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Abstract

Zinc is the second most abundant transition metal in humans and an essential nutrient required for 

growth and development of newborns. During lactation, mammary epithelial cells differentiate 

into a secretory phenotype, uptake zinc from blood circulation, and export it into mother’s milk. 

At the cellular level, many zinc-dependent cellular processes, such as transcription, metabolism of 

nutrients, and proliferation are involved in the differentiation of mammary epithelial cells. Using 

mouse mammary epithelial cells as a model system, we investigated the remodeling of zinc 

homeostasis during differentiation induced by treatment with the lactogenic hormones cortisol and 

prolactin. RNA-Seq at different stages of differentiation revealed changes in global gene 

expression, including genes encoding zinc-dependent proteins and regulators of zinc homeostasis. 

Increases in mRNA levels of three zinc homeostasis genes, Slc39a14 (ZIP14) and metallothioneins 

(MTs) I and II were induced by cortisol but not by prolactin. The cortisol-induced increase was 

partially mediated by the nuclear glucocorticoid receptor signaling pathway. An increase in the 

cytosolic labile Zn2+ pool was also detected in lactating mammary cells, consistent with 

upregulation of MTs. We found that the zinc transporter ZIP14 was important for the expression of 

a major milk protein, whey acid protein (WAP), as knockdown of ZIP14 dramatically decreased 

WAP mRNA levels. In summary, our study demonstrated remodeling of zinc homeostasis upon 

differentiation of mammary epithelial cells resulting in changes in cytosolic Zn2+ and differential 

expression of zinc homeostasis genes, and these changes are important for establishing the 

lactation phenotype.
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Introduction

Zinc (Zn2+) is an essential trace element in humans and its importance is underscored by the 

discovery that up to 10% of the proteins encoded by the human genome are predicted to 

contain at least one zinc binding site1. Zinc-dependent proteins play critical roles in DNA 

synthesis, transcriptional regulation, and metabolic processes, and hence are important for 

many cellular functions1,2. Zinc homeostasis refers to the process by which Zn2+ is acquired, 

distributed and maintained in tissues and cells, and homeostasis is dynamically regulated to 

meet the specific need for Zn2+ by proteins under different biological conditions. Many of 

the key players in mammalian Zn2+ homeostasis have been identified. These players include 

transporters (genes Slc39a1–14 encode ZIP proteins and genes Slc30a1–10 encode ZnT 

proteins) that are responsible for the import and export of Zn2+ across the plasma membrane 

and intracellular organelle membranes, buffers such as metallothioneins (MTs) that have 

been suggested to regulate labile Zn2+ levels in cells, and transcription factors, such as 

MTF-1, that regulate expression of MTs and Zn2+ exporters2,3. While we know many of the 

proteins involved in mammalian Zn2+ homeostasis, we still lack a comprehensive picture of 

how cells sense and regulate Zn2+ availability and how the cooperative action of Zn2+ 

transporters, buffers and transcriptional regulators is coordinated. For example, while 

MTF-1 regulates expression of MTs, ZnT1, and ZnT2, how the expression of other zinc 

homeostasis proteins is controlled in order for cells to respond to shifting Zn2+ needs is 

unclear.

Mammary epithelial cells (MECs) are the basic units of milk production and undergo 

differentiation from a proliferative to a secretory phenotype during lactation in order to 

secrete large amounts of zinc (1–3 mg/day) as well as other nutrients into mother’s milk4. 

Many of the changes in cell physiology that accompany differentiation are zinc-dependent. 

For example, transcriptional remodeling requires zinc-dependent transcription factors, 

proliferation is a zinc-dependent process5, and matrix metalloproteinases (MMPs) are zinc-

dependent enzymes that are secreted by MECs to remodel the architecture of the mammary 

gland and whose expression levels are regulated in a temporal fashion throughout lactation6. 

Previous work has revealed that the level of total Zn2+ and the expression level of many 

Zn2+ transporters is altered in the mouse lactating mammary gland during lactation 7,8. 
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However, a comprehensive global analysis of the changes in Zn2+ homeostasis and Zn2+-

dependent molecular processes over the course of differentiation has not been carried out.

In this study, we used HC11 cells as a model system to define changes in Zn2+ homeostasis 

in lactating MECs. HC11 mouse mammary epithelial cells can be differentiated into a 

secretory phenotype upon treatment of lactogenic hormones (prolactin and cortisol) and 

have been widely used to recapitulate molecular and cellular processes in lactating 

MECs9,10. In order to provide a comprehensive picture of how Zn2+ homeostasis and Zn2+-

dependent processes change over the course of differentiation, we performed next-

generation RNA sequencing of HC11 cells to examine global changes in gene expression. 

Our analysis identified that the majority of zinc homeostasis genes were differentially 

regulated at a late stage of cell differentiation. Secondly, we quantified the labile cytosolic 

Zn2+ pool over the course of HC11 differentiation using genetically-encoded Zn2+ FRET 

sensors and discovered a 50% increase in cytosolic Zn2+ in differentiated cells. Lastly, we 

identified that a cortisol-induced transporter, ZIP14, contributes to the increase of cytosolic 

Zn2+ level and is important for the mRNA expression of whey acid protein, a major milk 

protein, suggesting an important association between zinc homeostasis and milk production.

Methods

Chemicals and reagents

Tris (2-pyridylmethyl) amine (TPA) was purchased from Sigma-Aldrich (catalog number 

723134) and diluted with dimethyl sulfoxide (DMSO) to prepare 20 mM stock solutions. 

Stock solutions (5 mM) of 2-mercaptopyridine N-oxide (pyrithione, Sigma-Aldrich, catalog 

number 188549) were prepared in DMSO. Nuclear staining was achieved with NucBlue 

Live ReadyProbes Reagent (Thermo Fisher, catalog number R37605) for live cells or 

Hoechst 33258 (Sigma-Aldrich 861405) for fixed cells. An aqueous ZnCl2 solution (1 mM) 

was diluted in phosphate-free HEPES-buffered Hanks’ balanced salt solution (HHBSS, 1.26 

mM CaCl2, 1.1 mM MgCl2, 5.36 mM KCl, 137 mM NaCl, 16.65 mM D-glucose, and 30 

mM HEPES, pH 7.4) to make a 200 μM ZnCl2 stock solution. An insulin stock solution (4 

mg/mL) was purchased from Life Technologies (catalog number 12585014). Human 

recombinant epidermal growth factor (EGF, VWR 47743–566) was prepared as a 10 μg/mL 

stock solution in water. Prolactin (Sigma-Aldrich L6520) was prepared as a 5 mg/mL stock 

solution in water. A stock solution (138 μM) of hydrocortisone (Sigma-Aldrich H0888) in 

absolute ethanol was also prepared. Trace-metal grade nitric acid (65% −70%) was 

purchased from FLUKA (02650). For ICP-MS experiments, Y standard solution (10 ppm) 

was purchased from Inorganic Ventures (IV-stock-53–125 mL), Ga standard solution (1000 

ppm) was purchased from Inorganic Ventures (ICP - CGGA1–125ML) and Zn standard 

solution (1000 ppm) was purchased from VWR (Cat. No. RCMSZN1KN-100).

Cell culture

HC11 cells were grown and maintained in proliferation (P) medium (RPMI supplemented 

with 10% (v/v) fetal bovine serum (FBS), 1% (v/v) penicillin/streptomycin (pen/strep), 10 

ng/mL EGF and 5 μg/mL insulin). To induce cell differentiation, 4 × 105 cells were plated in 

a 35-mm dish (or 1 × 106 cells in a 10-cm dish) in proliferation medium. Cells reached 
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confluency after 3 days. Cells were maintained in resting (R) medium containing RPMI, 2% 

FBS (v/v), 1% pen/strep (v/v), 5 μg/mL insulin for one additional day, then treated with 

differentiation (D) medium containing 2% FBS, 1% pen/strep, 5 μg/mL insulin, 5 μg/mL 

prolactin, and 1 μM hydrocortisone for up to 6 days. Differentiation medium was changed 

every 2 days. In P media the cells doubled every 36 hr. Proliferation was generally inhibited 

when the media was switched to R. The differentiated cells exhibited different morphology 

compared to cells treated with R for the same time period. Differentiated cells were clumpier 

and more clustered, as observed in previous studies11,12. Samples were collected at the 

following time points for downstream analysis: P day 2 (cells growing in proliferation 

medium for 2 days since plated), R day 1 or day 6 (cells growing in resting medium for 24 

hr or 7 days), D 12 hr, 24 hr, day 3 and day 6 (cells incubated in differentiation medium for 

the corresponding time).

Lentiviral transduction

HEK293T cells were maintained in RPMI medium supplemented with 10% FBS and 

transfected with lentiviral packaging plasmids and viral expression plasmids (which encode 

the promoter reporter constructs or ZIP14 shRNAs) using the TransIT-LT1 (Mirus Bio) 

reagent following the manufacturer’s instruction. The packaging plasmids were a gift from 

Dr. Hubert Yin (University of Colorado, Boulder), containing pRev, which encodes the 

reverse transcriptase protein (Rev), pMDL, which encodes the Gag and Pol proteins, and 

pVSV-G, which encodes the Env protein. Medium was changed at 24 hr after transfection. 

By day 3 after transfection, medium was filtered using a 0.22 μm filter and the virus-

containing medium supplemented with 8 μg/mL of polybrene was added to HC11 cells. 

After 3 days, puromycin (3 μg/mL) was added to HC11 cells to select for cells with stable 

expression of exogenous genes. Cells that survived puromycin selection were recovered in 

proliferation medium and stored in liquid nitrogen for future use.

shRNA knockdown (KD) of ZIP14

Four individual ZIP14-targeted shRNA constructs were stably expressed in HC11 cells using 

lentiviral transduction (Genecopoeia, Cat. No. LVRU6MP-MSH038111–31,32,33,34). 

Transduced cells were selected by puromycin and expression of a red fluorescence protein 

(mCherry) marker using flow cytometry. The efficiency of ZIP14 KD was examined by RT-

qPCR.

RT-PCR and RT-qPCR

HC11 cells were trypsinized and harvested. Cell pellets were stored at −80 °C after flash 

freezing in liquid nitrogen until use. RNA purification, DNA removal and reverse 

transcription were performed following manufacturer’s protocols. Specifically, RNA was 

purified with the RNeasy Mini Kit (QIAGEN, Cat. No. 74106); DNA was removed by 

DNaseI treatment (Thermo Scientific Cat. No. EN0525); RNA was reverse transcribed to 

cDNA using oligodT primers (Invitrogen, Cat. No. 18418012) and the Omniscript RT Kit 

(QIAGEN, Cat. No. 205113). RNase inhibitor (RNaseOUT Recombinant Ribonuclease 

Inhibitor, Invitrogen, Cat. No. 10777019) was supplemented in all reaction mixtures to 

inhibit RNA degradation. The synthesized first-strand cDNAs were then used as templates in 

the RT-PCR or RT-qPCR reactions. RT-PCR and RT-qPCR reactions were performed using 
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Phusion DNA polymerase (NEB, Cat. No. M0530S) and SYBRTM Green PCR Master Mix 

(Applied Biosystems, Cat. No. 4367659), respectively, following manufacturer’s protocols. 

Quantitative analysis of relative expression of target genes normalized to reference genes 

using qPCR data was performed with the Pfaffl method as previously described13. Detailed 

information including RT-qPCR protocols, primer sequences and quantification method 

(standard curve, efficiency) are provided in Supporting Information.

Western blotting

HC11 cell pellets were resuspended in cold RIPA buffer supplemented with 1 mM 

dithiothreitol (DTT) and a protease inhibitor cocktail (one tablet per 10 mL, cOmplete, 

Roche, Cat. No. 04693159001). The mixture was incubated at 4 °C for 30 minutes on a 

rotator, followed by centrifugation at 14,000 rpm at 4 °C for 30 min. The pellet containing 

cell debris and nuclei was discarded. The protein concentration in the supernatant fraction 

was measured by the BCA assay (PierceTM BCA Protein Assay Kit, Thermo ScientificTM, 

Cat. No. 23225). 15 μg of protein was mixed with 5x SDS-loading dye and denatured at 95 

°C for 5 min (CSN2 immunoblot). The protein mixture was separated in 10% (w/v) 

acrylamide gels for SDS-PAGE and then transferred to PVDF membranes at 80 V for 1 hr. 

The membrane was blocked in 5% (w/v) non-fat milk in 1x TBS-T (1x TBS with 0.1 % 

(v/v) Tween20, pH 7.4) at room temperature for 1 hr. The membrane was incubated with the 

primary antibody in blocking buffer overnight at 4 °C. The next day, the membrane was 

washed with 1x TBS-T for 30 min (10 min x 3 washes) and incubated in secondary antibody 

in blocking buffer at room temperature for 1 hr. Membrane was washed with 1x TBS-T for 

30 min (10 min x 3 washes) again. Blots were developed with the Amersham ECL Prime 

Western Blotting Detection Reagent (GE Healthcare Life Sciences, Cat. No. RNP2232) and 

imaged on an ImageQuant LAS4000 imaging system (GE Healthcare Life Sciences). The 

antibodies used in immunoblotting were as follows: Beta-CSN2: the primary antibody was 

the goat anti-β-casein polyclonal antibody (Santa Cruz Biotechnology, SC-17971), 1:4,000 

dilution; secondary antibody was donkey anti-goat IgG (H+L) secondary antibody (HRP) 

(Novus Biologicals, Cat. No. NB7357), 1:40,000 dilution. ACTB: the primary antibody was 

mouse anti-β-actin antibody (Sigma, A2228), 1:10,000 dilution; secondary antibody was 

goat anti-mouse IgG (H+L) secondary antibody (HRP) (Novus Biologicals, Cat. No. 

NB7539), 1:20,000 dilution.

Immunofluorescence

For immunofluorescence detection of CSN2, HC11 cells were grown on glass coverslips and 

induced to differentiate. Samples were collected at the following time points: P day 2, R day 

1, D 12 hr, 24 hr, day 3 and day 6. Cells were washed with phosphate-buffered saline (PBS) 

three times and then fixed in 4% paraformaldehyde (PFA) in PBS for 45 min in the dark at 

room temperature. Cells were washed with PBS three times, followed by incubation with 20 

mM NH4Cl in PBS for 5 min at room temperature. Samples were stored in PBS at 4 °C until 

use. For permeabilization of the cell membrane, cells were incubated with 0.2% Triton 

X-100 in PBS solution for 15 min at room temperature, followed by washing 3x with PBS 

and blocking in 5% bovine serum albumin (BSA) for 45 min. Cells were washed with PBS 

three times and then incubated with primary antibody (goat anti-β-casein polyclonal 

antibody, Santa Cruz Biotechnology, SC-17971, 1:10 dilution) at room temperature for one 
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hr. Cells were washed with PBS three times and then incubated with secondary antibody 

(donkey anti-goat IgG-FITC, Santa Cruz Biotechnology, SC-2024, 1:20 dilution) at room 

temperature for one hr. Cells were then washed with PBS three times. To stain nuclei, cells 

were incubated with 1 mg/mL Hoechst 33258 in H2O for 30 seconds at room temperature 

and then washed with PBS three times prior to mounting on glass slides.

CSN2 immunofluorescence images were acquired on a Nikon A1R laser scanning confocal 

microscope equipped with the Nikon Elements software platform, Ti-E Perfect Focus system 

with a Ti Z drive, using a 100x oil objective (NA 1.45) and the following channels: CSN2 

(green) (488 nm laser line, PMT gain: 45 or 110, pinhole size: 1 or 4 AU, emission filter: 

525/50 nm); Hoechst 33258 (blue) (405 nm laser line, PMT gain: 80 or 95, pinhole size: 1 

AU, emission filter: 450/50 nm).

RNA-Seq

To prepare samples for RNA-Seq, three biological replicates of HC11 cells were trypsinized 

and harvested. Cell pellets were stored at −80 °C after flash freezing until use. RNA was 

extracted with the RNeasy Mini Kit (QIAGEN, Cat. No. 74106). DNA was removed by 

DNaseI treatment (Thermo Scientific Cat. No. EN0525). RNA samples were then submitted 

to the BioFrontiers Next-Gen Sequencing Core Facility at University of Colorado for library 

construction and sequencing. Specifically, libraries were prepared using the NEXTflex 

Rapid Illumina Directional RNA-Seq Library Prep Kit with polyA enrichment (Bioo 

Scientific). Sequencing was performed on the NextSeq platform using paired-end reads 

(High Output, 2 × 75). After sequencing, read quality was assessed using FastQC (version 

0.11.2). Illumina adapters were trimmed using Trimmomatic 0.32 in paired-end mode 

(HEADCROP:10). Reads were then mapped to the mm10 genome (downloaded from NCBI) 

using Tophat 2.0.6 with the options {b2-very-sensitive -p 12 -r 240 --mate-std-dev 105 –

library-type fr-secondstrand} 14. Mapped reads were counted using HTSeq (version 0.6.1)15 

with the options {-f -r -s -m intersection-strict}. Differential expression of genes was 

analyzed using the R(version 3.4.1) package DESeq2 (version 1.16.1)16. The expression 

levels of Zn2+ homeostasis genes were represented as transcripts per million mapped reads 

(TPM) using the following equation: TPM = 106 × A × 1
∑ A , A = (total reads mapped)/

(gene length in kilo bp). Gene ontology (GO)-derived functional annotations were analyzed 

using DAVID 6.8 with GOTERM_BP_DIRECT (BP: biological processes), 

GOTERM_MF_DIRECT (MF: Molecular Function) and KEGG Pathways. Enrichment of 

biological processes and pathways was ranked based on the adjusted p-value (Benjamini 

score) associated with each annotation term, with a lower score indicating more significant 

enrichment.

All raw next-generation sequencing data files and processed data files used to draw 

conclusions are available at the Gene Expression Omnibus.

Inductively coupled plasma mass spectrometry (ICP-MS)

All ICP-MS samples were spiked with known amounts of two internal standard elements, 

Yttrium (Y) and Gallium (Ga), to correct technical or human errors. The ion counts of zinc 

(Zn) in each sample measured by ICP-MS were corrected by the ratio of measured Y or Ga 
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(ppb) to the known amount of Y or Ga (ppb). The Zn ion counts were then converted to parts 

per billion (ppb) using a Zn standard curve. The Zn ppb signal was normalized to total cell 

number to compare Zn in different samples. To prepare the HC11 cells for ICP-MS, 10 × 

106 cells were trypsinized and harvested in 15 mL metal-free conical tubes (VWR, 89049–

172) and then cell pellets were dried at 50 °C in a fume hood overnight. The next day, 200 

μL of Trace-metal grade 65% Nitric Acid (FLUKA, 02650) was added to cell pellets and the 

mixture was heated in boiling water for 30 minutes. After the samples cooled down to room 

temperature, the nitric acid concentration in samples was corrected to 2 % using chelex-

treated Milli-Q water. 5 ppb of Y and 5 ppb of Ga were added to each sample as internal 

standard elements. Samples were submitted for ICP-MS analysis to the LEGS Lab at CU 

Boulder. Zn (ppb) was converted to the concentration ([Zn]) of Zn per cell. Detailed 

protocols and data analysis are presented in Supporting Information.

Measurement of labile cytosolic Zn2+ using NES-ZapCV2

An HC11 cell line stably expressing the cytosolic Zn2+ sensor NES-ZapCV217 was 

generated using the PiggyBac transposase system (System Biosciences) following the 

manufacturer’s instruction. Fluorescence imaging was performed on a Nikon Ti-E wide-field 

fluorescence microscope equipped with Nikon elements software, an iXon3 EMCCD 

camera (Andor), mercury arc lamp, and FRET (434/16 excitation, 458 dichroic, 535/20 

emission), CFP (434/16 excitation, 458 dichroic, 470/24 emission), and YFP (495/10 

excitation, 515 dichroic, 535/20 emission) filter sets. To perform a titration experiment, 

fluorescence intensities of FRET, CFP and YFP channels of a randomly selected 

cytoplasmic region (cytosol) and a region without cells (background) were recorded every 

40 seconds for ~ 3 min in the resting state. The FRET ratio was calculated as (FRETcytosol - 

FRETbackground) / (CFPcytosol – CFPbackground) and all ratios were then averaged to acquire 

the resting ratio (R). Cells were then treated with 150 μM TPA (Zn2+ chelator) for an 

extended time (~ 20 min) to ensure that FRET R decreased and stabilized. The minimum 

ratio, Rmin, was acquired by averaging ratios of the last 3 time points of TPA treatment. 

After cells were washed twice with phosphate-free HHBSS buffer, a mixture of pyrithione (a 

Zn2+ ionophore, final concentration 0.75 μM) and ZnCl2 (final concentration 20 μM) was 

added to cells until the FRET ratio increased and reached a plateau. The maximum ratio, 

Rmax, was calculated by taking the mean of all ratios measured in the plateau phase. The 

labile Zn2+ concentration was calculated using this equation: [Zn2+] = Kd × [(R-Rmin) / 

(Rmax-R)] 1/n. For the NES-ZapCV2 cytosolic sensor, the Kd = 2.3 nM and the Hill 

Coefficient (n) = 0.532 17. Alternatively, the labile Zn2+ concentration can be represented as 

the fractional saturation (FS) of the sensor, which was defined as FS = (R - Rmin) / (Rmax – 

Rmin). Cells with a dynamic range (Rmax / Rmin) in the range of 1.5 – 2.5 were selected for 

analysis.

Promoter reporter assay

The promoter reporter assay designed to test promoter activity in response to hormone 

treatment was performed using the Secrete-Pair Dual Luminescence Assay Kit 

(GeneCopoeia) following the manufacturer’s instructions. The CSN2 promoter was 

amplified from the HC11 cell genome using the NucleoSpin BloodXL kit (MACHEREY-

NAGEL, ref 740950.50) and inserted into multiple cloning site 1 (MCS1) of the pEZX-
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LvGA01 vector (GeneCopoeiaTM, catalog No. ZX107) 5’ upstream of the Gaussia 

Luciferase (GLuc) ORF. The 983-bp promoter sequence includes a ~900 bp fragment 

upstream of the transcription start site (TSS) and a ~100 bp fragment downstream of the 

TSS. The TSS position was acquired from the Eukaryotic Promoter Database (EPD). 

Primers sequences are: Csn_Fwd 5’ 

TCTGATGAATTCTCTGTAATTACTATTATTAAAAAGATTAATGTTTGTTAAG 3’; 

Csn_Rev 5’ ATCAGAACCGGTCTAGTATGCATTTGAAATAATGAAAATGATATTTC. 

This vector also constitutively expresses an internal control reporter, SEAP (secreted 

alkaline phosphatase). Both GLuc and SEAP can be secreted into cell media upon being 

synthesized. The promoter activity is reported using the ratio of GLuc signal to the SEAP 

signal. HC11 cell lines stably expressing promoter constructs were generated using lentiviral 

transduction and selected for successful transduction by puromycin. To determine the 

promoter activity in response to lactogenic hormone treatment, 4 × 105 HC11 stable cells 

were plated in a 35 mm dish in the proliferation media (2 mL) for 3 days and then cultured 

in the resting media (2 mL) for one more day. Cells were then treated with the lactogenic 

hormones for 6 days with fresh media replaced every 2 days. For luciferase analysis, 200 μL 

of media was collected at 4, 18, 24 hr, day2, 3, 4, 5 and 6 post hormone treatment. 200 μL of 

fresh media was added back to cell culture to compensate for the volume change after media 

collection. All samples were frozen at −20 °C. The GLuc and SEAP catalyzed luminescence 

reactions were performed using the Secrete-Pair ™ Dual Luminescence Assay Kit 

(GeneCopoeia) following the manufacturer’s instructions. Luminescence was recorded using 

a BioTek Synergy H1 hybrid plate reader (gain: 200; integration time: 3 s). 2 biological 

replicates were utilized at each time point and 3 technical replicates were measured for each 

biological replicate.

Results

Characterization of HC11 cell differentiation

The murine mammary epithelial cell line HC11 has been widely used as an in vitro model 

system to investigate mammary cell differentiation18–20. The cell line was isolated from the 

COMMA-1D mammary epithelial cell line9 which was established from the mammary 

tissue of BALB/c mice in the middle of pregnancy21, and the expression of several milk 

genes can be induced by a combination of lactogenic hormones (prolactin and cortisol) 

without the requirement of any matrix protein9,10. HC11 cells were differentiated using a 

previously established protocol9,22 (Figure 1A). The progression of differentiation was 

characterized by measuring the expression of two lactation markers casein (CSN2) and whey 

acid protein (WAP) in samples from the proliferation state (P day2), resting state (R day1) 

and upon treatment with prolactin and cortisol, representing the differentiation state (D 12 

hr, day1, day3 and day6). Csn2 and Wap mRNA were not detected until 3 days after 

hormone treatment and the mRNA levels of both genes further increased at day 6 after 

treatment (Figure 1B). CSN2 protein levels, as detected by Western blotting, appear at 3 

days after treatment and increase further 6 days after treatment, paralleling the mRNA 

signature (Figure 1C). To examine differentiation at the single cell level, 

immunofluorescence of CSN2 protein expression was performed over the course of 

differentiation. The total number of cells and number of cells that stained positively for 
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CSN2 expression were manually counted and the percentage of cells with detectable CSN2 

expression was quantified. CSN2 expression was essentially undetectable in P day2 (0.00%) 

and R day1 samples (0.08%) (Figure 1D). After hormone treatment, the percentage of cells 

with detectable CSN2 was as follows: D 12 hr (0.74%), day 1 (0.68%) and day 3 (13.4%) 

samples. By day 6 after hormone treatment, CSN2 expression was detected in almost every 

cell (95.5%). Although it took 3 days of hormone treatment to detect the steady-state mRNA 

and protein level of lactation markers, using a luciferase promoter assay, gene transcription 

from the CSN2 promoter was initiated by 18 hr of hormone treatment and transcriptional 

activity continued to increase from day 1 to day 6 post lactogenic hormone treatment (Figure 

1E).

Changes in global gene expression at 24 hr and 6 days post hormone treatment

To define how treatment with lactogenic hormones remodeled global gene expression of 

mammary epithelial cells, next-generation RNA sequencing (RNA-Seq) was performed on R 

day1 (control), D day1 (early stage differentiation) and D day6 (later stage differentiation) 

samples, with 3 biological replicates for each condition. The expression of genes in D day1 

and D day6 samples relative to R day1 samples was analyzed pairwise using DESeq2, 

revealing that 1909 and 8161 genes were differentially expressed at D day1 and D day6 

compared to R day1, respectively (padj < 0.001). Figure 2A shows volcano plots depicting 

statistical significance vs. fold change of the differentially expressed genes. The genes that 

were differentially expressed by more than 2-fold are highlighted in red, with 1132 genes at 

day 1 and 2943 genes at day 6 post hormone treatment, which account for 4.5% or 11.7% of 

25059 total mouse genes.

To gain insight into the biological functions and pathways that were altered upon 

differentiation, gene ontology (GO)-derived functional annotations of the downregulated and 

upregulated genes at day 1 and day 6 (fold change > 2, padj < 0.001) post-hormone treatment 

were analyzed using DAVID 6.8 with GOTERM_BP_DIRECT (BP: biological processes) 

and KEGG Pathways (Figure 2B, Supp Info RNAseq). Cell cycle and cell division processes 

were significantly downregulated at day 1, and further downregulated at day 6 post-hormone 

treatment, consistent with the shift away from a proliferation phenotype. The major 

biological processes and pathways that were upregulated in the early stage of differentiation 

D day1 were cell adhesion, ECM-receptor interaction and protein digestion and absorption. 

By D day6, pathways involved in cell metabolism and secretion were upregulated, such as 

protein digestion and absorption, ion transport and absorption, and lysosome. Overall, RNA-

Seq revealed that lactogenic hormone treatment temporally altered the activities of different 

biological processes in mammary epithelial cells. A full list of regulated GO and KEGG 

terms is included in the Supporting Information RNAseq file.

Zinc-dependent genes are differentially expressed upon differentiation

To explore how the expression of zinc-regulatory and zinc-dependent genes were modulated 

by lactogenic hormone treatment, the differentially expressed genes at day 1 and day 6 post 

hormone treatment (fold change > 1.5, padj < 0.001) were analyzed using DAVID 6.8 with 

UniProt (UP)_Keywords. According to the definition of the keyword “Ligand” (KW9993) in 

the Uniprot database, the UP_Keyword “Zinc” (KW0862, which is in the “Ligand” 
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category) was assigned to genes when the translated gene products (i.e. proteins) bind, are 

associated with, or have activity that is dependent on zinc. In D day1 samples, 96 out of 942 

(10.2%) downregulated genes and 46 out of 761 (6.0%) upregulated genes (fold change 

>1.5) were annotated with the keyword “Zinc”. In D day6 samples, 269 out of 2572 (10.4%) 

downregulated genes and 198 out of 2254 (8.8%) upregulated genes (fold change >1.5) were 

annotated with “Zinc” (Figure 3A). The differentially expressed “Zinc”-annotated genes at 

D day6 were then sorted based on fold change or padj. Interestingly, two zinc transporters, 

Slc39a8 (ZIP8) and Slc39a14 (ZIP14), were reported among the top 10 genes with highest 

fold change or lowest padj respectively (Table S6).

To further examine functional categories of differentially expressed zinc-dependent genes, 

the functional annotations of downregulated and upregulated genes in D day1 and D day6 

samples (fold change > 1.5, p < 0.001) were analyzed using GOTERM_BP and 

GOTERM_MF_DIRECT (MF: Molecular Function), as described previously (Figure 3, 

Supporting Information_RNAseq). GO_MF terms “metal ion binding” and “zinc ion 

binding” are excluded, as all of the zinc-dependent genes bind zinc/metal and therefore those 

terms are enriched in each comparison. Upon hormone treatment, 15 zinc-dependent 

biological and molecular processes are enriched at D day1, including intracellular signal 

transduction, DNA/protein binding, regulation of gene transcription, and metabolic enzyme 

activities (Figure 3A, 3B). At D day6, 55 zinc-dependent processes are enriched, including 

cell signal transduction, transcription, protein ubiquitination and metabolic enzyme 

activities. Interestingly, GO enrichment analysis demonstrated that “zinc II ion transport” 

(GO_BP), “cellular zinc ion homeostasis” (GO_BP) and “Zinc ion transmembrane 

transporter activity” (GO_MF) are upregulated at day 6 post hormone treatment, indicating 

that zinc transport and distribution may also be altered upon hormone treatment. A full list 

of regulated GO and KEGG terms is included in the Supporting Information RNAseq file.

Zinc homeostasis genes are differentially expressed upon differentiation

Zn2+ homeostasis is regulated by Zn2+ transporters, Zn2+ buffering protein metallothioneins 

(MTs) and the metal-responsive transcription factor 1 (MTF1)23. To understand how cell 

differentiation regulates zinc homeostasis, we used our RNA-Seq data to analyze how 

known zinc regulatory genes change upon differentiation. Because many Zn2+ transporters 

are expressed at low levels, we first examined the average transcripts per million mapped 

reads (TPM) for each Zn2+ regulatory gene (Figure 4A). Genes with TPM < 1 were not 

included in differential expression analysis because the expression level was deemed too low 

to be reliable. Twenty Zn2+ homeostasis genes with TPM > 1 were detected in all conditions 

and analyzed for differential expression using DESeq2. Two genes, ZIP4 and ZIP11, were 

differentially regulated at D day1 (Figure 4B). After 6 days of hormone treatment, 14 genes 

were differentially expressed. Among these, 3 genes encodeding ZIP transporters were 

downregulated, while 11 genes encoding 5 ZIPs, 3 ZnTs, 2 MTs and MTF1 were 

upregulated. These results demonstrate that expression of Zn2+ homeostasis genes is 

remodeled upon treatment with lactogenic hormones, consistent with previous studies using 

RT-qPCR8, and reveal that Zn2+ homeostasis is more dramatically altered at a late stage of 

cell differentiation. For downstream analysis of how hormones affect zinc homeostasis 

genes, ZIP14, MT1 and MT2 were chosen as targets because of their relatively high 
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expression level and fold change in D day6 samples compared to that observed in resting 

cells.

Cortisol increases the steady-state level of ZIP14, MT1 and MT2 mRNAs

Two lactogenic hormones, prolactin and cortisol, were used to initiate HC11 cell 

differentiation. These two hormones function through different signaling pathways and we 

wanted to determine which was most influential in remodeling Zn2+ homeostasis. To 

examine the role of each hormone in regulating the mRNA levels of Zn2+ homeostasis 

genes, HC11 cells were cultured in proliferation media or resting media as in the 

differentiation protocol and then treated with prolactin (Prl), cortisol (Cor), or both 

hormones (Prl + Cor) for 6 days. Cells were collected at day 1 post treatment with resting 

media (R day1), and day 6 post treatment with hormone(s) (Prl day6, Cor day6 and Prl+Cor 

day6). To eliminate the possibility that the higher levels of mRNA for Zn2+ homeostasis 

genes resulted from extended culturing, we also collected cells that continued to grow in the 

resting media for another 6 days (R day6). Using RT-qPCR, expression of ZIP14, MT1 or 

MT2 was analyzed and normalized to two reference genes: beta actin (ACTB) and ribosomal 

protein S9 (RPS9). CSN2 was used as a positive control because its mRNA expression was 

strongly activated by the treatment of prolactin and cortisol, as shown previously9. Cortisol 

was the primary factor that increased the steady-state level of ZIP14, MT1 and MT2 mRNAs 

(Figure 5A). Prolactin treatment alone had no effect on the mRNA levels of ZIP14, MT1 and 

MT2. On the other hand, cortisol treatment alone (Cor day6) significantly increased the 

expression of ZIP14, MT1, and MT2 compared to their expression level in R day1, R day6 

or P day6 samples. Finally, there was no significant difference in the mRNA levels of ZIP14, 

MT1 and MT2 between the cells treated with cortisol alone (Cor day6) and the cells treated 

with both hormones (Prl+Cor day6).

To examine whether cortisol affects the mRNA level of ZIP14, MT1 and MT2 via the 

canonical glucocorticoid receptor (GR) signaling pathway, HC11 cells were treated with a 

GR antagonist RU486 to competitively inhibit receptor binding with cortisol24. The optimal 

dosage of RU486 was determined by supplementing differentiation media with different 

amounts of RU486 and quantifying the mRNA of MT2 by RT-qPCR under each condition. 

MT2 was used as a positive control for cortisol dependence because previous work showed 

cortisol increased MT2 mRNA levels and RU486 abolished the effect24. Treatment with 100 

nM RU486 significantly lowered the MT2 mRNA level compared to vehicle and 10 nM 

RU486 treatment (p < 0.0001), while there was no difference between 100 nM and 1 μM 

(Figure 5B). It was noteworthy that 100 nM RU486 did not reduce the mRNA level of MT2 

to the basal level observed in the R day1 samples. To assess the effect of RU486 on the 

mRNA level of MT1 and ZIP14, HC11 cells were treated with the differentiation media 

supplemented with 100 nM RU486 for 6 days and the relative expression of ZIP14 and MT1 

was determined using RT-qPCR. The steady-state ZIP14 mRNA level was lowered by 

RU486 treatment compared to the vehicle group, but it was still higher than that of basal 

level in the R day1 samples (Figure 5C). The effect of RU486 on MT1 mRNA level was 

inconclusive due to the variance of the results (Figure 5D). When normalized to RPS9, the 

MT1 mRNA level in the vehicle-treated and RU486-treated samples was significantly 

different. However, when normalized to ACTB, the difference in MT1 mRNA level between 
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the vehicle-treated and the RU486-treated groups was not statistically significant (p = 

0.0499). Overall, these data show that a competitive GR inhibitor significantly abrogated the 

cortisol-induced increase in expression of ZIP14 and MT1, indicating that cortisol induces 

these genes at least partially via the nuclear GR signaling pathway.

Total Zn2+ doesn’t change, but labile cytosolic Zn2+ increases over the progression of cell 
differentiation

Our observation that MTF1, MTs, and Zn2+ transporters are differentially expressed at a 

later stage of cell differentiation (day 6 after hormone treatment) led us to hypothesize that 

total or cytosolic labile Zn2+ might be altered. To determine total cellular Zn2+ over the 

course of differentiation, HC11 cells were treated with lactogenic hormones and Zn2+ was 

measured at different time points using ICP-MS, an elemental analysis technique that 

measures total metal in a bulk sample. We observed that total Zn2+ did not change over the 

progression of cell differentiation (Figure 6A). Labile Zn2+ in the cytosol was measured 

using NES-ZapCV2, a genetically-encoded Zn2+ FRET-based ratiometric sensor that 

localizes to the cytosol17. To quantify cytosolic Zn2+, an in situ calibration was performed to 

acquire the resting FRET ratio (R), the minimum ratio (Rmin) after treatment with the Zn2+ 

chelator TPA, and the maximum ratio (Rmax) after treatment with the ionophore pyrithione 

and Zn2+ (Figure 6B). Statistical analysis revealed that cytosolic Zn2+ did not change at 12 

or 24 hr post hormone treatment, but an increase in Zn2+ was detected in the D day3 samples 

compared to the resting state R day1 (R day1, 140 ± 30 pM; D day3, 170 ± 35 pM, p < 

0.0005), with a further increase at day 6 post hormone treatment (D day6, 210 ± 60 pM, p < 

0.0001 vs. R day1 or D day3). Combined with the result that the mRNA and protein 

expression of two differentiation markers (CSN2 and WAP) increased on day 3 of hormone 

treatment (Figure 1), our data suggest that higher cytosolic Zn2+ is positively associated with 

the progression of cell differentiation.

ZIP14 contributes to increased cytosolic Zn2+ and upregulation of WAP at day 6 post 
hormone treatment

Cytosolic labile Zn2+ is balanced between influx (regulated by ZIPs), efflux (regulated by 

ZnTs), and buffering (regulated largely by MTs) to stay at an optimal level. What defines the 

set-point of labile Zn2+ in cells is not well understood, but Zn2+ transporters have been 

shown to alter Zn2+ in different cellular compartments24–27. We wanted to perturb the 

changes in Zn2+ homeostasis upon differentiation in order to examine how Zn2+ might 

impact the differentiation phenotype. While there were changes in multiple transporters 

(both increases and decreases) upon differentiation, the 5-fold increase in ZIP14 expression 

was intriguing because of the overall high expression level of this trasporter. To explore how 

ZIP14 expression affected cytosolic Zn2+ levels, ZIP14 was knocked down using two 

shRNAs targeting different regions of ZIP14 mRNA and cytosolic Zn2+ was examined in D 

day6 cells using the NES-ZapCV2 sensor. HC11 cells stably expressing ZIP14 shRNA-1, 

ZIP14 shRNA-2 or scrambled control (SC) shRNA were treated with lactogenic hormones 

for 6 days and ZIP14 mRNA expression was quantified by RT-qPCR (Figure 7A). ShRNA-1 

and −2 lowered the ZIP14 mRNA expression by 27% and 34%, respectively (ZIP14/ACTB 

in SC cells: 1.00 ± 0.11; shRNA-1 cells: 0.73 ± 0.07; shRNA-2 cells: 0.66 ± 0.07). As 

shown in Figure 7B, the cytosolic Zn2+ concentration was significantly lower in ZIP14 KD 
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cells compared to control cells. The lower concentration in shRNA-2 cells is consistent with 

the fact that shRNA-2 lowered ZIP14 mRNA level more than shRNA-1. Importantly, 

treatment with shRNA essentially abolished the increase in Zn2+ upon differentiation, 

providing a window to explore how Zn2+ and a key Zn2+ transporter could influence the 

differentiation phenotype.

To investigate the role of ZIP14 in mammary cell differentiation and lactation, the mRNA 

expression of differentiation markers CSN2 and WAP was measured in ZIP14-KD cells 

using RT-qPCR. HC11 cells stably expressing ZIP14 shRNA-1, ZIP14 shRNA-2 or 

scrambled control (SC) shRNA were treated with lactogenic hormones for 6 days. ZIP14-

KD did not change the steady state CSN2 mRNA level (Figure 7C). However, WAP mRNA 

expression decreased significantly in ZIP14-KD cells, with a greater effect by shRNA-2 

(Figure 7D). With WAP relative expression in SC cells normalized to 1.00, the WAP 

expression level was 0.41± 0.06 (WAP/ACTB) and 0.35 ± 0.07 (WAP/RPS9) in ZIP14 

shRNA-1 KD cells, 0.13 ± 0.02 (WAP/ACTB) and 0.12 ± 0.02 (WAP/RPS9) in ZIP14 

shRNA-4 KD cells. This result suggests that ZIP14 specifically, and Zn2+ homeostasis in 

general, plays an important role in the induction of WAP mRNA but not CSN2 mRNA in 

differentiated mammary cells. This finding is surprising because WAP and CSN2 are 

induced by the cooperative and synergistic action of prolactin-activated JAK-STAT signaling 

and cortisol-activated glucocorticoid receptor (GR) signaling. Despite the similarities, other 

researchers have reported differences in the underlying mechanism of transcription 

regulation of the two genes. For example, cortisol alone is able to effectively induce WAP 

transcription but has little effect on CSN2 expression, whereas prolactin alone was sufficient 

to induce CSN2 but not WAP transcription28,29. Additionally, a transcriptional factor, 

nuclear factor 1(NF1) was found to be essential in the transcriptional activation of WAP 

along with the cooperation with STAT5 and GR30. An intriguing study revealed that NF1 

binds and activates MT1 in a Zn2+-inducible and MTF-1 dependent manner, suggesting an 

important link between NF1 and zinc homeostasis31. How Zn2+ homeostasis affects WAP 

but not CSN2 transcription is unknown and requires further investigation.

Discussion

The HC11 cell line is a well-established model system to recapitulate systematic changes in 

molecular and cellular processes of mammary epithelial cells during lactation. Previous 

transcriptomic studies using microarray32,33 and next generation RNA sequencing34 

demonstrated global changes in gene expression in HC11 cells upon lactogenic hormone 

treatment. However, these studies only examined HC11 cell differentiation at day 3 after 

lactogenic hormone (prolactin and cortisol) treatment and therefore were unable to 

distinguish the cellular and molecular changes occurring at an early versus late stage of cell 

differentiation. Our RNA-Seq analysis revealed that 1132 genes (~ 4.5% of the mouse 

genome) were differentially regulated at 24 hr after treatment, consistent with a global 

change at an early stage of cell differentiation. GO_BP enrichment and KEGG pathway 

analysis of these 1132 genes suggested two major suppressed cellular functions are mitosis/

cell division and cell cycle. For example, Cdk1 (Cyclin-dependent kinase 1) is a central 

player in driving mammalian cell cycle through G2/M phase35 and its expression was 

decreased by more than 3 fold at 24 hr (p < 0.0001). The major functional clusters that are 
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regulated by differentiation hormones include cell adhesion, ECM-receptor interaction, cell 

cycle and division, which could play important regulatory roles in the preparation for cell 

differentiation.

Not surprisingly, by D day6, a higher number of biological processes/pathways were 

affected, including downregulation of pathways such as cell division, cell replication and a 

few signaling pathways (e.g. p53 and PI3K-Akt signaling pathways), as well as upregulation 

of ion transport and absorption, Lysosome and metabolism (protein digestion and 

absorption). The majority of the above processes/pathways are strongly overlapping with 

published transcriptomic studies where cells underwent 3-day treatment32–34. Nonetheless, 

our analysis uniquely identified enrichment of Endoplasmic Reticulum (ER) unfolded 

protein response (UPR) pathway in upregulated genes at D day6. During lactation, 

mammary gland epithelial cells synthesize a large quantity of proteins, which leads to the 

accumulation of unfolded proteins in the ER. A few key UPR factors (e.g. XBP1 and ATF4) 

have been demonstrated to be upregulated in the lactating mammary gland36,37. 

Furthermore, knockdown of ATF4 or XBP1 in HC11 cells suppressed the gene expression of 

beta-casein and the lactogenic hormone receptor38, suggesting an essential role of the UPR 

in HC11 cell differentiation. In our study, enrichment of the UPR pathway and higher 

expression of essential UPR factors (33-fold increase of XBP1, 6.7-fold increase of ATF4, 

2.7-fold increase of ATF6 Supporting Information_RNAseq) are consistent with previous 

studies and suggests that the UPR is upregulated during the differentiation of HC11 cells.

Using RNA-Seq, we also discovered that the majority of zinc homeostasis genes (14 out of 

20 detected) and 467 zinc-dependent genes were differentially regulated by D day6. A 

number of studies have interrogated the regulation of expression and functional roles of 

select zinc transporters (i.e. ZnT2, ZnT4 and ZIP3) in differentiated HC11 cells39–42. For 

example, the expression of ZnT2 was shown to be activated by prolactin, and ZnT2 was 

proposed to import Zn2+ into the secretory pathway in differentiated HC11 cells, suggesting 

a role for ZnT2 in Zn2+ secretion into the milk lumen39,40. Additionally, ZnT4 and ZnT5 

have been shown to be functionally related with milk production. A ZnT4 nonsense-

mutation in lethal milk mice resulted in low zinc concentration in milk, and pups exclusively 

fed with the lethal milk die even before weaning43. In addition, reduced mRNA expression 

of ZnT5 was identified in breastfeeding women producing zinc-deficient milk44.The most 

comprehensive study examined the mRNA and protein levels of all Zn2+ transporters in 

lactating versus non-lactating mouse mammary glands, revealing a number of changes in 

Zn2+ homeostasis upon lactation8. However, this study profiled changes in the entire 

mammary gland, which contains multiple cell types45, and it focused on a single time point, 

as opposed to monitoring changes over the course of differentiation. Still, these prior studies 

provide an important foundation for our study, by demonstrating significant changes in Zn2+ 

transporter expression during differentiation.

In addition to changes in Zn2+ transporters, changes in labile Zn2+ levels have been 

previously detected upon differentiation. Specifically, an accumulation of Zn2+ in lysosomes 

and vesicular bodies was detected using small-molecule fluorescent Zn2+ dyes in HC11 cells 

at 16–24 hr post hormone treatment7,46, suggesting a redistribution of intracellular Zn2+ 

among organelles during lactation. Here, we found two Zn2+ homeostasis genes and 142 
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Zn2+-dependent genes with altered expression at day 1, and 11 Zn2+ homeostasis genes and 

467 Zn2+-dependent genes by day 6, suggesting that Zn2+ homeostasis starts to be 

remodeled at day 1, but is not complete until later stages of differentiation.

In exploring what causes the expression changes in key zinc regulatory genes, we 

demonstrated that cortisol, but not prolactin, increased the mRNA levels of ZIP14, MT1 and 

MT2. At first glance this was surprising given that Zn2+ can interact with prolactin and 

induce aggregation47,48. However, careful consideration of the concentrations of Zn2+ and 

prolactin in our media conditions reveals that the concentration of prolactin in our media is 

very low (0.2 μM) and most of the Zn2+ in the media is complexed with serum albumin49, 

which binds Zn2+ more tightly than prolactin50,51. Therefore, we speculate that the Zn2+-

prolactin interaction isn’t relevant in our model system. The induction of ZIP14 and MT2 

was at least partially mediated by the classical nuclear glucocorticoid receptor (GR) 

signaling pathway. However, treatment with GR-specific antagonist RU486 did not 

completely abolished the mRNA increase of ZIP14 and MT2 in differentiated cells 

compared to resting cells, suggesting that another signaling pathway may also play a role in 

induction of these genes. In addition to the nuclear GR signaling pathway, recent studies 

have shown that cortisol can also activate cell surface receptors52–55 or crosstalk with other 

signaling pathways (e.g. JAK-STAT)24,56 which may contribute to the induction of ZIP14 

and MT2. Additionally, it has been reported that ER stress and UPR responses induce ZIP14 

expression57,58. UPR factors ATF4 and ATF6 directly bind the ZIP14 promoter and induce 

ZIP14 transcription in human and mouse57,59. Therefore, it is plausible that ATF4 and ATF6 

directly enhance the transcription of ZIP14 in mammary cells, though how cortisol and UPR 

are correlated is unknown.

Zn2+ is an important structural and/or functional cofactor for ~10% of human proteins1. 

Therefore, it is reasonable that cytosolic labile Zn2+ would increase to meet the structural or 

functional needs of the upregulated cytosol-localized zinc-dependent proteins during 

mammary cell differentiation. Among the list of upregulated zinc-dependent genes at D 

day6, we found genes which reportedly encode cytosolic proteins that play important or 

essential roles in cell differentiation or lactation, including the vitamin D receptor (VDR)60, 

Peptidylglycine alpha-amidating monooxygenase (PAM)61 and Tristetraprolin (TTP)62–64, a 

zinc-finger mRNA-binding protein encoded by ZIP36. TTP is highly expressed in 

differentiated mammary cells and the lactating mammary gland62,63. The importance of TTP 

in mammary cell function is underscored by the observation that a knockout of TTP in mice 

led to mammary cell death and underweight pups62. The concurrent increase of cytosolic 

Zn2+ and expression of the cytosol-localized zinc-dependent proteins exemplifies a 

mechanism of how cells temporally remodel zinc homeostasis to regulate protein function 

under different biological processes.

Conclusion

In conclusion, we comprehensively examined zinc homeostasis regulation at multiple levels 

over the course of HC11 mammary epithelial cell differentiation. We detected differential 

expression of a majority of zinc transporters and an increase in cytosolic Zn2+. We 

discovered that ZIP14 played a significant role in increasing cytosolic Zn2+ in differentiated 
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cells, and that Zip14 expression was important for WAP expression and may play important 

biological roles in mammary epithelial cells differentiation or lactation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance to Metallomics

In this manuscript we take a global approach to examine how transformation from a 

proliferative to a differentiated secretory state alters zinc levels, zinc regulatory genes, 

and zinc dependent pathways in mammary epithelial cells. This work provides insight 

into how epithelial cells remodel zinc homeostasis during lactation while also shedding 

light on the regulation of zinc transporters themselves.
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Figure 1: Characterization of HC11 cell differentiation upon hormone treatment.
(A) Outline of the differentiation protocol (P, proliferation media; R, resting media; D, 

differentiation media). (B) RT-PCR of control gene actin (ACTB) and differentiation 

markers casein (CSN2) and whey acid protein (WAP). Left: Agarose gel showing intensity 

of PCR signal over the course of differentiation; Right: mean values of relative expression of 

CSN2 and WAP normalized to ACTB. n.d., not detected. Each diamond represents a 

biological replicate. (C) Immunoblot of CSN2 and ACTB protein expression at different 

time points. Left: SDS-PAGE blot and Right: mean values of relative protein expression 
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(CSN2 normalized to ACTB). n.d., not detected. Each diamond represents a biological 

replicate. (D) Immunofluorescence of casein protein expression at the single cell level. Left: 

representative fluorescence images. Green: CSN2; Blue: Nucleus. Scale bar, 40 μm. Right: 

Quantification of immunofluorescence. Percentages represent cells with CSN2 expression 

divided by the total cell number. Counts are from 2 independent experiments. (E) Dual 

luciferase reporter assay of the transcriptional activity of the CSN2 promoter at different 

time points post hormone treatment. The Gaussia Luciferase (GLUC) signal was normalized 

to the signal of the constitutively expressed secreted alkaline phosphatase (SEAP) (n = 2). 

Error bars represent standard deviation.
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Figure 2. Global differential expression at day 1 and day 6 post hormone treatment.
(A) Differentially expressed genes identified from DEseq2 (padj < 0.001), as plotted in 

volcano plots. Genes upregulated or downregulated with fold change > 2 are labeled as red 

dots. (B) Functional annotation of upregulated and downregulated genes was performed 

using DAVID GOTERM_BP_DIRECT or KEGG pathway annotations. Select GO terms 

(adjusted p < 0.05) or KEGG pathways (adjusted p < 0.05) in either the D day1 or D day6 

samples are visualized in the bar plot.
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Figure 3. Gene Ontology functional enrichment of zinc-dependent genes differentially expressed 
at day 1 and day 6 post hormone treatment.
Analysis of functional annotations of upregulated and downregulated zinc-dependent genes 

(DEseq2: fold change > 1.5 and padj < 0.001) was performed using DAVID with 

GOTERM_BP_DIRECT (A) and GOTERM_MF_DIRECT (B) annotations. Enriched GO 

terms (adjusted p < 0.05) in either D day1 or D day6 sample are visualized in the bar plot.
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Figure 4. Differential expression of zinc homeostasis genes.
(A) Mean TPM values from 3 independent biological replicates for zinc homeostasis genes 

under resting and differentiated conditions. Each dot represents a biological replicate. Error 

bars represent standard deviation among 3 biological replicates. (B) Mean log2(Fold 

Change) of differentially expressed zinc homeostasis genes upon hormone treatment 

normalized to expression under resting conditions. Only genes with mean TPM > 1 are 

included. Differential expression was analyzed using DESeq2, padj < 0.001. Error bars 

represent lfcSE (log fold change Standard Error) among 3 biological replicates.
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Figure 5. Hydrocortisone increases the steady-state level of ZIP14, MT1 and MT2 mRNAs.
(A) RT-qPCR of CSN2, ZIP14, MT1 and MT2 normalized to either ACTB or RSP9 

reference genes. ** p < 0.0002, *** p < 0.0001, unpaired student’s t-test (n=4). (B) RT-

qPCR of MT2 normalized to either ACTB or RSP9 in resting media or differentiation media 

in the presence or absence of different concentrations of the glucocorticoid receptor 

antagonist RU486 (RU). (C-D) RT-qPCR of ZIP14 (C) and MT1 (D) normalized to either 

ACTB or RSP9 in resting media or differentiation media with 100 nM RU or vehicle (V) 

control. * p < 0.01, unpaired student’s t-test (n=4). For MT1, RU treatment did not 
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significantly affect the mRNA level. Each dot represents a biological replicate. Error bars 

represent standard deviation.
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Figure 6. Measurement of total zinc and labile cytosolic Zn2+ over the progression of cell 
differentiation.
(A) Quantification of the mean of total zinc (n=4) by ICP-MS. The ppb zinc in each sample 

was normalized to the ppb of a spike-in control Yttrium (Y) or Gallium (Ga) and then 

converted to concentration per cell. Each square represents a biological replicate. n.s. not 

significant, one-way ANOVA test with Post Hoc Tukey HSD (n=4). (B) Pseudo-colored 

fluorescence ratio images (FRET / CFP) of HC11 cells expressing the NES-ZapCV2 sensor 

(top) and FRET ratio in the cytosol as a function of in situ calibration (bottom). Images 

represent the resting state (R), post TPA treatment (Rmin) and post pyrithione/Zn2+ treatment 

(Rmax). Scale bar, 10 μm. Data represent mean ± stdv of 10 cells. (C) Quantification of 

cytosolic labile Zn2+ over the progression of differentiation reveals that Zn2+ increases at 

day 3 and day 6 post hormone treatment. The distribution of data is shown in a box plot with 
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the ends of the box representing the upper and lower quartiles. * p < 0.0005; ** p < 0.0001, 

one-way ANOVA test.
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Figure 7. ZIP14 increases cytosolic Zn2+ at D day6 and activates WAP mRNA expression.
(A) The relative expression of ZIP14 normalized to ACTB in ZIP14 knockdown (KD) cells 

expressing two different shRNAs compared to scrambled control shRNA. (B) Cytosolic 

Zn2+ concentration in ZIP14 KD cells compared to control cells at 6 days post hormone 

treatment. Each dot represents a single cell and black line represents the mean value of each 

group. Error bar represents standard deviation. **, p< 0.0001, one-way ANOVA test with 

Post Hoc Tukey HSD (n > 9). (C-D) ZIP14 knockdown depressed the mRNA expression of 

WAP (D) but had no effect in the CSN2 mRNA level (C) in D day6 cells. Relative mRNA 

level in (A, C, D) was determined using RT-qPCR and mean values are represented by bar 

plots with each dot representing a biological replicate. *, P < 0.05; **, p < 0.001, unpaired 

student’s t-test (n=4).
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