cells in a
randomly chosen 310 field were counted and nuclei were
scored as either STAT3 positive or negative.

Immunofluorescence
Paraffin-embedded tissue sections of mammary glands were

cleared with Histo-Clear (National Diagnostics, Atlanta, GA)
and graded alcohol using standard techniques (15, 24). Antigen
retrieval was performed using 7mMcitrate buffer (pH 6.0) under
pressure. Sections were incubated with primary antibody over-
night at 4°C and with secondary antibody for 1 hour at room
temperature. Coverslips were mounted using ProLong Gold
antifade reagent with 40,6-diamidino-2-phenylindole (Invitrogen).
All images were obtained using a Zeiss 780 confocal microscope.
Primary antibodies included those against NHERF1 (51, 52),
PMCA2 (53), NHERF2 (54), and Na/K ATPase (55) from Santa
Cruz Biotechnology; GATA3 (56) and b-catenin (57) from BD
Pharmingen (San Jose, CA); a-smooth muscle actin (58) and
lamp2 (59) from Abcam (Cambridge, UK); PMCA2 (60), ca-
thepsin B (61), and wheat germ agglutinin/Alexa Fluor 555
conjugate (62) from Invitrogen (Grand Island, NY); and Ezrin
(63), NHERF2 (64), phospho-STAT3 (48), phospho-STAT5
(49), cleaved caspase 3 (65), and ZO-3 (66) from Cell Signaling
Technology (Danvers, MA). Npt2b antibody (67) was a gift
from Dr. Jurg Biber at the University of Zurich.

Immunoblotting
Protein samples were prepared from tissues using standard

methods (15, 24) and were subjected to SDS-PAGE and trans-
ferred to a nitrocellulose membrane by wet Western blot transfer
(Bio-Rad Laboratories, Hercules, CA). The membrane was
blocked in Tris-buffered saline with 1% Tween 20 (TBST) buffer
containing 5%milk for 1 hour at room temperature. The blocked
membraneswere incubated overnight at 4°Cwith specific primary
antibodies (Odyssey blocking buffer; catalog no. 927-40000). The
membranes were washed three times with TBST buffer and then
incubatedwith specific secondary antibodies provided by LI-COR
Biosciences (Lincoln, NE) for 2 hours at room temperature. After
three washes with TBST buffer, the membranes were analyzed

using the Odyssey IR imaging system (LI-COR Biosciences). All
immunoblot experiments were performed at least three times, and
representative blots are shown in the figures.

RNA extraction and real-time RT-PCR
RNAwas isolated using TRIzol (Invitrogen,Waltham,MA).

Quantitative RT-PCR was performed with the SuperScript III
Platinum one-step quantitative RT-PCR kit (Invitrogen) using
a StepOnePlus real-time PCR system (Applied Biosystems,
Waltham,MA) and the following TaqMan primer set: NHERF1,
Mm00488865_m1; keratin 8, Mm04209403_g1; NHERF2;
Mm00502650_m1. Mouse GAPD (Applied Biosystems; catalog
no. 4351309) was used as a reference gene. Relative mRNA
expression was determined using the StepOne software v2.2.2
(Applied Biosystems).

Proximity ligation assays
Proximity ligation assays (PLAs) were performed using the

Duolink® assay kit (Sigma-Aldrich, St. Louis, MO). Paraffin-
embedded tissue sections were cleared with Histo-Clear
(National Diagnostics) and graded alcohol using standard
techniques as above. Antigen retrieval was performed using
7 mM citrate buffer (pH 6.0) under pressure. Then, tissue
sections were permeabilized with 0.1% Triton X-100 in PBS.
Permeabilized sections were incubatedwith combinations of the
following antibodies: rabbit anti-NHERF1 (51) or rabbit anti-
NHERF2 (64) and mouse anti-PMCA2 (53). Antibodies for
NHERF1 or NHERF2 were omitted for negative controls. PLA
probes were then added and the assay was performed as per the
manufacturer’s instructions. Results are expressed as the ab-
solute number of PLA dots per alveolus.

Milk calcium and protein analysis
Milk was diluted 1:100 in distilled water, and total milk

calcium was measured using the colorimetric QuantiChrom
calcium assay kit (BioAssay Systems, Hayward, CA). Protein
concentrations were determined using the Bradford reagent (Bio-
Rad Laboratories) with BSA standards, and calcium concen-
trations were normalized to milk protein concentrations (12, 68).

Statistical analysis
Statistical analyses were performedwith Prism 7.0 (GraphPad

Software, La Jolla, CA). Statistical significance was determined
using an unpaired t test for comparisons between two groups and
one-way ANOVA for groups of three or more.

Data availability
Most data generated or analyzed during this study are in-

cluded in this published article or can be found in the micro-
array database in the “References and Notes” section (69).
Some data presented in this paper are representative of multiple
repeats not shown. Although not published in this study, these
data are available from the corresponding author upon rea-
sonable request.

Results

NHERF1 is expressed in mammary epithelial cells
We first examined the expression of NHERF1 mRNA

in a microarray study of murine mammary glands during

doi: 10.1210/en.2019-00230 https://academic.oup.com/endo 1799
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pregnancy, lactation, and postweaning involution (12,

69). We also examined the expression of the closely

related scaffolding molecule, NHERF2, which has also

been shown to interact with PMCA2, and compared both

to the previously defined levels of PMCA2 mRNA (12,

43). PMCA2 mRNA expression is upregulated at the

transition between pregnancy and lactation and then

is promptly downregulated at weaning (12, 68, 70)

(Fig. 1A). NHERF1 mRNA levels followed the general

pattern of PMCA2 expression, but they increased

somewhat earlier during the latter half of pregnancy and

peaked during lactation. Similar to PMCA2, NHERF1

mRNA levels decreased rapidly during early involution,

but they did not return entirely to baseline until the

completion of involution. NHERF2 mRNA levels also

increased slightly during lactation, but NHERF1 ex-

pression appeared to be higher than NHERF2 expression

in the mammary gland at all stages, and NHERF1

expression increased to a much greater extent than did

NHERF1 during pregnancy and lactation. Therefore, we

chose to concentrate further studies on NHERF1. To

independently validate the changes in NHERF1 ex-

pression during lactation, we measured its mRNA levels

in virgin and lactating mammary glands by quantitative

PCR (qPCR). Because the epithelial content of the

mammary gland is quite different in virgin as compared

with lactating mammary glands, and because NHERF1

is expressed in luminal epithelial cells (see below), we

normalized NHERF1 mRNA levels to K18 mRNA,

which is expressed in luminal epithelial cells. As shown in

Fig. 1B, normalized NHERF1 mRNA levels were almost

sixfold higher during lactation as compared with virgin

glands, validating the changes noted in the microarray.

We examined NHERF1 protein levels and localiza-

tion by performing immunofluorescence staining in

mammary ducts from 3-week-old virgin mice and in

Figure 1. NHERF1 expression in mammary epithelial cells. (A) Expression profiles of NHERF1 (orange line), NHERF2 (red line), and PMCA2 (green

line) mRNAs during mammary development in mice. Data were extracted from a microarray study profiling mammary glands from 10- and 12-wk-

old virgins (V), days 1, 2, 3, 8.5, 14.5, and 17.5 of pregnancy, days 1, 3, and 7 of lactation (Lac), and days 1, 2, 3, 4, and 20 of involution (Inv). (B)

NHERF1 mRNA expression in mammary glands from virgin and lactating mice as assessed by qPCR. NHERF1 expression was normalized to keratin 18

expression to correct for changes in epithelial cell content in virgin vs lactating mammary glands. Bars show mean 6 SEM of three repeats. ****P ,

0.0001. (C) Typical immunofluorescence staining for NHERF1 (green) and the luminal cell marker GATA3 (red, top row) or the myoepithelial cell

marker smooth muscle a-actin (red, bottom row) in virgin mammary ducts. The last panels in each row show merged staining with 40,6-diamidino-

2-phenylindole (blue) to mark nuclei. The white dotted line delineates the basement membrane, L denotes the lumen, and white arrows point to

the apical surface. Scale bars, 10 mm. (D) Immunofluorescence staining for NHERF1, PMCA2, and the luminal surface marker WGA in lactating

mammary glands. Top row shows NHERF1 (green) and WGA staining (red) and colocalization in mouse mammary glands. Bottom row shows

NHERF1 (green) and WGA staining (red) and colocalization in human mammary glands. Dotted lines show basement membrane, L denotes the

alveolar lumen, and white arrows point toward apical membrane staining for NHERF1. Scale bars, 10 mm. WGA, wheat germ agglutinin.

1800 Jeong et al NHERF1 in the Lactating Mammary Gland Endocrinology, August 2019, 160(8):1797–1810
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mammary alveoli from day 12 of lactation. In the virgin

gland, NHERF1 expression was located at the apical

surface of luminal epithelial cells, identified by costaining

for GATA3, a transcription factor found in luminal

epithelial cells but not in myoepithelial cells (Fig. 1C) (71,

72). We did not detect NHERF1 immunofluorescence in

myoepithelial cells, which were identified by immuno-

staining for a-smooth muscle cell actin (Fig. 1C) (71, 73).

NHERF1 immunostaining was more prominent in lac-

tating mammary glands (Fig. 1D) and was, again, located

at the luminal surface as indicated by its colocalization

with the apical marker wheat germ agglutinin (WGA)

(74). We also performed immunofluorescence staining of

lactating human breast samples and, as in mice, found

prominent NHERF1 expression at the apical surface of

alveolar epithelial cells (Fig. 1D).

NHERF1 and PMCA2 interact in lactating mammary

epithelial cells
We had previously documented direct interactions

between NHERF1 and PMCA2 in cell lines (24), and we

next examined whether these molecules might also in-

teract in lactating mammary epithelial cells in vivo. We

costained for PMCA2 and NHERF1 in mouse mam-

mary glands on day 10 of lactation. As expected, both

NHERF1 and PMCA2 were expressed at the apical

plasmamembrane of alveolar epithelial cells (Fig. 2A and

2B), and they colocalized as illustrated by the yel-

low immunofluorescence shown in Fig. 2C. Although

colocalization is consistent with their interaction, it is not

definitive evidence that PMCA2 and NHERF1 directly

interact in situ. Therefore, we also performed PLAs using

primary antibodies against PMCA2 and NHERF1 and

secondary antibodies labeled with oligonucleotides that

can be ligated, amplified, and visualized with incorpo-

rated fluorescent PLA probes when the two proteins are

in close proximity (,30 to 40 nM apart) (14, 75). As

shown in Fig. 2E and 2F, a PLA signal could be detected

over mammary epithelial cells in lactating glands, dem-

onstrating close interactions between these two proteins.

As a control for nonspecific interactions, when the

NHERF1 antibody was excluded, no such signal could be

detected (Fig. 2D). Taken together, co-immunofluorescence

and PLA assay results are consistent with interactions be-

tween PMCA2 and NHERF1 during lactation in normal

mammary epithelial cells in vivo.

Figure 2. Interactions between NHERF1 and PMCA2. (A–C) Typical coimmunofluorescence staining for (A) NHERF1 (green) and (B) PMCA2 (red)

in mammary glands at day 10 of lactation; (C) represents the merge of (A) and (B). Dotted line in (C) traces the alveolus basement membrane, L

represents the lumen, and the white arrow points toward costaining for NHERF1 and PMCA2 at the apical membrane. (D and E) Representative

images for PLA assay for PMCA2 antibody and control IgG in (D) and PMCA2 and NHERF1 antibodies in (E). White arrowheads in (E) point to

fluorescent dots representing close interactions between PMCA2 and NHERF1. (F) Quantitation of PLA signals for PMCA2 antibody and control

IgG in (D) and PMCA2 and NHERF1 antibodies. Bars represent the mean number of fluorescent signals per alveolus, and error bars represent

SEM of two mammary glands analyzed. ****P , 0.0001. Scale bars in panels (A)–(E), 10 mm.
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NHERF1 expression decreases in response to

milk stasis
NHERF1 mRNA levels decline rapidly (within 24

hours) during early involution (Fig. 1A), suggesting

that downregulation of NHERF1 might be triggered by

milk stasis. We confirmed this observation by exam-

ining NHERF1 mRNA and protein expression using

the teat-sealing paradigm of early involution (46, 47).

These experiments were done in an otherwise normal

lactating mouse by plugging one of the fourth (in-

guinal) pair of teats, which induces milk stasis and

triggers the first phase of involution specifically in that

gland without affecting the other glands or changing

circulating hormones. As can be seen, NHERF1mRNA

levels decreased between 4 and 24 hours after teat

sealing as compared with levels noted in the contra-

lateral gland, which was suckled normally (Fig. 3A).

Interestingly, NHERF1 protein levels, as assessed by

immunoblot, were significantly reduced by 2 hours

after teat sealing and were essentially absent by 24

hours (Fig. 3B). This time course of reduced NHERF1

protein expression was mirrored by the results of

immunofluorescence for NHERF1. Figure 3C demon-

strates dramatic reductions in the intensity of NHERF1

immunostaining at 4 hours and 24 hours after teat

sealing. These data suggest that NHERF1 protein levels

are promptly reduced after weaning in response to the

local effects of milk stasis rather than changes in sys-

temic hormones. Additionally, our data suggest that

protein levels are reduced prior to mRNA levels, im-

plying active degradation of NHERF1 in response to

milk stasis.

Loss of NHERF1 alters apical–basal polarity and

PMCA2 localization
We next studied how loss of NHERF1 expression

affects the mammary gland in lactating NHERF1KO

mice (44). As expected, we could no longer detect

NHERF1 immunofluorescence in mammary epithelial

cells from NHERF1KO mice euthanized on day 10 of

lactation (Fig. 4A). Immunoblot analysis also confirmed

the loss of NHERF1 in lactating mammary glands

(Fig. 4B).

Morales et al. (38) suggested that loss of NHERF1

caused an impairment of secretory differentiation of

mammary epithelial cells and a reduction in alveolar

mass during lactation due to disruption of normal

prolactin–Stat5 signaling. However, we found normal

alveolar mass and architecture in NHERF1KO glands as

compared with WT controls (Fig. 4C). Additionally,

there were no differences in the pattern or intensity of

staining for nuclear pStat5 or b-casein in NHERF1KO

epithelial cells as compared with WT epithelial cells,

suggesting that secretory alveolar differentiation was

intact (Fig. 4D and 4E). However, upon closer exami-

nation of the alveolar cells, several abnormalities were

apparent. First, as shown in Fig. 4C and 4F, some se-

cretory epithelial cells in the NHERF1KO gland

appeared taller, more variable in shape, and, in many

places, piled on top of each other, creating an abnormally

multilayered secretory epithelium. These changes did not

occur in all cells, but 51% 6 2.1% of NHERF1KO

alveoli contained abnormally appearing suprabasal cells,

whereas only 8.7%6 1.3% of WT alveoli contained any

suprabasal epithelial cells (P 5 0.0002, 50 alveoli

Figure 3. NHERF1 is reduced in response to milk stasis. (A) NHERF1 mRNA expression at 2, 4, and 24 h after teat sealing. Bars represent the

mean 6 SEM of levels compared with time 0 (unsealed glands) as measured by qPCR. **P , 0.01. Assay was repeated on three different

mammary glands for each point. (B) Representative immunoblot showing reductions in NHERF1 protein levels from mammary glands harvested 2,

4, or 24 h after teat sealing on day 10 of lactation. The unsealed gland represents the level of NHERF1 on day 10 of lactation in contralateral

unsealed glands. (C) Representative immunofluorescence for NHERF1 (green) at 4 and 24 h after teat sealing at day 10 of lactation. Scale bar,

10 mm.
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Figure 4. Loss of NHERF1 alters PMCA2 localization and epithelial cell polarity. (A) Immunofluorescence staining for NHERF1 in WT or

NHERF1KO mammary glands on day 10 of lactation. (B) Immunoblot showing NHERF1 levels from WT or NHERF1KO mice. (C) H&E-stained

histology of WT and NHERF1KO mammary glands during lactation. Boxed areas on top row are magnified in bottom row. (D and E)

Immunohistochemical staining for (D) phospho-STAT5 and (E) b-casein in WT or NHERF1KO mammary glands on day 10 of lactation. (F) H&E-

stained histology of WT and NHERF1KO mammary glands during lactation showing multilayered luminal epithelial cells (yellow arrows) in

NHERF1KO mammary glands. (G) Transmission electron micrographs of lactating mammary glands from WT (left) and NHERF1KO (right) mice.

Yellow arrows point to abnormal superbasal epithelial cells in the NHERF1KO glands. (H–J) Immunofluorescence staining for (H) Na/K ATPase

(green) and WGA (red), (I) Npt2b, and (J) ezrin in WT or NHERF1KO mammary glands on day 10 of lactation. L represents lumens, and dotted

white lines outline the alveolar basement membrane. White arrows in (H) demonstrate apical expression of Na/K ATPase in NHERF1KO glands.

White arrows in (I) and (J) demonstrate cells with basolateral extension of Npt2b and ezrin expression. (K and L) Immunostaining for (K)
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assessed in each of three glands of each genotype). Upon

transmission electron microscopy, lactating WT glands

demonstrated a single layer of polarized, secretory epi-

thelial cells with basally located nuclei and apical, lipid-

filled granules (Fig. 4G). In contrast, NHERF1KO glands

demonstrated multiple, superbasal epithelial cells, which

had variable shapes and contained abnormally large lipid

droplets in the apical region. Second, immunostaining for

apical and basolateral markers demonstrated that these

cells had disturbed polarity (Fig. 4H–4L). In control glands,

there was no apical expression of the basolateral marker

Na/K ATPase. However, in NHERF1KO glands, Na/K

ATPase was distributed around the entire perimeter of

many cells (Fig. 4H). Similarly, in WT glands, the apical

markers Npt2b and ezrin were limited to luminal surfaces,

but in NHERF1KO glands, cells adjacent to the lumen of

the alveoli showed expression of ezrin and Npt2b around

their entire perimeter (Fig. 4I and 4J). Loss ofNHERF1 also

disrupted components of the junctional complexes sepa-

rating the apical from basolateral surfaces of some epi-

thelial cells. Primarily in the abnormal suprabasal secretory

alveolar cells, there was apical expression of b-catenin and

loss of ZO-3 expression (Fig. 4K and 4L). Finally, overall

PMCA2 levels were reduced on Western analysis and,

consistent with the extension of ezrin and NPT2b into the

basolateral surface of the multilayered luminal cells, im-

munofluorescence for PMCA2 was also found throughout

the membrane of these cells (Fig. 4M and 4N). Despite

these abnormalities in PMCA2 expression and localization,

overall milk calcium levels were not changed in milk col-

lected from NHERF1KO dams (Fig. 4O).

Previous studies in breast cancer cells demonstrated a

much greater reduction in total PMCA2 protein levels

upon knocking down expression of NHERF1 (24).

Therefore, we were surprised that PMCA2 levels were not

more severely reduced in lactatingNHERF1KOglands.We

hypothesized that, in the absence of NHERF1, NHERF2

might be able to stabilize PMCA2 at the plasma membrane

even though PMCA2 was no longer solely at the apical

surface. As shown in Fig. 5A and 5B, total NHERF2

protein and mRNA levels were unchanged in lactating

NHERF1KO mammary glands. In WT glands, NHERF2,

similar to NHERF1, was restricted to the apical surface of

the secretory epithelial cells and colocalized with PMCA2

(Fig. 5C). Additionally, proximity ligation assays suggested

that NHERF2 interacted with PMCA2 in WT mammary

glands (Fig. 5D and 5E). In NHERF1KO glands, NHERF2

and PMCA2 still colocalized by immunofluorescence

staining, but both were now found throughout the mem-

brane of themultilayered luminal epithelial cells, suggesting

that NHERF2 may help maintain PMCA2 at the mem-

brane, if not solely at the apical surface, in these cells

(Fig. 5C). Interestingly, similar to NHERF1, NHERF2

expression is also reduced by milk stasis at both the mRNA

and protein levels (Fig. 5F and 5G).

Loss of NHERF1 activates early involution pathways

in a subset of epithelial cells
In lactating NHERF1KO mice, we noted rare, abnor-

mally appearing cells that stained for cleaved caspase-3 and

that were shed into the lumen of the glands (Fig. 6A

and 6B). These cells were not present in control glands

and, although many fewer in number, were reminiscent of

mammary epithelial cells that are shed into the lumen of

early involuting glands as well as those noted in lactating,

PMCA2-null mammary glands (6, 7, 68). Therefore, we

asked whether loss of NHERF1 expression activated pre-

mature involution in lactating mammary glands by ex-

amining activation of the Stat3–LMP cell death pathway.

As shown in Fig. 6C and 6D, 9.3% 6 1.0% of mammary

epithelial cells in the NHERF1KO glands from mid-

lactation demonstrated activation of Stat3 as shown by

nuclear staining for phospho-Stat3. Interestingly, many of

the phospho-Stat3-positive cells remained positive for

phospho-Stat5, which is similar to coexpression of phos-

pho-Stat3 and phospho-Stat5 in early involution (Fig. 6E).

Consistent with the activation of Stat3, NHERF1KO cells

showed upregulation of cathepsin B and LAMP2 expres-

sion (Fig. 6F), hallmarks of the lysosomal membrane per-

meabilization cell death pathway that becomes activated

during early mammary gland involution (6, 7). Thus,

during lactation, loss of NHERF1 expression caused pre-

mature activation of a milk stasis–related involution/LMP

program in patchy areas of themammary glands. Although

this occurred in a minority of the cells, normally this

pathway is silent during lactation and is activated only in

response to milk stasis after weaning (3, 4).

Discussion

In this study, we demonstrate that NHERF1 expression is

increased in the mammary gland during lactation and is

found at the apical membrane of secretory, luminal

Figure 4. (Continued). b-catenin and (L) ZO-3 (green) staining in WT or NHERF1KO mammary glands on day 10 of lactation. Arrows point to

apical expression of b-catenin and loss of ZO-3 expression in the abnormal superbasal luminal epithelial cells in NHERF1KO glands. (M) PMCA2

expression in WT or NHERF1KO mammary glands on day 10 of lactation. White dotted line delineates the alveolar basement membrane. Arrows

point to basolateral extension of PMCA2 expression in NHERF1KO mammary epithelial cells. (N) Representative immunoblot showing reduction in

overall PMCA2 expression in NHERF1KO vs WT mammary glands harvested on day 10 of lactation. (O) Calcium concentrations in milk

(normalized to protein content) collected from WT or NHERF1KO mice on day 10 of lactation. Scale bars, 10 mm. Histology and

immunohistochemistry images were taken at 3400 magnification. Bars represent mean 6 SEM of three measurements.
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epithelial cells in both mice and humans. We also found

that the expression of the closely related scaffolding

molecule, NHERF2, is upregulated during lactation and

is also found at the apical surface. However, NHERF1

appears to be more prominently expressed than

NHERF2 in the lactating breast. NHERF1 colocalizes

and interacts with PMCA2 at the luminal surface of

lactating alveoli in the mammary gland, and NHERF1

contributes to the maintenance of PMCA2 within the

apical membrane domain of secretory epithelial cells. In

the absence of NHERF1, overall PMCA2 expression is

reduced and its pattern of expression is altered and ex-

tends to the basolateral aspects of many mammary ep-

ithelial cells. Finally, we show that loss of NHERF1

Figure 5. NHERF2 expression in NHERF1KO mammary glands. (A) Immunoblot showing NHERF2 levels from WT or NHERF1KO mice. (B)

Quantitative RT-PCR analysis of NHERF2 expression from WT or NHERF1KO mice. Bars represent mean 6 SEM of three mammary glands. Results

are shown as change relative to WT glands. (C) Immunofluorescence staining for NHERF2 (green) and PMCA2 (red) in mammary glands from

lactating WT (top row) or NHERF1KO (bottom row) mice. Panels on the right show costaining for NHERF2 and PMCA2. Dotted lines show

alveolar basement membranes, and L denotes the alveolar lumen. Scale bars, 10 mm. (D) Representative images for PLA assay of lactating WT

mammary gland for PMCA2 antibody and control IgG on left and PMCA2 and NHERF2 antibodies on right. White arrowheads in right panel

point to fluorescent dots representing close interactions between PMCA2 and NHERF2. Scale bars, 10 mm. (E) Bar graph represents quantitation

of PLA signals for PMCA2 antibody and control IgG as well as for PMCA2 and NHERF1 antibodies. Bars represent the mean number of

fluorescent signals per alveolus, and error bars represent SEM of two repeats. ****P , 0.0001. (F) Reduction in NHERF2 mRNA levels in

response to teat sealing as determined by qPCR. Bars represent the mean and SEM of three glands harvested at 2, 4, or 24 h after teat sealing.

Time 0 represents the baseline levels in the contralateral unsealed glands, and data are presented as the proportion relative to the unsealed

mean. *P , 0.05; ***P , 0.001. (G) Representative immunofluorescence for NHERF2 (green) at baseline (unsealed) and 24 h after teat sealing

at day 10 of lactation. Scale bars, 10 mm.
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promotes premature activation of STAT3 in 9% of

mammary epithelial cells, which is associated with pat-

chy induction of early involution pathways, cell shed-

ding, and cell death during lactation. These findings are

consistent with the participation of NHERF1 in main-

taining normal mammary epithelial cell organization and

its contribution to cell survival during lactation.

Mammary epithelial cells express the PMCA2w/b splice

variant, which contains a C-terminal PDZ interaction

motif and traffics to the apical membrane (10, 12, 43).

During lactation, PMCA2 transports calcium into milk

and prevents calcium-induced death of secretory epithelial

cells (11–13, 68, 70). The presence of a C-terminal PDZ

binding motif within PMCA2 suggested that NHERF1

and/or NHERF2 might interact with PMCA2 and influ-

ence its membrane localization. Prior work showed that

PMCA2 interacted with NHERF2 in MDCK and COS-1

cells and that binding with NHERF2 stabilized PMCA2 at

the apical membrane, preventing its lateral mobility and

internalization (42, 43). However, in CHO cells and

MCF10A cells, we previously found that PMCA2 in-

teracts equally well with NHERF1 and NHERF2 (24).

PMCA2 likely interacts with both NHERF1 and

NHERF2 in mammary epithelial cells in vivo because

mammary gland PMCA2 levels were only moderately

reduced and milk calcium levels were unchanged in

Figure 6. Loss of NHERF1 activates early involution pathways during lactation. (A) H&E-stained histology of WT and NHERF1KO mammary

glands during lactation. Red arrows point to epithelial cells shed into the alveolar lumen (3400 magnification). (B) Immunofluorescence for

cleaved caspase-3 in lactating WT or NHERF1KO mammary glands. Scale bars, 10 mm. (C) Immunohistochemical staining for pSTAT3 in WT (left)

or NHERF1KO (right) mammary glands on day 10 of lactation (3400 magnification). (D) Percentage of epithelial cells positive for nuclear

phospho-Stat3 immunostaining (3610 epithelial cells were counted for WT mice and 5070 cells were counted for NHERF1KO mice). ****P ,

0.0001. (E) Immunofluorescence costaining for phospho-Stat3 (left), phospho-Stat5 (middle), or the merged images (right) in lactating WT (top

row) or NHERF1KO (bottom row) mice. (F) Typical immunofluorescence costaining for cathepsin B (left), LAMP2 (middle), or the merged images

(right) in lactating WT (top row) or NHERF1KO (bottom row) mice. White arrowheads point to colocalization of cathepsin B and LAMP2 in

epithelial cells in NHERF1KO mammary glands. Scale bars, 10 mm.
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lactating NHERF1KOmice. Furthermore, NHERF1 and

NHERF2 both interacted closely with PMCA2, as de-

termined by proximity ligation assays, and NHERF2

continued to colocalize with PMCA2 in NHERF1KO

mammary epithelial cells even though both were ab-

normally distributed to the basolateral surface of some

cells. These findings suggest that NHERF1 is required for

proper apical localization of PMCA2 but that both

NHERF1 and NHERF2 may cooperate to maintain

PMCA2 at the cell membrane, similar to what has been

described for NHE3 in renal and intestinal epithelial cells

(76, 77). Testing this hypothesis will require future ex-

amination of PMCA2 localization and expression in

NHERF2KO mammary glands as well as NHERF1/

NHERF2 compound heterozygous and double-KOmice.

It is unclear whether the abnormal basolateral locali-

zation of PMCA2 in NHERF1KO epithelial cells is the

consequence of loss of specific anchoring of PMCA2 via

PDZ interactions withNHERF1 or whether it is due, more

nonspecifically, to the loss of apical–basal polarization of

these cells. The alveolar cellular architecture in lactating

NHERF1KO mammary glands is abnormal, containing

regions of multilayered secretory epithelial cells in half of

all alveoli. These cells appeared abnormally shaped and

failed to properly restrict PMCA2, NPT2b, and ezrin to

the apical membrane as well as Na/K ATPase to the

basolateral membrane. These results are consistent with

prior studies demonstrating the importance of NHERF1 in

the generation and maintenance of apical membrane

structure and cell polarity in a variety of epithelial cells (21,

22, 25). However, we did not find complete disruption of

apical expression of PMCA2, NPT2b, or ezrin, and many

cells had relatively normal expression of ZO-3 and

membrane-associated b-catenin. We do not understand

the heterogeneity of the phenotype in these cells, as loss of

NHERF1 appears to be uniform in mammary epithelial

cells in NHERF1KO mice (Fig. 4A and 4B). This het-

erogeneitymay result from the preservation ofNHERF2 in

these cells, which has also been shown to participate in

apical localization of PMCA2 and NHE3 in other epi-

thelial cell types (43, 76, 77). The most abnormal ex-

pression of apical and basolateral markers was in cells that

appeared to reside on top of more normal-appearing lu-

minal cells. It is likely that these abnormally polarized cells

are ultimately shed into the lumen and die, as they did not

collect to fill the lumens.

Loss of PMCA2 causes widespread, premature in-

volution during lactation associated with elevations in

intracellular calcium in mammary epithelial cells (68).

We now show that loss of NHERF1 is also associated

with premature activation of early involution pathways,

although in a patchy distribution of ,10% of secretory

epithelial cells, many fewer cells than were affected by

loss of PMCA2. The affected cells in NHERF1KO glands

showed upregulation of phospho-Stat3, cathepsin K, and

Lamp2 expression, as well as shedding of caspase-3–

positive epithelial cells into the alveolar lumen. These

findings are reminiscent of activation of the Stat3-

dependent LMP pathway of cell death caused by milk

stasis, and, interestingly, milk stasis was sufficient to

induce the rapid downregulation of NHERF1 within 2 to

4 hours of experimental teat sealing (6, 7). These results

suggest that the decrease of NHERF1 expression after

weaning may contribute to the initiation of LMP-

mediated cell death during the first phase of mammary

gland involution. In breast cancer cells, loss of NHERF1

leads to a dramatic downregulation of PMCA2 expres-

sion, as well as intracellular calcium-mediated cell death

(24). However, NHERF1 may scaffold many different

membrane receptors and ion pumps, and it is not clear

whether the LMP-like changes that we observed in

NHERF1KO glands are due to alterations in PMCA2

levels and/or localization, or to disruptions in some other

survival signaling pathway (31, 32). As discussed pre-

viously, the generation of NHERF1/NHERF2 compound

heterozygous and double-KO mice may help to resolve

whether NHERF2 is partially substituting for NHERF1

by supporting PMCA2 levels. If this is the case, we would

expect that loss of both NHERF1 and NHERF2 might

cause more widespread cell death during lactation, better

approximating the widespread premature involution

caused by loss of PMCA2 (68).

Morales et al. (38) reported that NHERF1 was re-

quired for the basolateral localization and function

of the prolactin receptor. However, in our studies,

NHERF1KO mice were able to feed their litters, mam-

mary epithelial cells had normal nuclear pStat5 staining,

and alveolar cell mass and the expression of markers of

secretory differentiation were normal. All of these find-

ings are inconsistent with a loss of prolactin signaling,

although we did not directly assay prolactin receptor or

Jak2 expression and/or phosphorylation, given that

phospho-Stat5 levels were normal (78–81). Additionally,

we found clear and specific immunofluorescence staining

for NHERF1 at the apical, not basolateral, surface

of mammary epithelial cells from lactating mice and

humans, findings consistent with other studies of its

location in a variety of secretory epithelia as well as with

prior reports demonstrating apical NHERF1 expression

in normal breast cells (21–23, 25, 34, 41, 44, 82). It is not

clear why our findings differ from the previous report.

In summary, our studies support the participation of

NHERF1 in maintaining the proper apical localization of

PMCA2 in lactating mammary glands in vivo. Loss

of NHERF1 results in abnormal cell morphology and

alterations in apical–basal polarity in luminal epithelial
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cells in the lactating gland. Loss of NHERF1 expression

also causes activation of Stat3 in almost 10%of epithelial

cells and the shedding of dying cells into the alveolar

lumen. This is associated with the upregulation of ly-

sosomal markers, consistent with activation of the LMP

pathway of cell death characteristic of early mammary

gland involution.We conclude that NHERF1 contributes

to the maintenance of proper epithelial cell polarity and

the proper pattern of PMCA2 expression, which, we

hypothesize, helps to suppress Stat3 activation and pre-

vent premature mammary gland involution.
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