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Abstract

Understanding how progenitor cell function is regulated in the mammary gland is an important 

developmental problem that has significant implications for breast cancer. Although it had been 

assumed that the expression the α6β4 integrin (β4) is restricted to the basal lineage, we report that 

alveolar progenitor cells in the mouse mammary gland also express this integrin based on analysis 

of single cell RNA-Seq data. Subsequent experiments using a mouse mammary epithelial cell line 

(NMuMG) confirmed this finding and revealed that β4 is essential for maintaining progenitor 

function as assessed by serial passage mammosphere assays. These data were substantiated by 

analyzing the alveolar progenitor population isolated from nulliparous mouse mammary glands. 

Based on the finding that the alveolar progenitor cells express Whey Acidic Protein (WAP), WAP-

Cre mice were crossed with itgβ4flox/flox mice to generate conditional knock-out of β4 in alveolar 

progenitor cells. These itgβ4flox/flox WAP-Cre+ mice exhibited significant defects in 

alveologenesis and milk production during pregnancy compared to itgβ4flox/flox WAP-Cre− mice, 

establishing a novel role for the β4 integrin in alveolar progenitor function and alveologenesis.
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Introduction

The lactating mammary gland is composed of a branched system of excretory ducts and 

secretory alveoli. The epithelium of ducts and secretory alveoli consists of two layers of 

cells: a layer of luminal cells, which is responsible for the synthesis and secretion of milk 

components, and a layer of myoepithelial (basal) cells that generate contractility for milk 

ejection (1, 2). Current evidence indicates that the ductal luminal, alveolar luminal and basal 

lineages are maintained by distinct progenitor cells (3). The nature of these progenitor cells 
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is of considerable interest in understanding how the mammary gland develops in puberty and 

expands dramatically during pregnancy. Moreover, it is likely that these cells function as the 

cells of origin for the different sub-types of breast cancer (3-5).

Our interest is in understanding how integrins contribute to the different lineages and the 

function of progenitor cells in the mammary gland. Integrins have the capacity to influence 

many aspects of cell behavior including stem/progenitor cell function and survival in their 

role as signaling receptors for extracellular matrix proteins (6). Moreover, ligand-

independent integrin functions can also affect cell behavior (6). We are particularly 

interested in the α6β4 integrin (referred to as β4 because there is only one β4 integrin 

heterodimer), which functions primarily as a receptor for laminins in the basement 

membrane (7, 8). The assumption has been that β4 expression is restricted to the basal 

lineage and that its major role is to anchor these cells to the basement membrane and 

contribute to the contractility needed for milk ejection, although definitive data to support 

these assumptions are lacking (9). Nonetheless, β4 expression has not been detected in 

luminal or alveolar cells and it is presumed that it does not contribute to this lineage.

Our perspective on the contribution of the β4 integrin to mammary gland biology was 

challenged by recent studies that used single cell RNA-seq and other approaches to profile 

the distinct lineages present in the developing and lactating mammary gland (10). Our 

analysis of these data revealed that expression of the β4 integrin is not restricted to basal 

cells and that it is also expressed in population of progenitor cells that give rise to alveolar 

luminal cells during pregnancy and lactation. These unexpected observations prompted us to 

assess a causal role for this integrin in the function of alveolar progenitor cells.

Results

The β4 integrin is expressed in alveolar progenitor cells and contributes to their function:

This project was initiated by our analysis of data reported in a study that used single cell 

RNA-seq to profile mouse mammary epithelial cells at different stages of development: 

nulliparous, gestation, lactation and involution (10). These cells were grouped into 

populations using unsupervised and hierarchical clustering based on gene expression, and 

cell populations were identified based on known markers. Although it had been assumed that 

the expression of the β4 integrin is restricted to the basal lineage in the mammary gland, our 

analysis of these data revealed that this integrin is also expressed in a population of alveolar 

progenitor cells but not in either luminal progenitor or differentiated alveolar cells (Figure 

1A). Further analysis of these data revealed that expression of the β4 integrin is not 

significantly different among sub-clusters within the AP cluster (data not shown).

Based on the data described above, we undertook our own analysis of the expression and 

function of the β4 integrin in mammary epithelial cells. Our initial experiments used 

NMuMG cells, an immortalized mammary epithelial cell line with a luminal phenotype. 

These cells were sorted based on β4 surface expression into β4high and β4low populations 

and these populations were analyzed for expression of alveolar progenitor cell surface 

markers (CD24, CD49f, and CD61) (3). As shown in Figure 1B, these markers were 

enriched in the β4high compared to the β4low populations. To assess the relative expression 
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of β4 on alveolar progenitor cells, parental NMuMG cells were analyzed by flow cytometry 

for CD24, CD49f, CD61 and β4 expression. This analysis revealed that the alveolar 

progenitor population (CD24high/CD49fhigh/CD61high) was 93.5% positive for β4 surface 

expression and that the non- alveolar progenitor population (CD24low/CD49flow/CD61low) 

was only 10% positive (Figure 1C). Also, β4 mRNA expression was significantly higher in 

the alveolar progenitor population compared to the non-alveolar progenitor population 

(Figure 1D). These data confirm that the NMuMG cell line is luminal and indicate that it is 

enriched in progenitor cells.

Serial passage mammosphere assays were used to evaluate the potential contribution of the 

β4 integrin to AP function. As expected, the CD24high/CD49fhigh/CD61high population had 

robust mammosphere forming ability that was lacking in the CD24low/CD49flow/CD61low 

population (Figure 1E). Diminishing β4 expression in the CD24high/CD49fhigh/CD61high 

population using siRNA resulted in a significant decrease in serial mammosphere formation 

compared to cells treated with control siRNA (Figure 1E) supporting the hypothesis that this 

integrin contributes to the pluripotency of alveolar progenitor cells.

Based on the data we obtained with NMuMG cells, we investigated the expression and 

function of the β4 integrin in alveolar progenitor cells in the nulliparous mouse mammary 

gland. Initially, we sorted mammary epithelial cells harvested from nulliparous C57/B6 mice 

into alveolar progenitor and non-alveolar progenitor populations based on the expression of 

CD24/CD49f/CD61 (Figure 2A). Knock-down of β4 in the alveolar progenitor population 

using siRNA reduced mammosphere forming ability significantly compared to the control 

cells (Figure 2A). These results suggest that β4 contributes to the progenitor potential of 

alveolar progenitor cells in nulliparous female mice.

Another approach taken to investigate the contribution of β4 to alveolar progenitor cells was 

based on a lineage tracing study using WAP-Cre mice, which revealed a distinct population 

of WAP+ cells in the virgin mammary gland with alveolar progenitor function (5, 11). Based 

on this observation, we used a similar reporter system (WAP-Cre/ROSAmT/mG) to isolate the 

small population of WAP+ alveolar progenitors (GFP+) in the nulliparous mammary gland 

(Figure 2B)(12). Flow cytometry revealed that ~20% of these GFP+ cells expressed β4 and 

they exhibited β4-dependent mammosphere formation (Figure 2C). These data support the 

hypothesis that β4 is expressed in alveolar progenitor cells and contributes to their function.

Conditional deletion of the β4 integrin in WAP+ cells supports its functional role in 
alveologenesis:

The fact that the alveolar progenitor population expresses WAP (5) provided an opportunity 

to delete β4 expression in this population specifically by crossing WAP-Cre mice with 

itgβ4flox/flox mice to generate itgβ4flox/flox WAP-Cre− (WAP-Cre−) and itgβ4flox/flox WAP-
Cre+ (WAP-Cre+) mice (11, 13). We observed no significant change in basal β4 expression 

(Figure 3A) or gland morphology (Figure 3B) in WAP-Cre− nulliparous mice compared to 

WAP-Cre+ mice. However, the alveolar progenitor population isolated from the WAP-Cre+ 

mammary glands exhibited loss of β4 mRNA expression as assessed by qPCR (Figure 3C) 

and reduced mammosphere forming ability compared to the alveolar progenitor population 

from WAP-Cre− glands (Figure 3D and 3E). Interestingly, we did not see a significant 
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change in the number of AP cells isolated from the WAP-Cre− and WAP-Cre+ nulliparous 

glands based on expression of the surface markers CD24/CD49f/CD61 (Figure 3D). We did 

find, however, that the expression of other known AP markers (c-kit and CD14) (1) was 

diminished in the WAP-Cre+ AP cells compared to WAP-Cre− AP cells (Figure 3F), 

suggesting that the contribution of the β4 integrin to gene expression in AP cells is selective.

Our findings that the β4 integrin is expressed on alveolar progenitor cells and is necessary 

for their progenitor function infer that the WAP-Cre+ mice should exhibit deficiency in 

alveologenesis and lactation. As expected, the WAP-Cre+ glands expressed Cre 

Recombinase during lactation (Figure 4A). Interestingly, immunostaining of the β4 and α6 

subunits revealed that expression of the β4 was significantly reduced in the WAP-Cre+ 

compared to WAP-Cre− glands, while the expression of the α6 subunit was maintained 

(Figure 4B). This result indicates that the WAP-Cre+ glands express the α6β1 integrin. To 

assess whether loss of the β4 integrin affects alveologenesis, we compared the mammary 

glands isolated from lactating (2 days post birth) WAP-Cre− and WAP-Cre+ mice by whole-

mount analysis and hematoxylin and eosin (H&E) staining. This analysis revealed that the 

development of the alveolar structures and their density in WAP-Cre+ glands are 

significantly reduced compared to WAP-Cre− glands (Figures 4C & 4D). Also, the WAP-Cre
+ glands had significantly more apoptotic cells, including apoptotic cells and cellular debris 

present in their lumens, as assessed by cleaved caspase 3 staining (Figure 4D). These data 

prompted us to assess the impact of β4-deletion on β-casein expression and milk production. 

Indeed, β-casein expression was reduced substantially in WAP-Cre+ glands compared to 

WAP-Cre− glands (Figure 4E). Also, expression of the Na-Pi type IIb co-transporter 

(Npt2b), which is a known marker of secretory function in the mammary gland (14), was 

significantly reduced in WAP-Cre+ glands compared to WAP-Cre− glands (Figure 4F). The 

functional consequences of decreased β-casein expression were assessed by analyzing the 

milk content of lactating pups of WAP-Cre+ and WAP-Cre− females. As shown in Figure 

4G, the pups of WAP-Cre+ females had little milk in their stomachs compared to pups of 

WAP-Cre− females and they had a high rate of mortality presumably because of a lack of 

milk (data not shown).

The data reported in this study highlight a novel role for the β4 integrin in alveolar 

progenitor function and alveologenesis that differs from its presumed function in anchoring 

basal cells to the basement membrane. Such a role is not indicated by immunofluorescent 

staining of this integrin in the mammary gland because the staining is concentrated in the 

basal layer, e.g., (15). The power of single cell RNA-Seq, however, revealed that the 

relatively small population of alveolar progenitor cells, but not other progenitor cells or 

differentiated luminal cells, expresses β4. Although it is not known whether alveolar 

progenitor cells are in direct contact with the basement membrane, our results suggest that 

the function and signaling properties of β4 may differ between differentiated basal cells and 

alveolar progenitor cells. Interestingly, our data also indicate that the α6β1 integrin, which is 

expressed in the WAP-Cre+ glands, cannot compensate for the contribution of α6β4 to 

alveologenesis.

It is worth speculating on the potential connection between β4 expression and function in 

alveolar progenitor cells and the genesis of specific breast cancer sub-types because there is 

Walker et al. Page 4

Dev Biol. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



evidence that cells with alveolar progenitor characteristics can serve as cells of origin of 

mammary tumors with basal differentiation (5). Moreover, we reported previously that β4 

expression in human breast tumors is associated primarily with tumors of the basal sub-type 

(16).

The findings reported here build upon our past work demonstrating that the β4 integrin 

contributes to the elongation of the mammary bud during the early stages of mammary gland 

development based on our analysis itgb4flox/flox MMTV-Cre− and itgb4flox/flox MMTV-Cre+ 

mice (17). Together, our studies support distinct roles for this integrin in mammary bud 

development and alveologenesis.

Materials and Methods

Cell culture and animal models:

NMuMG cells were purchased from ATCC (CRL-1636). C57BL/6 itgβ4flox/flox mice were 

generated as described (13). C57BL/6 WAP-Cre mice (11) and B6.129 ROSA26mT/mG mice 

(12) were obtained from Ingolf Bach and Jaime Rivera, respectively at the University of 

Massachusetts Medical School (11, 12). All of the animal breeding and procedures were 

approved by the Institutional Animal Care and Use Committee of the University of 

Massachusetts Medical School.

Antibodies:

FITC anti-mouse CD24, APC anti-human/mouse CD49f, PE anti-mouse/rat CD61, Biotin 

anti-mouse β4 (346–11A), and Brilliant Violet 421 Streptavidin were purchased from 

BioLegend, Inc. Rat anti-human integrin α6 (GoH3) was purchased from BD Biosciences. 

Rat anti-mouse integrin β4 (346–11A-3C3) and mouse anti-β-casein (H-4) were purchased 

from Santa Cruz Biotechnology, Inc.. Rabbit anti-Cre recombinase (ab137240) was 

purchased from Abcam. Rabbit anti-cleaved caspase-3 (D175) was purchased from Cell 

Signaling Technology, Inc.. Donkey anti-rabbit, Alexa Fluor 488 and donkey anti-mouse, 

Alexa Fluor 555 were purchased from Invitrogen. Goat anti-rat conjugated APC, donkey 

anti-rat conjugated 488 and goat anti-rabbit conjugated 488 were obtained from Jackson 

Immune Research Laboratories, Inc.

Dissociation and analysis of mammary epithelial cells:

The fourth inguinal mammary glands were dissected and either processed for histological 

analysis or dissociated into single cells for flow cytometry and mammosphere assays. For 

histological analysis, the glands were embedded in either paraffin or Optimal Cutting 

Temperature (OCT) compound, and cut into 5um (paraffin) or 12um (OCT) sections. 

Hematoxylin and eosin (H&E) and immunofluorescence (IF) staining were performed as 

described (18). Lactating mammary tissue for whole mount analysis was fixed using a whole 

mount fixing solution (25% glacial acetic acid, 75% ethanol) for one hour and stained using 

a whole mount stain (0.2% (w/v) carmine, 0.5% (w/v) aluminum potassium sulfate in 

distilled water) overnight. Tissues were dehydrated in a series of washes: 70%, 95%, and 

100% ethanol for 15 minutes each at room temperature. Tissues were cleared in xylene for 1 

hour and mounted on a slide for analysis.
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For separation into single cells, the glands were washed in 1X PBS and incubated in a 

digestion medium consisting of Advanced DMEM/F12 (Gibco), 1X GlutaMAX (Gibco), 

10mM HEPES (Gibco), insulin (Sigma), 5mg/ml collagenase A (Sigma), 1X Trypsin-EDTA 

(Gibco), penicillin-streptomycin (Gibco), fetal bovine serum (HyClone) and gentamicin 

(Gibco) at 37°C for 2 hours. These samples were vortexed every 30 minutes, and filtered 

through a 40-μm nylon strainer with two successive washes in PBS.

Flow cytometry:

Antibody staining and flow cytometry were accomplished as described (19). Flow cytometry 

and data analysis were performed by Sony SH800 sorter and FlowJo software.

Mammosphere assays:

Cells were plated in UltraLow attachment six-well plates in Dulbecco’s modified Eagle’s 

medium/F12 medium supplemented with B27, epidermal growth factor, and fibroblast 

growth factor as previously described (20). The number of mammospheres per well were 

counted 5–7 days after plating. Briefly, images of all spheres were taken before each passage 

and measured using ImageJ. Spheres over the 40μm in diameter were counted as 

mammospheres.

RNAi:

For β4 small interfering RNA (siRNA) knockdown, cells were transfected using Dharmafect 

4 (Dharmacon). Cells were processed for qPCR 48 hours after transfection. β4 (sc-35679) 

and control siRNA were purchased from Santa Cruz Biotechnology.

Real-time quantitative (q)PCR:

RNA extraction was performed using an RNA isolation kit (BS88133, Bio Basic Inc.). 

cDNAs were produced using an AzuraQuant cDNA synthesis kit (AzuraGenomics) and 

AzuraQuant Green Fast qPCR Mix LoRox (AzuraGenomics) was used as the qPCR master 

mix. Experiments were performed in triplicate and normalized to 18S ribosomal RNA (18S 

rRNA). qPCR primer sequences were obtained from the Massachusetts General Hospital/

Harvard Medical School PrimerBank (http://pga.mgh.harvard.edu/primerbank/). In mouse 

tissue, qPCR was performed as previously described (20). Experiments were performed in 

triplicate and normalized to β-actin. qPCR primers for CD14 (Mm00438094_g1), c-kit 

(Mm00445212_m1) β4 (Mm01266844_m1), Npt2b (Mm01215846_m1) and β-actin 

(Mm02619580) were purchased from ThermoFisher Scientific.

Single Cell RNA-seq Analysis:

Analysis of the single cell RNA-seq data in Bach et al (2017) was performed as previously 

described (10).
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Highlights

• Alveolar progenitor cells in the mouse mammary gland express the β4 

integrin

• The β4 integrin contributes to alveolar progenitor function

• Targeted deletion of β4 in nulliparous glands impedes alveologenesis and 

milk production
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Figure 1: Alveolar progenitor cells express the β4 integrin and it contributes to their function.
A) Single cell RNAseq analysis of ITGB4 expression in differentiated luminal, alveolar 

progenitor, and differentiated basal mouse mammary cell populations based on reference 

(10). B) NMuMG cells were sorted based on β4 surface expression into two distinct 

populations (β4high and β4 low) and these populations were analyzed by flow cytometry for 

alveolar progenitor cell surface markers (CD24, CD49f, and CD61). C) NMUMG cells were 

analyzed by flow cytometry for expression of CD24, CD49f, CD61, and β4. D) NMuMG 

cells were sorted into alveolar progenitor (CD24high/CD49fhigh/CD61high) and non-alveolar 

progenitor (CD24low/CD49flow/CD61low) populations. Expression of the β4 integrin was 

diminished in these populations using siRNA, and their progenitor potential was assessed 

using serial passage mammosphere assays (E).
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Figure 2: Alveolar progenitor cells in the nulliparous mouse mammary gland express the β4 
integrin and it contributes to their function.
A) Alveolar progenitor and non-alveolar progenitor cells were isolated from the mammary 

fat pads of nulliparous C57/B6 mice based on expression of CD24/CD49f/CD61 surface 

markers. Expression of the β4 integrin was diminished in these populations using siRNA, 

and their progenitor potential was assessed using serial passage mammosphere assays. B) 

WAP-Cre+/ROSAmT/mG virgin glands were isolated and analyzed by flow cytometry for 

GFP and TdTomato. C) Alveolar progenitor cells were isolated from virgin WAP-Cre+/

ROSAmT/mG mice by sorting for WAP+ (GFP+) cells. Expression of the β4 integrin was 

diminished in these populations using siRNA, and their progenitor potential was assessed 

using serial passage mammosphere assays (Scale bar = 200μm).
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Figure 3: Conditional knock out of β4 in AP cells in the nulliparous mammary gland does not 
alter morphology but does impair progenitor function in vivo.
WAP-Cre+ and WAP-Cre− virgin mammary tissue was isolated at 4-6 weeks. A) β4 surface 

expression was analyzed by immunofluorescence microscopy (Scale bar = 20μm) and B) 

gland morphology was analyzed by H&E staining (Scale bar = 200μm). C) Alveolar 

progenitor cells were isolated from nulliparous WAP-Cre+ and WAP-Cre− mice, and knock-

out of β4 was confirmed by qPCR. D, E) Alveolar progenitor cells isolated from nulliparous 

WAP-Cre+ and WAP-Cre− mice were assayed for progenitor potential using mammosphere 

assays. Mammospheres ≥ 40 μm in diameter were counted using ImageJ. F) Alveolar 

progenitor cells were isolated from nulliparous WAP-Cre+ and WAP-Cre− mice and 

expression of c-kit and CD14 was quantified by qPCR. CT values from two biological 

replicates of each genotype are shown.
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Figure 4: Conditional β4 depletion results in impaired alveologenesis and milk production in 
vivo.
A) Immunostaining of Cre Recombinase in WAP-Cre+ glands from mice at day 2 of 

lactation. B) Immunostaining of ITGB4 and ITGA6 WAP-Cre+ and WAP-Cre− glands from 

mice at day 2 of lactation. (Scale bar = 20μm) C) H&E staining of WAP-Cre+ and WAP-Cre
− glands from mice at day 17 of pregnancy and day 2 of lactation (Scale bar = 500μm). D) 

Whole-mount, H&E, and cleaved caspase 3 staining of WAP-Cre+ and WAP-Cre− glands 

from mice at day 2 of lactation. (Scale bar = 100μm) E) β-casein protein expression was 

analyzed using immunostaing and mRNA expression was quantified by qPCR in WAP-Cre+ 

and WAP-Cre− glands at day 2 of lactation. (Scale bar = 20μm) F) Npt2b expression was 

quantified by qPCR in WAP-Cre+ and WAP-Cre− glands at day 2 of lactation. G) Milk 

uptake in pups born to WAP-Cre+ and WAP-Cre− mice was compared at 2 days post birth.
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