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ABSTRACT 
 
Circadian clock disruption decreased mammary development and impaired lactation in late gestation cows and mice. 
Transcriptional targets of the circadian clock genes BMAL1 and CLOCK include the cell-cell and cell-ECM proteins 
e-cadherin (CDH1) and zonula occludens-1 (ZO-1). The polarization and lumen formation of milk-producing acini is 
dependent on these junctional proteins. We hypothesized that if BMAL1 and CLOCK were disrupted, mammary 
epithelial cells (HC11) will have a reduced ability to form acini. Our objective was to measure the effect of BMAL1 
gene deletion (BMAL1-KO) and CLOCK protein reduction (shCLOCK) in HC11 cells on the formation of acini and 
expression of CDH1 and ZO-1 in three-dimensional (3D) cultures. Cells were plated on Matrigel, embedded, and 
cultured to create 3D structures. ImageJ software was used to quantify the acini and found that the BMAL1-KO and 
shCLOCK lines formed fewer and smaller acini (p < 0.05). Confocal microscopy revealed that CDH1 was located 
along lateral membranes and ZO-1 was apically located in all three lines. Levels of CDH1 and ZO-1 were greater (p 
< 0.05) per unit volume of cell in the shCLOCK cell line. Live/dead staining of cells found little to no cell death across 
three lines. Transmission electron microscopy (TEM) of acini indicated less polarization of cells within BMAL1-KO 
and shCLOCK acini. Polarization of cells is required for formation of 3D structures and requires coordination of 
temporal-spatial cues. Disruption of circadian clocks results disturbs temporal organization of cellular processes and 
causes a reduced ability of cells to polarize and form acini. 
 

Introduction 
 
In mammals, the circadian timing system is essential for maintaining homeostasis in a changing environment. The 
system functions to coordinate internal physiology to regularly occurring external and internal signals, such as 
light/dark cycles.1,2 These temporal cues are received and integrated by the master clock in the suprachiasmatic nucleus 
(SCN) of the hypothalamus, which in turn sends outs hormonal and nervous cues to peripheral clocks located in all 
organs of the body, including the mammary gland.1 Timing information received by these peripheral clocks is inte-
grated and used to establish circadian rhythms of gene expression. Five to ten percent of the genes expressed in a 
tissue exhibit circadian rhythms.3 The clock output genes are tissue specific and enable the coordination of circadian 
function with the activity of the organ.  

The core molecular clock is a transcription-translation feedback loop of positive and negative elements.3,4 
The positive arm is made up of the Brain and Muscle ARNT-Like 1 (BMAL1) gene and Circadian Locomotor Output 
Cycles Kaput (CLOCK) protein, which as a heterodimer function as a transcription factor that binds to an enhancer 
box (E-box) in the promoter region of target genes. Binding of BMAL1:CLOCK to the E-box drives the transcription 
of a multitude of genes including those that make up the negative arm of the transcription-translation feedback loop: 
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the Period (PER1, PER2, PER3) and Cryptochrome (CRY1, CRY2) genes. PER and CRY proteins function as sup-
pressors and inhibit the binding of the BMAL1:CLOCK heterodimer to the E-box, and thus stop the further production 
of themselves. However, these proteins are broken down over time, so when their abundances decrease, the 
BMAL1:CLOCK heterodimer can bind again, and transcription resumes. The transcription-translation feedback loop 
has a 24-hour periodicity, resulting in circadian rhythms of gene expression that affect the timing of daily activity in 
cells.  

Chromatin immunoprecipitation sequencing (ChIP-Seq) analysis of BMAL1 target genes in the mouse mam-
mary epithelial cell line, HC11, found that among the potential BMAL1 targets were genes that regulate mammary 
morphogenesis.5 These include genes that regulate cell division, cell-cell adhesion molecules, and cell-extracellular 
matrix (ECM) adhesion molecules. Moreover, multiple BMAL1 target genes function to effect cell polarity including 
molecules that regulate ion and substrate transport across cells. Formation of milk-producing acini, which are spherical 
clusters of cells with a hollow lumen, requires epithelial cell proliferation, cell-cell and cell-ECM interactions, and a 
gain of polarity.6,7 

Previous studies of pregnant women found that sleep disruption, which disrupts circadian clocks, was related 
to a delay in the onset of lactation and lower rates of breast feeding during the first week after birth.3,8 In studies of 
dairy cattle, disrupting circadian clocks through exposure to chronic light-dark phase shifts during late pregnancy 
decreased the lumen to epithelial area ratio and mammary epithelial proliferation, which was associated with reduced 
milk production in the subsequent lactation.9 Clock-Δ19 mice, which have a mutation in the CLOCK protein that 
causes a loss of circadian rhythmicity and decreased expression of clock controlled output genes, had poorer mammary 
development marked by a decreased lumen to epithelial area ratio in late pregnancy that was related to poorer lactation 
performance.10 Together, these findings support a role of the circadian timing system in the regulation of mammary 
development which is critical for lactation, but its specific mechanisms are not fully understood.  

Our previous studies of mice revealed circadian rhythms of six core clock gene  expression (PER1, PER2, 
CRY1, CRY 2, BMAL1, CLOCK) were attenuated in the mammary gland during the transition from pregnancy to 
lactation.11 The abundance of BMAL1 and CLOCK proteins were increased significantly in mammary gland during 
the transition from pregnancy to lactation and were elevated across the 24 hour sampling period. Thus, continuously 
high levels of BMAL1:CLOCK may be important to lactation competence. The normal mouse mammary epithelial 
cell line, HC11, is frequently used for functional studies to understand the role of genes, pathways, and systems related 
to the regulation of growth, differentiation, and acini morphogenesis.12–14 To understand the role of BMAL1 and 
CLOCK in the regulation of mammary epithelial cell growth and differentiation, HC11 lines with BMAL1 knock out 
(BMAL1-KO)5 using CRISPR-Cas9 and CLOCK protein reduction using shRNA technology (shCLOCK)10 were es-
tablished and deletion and knockdown were confirmed in previous experiments. The differing systems to knockout 
(remove) or knockdown of proteins enables the study and identification of non-circadian clock functions of the target 
gene, as well as reduced function of the core circadian clock in the cells. The rate of proliferation and growth across 
multiple days was increased in shCLOCK cells relative to the wild-type line.10 The shCLOCK line also had lower 
abundance of e-cadherin (CDH1) and P63 proteins, suggesting a potential for epithelial to mesenchyme transdiffer-
entiation.15,16 Epithelial cells isolated from Clock-Δ19 mouse mammary tissue had a diminished ability to form acini 
in culture.17 Growth curve analysis of BMAL1-KO cells found their doubling time was similar to wild-type cells, but 
cells died at a greater rate and cell death was related to accumulation of reactive oxygen species.  We had identified 
multiple genes that encode proteins that regulate mammary epithelial cell differentiation and tissue morphogenesis as 
potential transcriptional targets in our ChIP-seq analysis of BMAL1 in HC11 cells.5  

We hypothesized that the core circadian clock in the mammary gland plays a central role in formation of 
acini. Thus, if the BMAL1 gene is eliminated or levels of CLOCK, which heterodimerizes with BMAL1 to form the 
core clock transcription factor, are reduced, then the ability of mammary epithelial cells to form acini will also be 
reduced. A 3D cell culture system was used to quantify the effect of BMAL1 gene knockout (BMAL1-KO) and 
CLOCK protein reduction with shRNA (shCLOCK) on the number, size, and morphology of acini formed by each 
line. This was accomplished using light microscopy, confocal microscopy, and transmission electron microscopy to 
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gain an understanding how loss of function of these genes and the circadian clock system may inhibit mammary acini 
formation. 
 

Materials & Methods 
 
Cell Lines 
 
Three lines were used for these experiments. The normal mouse mammary epithelial cell line, HC11,10 a monoclonal 
line of HC11 cells with the BMAL1 gene deleted using CRISPR-Cas9 knockout technology (BMAL1-KO),5 and a 
monoclonal line of HC11 cells with shRNA to knock down CLOCK protein levels (shCLOCK).10 The wild-type HC11 
cell line was unedited and acted as the experimental control. Details of creation and validation of BMAL1-KO and 
shCLOCK lines have been described in previous experiments, but broad information is given briefly here.5,10 The 
BMAL1-KO line was created by knocking out the BMAL1 gene using ORIGENE’s ARNTL Mouse Gene Knockout 
Kit (CRISPR, CAT#: KN301604, Rockville, MD, US).5 The manufacturer’s protocol was followed to remove the 
target sequence, and knockout of the BMAL1 gene was confirmed with PCR and western blot analysis. PCR analysis 
demonstrated the donor cassette was integrated by positive amplification of guide RNA (gRNA) sequences. Western 
blot analysis found complete loss of the BMAL1 protein expression in the monoclonal line created using guide RNA1 
(gRNA1), and Sanger sequencing confirmed genomic integration of a green fluorescent protein from the donor cas-
sette. The shCLOCK line was created with shRNA targeted to Clock RNA in HC11 cells to knockdown the abundance 
of the CLOCK protein.10 This was accomplished by transfecting Clock shRNA plasmids into HC11 cells using the 
lipofection Attractene Transfection Reagent (Qiagen cat. no. 1051561) and selecting cells with hygromycin. Cells 
viable after 7 days of hygromycin selection were used to create clonal lines by dilutional cloning, and the effect of 
abundance of the Clock mRNA level was screened using qPCR. The monoclonal line transfected with sequence three 
(CGATGTCTCAAGCTGCAAATT) was used for these studies, as it was found to decrease levels of Clock mRNA 
by more than 70%, which was related to a significant reduction in CLOCK protein abundance.10 

All cell lines were routinely cultured in RPMI growth media, which was composed of RPMI 1640 (50-020-
PC, Mediatech Inc.) with 2 g/L sodium bicarbonate (S5761-500G, Sigma Life Science), 10% heat inactivated calf 
serum (26170-043, Gibco), 1% penicillin/streptomycin (15140-122, ThermoFisher Scientific), 10 ng/mL epidermal 
growth factor (E4127, Sigma-Aldrich), and 5 µg/mL insulin (IO516-5mL, Sigma-Aldrich).5 Cells were cultured in 5% 
CO2 at 37°C. Cell were passaged when the cultures were at approximately 80% confluence at a 1:5 ratio, and the 
media was refreshed every 2 days. All studies were conducted in lines with less than 10 passages. Before 3D experi-
mentation began, cell morphology was observed in 2-dimensional (2D) cultures in confluent undifferentiated and 
lactogen differentiated states. In this case, the cells were plated in a six well plate in RPMI growth media. On days 2 
and 4 of culture, images were captured. On day 4, the media was changed to prehormone media, which contains the 
same components as the RPMI growth media, except no epidermal growth factor was included. After 48 hours in 
prehormone media, the cell media was changed to lactogenic media: RPMI supplemented with 10% calf serum, dex-
amethasone (0.1 µM), insulin (5 µg/mL), and prolactin (5 µg/mL; ovine prolactin: L6520-250IU, Sigma-Aldrich), and 
incubated for 96 hours, with media changed every 2 days. After 96 hours in lactogen media images were captured of 
cultures. Images of the cultures were captured with a Canon EOS Rebel T2i camera while using a Zeiss Axiovert 35 
phase-contrast microscope on day 4 and day 8 to compare the undifferentiated and differentiated cells. 
 
Drip Cultures 
 
The approach to establish 3D drip cultures was developed and modified from several protocols.14,18–22 Each well of the 
4-well chamber slide (1.8 cm2) was coated with 90 μL of cold growth factor reduced Matrigel (Corning Life Sciences). 
The 4-well chamber slide was placed in 5% CO2 at 37°C in an incubator for 30 minutes to allow the Matrigel to 
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solidify. The cells were plated on top of the solidified Matrigel at a concentration of 13,000 cells/cm3 in a suspension 
of RPMI lactogenic growth media. The lactogenic growth media consisted of RPMI media supplemented with 5% 
serum, 1% penicillin/streptomycin, 5 μg/mL insulin, 5 μg/mL prolactin, and 0.375 ng/μL hydrocortisone (D8893-
1mg, Sigma-Aldrich). After plating, cells were placed in 37°C incubator for 15 minutes to allow attachment to the 
Matrigel, and then the lactogenic growth media with 10% cold Matrigel was added drop by drop. This solution was 
made using a ratio of Matrigel to lactogenic growth media to Matrigel of 1:9, and afterwards, 200 μL was added to 
each well, so that the total volume in each well was 400 μL, and the final concentration of Matrigel was 5%. Following 
plating, cultures were placed into 37ºC incubator, and lactogenic media without Matrigel was refreshed every 2 days 
until day 7.  
 
Quantification of Acini and Morphological Features 
 
On day 7 of culture, images of the acini were captured with an EOS Rebel T2i camera (Canon) while using an Axiovert 
35 phase-contrast microscope (Zeiss) at 200x magnification. The wells were scanned from left to right, covering the 
entire well, and when an acinar structure was observed, an image was captured.  

Acini, identified by their spherical-like shape and the presence of multiple cells within the structure, were 
counted and measured using ImageJ (National Institutes of Health). To measure the size of the acini the selection 
brush tool in ImageJ was used to outline acini, and then four measurements were taken: area, perimeter, minimum 
diameter, and maximum diameter. The circularity of each structure was determined using the following formula.23 

 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 =
4𝜋𝜋 ∗ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

(𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃)2 
 

 
Circularity determines how circular a shape is by using the relationship between area and perimeter; the 

circularity of a perfect circle is 1. After these measurements were collected, the acini were categorized within a cell 
line by size. Small acini were less than 150 µm2, medium acini were between 150 µm2 and 500 µm2, and large acini 
were greater than 500 µm2. Using Minitab, general linear model analysis followed by post-hoc Tukey’s analysis were 
used to determine if cell line and experimental replicate affected the measured variables. Approximately 1,000 acini 
were counted in each of the three replicates of each of the cell lines to ensure representative sampling was achieved. 
 
Immunofluorescence 
 
For immunofluorescent staining and confocal microscopy, cells were plated for 3D cultures in 4-well chambered cover 
glass (1.8 cm2, 155382PK, ThermoFisher). Culture medium was removed, and cells were washed two times with 
phosphate buffered saline (PBS). Cells were fixed in 4% formaldehyde at room temperature for 10 minutes; the for-
maldehyde was removed, and cells were washed three times with PBS for 5 minutes per wash. The cultures were then 
incubated for 15 minutes with 0.1% triton X-100 in PBS, followed by three washes with PBS for 5 minutes per wash. 
After the washes, non-specific binding was blocked by preincubating cells for 1 hour with 10% normal goat serum in 
PBST (PBS with 0.1 % Tween 20) with 50.6 mM glycine. After the blocking buffer was removed and the primary 
antibodies in solution were added, the cells were incubated in a humidified chamber overnight at 4°C. The primary 
antibodies were prepared in PBST-2% normal goat serum. The CDH1 primary antibody was a monoclonal rabbit 
antibody (1:100, Cell Signaling Technology, 24E10, #3195), and the ZO-1 primary antibody was a monoclonal rat 
antibody (1:100, Santa Cruz Biotechnology, R40.76, 33725). Samples were brought to room temperature for 30 
minutes and washed three times with PBS for 10 minutes per wash. The cells were then incubated for 1 hour at room 
temperature with the secondary antibodies in PBST-2% normal goat serum. The anti-rabbit secondary antibody was 
an anti-rabbit IgG (H+L) produced in goats and conjugated with Alexa Fluor 555 (#4413). The fluorescence of this 
antibody was shown in green in our fluorescence images. The anti-rat secondary antibody was an anti-rat IgG (H+L) 
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produced in goats and conjugated with Alexa Fluor 647 (#4418). The fluorescence of this antibody is typically green; 
however, since a green stain was already being used, the color was changed to reddish-purple during data analysis for 
this experiment. Cultures were then washed six times with PBS for 10 minutes per wash and incubated for 10 minutes 
at room temperature with DAPI (1:1000 in PBS) for nuclear counterstaining. Cells were washed with PBS for 5 
minutes and stored in PBS until confocal microscopy was conducted. 

A Nikon A1R MP+ (Nikon Corporation) multiphoton confocal microscope was used at Bindley Bioscience 
Center at Purdue University to capture images of acini. The Z-stack images collected were analyzed using a protocol 
developed by Nikon for NIS Elements to determine the following parameters for each acinar structure: number of 
nuclei, total volume of CDH1 (µm³), and total volume of ZO-1 (µm³). Relative amounts of the cell-cell adhesion 
proteins were determined by dividing the total volume of each protein in a particular acinus by the number of nuclei 
counted previously in that same acinus. These values were then averaged across all the acini for a particular cell line 
for statistical analysis. 

Minitab was used for statistical analysis, and a one-way ANOVA coupled with Tukey post-hoc test analysis 
was used to determine if there were significant differences in number of nuclei or adhesion proteins between the cell 
lines and experimental replicates. At least 140 acini were counted in both replicates of each of the cell lines to ensure 
representative samples were analyzed. 
 
Live/Dead Staining 
 
This experiment was conducted to determine if cell death played a role in the ability of the BMAL1-KO and shCLOCK 
cells to form 3D acini. To compare the amounts of live and dead cells within the 3D structures, the Live/Dead™ 
Viability/Cytotoxicity Kit for mammalian cells (Catalog # L3224, ThermoFisher Scientific) was used following man-
ufacturer’s protocol. Briefly, the live/dead assay reagents were warmed to room temperature. The 2 μM Calcein AM 
was diluted 1:2000, and the 4 μM of EthD-1 solution was diluted 1:500. To stain the cells, the media was aspirated 
from the cultures, which were washed twice with 1X PBS to remove all potential traces of serum. Then, 500 μL of 
staining solution was added directly on top of the Matrigel and was incubated at room temperature for 30 minutes. 
Images were collected using a Nikon A1R MP+ (Nikon Corporation) multiphoton confocal microscope at Bindley 
Bioscience Center at Purdue University. 
 
Transmission Electron Microscopy 
 
To visualize polarization of the cells within the acinar structures, transmission electron microscopy (TEM) was used. 
Cells were cultured for 7 days in the 4-well chamber slides with Matrigel as described above. On day 7, the cells were 
fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, post-fixed in 1% osmium tetroxide containing 0.8% 
potassium ferricyanide, and en bloc stained in 1% uranyl acetate. Then, the structures were dehydrated with a graded 
series of ethanol, transferred into acetonitrile, and embedded in Embed 812 resin (Electron Microscopy Sciences). 
Thin sections were cut on a Leica EM UC6ultramicrotome and stained with 4% uranyl acetate and lead citrate. Images 
of the samples were acquired with a Gatan Orius camera on a FEI Tecani T12 electron microscope equipped with a 
tungsten source and operating at 80 kV in Purdue University’s Electron Microscopy Core Facility.  
 
 
 
 
 
 

Results 
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Characterization of Cell Lines 
 
Our previous studies confirmed complete loss of BMAL1 protein in western blots of BMAL1-KO line5 and knock-
down of CLOCK protein in the shCLOCK line.10  The dynamics of other expression of other core clock genes were 
disrupted by the genetic changes, demonstrating not only loss or reduction of BMAL1 and CLOCK in the respective 
lines, but disruption in the core circadian clock molecular system. Images captured of the 2D cultures show the distinct 
morphology of wild-type HC11, BMAL1-KO and shCLOCK lines after 4 days of growth, followed by 4 days of 
exposure to lactogenic media (Figure 1). HC11 cells exhibit a cobblestone morphology typical of normal mammary 
epithelial cells after 4 days in growth media (Figures 1A) and formed domes typical of mammary epithelial differen-
tiation in 2D culture (Figure 1B). BMAL1-KO cells on day 4 of growth had numerous cytoplasmic vacuoles (Figure 
1D) with minimal evidence of domes in lactogen differentiated 2D cultures (Figure 1E).24 The shCLOCK cells had a 
more spindle-like appearance after 4 days in growth media (Figure 1G) with minimal evidence for dome formation in 
culture as well (Figure 1H). 
 

 
Figure 1. Qualitative analysis of acinar formation after various days in 2D and 3D cultures of images captured using 
phase-contrast microscopy at 100x magnification. Images show representative morphologies of HC11 (A – C), 
BMAL1-KO (D – F), and shCLOCK (G – I) cells and acini. Arrows in 1B indicate domes of typical mammary epi-
thelial cell differentiation in 2D culture. 
 

Images captured under phase-contrast microscopy across the 7 days in 3D culture demonstrate the progres-
sive formation of acini by wild-type HC11 cells (Supplemental Figure S1). On day 2 of culture, simple clusters of 
cells formed, with no apparent lumen (Supplemental Figure S1A). As the structures grew, lumens began to form 
(Supplemental Figure S1B). By day 7, the size of acini had significantly increased, and lumen became apparent under 
phase-contract microscopy (Supplemental Figure S1C).  

Volume 11 Issue 3 (2022) 

ISSN: 2167-1907 www.JSR.org 6



   
 

The images on day 7 of 3D cultures using phase-contrast microscopy showed that size and morphology varied 
distinctly across the three cell lines. The HC11 acini were diverse in terms of their size and appeared to have large 
luminal area (Figure 1C). The BMAL1-KO acini were smaller than the HC11 acini and had very minimal evidence of 
the formation of lumens (Figure 1F). The BMAL1-KO cultures also had high levels of cells growing in 2D, which is 
indicative of a reduced ability to form acini, and the shCLOCK acini were small with no apparent lumen formation 
(Figure 1I).  

Phase-contrast images were used to quantify differences in acini between the three cell lines (Table 1). The 
total number of acini formed per well of HC11 cells was approximately double (p < 0.05) the number of acini formed 
in cultures of BMAL1-KO and shCLOCK lines. The HC11 acini were larger in terms of area, perimeter, and minimum 
and maximum diameters when compared to the BMAL1-KO and shCLOCK lines. The BMAL1-KO and shCLOCK 
formed acini similar in size. There were no acini classified as large (>500 µm2) in the BMAL1-KO and shCLOCK 
cultures, which were mostly represented by small acini. Analysis of circularity found that shCLOCK acini were the 
most circular out of the three cell lines. 

 
Table 1. Size quantification of acini from phase-contrast microscopy images 

 HC11 BMAL1-KO shCLOCK 
Average No. of Acini per Well 170 ± 41.62a 80 ± 17.44b 98 ± 10.15c 

Size Distribution of Acini1    
% Small 42.25a 95.42b 95.58b 

% Medium 37.79a 4.58b 4.42b 

% Large 19.96a 0.00b 0.00b 

Average Area (µm2) 344.99 ± 452.87a 82.65 ± 39.65b 70.71 ± 39.80b 

Average Perimeter (µm) 62.80 ± 35.64a 34.16 ± 8.18b 30.80 ± 8.28b 

Average Minimum Diameter (µm) 17.04 ± 9.41a 9.18 ± 2.14b 8.59 ± 2.11b 

Average Maximum Diameter (µm) 20.63 ± 11.42a 11.44 ± 2.87b 10.13 ± 2.86b 

Average Circularity (%) 84.96 ± 5.42a 85.49 ± 5.56a 88.71 ± 3.82b 

Different letters indicate a significant difference between the lines at p < 0.05; 1Size Distribution of acini: small <150 
µm2; medium > 150 µm2 but < 500 µm2; large > 500 µm2. 
 
IF Intensity Comparison & Quantification 
 
Images captured of IF stained HC11 acini showed DAPI stained nuclei (Figure 2A), and CDH1 proteins located be-
tween adjacent cells (Figure 2B), which is consistent with adherens junction location. The ZO-1 protein staining was 
located apically, which is consistent with tight junction location (Figure 2C). Fewer DAPI stained nuclei were asso-
ciated with acini in the BMAL1-KO and shCLOCK cultures (Figures 2D & 2G). CDH1 and ZO-1 stainings were also 
laterally and apically located, respectively, in BMAL1-KO (Figures 2E – 2F) and shCLOCK (Figures 2H – 2I) lines.  
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Figure 2. Comparison of the three cell lines after IF staining. The same three stains were used as shown previously to 
show the locations of nuclei (blue), CDH1 (green), and ZO-1 (purple) in the HC11 (A – C), BMAL1-KO (D – F), and 
shCLOCK (G – I) cell lines. Scale bars are equal to 20 μm. 
 

The number of nuclei per acini and relative abundance of the adherens junction protein (CDH1) and the tight 
junction protein (ZO-1) stainings were quantified in confocal images (Table 2). The number of nuclei per HC11 acini 
was significantly greater (p < 0.05) than in BMAL1-KO and shCLOCK lines. There was no difference in the number 
of nuclei between the BMAL1-KO and shCLOCK lines. The relative abundance of CDH1 was greatest in shCLOCK 
acini; however, there was no difference between the HC11 and BMAL1-KO acini. The relative abundance of ZO-1 
was greatest in shCLOCK, followed by BMAL1-KO, and then HC11 acini. 

 
Table 2. Quantification of the number of nuclei and abundance of CDH1 and ZO-1 per acini volume in confocal 
images. 

 HC11 BMAL1-KO shCLOCK 
Average No. of Nuclei per Acini 118.13 ± 130.46a 33.78 ± 44.38b 15.56 ± 9.84b 

Relative Abundance of CDH1 (µm3) 145.70 ± 125.00a 149.22 ± 102.44a 450.43 ± 217.98b 

Relative Abundance of ZO-1 (µm3) 71.16 ± 82.15a 150.58 ± 117.23b 215.29 ± 150.32c 

Different letters indicate a significant difference between the lines at p < 0.05.  
 
Live/Dead Staining 
 
To determine if the limitation of acini size was due to cell death in the shCLOCK and BMAL1-KO cultures, cells 
were live/dead stained and visualized using fluorescent microscopy. Overall, dead cells were scarce in the 3D cultures 
for all three cell lines and very few were associated with the acinar structures (Figure 3). On day 7, dead cells were 
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present in the HC11 and BMAL1-KO cultures as independent cells, but few were associated with the acinar structures 
(Figures 3A – 3B). The shCLOCK cultures appeared to have very few dead cells present in the cultures at all (Figure 
3C).  
 

 
Figure 3. Qualitative analysis of live/dead staining of HC11 (A), BMAL1-KO (B), and shCLOCK (C) shows that cell 
death does not have an impact on the ability of the cells to form acini, since the dead cells (red) are not associated with 
the live cells (green) of the acini. Scale bars are equal to 100 μm. 
 
Transmission Electron Microscopy 
 
TEM was used to examine the microstructure of the cells of the acini, and it demonstrated differences the overall size 
and confirmed differences in ability to form lumens between the HC11 (Figures 4A – 4C), BMAL1-KO (Figures 4D 
– 4F), and shCLOCK (Figures 4G – 4I) cell lines. Clear acini with lumens were observed in the HC11 and BMAL1-
KO cell lines, although the BMAL1-KO line appeared to have smaller lumens overall. In addition, differences in 
polarity were observed; analysis of the images showed HC11 nuclei mostly located on the basal membrane, indicating 
polarization of the cells, whereas BMAL1-KO and shCLOCK cells exhibited less nuclear polarization within cells. 
Convolution of lateral membranes typical of differentiated mammary epithelial cells was evident in all three cell 
lines.25 Microplicae were observed on the apical membrane of the HC11 cells, and on the apical and basal membranes 
of the BMAL1-KO and shCLOCK cells. Cell-cell junctional complexes were observed in HC11 and BMAL1-KO 
acini; however, shCLOCK acini had decreased evidence of these structures.  
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Figure 4. Qualitative analysis of transmission electron microscopy in HC11 (A – C), BMAL1-KO (D – F), and 
shCLOCK (G – I) cell lines. Images show differences in cell polarization (Column 1), convolution of lateral mem-
branes (Column 2), and junctional complexes (Column 3) within acini of each cell line. Arrows in each image indicate 
the relevant aspects of the acinar structure. Scale bars vary throughout the figure but are equal to the following: A – 
20 μm; D, E, & G – 10 μm; B – 5 μm; C & H – 2 μm; F & I – 1 μm. 
 

Discussion 
 
The knockout of BMAL1 and knockdown of CLOCK negatively impacted the ability of HC11 cells to form acini in 
three-dimensional cultures. This finding supports the hypothesis that the core circadian clock in mammary epithelial 
cells functions to regulate morphogenesis in the gland. In addition, it provides insight into our previous studies that 
found circadian disruption during pregnancy was associated with decreased mammary development and lower milk 
production. The decreased mammary development in dairy cattle and in mice with the Clock-Δ19 mutation was char-
acterized by a lower lumen to epithelial area ratio. Knockout of BMAL1 and reduced levels of CLOCK decreased the 
size and lumen of acini formed in culture. Therefore, decreased levels or function of these genes and proteins in 
mammary epithelial cells due to the genetic and environmental perturbations, respectively, may explain poorer mam-
mary development.  

Cells organize their functions both physically and temporally.26 Temporal and physical organization form 
iterative loops during progressive differentiation and circadian clocks central to these loops. Clocks affect cell fate by 
controlling gene expression and protein synthesis and modification, influencing the timing of cell cycle and cellular 
differentiation from progenitor stem cells. Disruption of circadian clocks and component genes can thus affect these 
loops and processes and impair the ability to initiated coordinated cellular changes that need to proceed processes of 
synchronized tissue morphogenesis. The impact of circadian clock disruption varies with developmental time point. 
Circadian oscillations are silenced in embryonic stem cells and as cell differentiate circadian oscillation of gene 
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expression becomes more pronounced.26 Our findings add to the growing body of literature that show the targeted 
alteration of core circadian clock in mammary epithelial cells results in differing phenotypes and are influenced by 
environmental factors, exemplified in part by differences in phenotype in 2D and 3D culture systems.      

Due to their importance to fitness and survival, core clock genes underwent multiplicity events in verte-
brates,27 and molecular redundancy exists for all core clock genes with three PER two CRY, and paralogues of BMAL1 
and CLOCK being BMAL2 and NPAS2, respectively. Although there is a fair amount of functional overlap of pa-
ralogues and homologues, the redundancy resulted in functional divergence, tissue specificity, and regulation of de-
velopmental processes.28 For example, mice with homozygous deletion of PER2 have diminished mammary ductal 
development during puberty but are able to develop normal lobuloalveolar structures and support pup growth during 
lactation.29 Decreasing PER2 abundance in a normal human mammary cell line with shRNA resulted in formation of 
large spherical clusters of cells in 3D culture that lacked lumens. Similarly, human mammary epithelial cells failed to 
form hollow acini when PER2 and BMAL1 were knocked down with shRNA.30 Homozygous knockout of PER1 in 
mice in vivo and decreased abundance in 3D culture had no effects of ductal morphogenesis nor acini formation in 
culture, supporting the specific role of PER2 in mammary development. This contrasts with Clock-Δ19 mice which 
had poorer milk production related to decreased mammary development during late gestation.10 It is also important to 
note that the phenotype that manifests with the deletion of a core clock gene is not necessarily related to the function 
of the deleted gene, but rather a result of changes in the balance of other circadian clock components.31 Thus, when 
interpreting results, the effect on other circadian clock genes and the loss or decreased ability of cells to coordinate or 
temporally separate biological processes must be considered. Our previous studies11 and work of others,32 found that 
the ratio of BMAL1:CLOCK to PER2 abundance increases upon lactogen induced differentiation of HC11 due to 
increased abundance of BMAL1 and CLOCK and decreased PER2. These changes in protein abundance and ratio 
mirror changes in mammary tissue core clock dynamics between late gestation and the onset of lactation, suggesting 
a role in the regulation of differentiation of cells for lactation. The relationship of BMAL1, CLOCK to PER2 abun-
dance was altered in the shCLOCK and BMAL1-KO line in both undifferentiated and lactogen induced differentiated 
states in 2D cultures.10     

The formation of domes is a morphological indicator of lactogen induced mammary epithelial differentiation 
in 2D cultures.33,34 Previous studies of the shCLOCK line found decreased expression of CDH1 and P63 proteins, and 
in the 2D cultures, shCLOCK cells looked more spindle-shaped rather than the expected cobblestone morphology 
typical of mammary epithelial cells. Formation of domes under lactogen induced differentiation in 2D cultures is 
mediated by epithelial-integrin-secreted stroma interactions.35 Cells that undergo epithelial to mesenchyme transition 
lose epithelial markers and have alterations in integrin-stroma interactions.36,37 Decreased expression of PER2 was 
also shown to induce epithelial to mesenchyme transition (EMT), and our previous studies found that PER2 levels 
were decreased in undifferentiated cultures of the shCLOCK line.10,38 Whereas upon lactogen induced differentiation 
levels of PER2 increased.  

Our studies of BMAL1-KO cells in 2D cultures indicate that a lower density across 8-day growth curves was 
due to cell death rather than decreased proliferation. Cell death was attributed to oxidative stress as BMAL1-KO cells 
had higher levels of reactive oxygen species 5. Images captured of undifferentiated BMAL1-KO cultures showed the 
presence of cytoplasmic vacuoles, which is common in processes of cell death.39 However, we found few to no cells 
dying in 3D cultures across the three lines. This is consistent with the idea that once cells commit to differentiation, 
cell death pathways are decreased.40,41 Thus, cell death cannot account for smaller acini in BMAL1-KO and shCLOCK 
lines.  

One possible explanation for the reduced ability to form acini in cells with circadian disruptions is a lack of 
cellular polarization. Polarization of the epithelial cells of the mammary gland is the final step of development of the 
mammary gland and is key to the formation of milk-producing acinar structures. In this phase, the epithelial cells 
elongate and create the typical spherical structures with clear apical and basal membranes, which will separate the 
lumen from the surrounding ECM.42,43 A key feature of polarization is the movement of the nuclei of the acinar cells 
towards the basal membrane of structure via the actin cytoskeleton.44 
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Our ChIP-seq analysis of BMAL1 transcriptional targets found numerous genes that encoded for proteins 
that regulate cell-cell adhesion and polarity.5 Confocal microscopy during the IF protocol showed that localization of 
both cell-cell adhesion proteins were found in expected areas; however, their relative abundances in the three cell lines 
varied significantly. Per unit volume of cell, the shCLOCK line had significantly greater amounts of both cell-cell 
adhesion proteins compared to the other lines. This contrasts with our analysis of CDH1 abundance in shCLOCK lines 
in 2D culture systems, which was significantly reduced relative to the wild-type line. The lateral localization of 
CDH1in shCLOCK cells in the 3D cultures support that under the combined influence of lactogenic hormones and 
signals from ECM cells were able to develop basal-apical polarity indicated by localization of the ZO-1 protein and 
formation of tight junctions typical of epithelial cells. However, we speculate that the greater abundance of CDH1 per 
unit volume of acini indicates smaller cells and decreased polarization of the shCLOCK cells. In addition, the BMAL1-
KO acini had significantly more ZO-1 when compared to the HC11 acini. Thus, surprisingly, the loss of BMAL1 and 
decreased levels of CLOCK resulted in greater relative abundances of CDH1 and ZO-1 per acini volume. Increased 
amounts of CDH1 and ZO-1 were associated with the altered shapes of BMAL1-KO and shCLOCK acini. It is possible 
that the loss of these components of the core molecular clock causes a lack of coordination or communication between 
tight junction proteins, leading to runaway production of both CDH1 and ZO-1. Further studies are needed to deter-
mine if increased CDH1 and ZO-1 relative protein abundances in the BMAL1-KO and shCLOCK acini would inhibit 
morphogenic changes needed to promote acinar shape and lumen formation. 

Transmission electron microscopy of the acini provided insights into the differences of the microstructures 
of the acini. All three lines exhibited extensive microplicae and convolution of plasma membranes between cells of 
the acini. Tight junction and adherens junction complexes between cells in HC11 and BMAL1-KO acini appeared 
normally distributed and well formed; however, shCLOCK acini had decreased evidence of these structures. This is 
of interest because shCLOCK cells were found to have the greatest amounts of CDH1 and ZO-1 staining per unit 
volume of cells within acini. Tight junctions and adherens junctions are central to 3D formation of tissues.45 Adherens 
junctions mediate cell-cell adhesion via two transmembrane adhesive receptor sub-complexes: nectins and cadherins. 
The extracellular domain of nectins and cadherins mediate cell-cell adhesion, while the intracellular regions modulate 
the assembly of adherens junctions, which create connections to the actin cytoskeleton and cell signaling. CDH1 is 
the primary cadherin in epithelial cells. Thus, since CDH1 and ZO-1 protein abundance and localization were not 
reflective of the ability of shCLOCK cells to form tight and adherens junction complexes, other proteins within these 
complexes may have been altered and warrants further investigations. 

HC11 cells in acini showed clear polarization, as indicated by their basally located nuclei. However, the 
polarization of cells in BMAL1-KO and shCLOCK acini was reduced. This indicates that only the HC11 cells moved 
through the final process of differentiation to create a structure similar to milk-producing acini with hollow lumens. 
Possible explanations for these observations include findings that showed the importance of tight junctions and cell-
cell adhesions on the polarization of cells within acini.46 Without these structures, the various components of the 
cellular cytoskeleton cannot properly organize to create polarized cells and may explain the reduced ability of 
BMAL1-KO and shCLOCK cells to polarize.  

Spatial-temporal factors are key events in the acquisition of apical-basal polarity. Polarization must be coor-
dinated between all cells in a tissue and results from the integration of polarizing cues from interdependent biological 
processes that included receptor mediated interactions with the extracellular matrix, cell-cell interactions, and the 
sensing of diffusible factors.47 Circadian clocks generate 24-hour rhythms of cellular functions and are known to time 
developmental events. These results indicate that clocks in mammary epithelial cells function in the temporal coordi-
nation of polarization cues, as disruption of core clock genes decreased polarization and thus interfered with the or-
ganization of cells. BMAL1 transcriptional targets identified in HC11 cells were cell adhesion and cell junction me-
diators, cell polarity (Pard3, Pad3b) genes, and the prolactin receptor.5 The BMAL1-KO line had reduced levels of 
the prolactin receptor in 2D undifferentiated and lactogen differentiated cultures. Prolactin induces apical-basal po-
larity and maturation of luminal mammary epithelial cells. Prolactin is also an input to the mammary clock.11 Thus, 
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further studies are needed to elucidate the potential positive-iterative loop of prolactin, circadian clocks, and the timing 
of tissue developmental events.  

In conclusion, loss of BMAL1 or reduction in CLOCK protein limited the size and reduced the ability of 
mammary epithelial cells to form acini in 3D cultures. The reduced ability of cells to form acini was marked by a 
reduction in cellular polarity, as evident in TEM images. Polarization is mediated by the coordination of spatial-
temporal cues, rather than abundance of cell-cell adhesion proteins. Further studies are now needed to understand the 
role of clocks in the coordination of events needed for mammary tissue morphogenesis. 
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