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Zinc is the second most abundant transition metal in mammals and an essential 

nutrient required for growth.  Coupled with the biological significance of zinc, zinc 

homeostasis needs to be tightly controlled because too little zinc leads to zinc 

deficiency and too much zinc is toxic.  Unfortunately, most of our understanding of zinc 

homeostasis regulation to date was obtained using non-physiological manipulation via 

external supplementation or depletion of zinc, which can cause non-specific side 

effects.  A systematic study of zinc homeostasis regulation under physiological condition 

is needed for a better understanding of how mammalian cells balance zinc distribution 

to fulfill biological functions.  In this study, I hypothesized that the mammary epithelial 

cells (MECs) distribute and utilize zinc differently during cell differentiation to meet the 

altered need for zinc among subcellular compartments, as well as to actively secrete 

zinc into mother’s milk on a daily basis.  Using a mouse MEC cell line (HC11) as a 

model system, the differential expression of zinc-dependent and zinc-homeostasis 

genes during cell differentiation was systematically examined using RNAseq.  My 

findings reveal an increase of lysosomal Zn2+ and cytosolic Zn2+ at the early and late 

stage of differentiation, respectively.  Importantly, I discovered that the induced 

expression of ZIP14, a cortisol-induced zinc transporter responsible for importing Zn2+ 

into cytosol, was crucial for the production of the most important milk protein (WAP), 

which suggested a link between zinc homeostasis and milk production. 
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Chapter 1 

 

Introduction 
 

1.1 Publication status and author contributions 

Han, Y. and Palmer, A. E. Recent advances in the hormonal regulation of zinc 

homeostasis. Critical Reviews in Biochemistry and Molecular Biology. Invited review. 

Manuscript in preparation. 

1.2 Importance of zinc in human health 

1.2.1 Zinc as an essential factor for protein structure and function 

Zinc is the second most abundant trace metal element in human body after iron1.  

Zinc is redox-inert in biological systems and functions as a Lewis acid, which makes 

zinc an important structural and catalytic cofactor of proteins in biological reactions2.  

Zinc coordinates proteins via binding to oxygen, nitrogen and sulfur donors from the 

side chains of histidine, glutamate/aspartate, and /or cysteine.  For example, in the 

classical Cys2His2 zinc-finger motif, zinc stabilizes the folded motif by interacting with 2 

cysteine (Cys) and 2 histidine (His) residues.  Zinc-finger containing proteins are 

essential in many molecular processes such as DNA-protein binding, protein folding and 

assembly, RNA packaging, etc3.  As a catalytic cofactor, zinc dynamically coordinates 

water, substrate complexes, and/or transient reaction intermediates in the active site of 

enzymes4.  In fact, zinc is present as a catalytic cofactor in 4 main enzyme classes4–6, 

illustrating a central role of zinc in catalysis. 
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1.2.2 Zn2+ as a second messenger 

In cell signaling cascades, extracellular first messengers, such as hormones, 

antigens and neurotransmitters, bind and activate signaling receptors, leading to the 

production or a transient increase of concentration of small-molecule intracellular 

second messengers7,8.  Second messengers then activates downstream targets to 

amplify signals in signaling pathways.  Classical examples of second messengers are 

cyclic 3’5’-adenosine monophosphate (cAMP), diacylglycerol (DAG), inositol 

trisphosphate (IP3) and calcium (Ca2+)7,8.  For example, upon ion channel activation by 

external stimuli, Ca2+ release from ER to cytosol results in a transient increase of 

cytosolic labile Ca2+ concentration from 100 nM to 500-1000 nM9,10.  Ca2+ signal is 

detected by calmodulin (CaM), an endogenous Ca2+ sensor.  Ca2+-binding induces a 

conformational change of CaM allowing interaction of CaM with over 300 partner 

proteins11.  

Zn2+ has been suggested as a second messenger / signaling transducer12,13.  A 

transient or stable/homeostatic change in intracellular Zn2+ level (zinc signal) can be 

induced by external stimulus.  For example, a intracellular Zn2+ increase was detected 

in primary monocytes after minutes of treatment with Escherichia coli, LPS, Pam3CSK4, 

TNF-α, or insulin14,15.  Upon treatment with a steroid hormone to induce cell 

differentiation, intracellular Zn2+ levels in HL-60 cells (a myeloid cell line) diminished at 

24 hr post hormone treatment and declined even further at 48 hr and 72 hr16.  Targets of 

Zn2+ signals have been suggested to include phosphodiesterases (PDE)17,18, 

phosphatase (PTP)19,20 and protein tyrosine kinase (PTK)21,22, all of which are central 

players of cell signaling processes.  However, the role of Zn2+ as a second messenger 
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remains inconclusive because firstly, a Zn2+-binding messenger molecule that can 

amplify Zn2+ signals, like calmodulin in calcium signaling, has not been identified22;  

secondly, there is no strong evidence showing endogenous Zn2+ released upon external 

stimuli directly regulates downstream targets in signaling pathways.  Current 

understanding of the role of Zn2+ as an intracellular second messenger is acquired from 

in vitro assay or mammalian cell studies in which cells were supplemented with Zn2+ / 

Zn2+ ionophore (pyrithione)17–20,23.  However, Ho23 showed that the addition of pyrithione 

along with Zn2+ was essential for the inhibition of ERK2 phosphorylation in mouse 

hippocampal neuronal cells (HT22), whereas Zn2+ had no effect.  Collectively, the role 

of Zn2+ as a second messenger is still questionable and requires stronger evidence. 

1.2.3 Zinc in the mammary gland and lactation 

Zinc plays important biological roles in the normal function of major organs in 

human body (e.g. prostate, pancreas, endocrine, exocrine, brain)24,25.  Here, I focused 

on the importance of Zinc in the mammary gland and lactation because it is closely 

related with my thesis research.  The mammary gland undergoes intense morphological 

and functional changes during pregnancy and lactation, and many of those processes 

are Zinc  dependent.  For example, LIM-ONLY-4 (LMO 4) is a LIM-domain-containing 

zinc finger protein and transcription factor26.  Lmo4 promotes mammary gland 

proliferation and negatively regulates mammary cell differentiation in a temporal fashion, 

with its level peaking in late pregnancy but withdrawing through lactation27.  Lmo4-/- 

mice developed immature mammary gland proliferation and reduced milk production27.  

GATA3 is also a zinc-binding transcription factor and plays crucial roles in modulating 

mammary gland morphogenesis and maintaining luminal cell differentiation in 
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lactation28,29.   Additional evidence of the importance of zinc in regulating mammary 

gland morphology is the role of the zinc-dependent matrix metalloproteinases (MMPs).  

The mammary gland expands extensively during pregnancy and lactation, which 

involves the degradation and remodeling of extracellular matrix tissue by MMPs.  It has 

been shown that MMP3 and MMP7 are upregulated during mammary gland 

expansion30,31.   In conclusion, zinc-dependent proteins are essential in the remodeling 

of mammary gland during pregnancy and lactation. 

Zinc is also an essential nutrient for newborns. Some breast-fed newborns with 

zinc deficiency can develop severe dermatitis, diarrhea and hair loss32–34.  Neonatal zinc 

deficiency has been attributed to the aberrant expression of some members of the Zn 

transporter (ZnT) family.  For example, ZnT2 mutants with single-nucleotide mutations 

have been identified in women with low milk zinc concentration34–36.  In addition, 

reduced mRNA expression of ZnT5 and ZnT6 were identified in breastfeeding women 

producing zinc-deficient milk37.  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 weaning38.  These studies suggest that the ZnT transporters play important roles 

in the secretion of zinc into mother’s milk during lactation.  However, the underlying 

detailed mechanism by which zinc is secreted into milk is still poorly understood. 

 

1.3 Regulation of zinc homeostasis in mammalian cells 

Intracellular zinc level needs to be tightly controlled because too little zinc leads 

to zinc deficiency and too much zinc is toxic.  Mammalian cells contain hundreds of µM 

total zinc with the majority of zinc stably bound to proteins and a small pool of labile 
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Zn2+ that is buffered by small-molecules, peptides and proteins39.  Measuring labile Zn2+ 

using genetically encoded fluorescent sensors revealed the uneven distribution of labile 

Zn2+ with low hundreds of pM in nucleus and cytosol and 0.1-1 pM in mitochondria, ER 

and Golgi39. 

The precise control of zinc levels (i.e. zinc homeostasis) is regulated at least in 

part by zinc transporters, zinc buffering (metallothioneins) and the metal-responsive 

transcription factor 1 (MTF1)22.  In this study, these key players of zinc homeostasis are 

defined as zinc homeostasis genes. Zinc transporters localize to cell and organelle 

membranes to regulate the distribution and transport of zinc among subcellular 

compartments.  Twenty-four zinc transporters have been identified in humans, including 

14 Zrt-, Irt-like protein (ZIP) family transporters and 10 Zn transporter (ZnT) family 

transporters2.  The functions of ZIPs and ZnTs are opposite: ZIPs transport Zn2+ into 

cytosol whereas ZnTs mobilize Zn2+ out of cytosol2.  The expression and intracellular 

localization of zinc transporters are regulated dynamically during different cellular 

processes.  The subcellular localization of zinc transporters was summarized in Table 

1.1.  ZnT9 was not included because it is supposed to not have zinc transport activity, 

due to the lack of a crucial histidine in the zinc-binding site2.   
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Table 1.1 Subcellular localization of zinc transporters 
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Thionein (T) is a small protein (61-68 amino acids) that binds up to 7 zinc ions 

with high affinity (Kd = 0.32 pM at pH 7.4)85, whereby zinc binding leads to the formation 

of metallothionein (MT).  Despite its high Zn2+ binding affinity, MTs also transfer Zn2+ to 

apoproteins and apoenzymes.  With its dual functions, T/MT serves as a Zn2+ reservoir 

that can bind excess Zn2+ and release Zn2+ under conditions of Zn2+ depletion86,87.  

Indeed, MT1 and MT2 null mice are more sensitive to zinc deficiency and zinc toxicity 

compared to control mice88.  The intracellular Zn2+ buffering capacity of MTs was 

supported by the evidence that the ratio of MT to T increased with the total and free 

Zn2+ concentrations in human colon cancer cells89.  An increase in Zn2+ also induced 

the expression of thionein which provides the cell with a greater capacity to buffer Zn2+ 

89.  Zn2+ release from MTs to apoproteins is triggered by intracellular redox-active 

reagents (e.g. disulfide and selenium compounds), and affected by the redox state of 

cells90.  Zn2+ release from MTs by glutathione disulfide (GSSG) has been well 

characterized and will be used as an example to illustrate the principle here.  GSSG 

was first identified as the cellular ligand to interact with rabbit MT2 coupled with Zn2+ 

release by Maret91.  Jiang87 further showed that GSSG-induced Zn2+ release from 

human MT1 and MT2 to zinc-depleted sorbitol dehydrogenase operated in a similar 

manner.  GSSG enhanced the rate of Zn2+ release and increased the number of 

released Zn2+ atoms87.  The effect of GSSG was dependent on its concentration and 

augmented by the presence of GSH, even though GSH inhibited MT- Zn2+ release in 

the absence of GSSG87.  This suggests that the cellular GSG/GSSH ratio potentially 

serves as a driving force for the mobilization and transfer of MT- Zn2+ to apoenzymes87.  

Subsequent to these studies, the oxidative stress-induced MT-Zn2+ release has been 
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demonstrated in neuronal cells92–95.  To date, the list of cellular reactive species that can 

activate MT-Zn2+ release has been expanded to disulfide87,91, selenium87,96, oxidative 

reagents93,97,98 and nitric oxide99,100. 

MTF1 is a zinc-sensing transcription factor that is conserved from insects to 

animals and plays important roles in the regulation of gene expression upon stimulation 

with heavy metal and oxidative stress101.  MTF1 senses increases in cytosolic Zn2+ via a 

zinc-sensing motif and then translocates to the nucleus, where MTF1 binds short 

consensus DNA sequences called metal response elements (MREs) to regulate the 

transcription of downstream genes.  Eighteen genes have been identified in human 

and/or mouse as major direct targets of MTF1-induced transcription activation via 

MTF1-MREs binding in their promoters101.  The major functions of the 18 genes are 

metal transport and homeostasis, redox homeostasis, liver development and cell 

differentiation101.  It is noteworthy that MTF1 is essential for life, as MTF1-KO (knockout) 

mice die at an embryonic stage because of liver degeneration102,103.  Among zinc 

homeostasis genes, most MTs and 3 zinc transporters (ZnT1, ZnT2, Zip10) contain 

MREs in their promoters, and have been shown to be regulated by MTF158,78,104.  Most 

genes with MREs, including MTs, ZnT1 and ZnT2, are transcriptionally upregulated by 

MTF1; however, ZIP10 transcription was repressed by excess zinc and MTF1, possibly 

because its MRE is located 17 bp downstream of the transcription start site leading to 

RNA Pol II stalling78.  Even though only a small pool of genes is directly regulated by 

MTF1, more genes are affected by the indirect regulation of MTF1105.  A recent study 

revealed that the expression of ~130 genes was affected by MTF1 knockdown but MRE 

sequence was not enriched in their promoters105.  Furthermore, this study showed that 
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MTF1-regulated gene expression of MTs and ZnT1 is on top of a hierarchy of zinc 

homeostasis regulation: MTF1 increases the expression of MTs and ZnT1 in response 

to elevated Zn2+ and then MTs and ZnT1 buffer or transport intracellular Zn2+ to curtail 

the effect of Zn2+ increase on the expression of other genes105.  In summary, 

mammalian cells have developed sophisticated networks to regulate zinc homeostasis, 

in order to maintain the appropriate zinc level for cell function and vitality.  

In spite of all the studies mentioned above, our understanding of zinc 

homeostasis regulation is still very limited with many hypotheses that need to be 

addressed in future.  For example, how cells regulate zinc homeostasis systematically 

to handle fluctuations of endogenous Zn2+, and how cells utilize the Zn2+ signals to fulfill 

biological functions remain to be addressed.  

1.4 The expression and functional modification of zinc homeostasis genes  

1.4.1 The expression and functional modification of zinc transporters 

Numerous studies have demonstrated that the steady-state expression (mRNA 

or protein) of zinc transporters can be upregulated in response to several stimuli, such 

as ER stress, cytokine, hormone and hypoxia47,106–110.  Regulation of expression can 

occur at the transcriptional level58,111–114, or at the post-transcriptional level via 

alternative splicing, as observed with ZnT2 in mouse mammary epithelial cells60 and 

ZnT5 in Chinese hamster ovary cells115.  The protein translated from those mRNA 

variants localized to different intracellular compartments, suggesting unique function of 

each variant60,115.  In addition, microRNA silencing has been shown to repress ZIP5 and 

ZIP8 expression116,117.  In the case of ZIP8, it is a direct target of a microRNA-488 and 

ZIP8 silencing resulted in reduced cartilage degradation117.  Compared to normal 
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cartilage, the microRNA-488 level was significantly lowered in osteoarthritis (OA) patient 

cartilage, which caused cartilage degradation117.  Combined, these studies reveal that 

there are multiple layers of regulation of zinc transporter mRNA.  While there are 

examples of transcriptional regulation, alternative splicing, and microRNA targeting for a 

handful of transporter genes, the picture is far from completed as there is little to no 

information on many of the transporters. 

Zinc transporters can also be regulated by post-translational modification 

including glycosylation, phosphorylation and ubiquitination.  Glycosylated variants of 

human ZIP4118,119 and ZIP8120 have been reported; however, the function of 

glycosylation in ZIP8 is not necessary for zinc transport120.  The functional implication of 

glycosylation in ZIP4 has not been identified.  Zinc transporters can also be 

phosphorylated at one or more sites, as seen with ZnT1, ZnT3, ZnT6, ZIP3, ZIP6, ZIP7, 

ZIP8 and ZIP10121.  For example, phosphorylation of ER-localized ZIP7 on S275, S276, 

S293 and T294 resulted from activation of protein kinase CK2 (PKCK2), and 

phosphorylation of all 4 sites was necessary for full activation of downstream signaling 

pathways including AKT, P13K, MAPK and MTOR122.  However, whether 

phosphorylation of ZIP7 induces a release of Zn2+ from the ER to cytosol is still 

inconclusive, as an increase of cytosolic labile Zn2+ was not detected using a cytosol-

targeted Zn2+ FRET sensor upon activation of PKCK2 by treatment with epidermal 

growth hormone (EGF)123.  Zinc transporters can also be post-translationally modified 

by ubiquitination.  When HEK293 cells were challenged with excess Zn2+, ZIP4 was 

shown to be ubiquitinated and targeted for ubiquitin–proteasome degradation (UPD) 

pathway to protect cells from zinc toxicity118.  Similar regulation was also reported for 
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the yeast Zn2+ transporter ZRT1124.  Finally, dysfunction of ZIP13, which is responsible 

for the human Ehlers-Danlos syndrome (EDS)125, is also associated with ubiquination.  

The aberrant ubiquitination of two ZIP13 mutant proteins in human EDS led to the 

degradation of ZIP13 and altered zinc homeostasis, suggesting the therapeutic potential 

of targeting UPD of ZIP13125.  Collectively, various post-translational modifications have 

been identified in a few zinc transporters and some modifications play important roles in 

cellular process.  It remains unclear that whether all zinc transporters are modified post-

translationally and whether the modifications are biologically functional. 

1.4.2 The expression and functional modification of metallothioneins (MTs) 

There are 4 classes of human MTs (MT 1 to 4) comprising 11 functional isoforms 

with 8 MT1 isoforms (MT1 A, B, E, F, G, H, M and X), 1 MT2 (also known as MT2A), 1 

MT3 and 1 MT4126.  MT1 and 2 are universally present in many tissues and enriched in 

liver and kidney127.  MT3 expression is limited to the brain and male reproductive 

organs127.  MT4 is exclusively expressed in stratified squamous epithelia128.  Various 

expression patterns of MT1 isoforms have been detected in human cancers127.  The 

expression of MTs can be induced by heavy metal treatment via the activation of MTF1, 

oxidative stress, and glucocorticoid hormones101,129.  The induction of MTs by 

glucocorticoid hormones will be discussed later in this chapter.  Additionally, MT 

expression is also controlled by epigenetic regulation.  In mouse lymphosarcoma and 

rat hepatoma cancer cells, MT1 gene expression was silenced because of the DNA 

methylation in its promoter130,131.  Suppression of methylation using a specific inhibitor 

of DNA methyltransferase (DNMT) activated MT1 expression132.  Furthermore, Zn2+-

induced activation of MT1 transcription by MTF1 involves DNA acetylation.  A histone 
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acetyltransferase p300/CBP has been shown to be recruited by MTF1 upon Zn2+ 

treatment, and knockdown of p300/CBP expression significantly suppressed the 

transcription of MT1 but not ZnT1133.  A further study demonstrated that the formation of 

MTF1 coactivator complex upon Zn2+ exposure resulted in a rapid removal of 

nucleosome at the MT1 promoter to stimulate MT1 transcription134.  

1.4.3 The expression and functional modification of MTF1 

Heavy metals, oxidative stress and hypoxia can increase the steady-state level of 

MTF1 mRNA or protein71,134–141.  The upregulation of MTF1 mRNA was suggested to be 

mediated by post-transcriptional modification, as transcription from the endogenous 

MTF1 promoter and a transfected promoter-reporter fusion construct in mouse fibroblast 

was not induced by heavy metal or oxidative stress142.  MTF1 function is regulated by 

multiple post-translational steps, such as zinc responsive nuclear accumulation, DNA 

binding and formation of an MTF1 transcription activation complex101.  Human and 

mouse MTF1 contain two major functional domains: the DNA-binding domain and 

transactivation domain101.  MTF1 constitutively shuttles between the cytoplasm and 

nucleus and accumulates in the nucleus upon heavy metal treatment and various 

stresses (heat shock, oxidative stress, low pH, etc)143,144.  MTF1 has a nuclear 

localization signal (NLS) and nuclear export signal (NES).  The NLS spans the DNA-

binding domain and NES localizes in the transactivation domain.  The individual NLS or 

NES is not zinc responsive, as chimeric proteins with NLS or NES fused to a protein 

marker were constitutively active independent of zinc treatment, which suggests that the 

zinc-induced nuclear accumulation of MTF1 relies on the intact MTF1 rather than the 

NLS or NES alone103.  
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The DNA-binding of MTF1 is also zinc dependent.  The DNA-binding domain 

contains six Cys2His2 zinc fingers, with zinc fingers 2 - 4 comprising the DNA-binding 

core145.  Zinc sensitivity is mediated by zinc finger 1 as deletion of this motif led to 

constitutive DNA binding in vitro146.  Moreover, fusing MTF1 zinc finger 1 with a 

truncated transcription factor SP1 generated a chimeric protein, the DNA-binding of 

which is dependent on zinc treatment146.  The transactivation domain of MTF1 interacts 

with other transcription factors and mediators to regulate the expression of downstream 

genes.  Nine MTF1 partners have been identified in mouse and/or human including six 

transcription factors (Sp1, HIF-1 alpha, Nrf1, HSF1 and CEBP alpha, USF1), one 

transcription activator and histone acetyltransferase (p300/CBP), one phosphatase 

(PTEN) and one regulator of the Ras signaling transduction pathway (NF1)101, 

implicating the coordinated regulation of gene expression by MTF1 complex.  

1.5 The regulation of zinc homeostasis by glucocorticoid hormones  

Glucocorticoids are essential hormones that are synthesized and secreted by the 

adrenal cortex in response to stress or daily metabolic changes147.  Glucocorticoids act 

on almost every tissue and organ in human body to maintain or restore homeostasis 

upon stimuli147.  Glucocorticoids regulate a wide range of biological processes including 

metabolism, immune system function, skeletal growth, reproduction, cognition and 

cardiovascular function148,149.  Upon cell exposure to glucocorticoids, glucocorticoid 

activates signal transduction pathways to either enhance or repress the transcription of 

downstream genes.  In the classical nuclear glucocorticoid signaling pathway, 

glucocorticoids penetrate cells and then bind the glucocorticoid receptor (GR) in the 

cytosol, leading to a conformational change and nuclear translocation of GR.  GR then 
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binds specific sequences (glucocorticoid response elements, GRE) in the promoter of 

target genes to modulate gene expression150.  The decision of activation or repression 

of gene expression depends on the sequences of GRE151.  In addition to the classical 

glucocorticoid receptor-mediated signaling, a growing body of studies in different 

species have suggested rapid glucocorticoid signaling mediated by putative membrane 

G protein-coupled receptors (GPCRs) and other signaling cascades downstream of 

GPCRs152–159.  For example, the Taker group found out that the activation of a 

stimulatory G protein (Gs)-coupled membrane receptor facilitated the rapid 

glucocorticoid-induced synthesis and release of endocannabinoids from neuroendocrine 

cells157,158.  The cAMP signaling pathways, protein kinase A (PKA) and protein kinase C 

(PKC) are all downstream targets of  membrane GPCR.  It has been shown that the 

rapid glucocorticoid inhibition of voltage-gated calcium signals in PC12 cells involved 

PKA159 and PKC157.  Moreover, the rapid inhibition of excitatory synaptic inputs by 

glucocorticoid relied on the activation of cAMP signaling transduction pathway158. 

It is been demonstrated in various species that glucocorticoids can enhance the 

expression of metallothioneins (MTs), 65Zn uptake, and intracellular zinc levels in 

mammalian cells or in vivo58,160–165.  This effect can be detected after hours (6-24 

hr)161,164,165 or days (10 days)160 of hormone treatment.  A glucocorticoid response 

element (GRE) was found ~7 kb upstream of the MT1 transcription start site (TSS) and 

~ 1 kb upstream of the MT2 TSS, respectively166,167, which drives transcription upon 

binding of activated glucocorticoid receptor.  The amount of intracellular total zinc has 

been shown to increase upon glucocorticoid treatment, as measured by atomic 

absorption spectrophotometry or radioactivity of hormone-induced 65Zn uptake160,164.  
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Furthermore, intracellular labile Zn2+ levels have also been shown to increase upon 

treatment of mouse hippocampal neuronal cells (HT-22)165 and rat pancreatic acinar 

cells (AR42J) with glucocorticoids106.  FluoZin-3 is a small-molecule fluorescence 

sensor for labile Zn2+, and its resting fluorescence increases upon zinc binding168.  

Cellular Zn2+ levels can also be determined using this equation [Zn2+] = Kd x [(F – Fmin) 

/ (Fmax – F)] (Kd = 15 nM)169.  In HT-22 cells, 6 hr of glucocorticoid (10 µM) treatment 

increased the resting fluorescence of FluoZin-3 by ~35% as measured by flow 

cytometry165.  Forty-eight hours of glucocorticoid treatment (0.1 µM) increased 

intracellular labile Zn2+ from ~2 nM to ~ 6 nM in AR42J cells, where fluorescence was 

measured using flow cytometry and then converted to [Zn2+] with the above equation106.  

In both studies, glucocorticoid hormone also augmented the increase in labile Zn2+ upon 

addition of extracellular zinc.  The source of the increased labile Zn2+ is at least partially 

suggested to be an intracellular store, as incubation of cells with a cell-impermeable 

Zn2+ chelator did not affect the increase of Zn2+ upon short-term (6 hr) hormone 

treatment165.  Long-term glucocorticoid treatment (> 20 hr) could potentially change the 

expression profile of zinc homeostasis genes (e.g. zinc transporters) to affect zinc 

uptake from the extracellular environment and intracellular Zn2+ storage.  In polarized 

rainbow trout gill epithelial cells, 20 hr treatment with 1 µM glucocorticoid increased the 

rate of transepithelial zinc transport from the apical side to the basolateral side161, 

suggesting the regulation of zinc transport was a long-term effect after hormone 

treatment.  

Unlike the well-established stimulation of MT expression by glucocorticoid, it is 

poorly understood if hormone treatment also regulates the expression of any of the 24 
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mammalian zinc transporters, although some of the studies discussed above certainly 

hint at the possibility of altered zinc transport.  So far, only ZnT1 and ZnT2 have been 

demonstrated to be upregulated by glucocorticoid treatment.  The steady-state mRNA 

level of ZnT1 increased by ~ 2 fold at 20 hr post glucocorticoid treatment (0.25 µM) in 

rainbow trout gill epithelium161.  Furthermore, glucocorticoid enhanced the effect of zinc 

addition on ZnT1 mRNA upregulation, which was mediated by the glucocorticoid 

receptor (GR) signaling pathway, as treatment with a GR antagonist RU486 abolished 

the enhanced effect of the hormone on ZnT1 mRNA increase161.  However, the 

underlying mechanism of how cortisol induced the ZnT1 mRNA expression is still not 

understood.  The induced expression of ZnT2 by glucocorticoids is better characterized 

in pancreatic acinar cells.  ZnT2 mRNA expression in both primary mouse pancreatic 

acinar cells and rat pancreatic acinar cell line (AR42J) showed a transient increase at 8-

20 hr post glucocorticoid hormone injection or treatment58.  ZnT2 protein expression 

was also upregulated in the primary mouse acinar cells, where mRNA induction was 

mediated by the coordinated activation of GR and STAT5 (signal transducer and 

activator of transcription 5)58. GR and STAT5 were both present on the ZnT2 promoter 

post glucocorticoid treatment as determined by ChIP (chromatin immunoprecipitation). 

Both GR and JAK-STAT5 signaling pathways were required for the activation of ZnT2 

transcription, as specific inhibitors for GR, JAK and STAT5 all abolished glucocorticoid-

induced ZnT2 mRNA expression58. STAT5 is the signal transducer of the JAK-STAT 

signaling pathway and a transcription factor. The requirement of STAT5 in the 

glucocorticoid-induced ZnT2 mRNA transcription suggests a crosstalk between the 

JAK-STAT and GR signaling pathways.  
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In summary, although it is been well established that glucocorticoids can activate 

the expression of metallothioneins (MTs) and induce zinc uptake in mammalian cells, 

very little is known regarding the regulation of zinc transporters by this hormone. 

1.6 The regulation of zinc homeostasis by prolactin  

Prolactin (PRL) is a peptide hormone (~150–200 aa) and is present in all 

vertebrates170.  PRL expression has been found in anterior pituitary gland as well as 

extrapituitary tissues170.  PRL regulates a wide range of biological processes including 

growth and development, reproduction, metabolism and immune system function171.  

PRL is transported by circulatory system and acts on target cells via prolactin receptors 

(PrlR).  PRL binding induces the dimerization of PrlR and activation of Janus kinase 

(JAK)172.  JAK then phosphorylates its substrate STAT5 on tyrosine resides, which 

results in the dimerization and nuclear-translocation of phosphorylated STAT5172.  

STAT5 dimers then bind a specific DNA motif called interferon-γ activation site (GAS) in 

the promoter region of target genes to drive gene transcription172.  

PRL-activated cell signaling is crucial for differentiation of the mammary gland 

during pregnancy and milk synthesis throughout lactation172.  Although the expression 

of many zinc transporters is modulated during lactation80, only one zinc transporter, 

ZnT2, has been shown to be directly regulated by PRL at the transcription level173 and 

post-translational leve174 in mouse mammary epithelial cells.  The ZnT2 promoter 

contains a functional GAS sequence, which is essential for the initiation of ZnT2 

transcription in response to PRL treatment, as deletion of this GAS abolished ZnT2 

mRNA induction by PRL treatment173.  STAT5 was present on the GAS element upon 

PRL treatment173, which suggested the transcription activation was mediated by PRL-
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induced JAK-STAT5 signaling cascade.  PRL also modifies ZnT2 function via 

ubiquitination.  The ubiquitination had dual roles in zinc homeostasis: it first caused a 

transient enrichment of ZnT2 on the membrane of secretory vesicles and a transient 

increase of zinc secretion; later, the ubiquitinated ZnT2 was then targeted for 

degradation174.  However, conflicting results were reported in breast cancer cells, where 

attenuation of PrlR increased ZnT2 protein levels but had no effect in ZnT2 mRNA 

levels57.  Collectively, the modulation of ZnT2 and other zinc homeostasis genes by 

PRL needs to be explored in more detail in normal mammary gland and malignant 

breast cancer tissue. 

1.7 Common techniques to measure total zinc  

The common techniques for quantifying total zinc in biological samples will be 

briefly summarized in this thesis, including (1) atomic absorption spectrometry, (2) 

inductively coupled plasma mass spectrometry, (3) Mass-spectrometry based imaging 

and (4) X-ray fluorescence based imaging.  

Atomic absorption spectrometry (AAP) is a widely used technique in biology or 

chemistry laboratories to measure trace metal levels in a variety of samples160,175–177.  

Samples are first vaporized and then converted to free atoms by flame or electrothermal 

heating methods178.  The free atoms are then exposed to a light source and the 

absorption of light is measured178.  Each atom has a unique absorption spectrum and 

the absorption follows the principle of the Beer’s Law, in which the concentration of the 

analyte metal is proportional to the absorption of the light at a certain wavelength179.  

Compared to AAP, inductively coupled plasma mass spectrometry (ICP-MS) has much 

higher sensitivity (ICP-MS: parts per trillion; AAP: parts per billion)179,180.  Moreover, 
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ICP-MS allows measurement of multiple isotopes in a specimen.  During an ICP-MS 

analysis, samples first are converted to argon plasma by heating181,182.  The generated 

charged ions then pass through a mass detector181,182.  Ionized atoms/isotopes can be 

differentiated by their mass-to-charge ratios (m/z).  

Total metal imaging methods not only allow the quantification but also the 

mapping of metal distribution in a specimen.  Depending on the imaging mechanism, 

the most common total metal imaging methods can be classified into two groups: the 

mass-spectrometry (MS) based imaging and X-ray fluorescence microscopy (XFM).  

With MS based imaging, samples are ablated at thousands of spots using a focused 

laser beam to generate charged ions183,184.  The ions are then separated in mass 

detector based on their m/z and ion counts of each atom are converted into atom 

concentration for that ablation spot184.  The image of metal distribution across the 

biological sample can be constructed using the concentration of the analyte metal in 

each ablation spot.  X-ray fluorescence microscopy (XFM) is based on the characteristic 

X-ray released from atoms upon excitation of a core electron to the continuum by a high 

energy X-ray beam from a synchrotron source183,185.  The emitted X-ray fluorescence 

intensity is proportional to the concentration of each atom183,185.  Because each atom 

has unique and characteristic emission spectrum, XFM allows simultaneous mapping of 

multiple atoms186,187. 

 

1.8 Common Techniques To Measure Labile Zn2+ 

The widely used techniques for measuring labile Zn2+ can be classified into two 

groups: small-molecule fluorescence sensors and protein-based fluorescence sensors.  
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Small molecule Zn2+ sensors are comprised of a fluorophore conjugated with an 

electron-rich metal chelating group.  All commercially available small-molecule Zn2+ 

sensors are intensity-based, meaning that the fluorescence intensity of the conjugated 

fluorophore increases upon Zn2+ binding to the metal chelating group.  When Zn2+ is not 

bound, fluorescence is quenched by the PET (photoinduced electron transfer) 

mechanism between the fluorophore and the chelating group.  The most popular PET-

based probes include TSQ188, Zinquin189, FluoZin-3168 and Newport Green PDX168.  A 

major disadvantage of PET-based sensors is pH sensitivity.  This can be an obstacle in 

understanding zinc biology as an enrichment of labile Zn2+ in acidic vesicular 

compartments have been suggested to play important biological roles in different types 

of cells190–196.  For this reason, the Lippard group developed two reaction-based 

vesicular Zn2+ sensors, SpiroZin1197 and SpiroZin2198.  The reaction-based sensor 

operates via a turn-on mechanism where Zn2+ binding induces a ring-opening reaction 

that converts a non-fluorescent spirobenzopyran to a fluorescent cyanine dye.  Both 

sensors are insensitive to changes in pH between pH 3 and 7197,198. 

Although small-molecule sensors have many advantages such as high dynamic 

range, cell permeable, high intensity183, their application is limited due to the non-

specific intracellular localization and highly variable intensities, which confounds the 

interpretation of Zn2+ measurement199.  Moreover, non-specific accumulation causes 

high intracellular concentration of dye that buffers and perturbs cytosolic Zn2+199.  

Protein-based sensors are genetically encoded, and therefore can be specifically 

targeted to subcellular organelles.  Most protein-based sensors function by FRET 

(Förster resonance energy transfer).  Sensor constructs are made of a FRET donor 
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fluorescent protein (FP), a linker sequence containing Zn2+-binding domain(s), and an 

acceptor FP.  Zn2+ binding induces a conformational change in the sensor, which results 

in an increase or decrease in FRET signals.  Currently, FRET Zn2+ sensors have been 

targeted to all subcellular compartments including plasma membrane, ER, Golgi 

apparatus, mitochondria, nucleus and cytosol39.  However, one limitation of FRET 

sensors is that they utilize two FPs, which limits the multi-color imaging of another 

analyte in the same sample200.  Recently-developed single FP-based Zn2+ sensors 

GZnP1200 and GZnP2201 incorporate a circularly-permuted green fluorescence protein 

(cpGFP) and two zinc finger motifs.  Upon Zn2+ binding, zinc finger motifs interact and 

this interaction induces a conformational change in cpGFP, which results in an increase 

of fluorescence200,201.  However, one substantial limitation of these sensors is their 

sensitivity of pH.  A pH change from 6.5 to 7.5 resulted in a ~ 3-fold increase of sensor 

intensity200, which requires awareness of pH change during Zn2+ measurement.  

Despite this flaw, the single-FP Zn2+ sensors potentially allow multi-color imaging of 

Zn2+ in different organelles simultaneously.   

 

 

 

 

 
 
 

Chapter 2 
 

Remodeling of Zinc Homeostasis In Differentiated Mammary Epithelial Cells 
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2.1 Abstract 

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

nutrient required for growth and development of newborns.  Zinc homeostasis needs to 

be tightly regulated, as zinc excess and zinc deficiency are associated with human 

diseases.  During lactation, mammary epithelial cells (MECs) differentiate into secretory 

phenotype and uptake zinc from blood circulation and export zinc into mother’s milk.  At 

the cellular level, there are many zinc-dependent cellular processes (e.g. transcription, 

metabolism of nutrients) that play important roles in the differentiation of MECs.  Using 

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

zinc homeostasis during differentiation.  We identified changes in global gene 

expression in MECs upon treatment with lactogenic hormones using RNAseq, including 

zinc-dependent genes and some regulatory genes for zinc homeostasis.  Functional 

enrichment analysis of differentially-regulated zinc-dependent genes demonstrated a 

shift in the need for zinc during the switch of cell states.  We further showed that the 

increased mRNA levels of three zinc homeostasis genes, slc39a14 (ZIP14), 

metallothionein (MT) I and II were induced by cortisol but not by prolactin.  The cortisol-

induced increase in the steady state mRNA level of three genes was partially mediated 

by the nuclear glucocorticoid receptor signaling pathways.  An increase in the cytosolic 

labile zinc pool was also detected in lactating mammary cells, consistent with the up- 

regulated mRNA level of MTs.  ZIP14, a major zinc transporter, enriches in a 

perinuclear region in lactating cells, raising the possibility of a release of free zinc into 

cytosol from an intracellular organelle.  ZIP14 is important for the expression of a major 

milk protein, whey acid protein (WAP), as knockdown of ZIP14 dramatically decreased 
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WAP mRNA level.  In summary, we used RNAseq to characterize the regulation of the 

expression of zinc-dependent genes in differentiated mouse mammary epithelial cells.  

We also identified a ZIP14-mediated connection between zinc homeostasis and milk 

protein synthesis for the first time, implying the important role(s) of the regulation of zinc 

homeostasis in lactation. 

2.2 Publication status 

This manuscript is in preparation and will be submitted this summer 2019.  

2.3 Introduction 

Zinc is an essential trace element in humans, and both too much and too little 

zinc have been associated with a variety of health problems or diseases202.  The 

importance of zinc is underscored by the discovery that up to 10% of the proteins 

encoded by the human genome are predicted to contain a zinc binding site203.  In these 

proteins, zinc may stabilize the 3-dimensional protein structure or serve as a catalytic 

cofactor22.  Zinc homeostasis refers to a stable state in which organisms acquire, 

distribute and maintain zinc to ensure a healthy balance.  Zinc homeostasis needs to be 

regulated tightly as suboptimal zinc homeostasis has been associated with many health 

problems and human diseases202.  Patients with nutritional or inherited zinc deficiency 

developed growth and development retardation, skin abnormalities, diarrhea202,204,205.  

Zinc homeostasis is also deregulated in cancer.  For example, it has been 

demonstrated that prostate cancer tissues only have 20 – 40% of zinc compared to 

normal prostate tissue206,207, whereas breast cancer tissues have significantly higher 

zinc level compared to normal breast tissues208,209.  At the cellular level, too much zinc 
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can induce altered mitochondrial metabolism, mitochondrial apoptogenesis and cell 

death210–213. 

Intracellular zinc homeostasis is known to be regulated by at least three classes 

of proteins, including zinc transporters, buffering proteins such as metallothionein 

(MT)/thionein (T) and the zinc-sensing metal transcription factor 1 (MTF1).  Zinc 

transporters localize to cell and organelle membranes to regulate the distribution of zinc 

ions (Zn2+) among subcellular compartments.  Twnety-four Zinc transporters have been 

identified in humans including 14 SLC39A or Zrt-, Irt-like protein (ZIP) family 

transporters and 10 SLC30A or Zn transporter (ZnT) family transporters214.  Zinc 

transporters move Zn2+ across membranes with ZIPs transporting Zn2+ into the cytosol 

and ZnTs transporting Zn2+ out of the cytosol.  It is been shown that the expression of 

some zinc transporters can be regulated by external stimuli at (post)transcriptional and 

(post)translational levels, including mechanisms such as transcriptional activation, 

alternative splicing, protein glycosylation and phosphorylation, and protein 

translocation58,60,111,112,114,118,120,121.  However, a full understanding of expression 

regulation and functional modification of all transporters is still lacking. 

The second major class of proteins that regulate Zn2+ homeostasis is the class of 

buffering proteins called metallothionein (MT)/thionein (T) which are small proteins (61-

68 amino acids) that can bind up to 7 zinc ions85.  Thionein (T) binds Zn2+ when Zn2+ is 

available, which leads to the formation of metallothionein (MT).  The release of Zn2+ 

from MT is triggered by a reaction of the redox-active cysteine sulfur with oxidative 

species90.  The released Zn2+ is then available to bind cellular Zn2+ proteins such as 

zinc-dependent apoenzymes90.  
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Finally, zinc homeostasis is also controlled by the zinc-MTF1 axis.  MTF1 senses 

increases in cytosolic Zn2+ via a zinc-sensing motif and translocates to the nucleus to 

activate transcription of downstream zinc homeostasis genes, including MT1 and MT2 

and zinc transporters ZnT1 and ZnT258,104.  Zn2+ buffering by MT1 and MT2, and Zn2+ 

transport out of cytosol by ZnT1 and ZnT2 can protect cells from Zn2+ toxicity.  MTF1 

isn’t the only regulator of zinc homeostasis, as a number of studies have shown that the 

expression of zinc homeostasis genes are modulated in response to external stimuli 

(e.g. hormone treatment) under different physiological and pathological 

conditions15,46,58,83,215–218.  

Mammary epithelial cells (MECs) undergo dramatic intracellular changes to fulfill 

their biological function during differentiation and lactation.  Among these changes 

include many zinc-dependent cellular processes that play important roles in the switch 

of cell state. For example, two zinc-dependent transcription factors, Lmo4 and Zfp389, 

are upregulated during lactation and are suggested to regulate the proliferation and 

lactation of MECs219–221.  Matrix metalloproteinases (MMPs) are zinc-dependent 

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

and their expression levels are regulated in a temporal fashion throughout lactation25.  

For example, MMP330 and MMP731 expression were upregulated during lactation, 

whereas MMP2222 and MMP11223 were downregulated in the ending stage of lactation.  

Moreover, MECs actively take up zinc from blood circulation and secrete a large amount 

of zinc (1-3 mg/day) into mother’s milk224.  We hypothesize that zinc homeostasis and 

zinc-dependent molecular processes are remodeled in MECs during lactation in 

response to dramatic shifts of cellular needs for zinc.  A number of studies have 
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explored zinc and lactation, but our current understanding is limited to the altered 

expression or localization of zinc transporters and the involvement of some transporters 

in exporting zinc into milk or sequestering zinc into subcellular 

compartments49,60,66,80,173,225.  A systematic study is still needed to fully understand the 

regulation of zinc homeostasis and zinc-dependent processes in lactating MECs.  In this 

study, the transcriptome of differentiated HC11 mouse mammary epithelial cells (MECs) 

was profiled using RNAseq and differential expression of zinc-dependent and zinc-

homeostasis-regulatory genes were analyzed using DESeq2226.  Functional annotation 

and enrichment of the differentially expressed zinc-dependent genes revealed an 

increased need for zinc for transport and a few enzyme classes, and decreased need 

for zinc for DNA/protein binding in secretory/differentiated HC11 cells compared to non-

differentiated cells.  Furthermore, I found out that 15 out of 19 expressed zinc 

homeostasis genes were differentially regulated in the differentiated HC11 cells upon 

lactogenic hormone treatment.  Among these genes, the mRNA level of ZIP14 was 

directly enhanced by cortisol treatment and ZIP14 is responsible for the increase of 

cytosolic Zn2+ level in differentiated HC11 cells.  Furthermore, ZIP14 is important for the 

mRNA expression of whey acid protein, which is a major milk protein, suggesting an 

important association between zinc homeostasis and milk production. 

 

2.4 Experimental methods 

2.4.1 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 
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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).  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).  For ICP-MS experiments, a Zn standard solution 

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

 

2.4.2 Cell culture  

HC11 cells were grown and maintained in the 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 x 105 cells were plated in a 35-mm dish (or 1 x 106 cells in a 10-cm 
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dish) in the proliferation medium.  Cells reached confluency after 3 days.  Cells were 

maintained in the 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 the 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.  The differentiation medium was changed every 2 

days.  Samples were collected at the following time points for downstream analysis: P 

day 2 (cells growing in the proliferation media for 2 days since plated), R day 1 or day 6 

(cells growing in the resting media for 24 hr or 7 days), D 12 hr, 24 hr, day 3 and day 6 

(cells incubated in the differentiation media for the corresponding time). 

2.4.3 Lentiviral transduction 

HEK293T cells were maintained in RPMI media 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.  Media was changed at 

24 hr after transfection.  By day 3 after transfection, media was filtered using a 0.22 µm 

filter and the virus-containing media 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 the proliferation media and stored in liquid 

nitrogen for future use.  
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2.4.4  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).  Successful transduction was 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. 

2.4.5 Reverse transcription polymerase chain reaction (RT-PCR) and quantitative 

reverse transcription PCR (RT-qPCR) 

HC11 cells were trypsinzed and harvested.  Cell pellets were stored at -80 oC 

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 RNease 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 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 described227.  Detailed information 
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including RT-(q)PCR protocols, primer sequences and quantification method (standard 

curve, efficiency) are provided in Appendix A.  

2.4.6 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 oC for 30 

minutes on a rotator, followed by centrifugation at maximum speed (14,000 rpm) at 4 oC 

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 oC for 5 min (CSN2 immunoblot).  

The protein mixture was separated on 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 oC.  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 immunoblot were as follows: Beta-CSN2: the 

primary antibody was the goat anti-β-casein polyclonal antibody (Santa Cruz 
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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.  

2.4.7 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 oC 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 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.  
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For immunofluorescence detection of ZIP14, HC11 cells were grown on glass 

coverslips and induced to differentiate.  Samples were processed on D day 6 and R day 

6. The fixation and permeabilization procedures were the same as above.  Samples 

were incubated with primary antibody (rabbit anti-SLC39a14 antibody, Abcam, 

ab106568, 1:100 dilution) at 4oC overnight and on the following day, cells were 

incubated with secondary antibody (donkey anti-rabbit, 568/600nm, Invitrogen, A10042, 

1:500 dilution) for one hr at room temperature.  

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).  ZIP14 

immunofluorescence images were acquired on a Nikon Ti-E spinning disc confocal 

microscope fitted with a Yokogawa CSU-X1 spinning disc head, equipped with the 

Nikon Elements software platform and Ti-E Perfect Focus system. Cells were imaged 

using a 60x oil objective (NA 1.40) and the following channels: ZIP14 (red) (561 nm 

laser line, EM gain: 300, emission filter: 620/60 nm) and Hoechst 33258 (blue) (405 nm 

laser line, EM gain: 300, emission filter: 482/35 nm).  

2.4.8 RNAseq 

To prepare samples for RNAseq, three biological replicates of HC11 cells were 

trypsinzed and harvested.  Cell pellets were stored at -80 oC after flash freezing until 

use. RNA was extracted with the RNease Mini Kit (QIAGEN, Cat. No. 74106).  DNA 
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was removed by DNaseI treatment (Thermo Scientific Cat. No. EN0525).  RNA samples 

were then submitted to the Next-Gen Sequencing Core Facility at University of Colorado 

BioFrontiers Institute 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 x 75).  After sequencing, read quality 

was assessed using FastQC (version 0.11.2).  Illumina adaptors were trimmed using 

Trimmomatic 0.32 in paired-end mode.  Reads were then mapped to mm10 gtf file using 

Tophat228.  Mapped reads were counted using HTSeq229 with the options {-f  -r  -s  -m 

intersection-strict}.  Differential expression of genes was analyzed using DESeq2226.  

The expression level of zinc homeostasis genes was represented as fragments per 

kilobase per million mapped reads (FPKM) using the following equation: FPKM=  

(number of reads) / (length of region in kilobase × number of mapped reads in millions). 

 

 

2.4.9 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 (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 x 106 cells were trypsinzed and harvested in 15 
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mL metal-free conical tubes (VWR, 89049-172) and then cell pellets were dried at 50 oC 

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 is in Appendix C.  

2.4.10 Measurement of labile cytosolic Zn2+ using NES-ZapCV2 

An HC11 cell line stably expressing the cytosolic Zn2+ sensor NES-ZapCV2230 

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 YFP FRET (434/16 excitation, 458 

dichroic, 535/20 emission), CFP (434/16 excitation, 458 dichroic, 470/24 emission), YFP 

(495/10 excitation, 515 dichroic, 535/20 emission) filter sets.  The FRET ratio (R) of YFP 

FRET intensity / CFP intensity was recorded every 40 seconds over a time course.  To 

perform a titration experiment, the FRET ratio of a randomly selected cytoplasmic 

region in single cell was recorded every 40 seconds for ~ 3 min in the resting state.  All 

FRET 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 
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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.  

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 can be calculated using this equation: [Zn2+]= Kd × [(R-Rmin) / 

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

Coefficient (n) = 0.532230.  Alternatively, the labile Zn2+ concentration can be 

represented as the fractional saturation (FS) of sensors, 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.  

2.4.11 Promoter reporter assay 

The promoter reporter assay designed to test the 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, ZIP14 and 

MT2 promoters were amplified from the HC11 cell genome using the NucleoSpin 

BloodXL kit (MACHEREY-NAGEL, ref 740950.50).  The MT1 promoter was synthesized 

by IDT. All promoters were inserted into the multiple cloning site 1 (MCS1) of the pEZX-

LvGA01 vector (GeneCopoeiaTM, catalog No. ZX107) 5’ upstream of the Gaussia 

Luciferase (GLuc) ORF.  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.  Detailed information about promoter 
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sequences: for CSN2, 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; for ZIP14, the 1850-bp promoter sequence includes a 1349-bp fragment upstream 

of the TSS and a 500-bp fragment downstream of the TSS; for MT1, the 1209-bp 

promoter sequence includes a 956-bp fragment upstream of the TSS and a 122-bp 

fragment downstream of the TSS; for MT2, the 1301-bp promoter sequence includes a 

1000-bp fragment upstream of the TSS and a 300-bp fragment downstream of the TSS.  

The TSS position was acquired from the Eukaryotic Promoter Database (EPD).  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 x 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 use.  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. 
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2.5 Results 

2.5.1 Characterization of HC11 cell differentiation 

The HC11 cell line was isolated from the COMMA-1D mammary epithelial cell 

line231 which was established from the mammary tissue of BALB/c mice in the middle of 

pregnancy232.  The endogenous expression of several milk genes in HC11 cells can be 

rapidly induced by a combination of lactogenic hormones (prolactin and cortisol) without 

the requirement of any matrix protein231,233.  For this reason, the HC11 cell line has 

been widely used as a model system to investigate mammary cell differentiation234–236.  

HC11 cells were induced to differentiation using a previously established protocol231,237 

(Figure 2.1A).  Samples were collected in the proliferation state (P day 2), resting state 

(R day 1) and upon treatment with prolactin and cortisol, representing the differentiation 

state (D 12 hr, 24 hr, day 3 and day 6).  The progression of differentiation was 

characterized by examining the mRNA level of two lactation markers, casein (CSN2) 

and whey acid protein (WAP) in all samples using RT-PCR.  As shown in Figure 2.1B, 

mRNA of CSN2 and WAP were not detected until 3 days after hormone treatment and 

the mRNA levels of both genes further increased at day 6 after treatment.  Figure 2.1C 

shows that that CSN2 protein levels, as detected by Western blot appear at 3 days after 

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

CSN2 and WAP expression are induced by the JAK-STAT and glucocorticoid receptor 

(GR) signaling pathways231,238,239.  To examine differentiation markers at the single cell 

level, I performed immunofluorescence to examine CSN2 protein expression over the 

course of differentiation.  The total number of cells and number of cells that stained 



	 38	

positively for CSN2 expression were counted and the percentage of cells with CSN2 

expression was quantified.  As shown in Figure 2.1D, CSN2 expression was essentially 

undetectable in P day 2 (0.00%) and R day 1 samples (0.08%).  After hormone 

treatment, CSN2 was expressed in a heterogeneous manner with some cells exhibiting 

strong expression and others with undetectable levels D 12 hr (0.74 %), 24 hr (0.68 %) 

and day 3 (13.4 %) samples.  By day 6 after hormone treatment, CSN2 expression was 

detected in almost each single 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, I identified that gene transcription from the CSN2 promoter 

was initiated early at 18 hr and the transcriptional activity continued to increase at 24 hr, 

day 2, 3, 4, 5 6 post lactogenic hormone treatment (Figure 2.1E).  
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 Figure 2.1 
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Figure 2.1: 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 ACTB, and differentiation markers CSN2 
and WAP. Left: Agarose gel showing intensity of PCR signal over the course of 
differentiation; Right: quantification of relative expression of CSN2 and WAP normalized 
to ACTB. (C) Immunoblot of CSN2 and ACTB protein expression at different time 
points. Left: SDS-PAGE and Right: quantification of relative protein expression (CSN2 
normalized to ACTB). (D) Immunofluorescence of casein protein expression at the 
single cell level. Left: representative fluorescence images. Scale bar, 40 µm. Right: 
Quantification of immunofluorescence (total # cells with CSN2 expression divided by the 
total cell number. Total number of cells are from 2 independent experiments). n.d., not 
detected. (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 biological replicates. Error bars represent standard 
deviation. 
 

2.5.2 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, I performed next-generation RNA sequencing 

(RNAseq) of R day 1 (control), D 24 hr (early stage differentiation) and D day 6 (later 

stage differentiation) samples, with 3 biological replicates under each condition.  The 

expression of genes in D 24 hr and D day 6 samples relative to R day 1 samples was 

analyzed using DESeq2, which uses the p-value, log2 fold-change (y-axis in the MA 

plots) and mean counts (normalized to the sequencing depth of all samples) to identify 

genes as differentially expressed.  As shown in the MA plots in Figure 2.2A, the red dots 

are differentially expressed genes at D 24 hr (1909 genes, p < 0.001) or D day 6 (8161 

genes, p < 0.001) compared to R day 1, with each dot representing a gene.  The 

volcano plots in Figure 2.2B depict differentially-expressed genes with p < 0.001 and 

fold change in expression (differentiated cells versus R day 1) > 2, and allows direct 
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visualization of the fold change and statistical significance of the differentially expressed 

genes.  The genes that were differentially expressed by more than 2-fold are highlighted 

in red, with 1132 genes at 24 hr and 2943 genes at day 6 post hormone treatment, 

which accounts for 4.5 % or 11.7 % of 25059 total mouse genes8, respectively.  

To gain insight into the biological functions that were altered upon differentiation, 

the gene enrichment and functional annotation of the downregulated and upregulated 

genes at 24 hr and day 6 (fold change > 2, p < 0.001) post-hormone treatment were 

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

Enrichment of biological processes was ranked based on the p-value (EASE score) 

associated with each annotation term, with lower p-value indicating greater enrichment. 

The p-value of each term of each condition is included in the appendix B.  The top GO 

terms were selected and clustered according to their biological functions.  As shown in 

Figure 2.2C, cell proliferation and cell migration were significantly downregulated at 24 

hr, and further downregulated at day 6 post-hormone treatment.  The major biological 

processes that were upregulated in differentiated cells were immune response, 

transport, ER unfolded protein response, cellular zinc ion homeostasis, hormone 

response, cell signaling and metabolic processes.  Among these processes, ion 

transport, response to glucocorticoid and activation of MAPK activity were enriched in 

both down- and up-regulated genes in D day 6 samples.  Fatty acid biosynthetic 

processes were first downregulated at 24 hr and then upregulated at day 6 after 

hormone treatment.  Overall, RNAseq revealed that lactogenic hormone treatment 

significantly altered the activities of numerous different biological processes in 
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mammary epithelial cells, including cellular zinc ion homeostasis, which was 

upregulated at 6 days of hormone treatment 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.2 
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Figure 2.2: Global gene expression changes at 24 hr and 6 days post hormone 
treatment. (A) MA plots of log2 fold change of mRNA level in D 24 hr and D day 6 
samples relative to that in R day1 versus mean normalized counts for each gene. 
Sequencing reads were processed using DEseq2 and each red dot represents a 
differentially expressed gene (p < 0.001). (B) Volcano plots of the -log10 (p-value) versus 
log2(fold change in gene expression) for genes with p < 0.001.  Dots highlighted in red 
indicate > 2-fold change. FC: fold change. (C) Heat map of the top 11 downregulated 
(left) and top 14 upregulated (right) functional gene categories. Functional annotation 
was performed using the “Functional Annotation Chart” with GOTERM_BP_DIRECT (P 
< 0.05) in DAVID. The log p-value of each functional term under each condition was 
represented in the heatmap, with lower p-value indicating greater enrichment. n.s., not 
significant, p ≥ 0.05. 
 
 

2.5.3 Differential expression of zinc-dependent genes in differentiated cells  

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

were modulated by lactogenic hormone treatment, the differentially expressed genes at 

24 hr and day 6 post hormone treatment (fold change > 2, p < 0.001) were annotated 

using DAVID 6.8 with UniProt (UP)_Keywords.  According to the definition of “Ligand” 

keyword (KW9993) in the Uniprot database, the UP_Keyword “Zinc” (KW0862, which is 

in the “Ligand” category) was assigned to genes when the translated gene products (i.e. 

proteins) bind, are associated with, or whose activity is dependent on zinc.  In D 24 hr 

samples, 62 out of 671 (9.2 %) downregulated genes and 24 out of 461 (5.2 %) 

upregulated genes were annotated as zinc genes, respectively.  In D day 6 samples, 

149 out of 1684 (8.8 %) downregulated genes and 91 out of 1259 (7.2 %) upregulated 

genes were annotated as zinc genes, respectively (Figure 2.3A).  The 149 

downregulated and 91 upregulated zinc genes were then sorted based on fold change 

or p-value.  Interestingly, two zinc transporters, SLC39a8 (ZIP8) and SLC39a14 

(ZIP14), were reported among the top 10 genes with highest fold change or lowest p-

value respectively (Table 2.1).  
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To further examine functional categories of differentially expressed zinc-

dependent genes, the gene enrichment and functional annotation of downregulated and 

upregulated genes in D 24 hr and D day 6 samples (fold change > 2, p < 0.001) were 

analyzed using DAVID 6.8 with GOTERM_MF_DIRECT (MF: Molecular Function), as 

described previously.  The p-value of each term of each condition is included in the 

appendix.  Top GO terms were selected based on the p-value. Because no GO term / 

molecular function was enriched from the analysis with the 24 upregulated zinc genes in 

D 24 hr samples, only top GO terms enriched in the differentially expressed zinc genes 
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in D day 6 samples were selected and represented in the heatmap with corresponding 

p-values (Figure 2.3B).  Fourteen GO terms were enriched among these zinc-

dependent genes, with 6 underlined terms enriched in both down- and upregulated zinc 

genes (P < 0.05).  Ten out of fourteen terms were more enriched in the 149 

downregulated zinc genes, such as nucleic acid binding, DNA binding and protein 

binding.  Four terms were more enriched in the 91 upregulated zinc genes including 

hydrolase activity, nucleotide diphosphatase activity, phosphodiesterase I activity and 

zinc ion transmembrane transporter activity.  In summary, enrichment analysis of 

functional categories of differentially expressed zinc-dependent genes revealed a 

shifted need for zinc during the switch of cell states (resting to differentiation), with a 

lower need for zinc for proteins involved in molecular binding and a higher need for zinc 

for a few enzyme classes.  Combined with the fact that two zinc transporters (ZIP8 and 

ZIP14) were among the top differentially-regulated genes, our data suggest that zinc 

transport, distribution and zinc levels may also be altered upon hormone treatment.   

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure	2.3	
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Figure 2.3:  Differential expression of zinc-dependent genes at day 6 post hormone 
treatment compared to the resting tate. (A) Comparison of -log10(p-value) and log2(fold 
change in gene expression) for genes with greater than 2-fold change (D day 6 versus 
R day 1). Fold change was determined using DESeq2 with p < 0.001 (B) Heat map of 
the 11 downregulated (left) and 4 upregulated (right) functional gene categories. 
Functional annotation was performed using the “Functional Annotation Chart” with 
GOTERM_MF_DIRECT (P < 0.05) in DAVID. The log p-value of each functional term 
under each condition was represented in the heatmap, with lower p-value indicating 
greater enrichment. The underlined terms were enriched in both down- and upregulated 
genes. n.s., not significant, P ≥ 0.05. 
 
 

2.5.4 Differential expression of zinc homeostasis genes 

Because cellular zinc ion homeostasis emerged as one of the major biological 

processes that was altered upon hormone treatment and two zinc transporters emerged 

as being differentially expressed upon analysis of zinc-dependent genes, I used our 

RNAseq data to specifically analyze how known zinc regulatory genes change upon 

differentiation.  Because many zinc transporters are expressed at low levels, I first 

examined the average fragments per kilobase per million mapped reads (FPKM) for 

each zinc regulatory gene (Figure 2.4A).  FPKM is a metric that provides a relative 

measure of mRNA expression level, as a greater number of fragments mapped 

corresponds to a greater amount of mRNA present in the sample.  Genes with FPKM < 

1 weren’t included in differential expression analysis because the expression level was 

deemed too low to be reliable.  19 zinc homeostasis genes with FPKM > 1 were 

detected in all conditions and analyzed for differential expression using DESeq2.  Figure 

2.4B depicts the fold-change of differentially expressed genes with a p < 0.001 in D 24 

hr and D day 6 samples relative to R day 1.  Only 2 zinc homeostasis genes, ZIP4 and 

ZIP11, were differentially regulated at D 24.  After 6 days of hormone treatment, 14 zinc 

homeostasis genes were differentially expressed.  Among those, 3 genes were down-
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regulated and all of them were ZIP genes, whereas 11 genes were up-regulated 

including 5 ZIPs, 3 ZnTs, 2 MTs and MTF1.  These results demonstrate that expression 

of zinc homeostasis genes is significantly remodeled upon treatment with lactogenic 

hormones and reveal that zinc homeostasis is more significantly altered at a late stage 

of cell differentiation.  For downstream analysis of how hormones affect mRNA 

expression, ZIP14, MT1 and MT2 were chosen as targets because of their relatively 

high expression level and fold change in D day6 samples compared to that in resting 

cells.  

 

Figure 2.4 
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Figure 2.4: Differential expression of zinc homeostasis genes. (A) Mean FPKM values 
from 3 independent replicates for each zinc homeostasis gene under the resting and 
differentiated conditions. (B) Mean log2(fold change) of differentially expressed zinc 
homeostasis genes upon hormone treament normalized to expression under resting 
conditions. Only genes with mean FPKM > 1 were included. Differential expression was 
analyzed using DESeq2, p < 0.001. Error bars represent standard deviation.  
 

2.5.5 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.  To distinguish the role of each hormone in regulating the mRNA levels of 

zinc homeostasis genes, HC11 cells were cultured in the 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 the resting media (R day 1), and day 6 post treatment with hormone(s) 

(Prl day 6, Cor day 6 and Prl+Cor day 6).  To eliminate the possibility that the higher 

levels of mRNA for zinc homeostasis genes resulted from extended culturing, I also 

collected cells that continued to grow in the resting media for another 6 days (R day 6) 

after one-day incubation in the resting media.  Using RT-qPCR, the expression of 

ZIP14, MT1 and MT2 was analyzed and normalized to two reference genes ACTB and 

RPS9 (ribosomal protein S9). ZIP14, MT1 and MT2 were chosen as genes of interest 

because of their relatively high expression level compared to other zinc homeostasis 

genes.  As shown in Figure 2.5A, cortisol was determined to be the primary factor that 

increased the steady-state level of ZIP14, MT1 and MT2 mRNAs.  Prolactin treatment 

alone had no effect on the mRNA levels of ZIP14, MT1 and MT2 as the expression of 

Prl day 6 cells was not significantly different from that of R day 1 or R day 6.  On the 

other hand, cortisol treatment alone (C day 6) significantly increased the expression of 
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ZIP14 (4.1 ± 0.5 fold normalized to ACTB, 5.0 ± 0.3 fold normalized to RPS9, p < 

0.0001), MT1 (2.3 ± 0.3 fold normalized to ACTB, 2.9 ± 0.1 fold normalized to RPS9, p 

< 0.0002),  and MT2 (4.0 ± 0.4 fold normalized to ACTB, 5.0 ± 0.5 fold normalized to 

RPS9, p < 0.0001) compared to their expression level in R day 1, R day 6 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 day 6) and the cells treated 

with both hormones (Prl+Cor day 6).  CSN2 was used as a positive control because its 

mRNA expression was strongly activated by the treatment of prolactin and cortisol 

(Figure 2.5A).  

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 cortisol58.  To 

determine the optimal dosage of RU486, cells were treated with the differentiation 

media supplemented with 0 nM (DMSO, vehicle), 10 nM, 100 nM or 1 µM of RU486 and 

the MT2 mRNA level was examined using 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 effect58.  Statistical 

analysis of RT-qPCR data showed that 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 2.5B).  It was 

noteworthy that 100 nM RU486 did not reduce the mRNA level of MT2 (1.6 ± 0.2 fold 

normalized to ACTB, 2.1 ± 0.2 fold normalized to RPS9) to the basal level observed in 

the R day1 samples (1.0 ± 0.4 normalized to ACTB, 1.0 ± 0.0 normalized to RPS9) (P < 
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0.05).  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 (3.1 ± 0.6 fold 

normalized to ACTB, 2.4 ± 0.2 fold normalized to RPS9) compared to the vehicle group 

(5.6 ± 0.4 fold normalized to ACTB, 5.0 ± 0.5 fold normalized to RPS9) with a p-value < 

0.01, but it was still higher than that of basal level in the R day 1 samples (1.0 ± 0.2 

normalized to ACTB, 1.0 ± 0.2 normalized to RPS9) with p-value < 0.01 (Figure 2.5C).  

The effect of RU486 on MT1 mRNA level was inconclusive due to the variance of the 

results (Figure 2.5C).  When normalized to RPS9, MT1 mRNA level in the vehicle-

treated and RU486-treated samples was significantly different (vehicle, 3.8 ± 0.1; 

RU486, 2.6 ± 0.2, p < 0.0001).  However, when normalized to ACTB, there was no 

difference in the MT1 mRNA level between the vehicle-treated and the RU486-treated 

groups.  Overall, these data show that cortisol increased the steady-state mRNA levels 

of ZIP14 and MT1 partially via the nuclear GR signaling pathway.  
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Figure 2.5 
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Figure 2.5: 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. (B) RT-qPCR of MT2 normalized 
to either ACTB or RSP9 in resting media and differentiation media in the presence and 
absence of different concentrations of the glucocorticoid receptor antagonist RU486 
(RU). Statistical analysis showed that MT2 mRNA of R day 6 sample was significantly 
differently from that of RU-100 nM or RU-1000nM (1 mM) samples, *, p< 0.01, unpaired 
student’s t-test, with no difference between the RU-100 nM and RU-1 mM group.  A 
dose response indicated that 100 nM RU was the lowest concentration tested that 
yielded full inhibition of the cortisol response.  (C-E) RT-qPCR of ZIP14 (C), MT1 (D) 
and (E) MT2 normalized to either ACTB or RSP9 in resting media and differentiation 
media with 100 nM RU or vehicle (V) control. p < 0.01, unpaired student’s t-test. For 
MT1, RU treatment did not affect the mRNA level.  Error bars represent standard 
deviation.  
 
 

2.5.6 Measurement of total zinc and labile cytosolic Zn2+ over the progression of 

cell differentiation 

I hypothesized that zinc levels (total zinc, labile Zn2+ or both) were regulated at a 

later stage of cell differentiation (day 6 after hormone treatment) because more zinc-

dependent genes were differentially regulated at this time point suggesting altered zinc-

binding capacity (Figure 2.3), and the differential expression of MTF1, Zn2+ -buffering 

MTs and zinc transporters implies a change in the cytosolic labile Zn2+ level (Figure 

2.4).  To determine the total cellular zinc level over the course of differentiation, HC11 

cells were treated with lactogenic hormones and zinc was measured at different time 

points using ICP-MS, an elemental analysis technique that measures total metal in a 

bulk sample.  As shown in Figure 2.6A, total zinc did not change over the progression of 

cell differentiation.  Labile Zn2+ in the cytosol was measured using NES-ZapCV219, a 

genetically-encoded Zn2+ FRET ratiometric sensor fused with a nuclear export signal 

such that it localizes to the cytosol.  To quantify cytosolic Zn2+, an in situ calibration 

(Figure 2.6B) was performed to acquire the resting FRET ratio (R), the minimum ratio 



	 53	

(Rmin) after treatment with the Zn2+ chelator TPA, and the maximum ratio (Rmax) after 

treatment with the ionophore pyrithione and Zn2+.  The concentration of Zn2+ ([Zn2+]) 

was calculated as described in section 2.4.10 and statistical analysis revealed that 

cytosolic Zn2+ did not change at 12 and 24 hr post hormone treatment, but an increase 

in [Zn2+] was detected in the D day 3 samples compared to the resting state R day 1 (R 

day1, 140.2 ± 29.8 pM; D day3, 166.6 ± 35.1 pM, P < 0.0005), with a further increase at 

day 6 post hormone treatment (D day 6, 211.9 ± 59.9 pM, p < 0.0001 compared to R 

day 1 or D day 3).  Combined with the result that the mRNA and protein expression of 2 

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

(Figure 2.1), our data suggest that higher cytosolic Zn2+ is positively associated with the 

progression of cell differentiation. 

 

 

 

 

 

 

 

 

 

 

 

 



	 54	

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6. Measurement of total zinc and labile cytosolic Zn2+ over the progression of 
cell differentiation. (A) Quantification of total zinc by ICP-MS. The zinc ppb 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. n.s. not significant, one-way ANOVA test. (B) 

Figure 2.6 
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Pseudo-colored fluorescence ratio images (FRET / CFP) of HC11 cells expressing the 
ZapCV2 sensor (left) and FRET ratio in the cytosol as a function of in situ calibration 
(right). 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 the box plot with the ends of the box representing the upper and 
lower quartiles.* p < 0.0005; ** p < 0.0001. One-way ANOVA test. 
 

2.5.7 ZIP14 is responsible for increased cytosolic Zn2+ at day 6 post hormone 

treatment and is important for the upregulation of WAP mRNA. 

What defines the set-point of labile Zn2+ in a cell isn’t well understood, but zinc 

transporters have been shown to alter the level of labile pools of Zn2+ in different cellular 

compartments43,47,58,106.  ZIP transporters transport Zn2+ into the cytosol, and would be 

predicted to increase cytosolic Zn2+, while ZnT transporters transport Zn2+ out of the 

cytosol and would be predicted to decrease cytosolic Zn2+.  Because ZIP14 was 

significantly upregulated at later stages of differentiation and is the most highly 

expressed ZIP transporter in HC11 cells, I explored whether increased expression of 

ZIP14 was responsible for the increase in labile cytosolic Zn2+.  To accomplish this, 

ZIP14 expression was knocked down using two shRNAs targeting different regions of 

ZIP14 mRNA and the effect of knockdown (KD) on cytosolic Zn2+ in D day 6 cells was 

examined using the ZapCV2 FRET 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 2.7A).  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 2.7B, the fractional saturation of 
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ZapCV2 was significantly lower in ZIP14 KD cells than in control cells (SC: 0.44 ± 0.07; 

ZIP14 shRNA-1: 0.32 ± 0.08; ZIP14 shRNA-2: 0.26 ± 0.03; p < 0.0001).  The lower 

fractional saturation in shRNA-2 cells is consistent with the fact that shRNA-2 lowered 

ZIP14 mRNA level more than shRNA-1.  This result demonstrates that ZIP14 transports 

Zn2+ into cytosol in differentiated mammary cells after 6 days of hormone treatment, and 

is a major regulator of the cytosolic labile Zn2+ pool. 

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. 

AZIP14-KD did not change the steady state CSN2 mRNA level (Figure 2.7C).  However, 

WAP mRNA expression decreased significantly in ZIP14-KD cells, with a greater effect 

by shRNA-2 (Figure 2.7D).  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 zinc homeostasis in general, plays important role in the induction of WAP mRNA in 

differentiated mammary cells.  

Using immunohistochemistry, Kelleher and coworkers showed that ZIP14 

localized to an intracellular compartment in the mouse lactating mammary gland80.  

However, the compartment in which ZIP14 resided was unclear.  In this study, the 

intracellular localization of ZIP14 protein in non-differentiated and differentiated HC11 

cells was examined using immunofluorescence (IF) (Figure 2.7E).  HC11 cells were 
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grown in the proliferation media and resting media following the differentiation protocol, 

and were maintained in the resting media (R day 6) or differentiation media (D day 6) for 

another 6 days.  IF revealed that in R day 6 cells, ZIP14 localized to punctae distributed 

throughout the cell, consistent with localization in vesicular compartments.  After 

hormone treatment, some ZIP14 was still localized to vesicular compartments, but some 

ZIP14 enriched in a compact perinuclear region (Figure 2.7E).  The identity of this 

perinuclear region remains unclear, but is consistent with Golgi localization.  This result 

raises the possibility that ZIP14 transports Zn2+ into the cytosol from vesicles and this 

perinuclear organelle in order to regulate labile cytosolic Zn2+ levels. 
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Figure 2.7. Functional studies of ZIP14. (A) The relative expression of ZIP14 was 
lowered in the ZIP14-KD cells expressing two different shRNAs compared to that in the 
cells expressing scrambled control shRNA, (B) Cytosolic Zn2+ level (represented as the 
fractional saturation of ZapCV2 sensor) decreased in the ZIP14-KD cells compared to 
the control cells at 6 days post hormone treatment. ZIP14 knockdown depressed the 
mRNA expression of WAP (D) but had no effect in the CSN2 mRNA level (C) in D day6 
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cells. Relative mRNA level in (A, C, D) was determined using qRT-PCR. *, P < 0.05; **, 
p < 0.001, unpaired student’s t-test. (E) Immunofluorescence of ZIP14 in the resting 
cells (R day6) and differentiated cells with 6 days of hormone treatment (D day6). Scale 
bar, 5 µm. 
 
 

2.6 Discussion 

To date, most studies of cellular zinc homeostasis have focused on how the 

expression of a few key players in zinc homeostasis change to maintain or restore the 

balance of zinc in response to an external stimulus in normal cells, or the association of 

altered expression of those key players with human diseases.  With the knowledge that 

about 10% of human proteins bind Zn2+ and potentially are Zn2+ dependent, profiling 

expression of all zinc-dependent genes would provide valuable information about how 

transient or long-term altered zinc homeostasis regulates cell biology in normal 

tissues/cells and human diseases.  In this study, I utilized the differentiation of HC11 

mouse MECs upon lactogenic hormone treatment to systematically study how zinc 

homeostasis and zinc-dependent processes are modulated in the switch of cell needs 

for zinc. 

The transcriptomes of HC11 MECs changed globally upon hormone treatment. 

Functional annotation and enrichment analysis of genes that were differentially 

regulated more than 2-fold revealed that the major downregulated biological processes 

were classified into two groups: cell proliferation and cell migration (Figure 2.2C).  

Downregulation of proliferation genes was expected due to the switch from a 

proliferative to a differentiated cell state.  Downregulation of microtubule-related 

migration genes may be explained by the fact that microtubules are essential for cell 

division240,241 and therefore there is a reduced need for microbutules due to repression 
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of cell division.  The major upregulated biological processes include metabolic and 

transport processes, cell signaling activities, the ER unfolded protein response (UPR) 

and cellular zinc ion homeostasis.  Upregulation of metabolic and transport process may 

be explained by the need to synthesize and secrete milk components (e.g. protein, 

lipids, ions, etc.) from MECs into milk.  Cell signaling activities in response to peptide 

hormone and glucocorticoid were increased due to the addition of prolactin (a peptide 

hormone) and cortisol.  The MAPK (mitogen activated protein kinase) signaling pathway 

activity was induced by prolactin via the interaction between JAK (Janus kinase) and 

MAPK pathways, where activated JAK phosphorylates Shc protein and then 

phosphorylated Shc activates Ras and the downstream MAPK signaling pathway171.  

Upregulation of the UPR is consistent with a recent study which found increased UPR in 

the lactating mammary gland and identified two transcription factors regulated by the 

UPR pathway that directly transcribe CSN2242.  Immune system processes were 

significantly upregulated in differentiated cells, possibly due to the stimulatory effect of 

glucocorticoid on the expression of innate immune-related genes243.  Finally, cellular 

zinc ion homeostasis was upregulated in D day 6 cells suggesting a remodeling of zinc 

homeostasis in the late stage of differentiation to meet the requirements for different 

zinc needs in the differentiated cell. 

Analysis of regulation of zinc-dependent processes revealed a shifted need for 

zinc from DNA, nucleotide and protein binding in non-differentiated cells, to activities of 

a few enzyme classes in differentiated cells (Figure 2.3B).  In particular, zinc is needed 

for hydrolysis of nucleoside diphosphate by nucleotide diphosphatase and ribo- and 

deoxyribo-oligonucleotides by phosphodiesterase I.  It is noteworthy that zinc-
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dependent ubiquitin protein ligase and transferase activities are also downregulated in 

differentiated cells.  The ubiquitin proteasome pathway (UPP) plays an important role in 

regulation of the cell cycle via dynamic degradation of key cell cycle regulators244,245.  

Given that cell proliferation activities were significantly downregulated in differentiated 

cells (Figure 2.2C), it is possible that the repressed zinc-dependent ubiquitin 

proteasome pathway mediates the suppression of cell proliferation.  Finally, zinc 

transporter activity was also upregulated in differentiated cells, consistent with the 

secretory phenotype of MECs that they actively uptake, redistribute and export zinc 

during differentiation.  

Using RT-qPCR, previous studies have profiled the mRNA expression of zinc 

transporters in lactating mammary tissue and reported the fold change of each up- or 

downregulated zinc transporter in lactating tissue relative to non-lactating tissue80,225.  

However, genes with low expression level (e.g. zinc transporters) are prone to have 

strong variance in the fold change226.  Furthermore, without knowing the absolute 

expression level of genes, the actual biological effects of genes are questionable for 

genes with high fold change but low expression226.  In this study, zinc homeostasis 

genes with very low expression level (FPKM < 1) were excluded from downstream 

analysis.  Differential expression of zinc homeostasis genes was analyzed using 

DESeq2226.  DESeq2 is a comprehensive method for differential expression analysis, 

which corrects fold change and p-value of gene expression based on the expression 

level (i.e. counts number) as well as variance of fold change across biological replicates 

(ref the DESEq2 paper).  DESeq2 analysis revealed that the expression regulation is 

positively associated with the progression of cell differentiation as 2 zinc transporter 
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genes (ZIPs) were differentially regulated in D 24 hr samples and 14 zinc transporter 

genes were regulated in D day 6 samples compared to the R day 1 samples (Figure 

2.4B).  Zinc homeostasis genes were both up- and down-regulated, suggesting a 

complicated regulatory network of zinc homeostasis in the late stage of differentiation.  

However, a major discrepancy between our result and other’s is ZnT2.  ZnT2-null 

lactating mice had defects in mammary gland architecture and milk synthesis246.  It has 

been shown that ZnT2 is transcriptionally activated by the STAT5-GR complex upon 

glucocorticoid hormone treatment in primary mouse pancreatic cells58.  Furthermore, 

prolactin-activated JAK-STAT signaling pathway directly induced ZnT2 transcription on 

its promoter in HC11 cells173.  Surprisingly, in our hands, ZnT2 expression was not 

detected at 24hr or day6 post glucocorticoid and prolactin treatment.  Possibly, the 

ZnT2 transcription induction is induced by prolactin treatment alone but not by the 

combination of prolactin and glucocorticoid in HC11 cells.  

To further investigate the underlying mechanism of expression regulation, ZIP14, 

MT1 and MT2 were chosen for their relatively high expression level and fold change in 

D day 6 samples.  Numerous studies have shown that glucocorticoid enhances the 

mRNA expression of MT1 and MT2 in various organisms129,160,247.  Whether MTs 

expression is also regulated by prolactin remains unknown.  Our research demonstrated 

that cortisol but not prolactin increased the mRNA levels of ZIP14, MT1 and MT2 

(Figure 2.5A).  Furthermore, the induction of ZIP14 and MT2 was only partially mediated 

by the classical nuclear glucocorticoid receptor (GR) signaling pathway as treatment 

with GR-specific antagonist RU486 did not completely abolished the mRNA increase of 

ZIP14 and MT2 in differentiated cells compared to resting cells (Figure 2.5C and E).  
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Additionally, ZIP14 and MT2 mRNA levels can be enhanced by the activation of 

membrane receptor by cortisol248–251 or the crosstalk of cortisol with other signaling 

pathways (e.g. JAK-STAT)58,252. 

The changes in expression of zinc homeostasis genes suggest that zinc 

homeostasis and zinc transport were actively regulated after 6 days of hormone 

treatment, suggesting that zinc levels may also changes at this stage.  To test this 

hypothesis, the total zinc level was quantified using ICP-MS, revealing no change in 

total zinc over the course of cell differentiation (Figure 2.6A).  This is in contrast to a 

study by McCormick and colleagues in which the total zinc concentration in the lactating 

mouse mammary gland was determined to be higher than the non-lactating mammary 

gland253.  One possible explanation is that total zinc concentration in lactating mammary 

gland is regulated in a temporal fashion.  Kelleher showed that the total zinc level in 

lactating rat mammary gland increased throughout lactation (from day 1 to day 20) as 

measured by atomic absorption spectroscopy225.  The differentiation of HC11 in our 

study may recapitulate a different stage of lactation than that in McCormick’s study.  

Another possibility for the discrepancy is that the previous studies focused on the entire 

mammary gland, whereas we characterized MECs, and the mammary gland is 

comprised of MECs as well as surrounding tissues, which could have variable levels of 

zinc and / or influence zinc levels within MECs.    

Using a genetically-encoded FRET sensor, ZapCV2, I found out that labile 

cytosolic Zn2+ increased by 19% at 24 hr and 48% at day 6 post hormone treatment 

above that in the resting cells (Figure 2.5C).  Possible mechanisms for the higher 

cytosolic Zn2+ level at day 6 post hormone treatment compared to the resting cells 
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include (1) upregulated transport of Zn2+ from extracellular media or an intracellular 

organelle by ZIPs, (2) downregulated export of cytosolic Zn2+ by ZnTs, or (3) Zn2+ 

release from stably-bound proteins.  Our analysis of the expression of zinc homeostasis 

genes revealed that ZIP14 was the most abundant zinc transporter in D day 6 cells and 

had a high relative fold change (Figure 2.8), leading us to examine whether ZIP14 was 

responsible for the elevation of cytosolic Zn2+.  Indeed, knock down of ZIP14 lowered 

the cytosolic Zn2+ level in D day 6 cells compared to control cells (Figure 2.7B).  

Immunofluorescence of ZIP14 demonstrated that there was an enrichment of ZIP14 in a 

peri-nuclear organelle in cells after 6 days of hormone treatment (Figure 2.7E), 

suggesting that ZIP14 possibly imported Zn2+ into cytosol from a peri-nuclear region in 

differentiated cells.  The mechanism of how some ZIP14 localizes to this perinuclear 

region is still unknown at this point.  Protein isoforms of ZnT2 and ZnT5 generated from 

alternative splicing have been reported in mouse mammary epithelial cells60 and ZnT5 

in Chinese hamster ovary cells115, respectively.  The protein translated from those 

mRNA variants localized to different intracellular compartments60,115, suggesting unique 

function of each variant.  Possibly, a protein isoform of ZIP14 was synthesized upon 

hormone treatment and localizes to the peri-nuclear region.  

Last but not least, we discovered that ZIP14 was crucial for the mRNA 

expression of the milk protein WAP (Figure 2.7D).  However, this effect of ZIP14 was 

not seen in the CSN2 mRNA expression (Figure 2.7C). Although both genes are 

activated by the cooperation of prolactin and cortisol239,254, the transcription of two 

genes operates differently: cortisol alone induced transcription of WAP but not CSN2161 

whereas prolactin alone was sufficient to induce CSN2 but not WAP transcription238.  
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For now, whether or not the regulation of WAP mRNA expression by ZIP14 is mediated 

by the increase of cytosolic labile Zn2+ remains unknown and needs to be addressed 

with future studies. 

2.7 Future direction 

This study represents the first ever report that ZIP14 mRNA level is enhanced by 

glucocorticoid hormone treatment in differentiated mouse mammary epithelial cells.  

Moreover, ZIP14 actively transported Zn2+ into cytosol and ZIP14 expression is 

important for the production of a milk protein WAP.  With many interesting questions 

remaining to be addressed, my future study will focus on the following topics: 

2.7.1 The regulation of ZIP14, MT1 and MT2 mRNA expression by lactogenic 

hormones 

In my study, I demonstrated a cortisol-induced increase of steady-state level of 

ZIP14, MT1 and MT2 mRNA at 6 days post-hormone treatment (Figure 2.4B and Figure 

2.5).  The steady-state level of mRNA is controlled by two factors: mRNA synthesis 

(transcription) and mRNA degradation.  Using promoter reporter assay, I have made 

attempts to determine the transcriptional activity of promoters of 3 genes upon hormone 

treatment (Appendix D). However, the results from this assay are not interpretable 

because first, ZIP14_promoter HC11 cells did not express the internal control reporter 

SEAP and second, the MT1 and MT2 promoters need to be validated using their 

responses to zinc treatment. Troubleshooting is required to validate all promoter 

constructs and to determine why SEAP was not expressed in ZIP14 promoter construct.  
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2.7.2 Protein expression of ZIP14 at day6 post hormone treatment 

To understand whether hormones regulate ZIP14 expression translationally, the 

change in protein level will be determined by western blotting in cells for up to 6 days of 

hormone treatment.  

2.7.3 Zn2+ transport into cytosol by ZIP14 enriched in a peri-nuclear region in 

differentiated cells 

I observed an enrichment of ZIP14 in a peri-nuclear region in the cells with 6 

days of hormone treatment (Figure 2.7E).  First, I will determine the identity of the peri-

nuclear region by co-localizing ZIP14 with organellar markers (e.g. Golgi and ER) using 

co-immunofluorescence.  Second, I will examine the hypothesis that ZIP14 actively 

transports Zn2+ from this intracellular organelle into cytosol.  To test this, the labile Zn2+ 

level in the cytosol and the organelle will be measured in control cells and ZIP14-KD 

cells, using FRET sensors that can be specifically targeted to subcellular compartments.  

It is hypothesized that ZIP14-knockdown will lead to an accumulation of Zn2+ in the 

organelle and a decrease of cytosolic Zn2+.  The latter has already been detected 

(Figure 2.7B). Also, I will measure and compare cytosolic Zn2+ level in ZIP14-KD cells 

with that in resting cells.  

2.7.4 The regulation of WAP mRNA expression by ZIP14 

ZIP14 expression is shown to be important for the proper production of WAP 

mRNA in differentiated cells (Figure 2.7D).  I hypothesized that this effect of ZIP14 is 

mediated by the ZIP14-induced increase of cytosolic Zn2+.  To test this hypothesis, 

WAP mRNA level will be determined using RT-qPCR in cells under zinc-deficient, 

normal and zinc-sufficient condition.  Thereafter, I will explore whether this regulation 
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occurs at transcriptional or post-transcriptional level.  Furthermore, the regulation of 

WAP protein production by ZIP14- Zn2+ pathway will be explored by western blotting.  
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Chapter 3 

Superiority of SpiroZin2 Versus FluoZin-3 For Monitoring Vesicular Zn2+ Allows 

Identification of Lysosomal Zn2+ Accumulation In Lactating Mammary Cells 

3.1 Abstract 

Small-molecule fluorescent probes are powerful and ubiquitous tools for 

measuring the concentration and distribution of analytes in living cells. However, 

accurate characterization of these analytes requires rigorous evaluation of cell-to-cell 

heterogeneity in fluorescence intensities and intracellular distribution of probes. In this 

study, we perform a parallel and systematic comparison of two small-molecule 

fluorescent vesicular Zn2+ probes, FluoZin-3 AM and SpiroZin2, to evaluate each probe 

for measurement of vesicular Zn2+ pools. Our results reveal that SpiroZin2 is a specific 

lysosomal vesicular Zn2+ probe and affords uniform measurement of resting Zn2+ levels 

at the single cell level with proper calibration. In contrast, FluoZin-3 AM produces highly 

variable fluorescence intensities and non-specifically localizes in the cytosol and 

multiple vesicular compartments. We further applied SpiroZin2 to lactating mouse 

mammary epithelial cells and detected a transient increase of lysosomal free Zn2+ at 24 

hour after lactation hormone treatment, which implies that lysosomes play a role in the 

regulation of Zn2+ homeostasis during lactation. This study demonstrates the need for 

critical characterization of small-molecule fluorescent probes to define the concentration 

and localization of analytes in different cell populations. 
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3.2 Publication status and author contributions 

Han Y., Goldberg, J. M., Lippard, S. J., Palmer, A. E. Superiority of SpiroZin2 

Versus FluoZin-3 for monitoring vesicular Zn2+ allows identification of lysosomal Zn2+ 

accumulation in lactating mammary cells. Scientific Reports. Under revision. 

Y.H. and A.E.P. designed the research and analyzed the results.  J.M.G. and 

S.J.L. contributed reagents and critical feedback.  Y.H. carried out the research.  Y.H., 

J.M.G. S.J.L. and A.E.P. wrote and edited the paper. 

3.3 Introduction 

Zinc is the second most abundant transition metal in mammals and an essential 

nutrient required for growth.  Most intracellular Zn2+, concentrations of which are 

typically hundreds of micromolar in mammalian cells2, is tightly bound to proteins.  As 

much as 10% of the human proteome has been predicted to bind Zn2+ ions203.  In these 

Zn2+-containing proteins, the ion serves as a structural component, stabilizing the three-

dimensional fold or serving as a catalytic cofactor2.  The remaining intracellular Zn2+ is 

loosely bound to small-molecule/ion, peptide, and protein ligands and accumulates in 

pools that are readily exchangeable to maintain Zn2+ homeostasis255.  Additionally, Zn2+ 

may be released from labile pools as a signaling agent22, although the mechanisms of 

Zn2+ utilization in sensing are less well understood. 

Labile Zn2+ pools occur in the cytosol, discrete organelles, and within vesicles of 

secretory cells183, and diverse patterns of dynamics have been observed for these 

pools.  In some regions of the brain, for example, presynaptic glutamatergic vesicles co-

release glutamate and Zn2+ into the synaptic cleft during neurotransmission, where it 

modulates the excitatory post-synaptic current by binding to ion channels ostensibly as 
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part of a gain control mechanism190,256.  Mitochondria in primary rat hippocampal 

neurons can transiently accumulate Zn2+ upon treatment with glutamate and Zn2+, 

suggesting that mitochondria may serve as a temporary store of labile Zn2+ 257.  Zn2+ 

accumulation in lysosomes has been suggested to play roles in oxidative neuronal 

death and progressive cell degeneration in neurodevelopmental diseases258,259.  During 

fertilization, mammalian egg cells release “Zn2+ sparks” from intracellular vesicular 

stores that appear to play crucial roles in ovum activation191.  Furthermore, in breast 

cancer cells, Zn2+ mobilized from intracellular stores increases the phosphorylation of 

tyrosine kinases192, implicating these pools in a distinct form of Zn2+-dependent cell 

signaling.  

Finally, mouse mammary epithelial cells form Zn2+-rich vesicles in response to 

lactation hormone treatment253, although the mechanism(s) regulating these changes 

and the identity of the vesicular pools are not well understood.  In order to understand 

the roles of labile Zn2+ and the factors that control its homeostasis in these and other 

cellular events, it is necessary to be able to record the dynamics and distribution of Zn2+ 

in subcellular compartments with high accuracy and precision.  

Current tools to monitor labile Zn2+ include fluorescent protein (FP)-based 

sensors and small-molecule chemical probes.  FP-based sensors are genetically 

encodable, and can be specifically targeted to organelles by incorporation of a signal 

sequence.  They have been used to estimate the concentration of labile Zn2+ in the ER, 

Golgi, mitochondria and nucleus260–265.  However, measuring Zn2+ in vesicular 

compartments with FP-based probes has been more challenging as the currently 

available protein-based sensors suffer from low dynamic range in vesicles in response 
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to Zn2+ perturbation263,264.  A growing number of fluorescent small molecule probes have 

been developed to measure vesicular Zn2+ pools, including Zinquin189, FluoZin-3168, 

ZincBY-1191, SpiroZin1197, and SpiroZin2198.  Many of these probes exhibit large 

dynamic ranges and they employ diverse mechanisms for detecting Zn2+ ions. 

In this study, we performed a systematic evaluation of two small-molecule 

probes, FluoZin-3 AM and SpiroZin2, with an emphasis on comparing the variability of 

the fluorescence intensities and subcellular distributions of the two dyes in response to 

identical Zn2+ perturbations.  FluoZin-3 AM has been widely used to measure vesicular 

Zn2+ in many different mammalian cells253,258,259,266.  Despite this broad application, 

FluoZin-3 AM has been reported to exhibit variable intracellular localization in both the 

cytosol and vesicles, as well as large variability in fluorescence intensity199.  SpiroZin2 is 

a red-shifted probe that is insensitive to changes in pH between pH 3 and 7 and has 

been used to image lysosomal Zn2+ in HeLa cells and acute hippocampal tissue 

slices198.  We find here that FluoZin-3 AM exhibits highly variable fluorescence 

intensities and non-specifically localizes in the cytosol and in multiple vesicular 

compartments.  By comparison, SpiroZin2 produced consistent and uniform 

fluorescence intensities in different cells. In addition, we find that SpiroZin2 specifically 

localizes in late endosome/lysosome vesicles, making it an ideal probe to estimate 

lysosomal labile Zn2+ levels.  We then used SpiroZin2 to detect changes in lysosomal 

Zn2+ pools upon manipulation of extracellular Zn2+, dissipation of the lysosomal pH 

gradient, and differentiation of mouse mammary epithelial cells (HC11).  
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3.4 Methods 

3.4.1 Chemicals 

SpiroZin2 was synthesized as previously described and a 4 mM stock solution 

was prepared in DMSO198.  Tris(2-pyridylmethyl)amine (TPA) was purchased from 

Sigma-Aldrich (catalog number 723134) and diluted with DMSO to prepare 20 mM stock 

solutions.  Pluronic F-127 (20% (w/v) solution in DMSO) was purchased from Thermo 

Fisher (catalog number P3000MP).  FluoZin-3 AM (Thermo Fisher, catalog number 

F24195) was prepared as a 2 mM stock solution in DMSO. 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).  An aqueous ZnCl2 solution (1 mM) 

was diluted in phosphate-free HEPES-buffered Hanks’ balanced salt (HHBSS) buffer 

(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.  Bafilomycin A1 (Sigma-Aldrich 

B1793) was prepared as a 100 mM stock solution in DMSO.  
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3.4.2 Molecular cloning 

The GalT-CFP plasmid encodes the first 60 amino acids of human 

galactosyltransferase (GalT) (NM_001497.3) followed by ECFP in the Clontech N1 

vector.  VAMP8-CFP was generated by replacing GalT with VAMP8 (NM_003761.4). 

LAMP1-EBFP was a gift from Michael Davidson (Addgene # 55246). 

3.4.3 Cell culture  

HC11 cells were grown in RPMI medium supplemented with 10% fetal bovine 

serum (FBS), 1% penicillin/streptomycin (pen/strep), 10 ng/mL EGF and 5 µg/mL 

insulin.  To induce cell differentiation, 4 x 105 cells were plated in a 35-mm dish in the 

supplemented medium and reached confluency after 3 days.  Cells were maintained in 

a resting medium containing RPMI, 2% FBS, 1% pen/strep, 5 µg/mL insulin for one 

additional day, then treated with a differentiation medium containing 2% FBS, 1% 

pen/strep, 5 µg/mL insulin, 5 µg/mL prolactin, and 1 µM hydrocortisone for up to 6 days.  

The medium was changed every 2 days.  

3.4.4 Cell loading with zinc probes and calibration 

FluoZin-3 AM and SpiroZin2 were loaded as previously described168,198.  Briefly, 

a 2 mM stock solution of FluoZin-3 AM DMSO stock solution was diluted to a final 

concentration of 3 µM in phosphate-free HHBSS buffer.  Phosphate-free HHBSS buffer 

was used to avoid precipitation of Zn2+ by phosphate.  HC11 cells were washed with 

phosphate-free HHBSS and then incubated with FluoZin-3 AM/phosphate-free HHBSS 

for 1 hr at 37 °C with 5% CO2, followed by a 30 min wash in phosphate-free HHBSS 

buffer at 37 °C with 5% CO2.  Imaging was performed immediately after washing.  For 

SpiroZin2, a 4 mM DMSO stock solution was diluted to a final concentration of 5 µM in 
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phosphate-free HHBSS buffer.  HC11 cells were washed with phosphate-free HHBSS 

buffer and then incubated with 2 mL of SpiroZin2 solution for 1 h at 37 °C with 5% CO2 

prior to imaging.  To apply pluronic during the staining procedure, the stock solution of 

zinc probe was mixed with an equal volume of Pluronic F-127 20% (w/v) solution and 

then the mixture was diluted in phosphate-free HHBSS buffer, making the final pluronic 

concentration about 0.025%.  For Zn2+ calibrations, Fmin measurements were acquired 

by treating cells with 150 µM TPA in phosphate-free HHBSS buffer.  To obtain values 

for Fmax, a solution containing 5 µM pyrithione/20 µM ZnCl2 in phosphate-free HHBSS 

buffer was added to HC11 cells.  

3.4.5 Live cell imaging  

Fluorescence images in Figures 1-3 and 5 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 40x oil objective (NA 1.30) or a 100x 

oil objective (NA 1.45) and the following channels: SpiroZin2 (red) (514.5 nm laser line, 

photomultiplier tube (PMT) gain: 50 or 110, pinhole size: 1 or 4 airy unit (AU), emission 

filter: 600/50 nm); FluoZin-3 (green) (488 nm laser line, PMT gain: 45 or 110, pinhole 

size: 1 or 4 AU, emission filter: 525/50 nm); nucleus (blue) (405 nm laser line, PMT 

gain: 80 or 95, pinhole size: 1 AU, emission filter: 450/50 nm); LAMP1-EBFP (blue) (405 

nm laser line, PMT gain: 95 or 110, pinhole size: 1 or 4 AU, emission filter: 450/50 nm); 

GalT-CFP (Cyan) (405 nm laser line, PMT gain: 90, pinhole size: 4 AU, emission filter: 

482/35 nm). 

Fluorescence images for colocalization of fluorescent probes with VAMP8-CFP in 

Figure 3 and all fluorescence images in Figure 4 were acquired on a Nikon Ti-E 
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spinning disc confocal microscope fitted with a Yokogawa CSU-X1 spinning disc head, 

equipped with the Nikon Elements software platform and Ti-E Perfect Focus system.  

Cells were imaged using a 60x oil objective (NA 1.40) or a 100x oil objective (NA 1.45) 

and the following channels: SpiroZin2 (red) (514 nm laser line, EM gain: 300, emission 

filter: 630/30 nm), FluoZin-3 (green) (488 nm laser line, EM gain: 300, emission filter: 

525/50 nm), Vamp8-CFP (cyan) (445 nm laser line, EM gain: 300, emission filter: 

482/35 nm).  

Fluorescence imaging with a Zn2+ FRET sensor 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 YFP FRET (434/16 excitation, 458 

dichroic, 535/20 emission), CFP (434/16 excitation, 458 dichroic, 470/24 emission), YFP 

(495/10 excitation, 515 dichroic, 535/20 emission) filter sets. 

3.4.6 Responses of probes to Zn2+ perturbation in HC11 cells  

To test the responses of probes to Zn2+ perturbation, 8 x 105 HC11 cells were 

plated in a 35-mm glass bottom dish one day prior to imaging.  Cells were stained with 

FluoZin-3 AM (with pluronic) or SpiroZin2 as described above.  The nuclear dye was 

added to the cell culture medium 30 min prior to imaging.  Cells were washed with 

phosphate-free HHBSS buffer and then imaged on a Nikon A1R laser scanning 

confocal microscope as described in the “Live Cell Imaging” section.  Z-series images 

were recorded every 3 min throughout the experiment.  After adding Zn2+/pyrithione to 

cells, PMT gain was lowered from 50 to 15 for SpiroZin2 and from 45 to 25 for FluoZin-3 

to avoid detector saturation. Image analysis was performed using ImageJ.  Z-series 

images of each fluorescence channel per time point were flattened using the maximum 
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intensity Z-projection.  To perform single cell analyses, 15 cells were randomly chosen 

and each cell was defined as an individual region of interest (ROI).  Background 

fluorescence of each channel was calculated by averaging the signal intensities of an 

area (mean intensities) without cells.  The fluorescence intensities of the FluoZin-3 or 

SpiroZin2 channel of each ROI were calculated by subtracting background fluorescence 

from the raw mean fluorescence intensities for each channel.  

3.4.7 Variability of fluorescence Intensities of zinc probes 

To test the variability of fluorescence intensities of FluoZin-3 and SpiroZin2, 8 x 

105 HC11 cells were plated in a 35-mm glass bottom dish one day prior to imaging.  

Cells were stained with FluoZin-3 or SpiroZin2 with or without pluronic as described 

above.  Nucleus dye was added to the cell culture medium 30 min prior to imaging.  

Cells were washed with phosphate-free HHBSS buffer and then imaged on a Nikon 

A1R laser scanning confocal microscope as described in the “Live Cell Imaging” 

section.  Z-series images were recorded in the resting state (F) and 15 min post TPA 

treatment (Fmin).  Image analysis was performed using ImageJ.  Z-series images of 

each fluorescence channel per time point were flattened using the maximum intensity Z-

projection.  To perform single cell analyses, nucleus channel images were thresholded 

to identify the nuclear area.  Touching objects were separated by a watershed 

algorithm.  Next, segmented particles were identified by the “find maxima” command 

with “segmented particles” as the output type, and “light background” chosen when the 

background color was white.  To create ROIs with each ROI corresponding to a single 

cell, segmented pictures were processed by the “analyze particles” command as 

follows: the range of the size of particles was adjusted so that each particle incorporated 
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a single cell and then the option “add to manager” was chosen to generate a list of 

ROIs.  Applying the ROIs to the FluoZin-3 or Spirozin2 channel images allowed the 

quantification of the mean raw intensity of the sensor fluorescence at the single-cell 

level.  The background fluorescence of each channel was calculated by averaging the 

signal intensities of an area (mean intensities) without cells.  The fluorescence 

intensities of FluoZin-3 or SpiroZin2 channel of each cell were calculated by subtracting 

the background fluorescence from the raw mean fluorescence intensities.  

3.4.8 Colocalization Assay of Zinc Probes with Vesicular Markers 

To transiently express vesicular markers in HC11 cells, 500 ng of DNA encoding 

each fusion protein (LAMP1-EBFP, VAMP8-CFP or GalT-CFP) was electroporated into 

1 x 106 cells with the Neon system (Life Technologies) 24-48 hr prior to imaging using 

the following parameters: pulse voltage: 1400 v; pulse width: 20 ms; pulse number: 2 

pulses.  Electroporated cells were plated in 35-mm glass-bottom imaging dishes. Before 

imaging, cells were stained with FluoZin-3 or SpiroZin2 with or without pluronic as 

described above.  After staining, cells were washed with phosphate-free HHBSS buffer.  

To enhance the fluorescence intensities of zinc probe channels, 5 µM pyrithione/20 µM 

ZnCl2 was added to cells.  Fluorescence images were recorded 5-10 min after Zn2+ 

addition.  Sensor co-localization experiments with LAMP1-EBFP and GalT-CFP were 

performed on a Nikon A1R laser scanning confocal microscope as described in the 

“Live Cell Imaging” section.  Colocalization experiments with VAMP8-CFP were 

performed on a Nikon Ti-E spinning disc confocal microscope as described in the “Live 

Cell Imaging” section.  
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To perform the Pearson coefficient-based colocalization assay, cells with 

fluorescence signals in both the zinc sensor channel and the vesicular maker channel 

were selected for analysis with JACoP plugin for ImageJ 

(https://imagej.nih.gov/ij/plugins/track/jacop.html).  An important criterion for choosing 

cells is that the fluorescence intensities of the two channels must be comparable.  One 

to three regions of interest (ROI) were drawn within a cell and the Pearson coefficient 

was calculated by JACoP. Data were plotted with KaleidaGraph.  

3.4.9 Cytosolic distribution of zinc probes 

To determine the cytosolic distribution of FluoZin-3 and SpiroZin2, 8 x 105 HC11 

cells were plated in a 35-mm glass bottom dish one day prior to imaging.  Cells were 

stained with FluoZin-3 or SpiroZin2 with or without pluronic as described above. Nuclear 

dye was added to the cell culture medium 30 min prior to imaging.  After staining, cells 

were washed with phosphate-free HHBSS buffer.  To enhance the fluorescence 

intensities of the zinc sensor channels, 5 µM pyrithione/20 µM ZnCl2 was added to the 

cells.  Z-series fluorescence images were recorded 5-10 min after Zn2+ addition on a 

Nikon Ti-E spinning disc confocal microscope as described in the “Live Cell Imaging” 

section.  Image analysis was performed using ImageJ.  Z-series images of each 

fluorescence channel were flattened using the maximum intensity Z-projection.  Cells 

with cytosolic distribution of dyes were counted by eye.  The total number of cells was 

calculated with ImageJ. Nucleus channel images were thresholded to identify the 

nuclear area.  Touching objects were separated with a watershed algorithm. The 

number of nuclei (i.e. cells) was determined with the command “analyze particles.”  The 
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quantification of cytosolic distribution of dyes was determined by dividing the number of 

cells with cytosolic signal by the total number of cells per image.  

3.4.10 Lysosomal pH measurement 

HC11 cells were grown in a 96-well plate in growth media supplemented with 0.5 

mg / mL of LysoSensorTM Yellow / Blue Dextran (ThermoFisher Scientific, L22460) 

overnight.  The standard curve (A) was generated by incubating cells in 10 mM 

monensin and 10 mM nigericin in MES buffer (5 mM NaCl, 115 mM KCl, 1.3 mM 

MgSO4, 25 mM MES), with the pH adjusted to within the range of 4.0–7.0 for 10 min.  

After the incubation, fluorescence was quantified with a fluorescence microplate reader 

(BioTek Synergy H1 hybrid) at emission wavelengths of 535 and 440 nm with excitation 

at 340 nm.  To generate a standard curve, the ratio of emission 535nm / 440 nm was 

plotted against the pH value of MES buffer. The lysosomal pH post Bafilomycin A1 or 

DMSO treatment was calculated using the standard curve.  

3.4.11 Monitoring cytosolic Zn2+ using a genetically-encoded Zn2+ FRET sensor  

HC11 cells stably expressing a Zn2+ FRET Sensor (ZapCV2) were generated 

using the PiggyBac™ Transposon Vector System (System Biosciences).  Fluorescence 

images were acquired in the YFP FRET and CFP channels.  To perform data analysis, 

a cytoplasmic region (ROI) and a region without cells (background) were selected and 

the FRET ratio was calculated by dividing the background corrected YFP FRET 

intensity by the background corrected CFP FRET intensity.  
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3.4.12 Measurement of lysosomal Zn2+ level during lactation  

HC11 cells were induced to differentiation as described above.  To study the 

change in lysosomal Zn2+ over the progression of lactation, cells at different stages 

were stained with SpiroZin2 (without pluronic) and nuclear dye as described above, and 

then imaged on a Nikon A1R laser scanning confocal microscope as described in the 

“Live Cell Imaging” section.  Z-series images were recorded in the resting state (F) and 

15 min after TPA treatment (Fmin).  Image analysis was performed with ImageJ.  Z-

series images of each fluorescence channel per time point were flattened using the 

maximum intensity Z-projection.  To perform single cell analyses, the same workflow as 

described in the above section “Variability of Fluorescence Intensities of Zinc Probes” 

was used: nucleus channel images were analyzed to identify the nucleus area, segment 

cells, and create ROIs, with each ROI identifying a single cell.  Applying the ROIs to the 

Spirozin2 channel allowed us to quantify the mean intensity of SpiroZin2 at the single-

cell level in an entire field of view.  Background fluorescence of each channel was 

calculated by averaging the signal intensities of an area (mean intensities) without cells.  

The fluorescence intensities of the SpiroZin2 channel of each cell were calculated by 

subtracting background fluorescence from the raw mean fluorescence intensities.  Data 

plots and statistical analyses (ANOVA with Tukey’s HSD posthoc test) were generated 

with KaleidaGraph software.  
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3.5 Results 

3.5.1 Titration of probes in HC11 cells 

Because FluoZin-3 and SpiroZin2 employ different fluorescence sensing 

mechanisms, we performed a side-by-side comparison of their response to Zn2+ 

perturbations in HC11 cells.  Figure 3.1 depicts the chemical structures of FluoZin-3 and 

SpiroZin2, along with representative fluorescence images and Zn2+ response curves.  In 

these experiments, we used the cell-permeable acetoxymethyl (AM) ester derivative of 

FluoZin-3, FluoZin-3 AM, in which the negatively charged carboxylate groups are 

masked as neutral esters.  After the functionalized dye crosses the cell membrane, 

intracellular esterases hydrolyze the esters, restoring the carboxylic acids and trapping 

the negatively charged probe inside the cell.  In the absence of Zn2+, FluoZin-3 

fluorescence is quenched by photoinduced electron transfer (PET) from the chelating 

group.  Upon Zn2+ binding, PET becomes unfavorable, which causes an increase in the 

fluorescence emission168.  In contrast, SpiroZin2 operates via a reaction-based turn-on 

mechanism that occurs when Zn2+ binding induces a ring-opening reaction that converts 

a non-fluorescent spirobenzopyran to a fluorescent cyanine dye198.  Figures 3.2c and 

3.2d show representative fluorescence images of HC11 mouse mammary epithelial 

cells stained with SpiroZin2 and FluoZin-3, respectively.  Cells treated with SpiroZin2 

routinely exhibited fluorescence in a vesicular pattern.  FluoZin-3 fluorescence signals 

were more variable, appearing to reside in vesicles, large puncta, and the cytosol. 

In order to measure the response of each probe to Zn2+ perturbation, cells 

stained with either SpiroZin2 or FluoZin-3 were treated with reagents to determine the 
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minimum and maximum fluorescence signal of the apo and Zn2+-bound states.  To 

obtain the minimum fluorescence signal for the apo form of the sensor (Fmin), the cell-

permeable Zn2+ chelator tris (2-pyridylmethyl) amine (TPA) was added to cells.  

Subsequently, the maximal fluorescence signal for the bound form of the sensor (Fmax) 

was obtained by addition of excess Zn2+ with the ionophore pyrithione.  The titration 

curves in Figures 3.1c and 3.1d demonstrate that both SpiroZin2 and FluoZin-3 respond 

to Zn2+ cheating and saturating reagents within a few minutes in HC11 cells.  

Single cell analysis of live cells treated with either FluoZin-3 or SpiroZin2 

revealed significant heterogeneity in the fluorescence intensities and staining patterns of 

each dye.  Although the fluorescence intensity of FluoZin-3 has been used widely to 

estimate intracellular resting labile Zn2+ levels under resting conditions113,267–270, 

evidence suggests that the high fluorescence signal of FluoZin-3 in HeLa cells is at 

least partially due to accumulation of the dye in the Golgi complex rather than high 

concentrations of labile Zn2+ 199.  Moreover, variability in the amount of dye internalized 

by cells causes inconsistencies in resting fluorescence signals (F), and, therefore, 

estimated labile Zn2+ levels.  We proposed that labile Zn2+ levels could be assessed 

more precisely by normalizing resting state fluorescence to apo state fluorescence after 

treatment with TPA (F/Fmin).  In this case, greater F/Fmin ratios would indicate higher 

concentrations of labile Zn2+.   
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Figure 3.1. Titration of probes in HC11 cells. (a) Molecular structure of zinc-unbound 
and zinc-bound SpiroZin2 λex = 520 nm, λem = 640 nm. (b) Molecular structure of 
FluoZin-3 AM, zinc-unbound and zinc-bound FluoZin-3, λex = 494 nm, λem = 516 nm. 
(c) Representative image of SpiroZin2-stained HC11 cells and the titration curve of 
SpiroZin2 in HC11 cells. Red: SpiroZin2. Blue: nucleus. To avoid saturation of pixels, 
lower gain was applied to acquire images post zinc addition. (d) Representative image 
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of FluoZin-3-stained HC11 cells and the titration curve of FluoZin-3 in HC11 cells. 
Green: FluoZin-3. Blue: nucleus. To avoid saturation of pixels, lower gain was applied to 
acquire images post zinc addition. Scare bar, 10 mm. 
 

3.5.2 SpiroZin2 staining yields consistent signals after normalization to TPA 

treatment while FluoZin3-stained cells have highly variable signals 

To quantify the cellular heterogeneity of fluorescence signals of the two probes, 

we measured the fluorescence intensities of single HC11 cells stained with either 

SpiroZin2 or FluoZin-3 AM, with or without pluronic F-127, before (F) and after 

treatment with TPA (Fmin).  Pluronic F-127 is a non-ionic detergent that facilitates the 

dispersion of hydrophobic dyes in aqueous media and is often applied in standard 

FluoZin-3 staining protocols.  Figures 3.2a and 3.2c show that both SpiroZin2 and 

FluoZin-3 staining resulted in highly variable resting fluorescence (F).  In contrast, the 

normalized fluorescence (F/Fmin) of SpiroZin2 gave consistent results across multiple 

trials.  For example, in two independent experiments in the absence of pluronic, we 

found F/Fmin = 1.4 ± 0.17 and 1.3 ± 0.16.  In two separate experiments, we found that 

co-incubation with pluronic F-127 gave similar results: F/Fmin = 1.2 ± 0.21 and 1.2 ± 

0.16.  These data suggest that the ratio F/Fmin is a better indicator of resting Zn2+ levels 

than F.  FluoZin-3 staining experiments gave a large range of F/Fmin (ratios = 6.8 ± 4.5 

and 6.1 ± 4.5 for two independent trials in the absence of pluronic; 8.4 ± 4.7 and 6.3 ± 

4.4 in the presence of pluronic; Figures 3.2c and 3.2d).  These results indicate that 

complete calibration measurements of F, Fmin, and Fmax are required to estimate 

relative Zn2+ levels using FluoZin-3.  We also determined that the addition of pluronic 

had only minor effects on the ratio F/Fmin for both SpiroZin2 (ratio = 1.3 ± 0.17, − 

pluronic; 1.2 ± 0.17, + pluronic, p < 0.0001, Student's t-test) and FluoZin-3 (ratio = 6.5 ± 
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4.6, − pluronic; 7.2 ± 4.6, + pluronic, p < 0.05, Student's t-test).  These data suggest 

that, although pluronic F-127 may affect the absolute amount of sensor taken up by a 

given cell, it does not affect sensor performance inside the cell. 

When estimating relative labile Zn2+ concentrations in different cell populations, 

our experiments demonstrate the need for using normalized signals (F/Fmin), which 

give uniform and consistent results from cell to cell, rather than resting fluorescence 

intensities (F), which we found to be highly variable.  A quantitative measure of 

variability is the coefficient of variation (CV).  The CV of F for SpiroZin2 was 20.3% - 

36.8%, whereas the CV of F/Fmin was 12.4% - 17.4%.  On the other hand, FluoZin-3 

produced highly variable F (CV = 58.8% - 86.3%) and F/Fmin (CV = 55.9% - 74.6%) 

results.  Thus, when FluoZin-3 is used to estimate or compare intracellular labile Zn2+ 

levels under different conditions or in different samples, a large number of cells must be 

investigated to compensate for the signal variability at the single cell level. 
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Figure 3.2. SpiroZin2 staining yields consistent signals after normalization to TPA 
treatment while FluoZin3-stained cells have highly variable signals. (a) SpiroZin2 
fluorescence at resting state with and without the addition of pluronic. (b) SpiroZin2 
signal at resting state normalized to TPA treatment with and without the addition of 
pluronic. (c) FluoZin-3 fluorescence at resting state with and without the addition of 
pluronic. (d) FluoZin-3 signal at resting state normalized to TPA treatment with and 
without the addition of pluronic. Normalization to TPA treatment was accomplished by 
dividing the respective probe fluorescent intensity by the fluorescence intensity upon 
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TPA treatment for each cell. Each point is an individual cell, n > 62 for each sample. 
Two biological replicates per condition. SD, standard deviation. CV, coefficient of 
variation. 
 

3.5.3 Colocalization assay of zinc probes with vesicular markers 

Both SpiroZin2 and FluoZin-3 co-localize with lysosomal markers in a variety of 

eukaryotic cells including HeLa cells, cultured hippocampal neurons, breast cancer 

cells, and C. elegans intestinal cells193,198,258,271.  FluoZin-3 was also reported to 

accumulate in the Golgi apparatus of HeLa cells and DT40 chicken B cells199,272.  The 

mechanism by which dyes are sequestered in acidic vesicular compartments is not yet 

fully understood, and it is possible that a given dye can be distributed unequally across 

different types of vesicles (e.g. lysosomal, secretory, and Golgi apparatus vesicles).  To 

study the distribution of SpiroZin2 and FluoZin-3 in different vesicular compartments, we 

performed a colocalization analysis of each dye with three vesicular markers, LAMP1-

EBFP, GalT-CFP and VAMP8-CFP. Lysosome associated membrane protein 1 

(LAMP1) is a highly glycosylated integral membrane protein that is found in late 

endosomes and lysosomes, and is frequently used as a marker for these organelles273.  

GalT-CFP is comprised of the first sixty amino acids of human galactosyltransferase 

(GalT), a trans-Golgi targeting sequence, fused to CFP.  Vesicle-associated membrane 

protein 8 (VAMP8) is a marker for secretory vesicles that is associated with exocytosis 

in different types of mammalian cells including pancreatic acinar cells274, mast cells275, 

cytotoxic T lymphocytes276, platelets277, and kidney collecting duct epithelia278. 

To perform the co-localization assay, HC11 cells transiently expressing FP-

tagged vesicular markers were stained with SpiroZin2 or FluoZin-3 and imaged by 

fluorescence microscopy.  Dual color images were analyzed with an intensity correlation 
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assay based on the Pearson correlation coefficient (PC), which ranges from −1 to 1, 

with −1 indicating negative correlation, 0 no correlation, and 1 complete positive 

correlation.  PC analysis requires the intensities of the two channels to be comparable 

because uneven intensities of two channels can lead to artificially diminished PC 

values279.  Under resting conditions in HC11 cells, we found that the fluorescence 

intensities of the sensors were too low compared to those of the FP-tagged marker 

proteins, presumably due to the low levels of intracellular Zn2+.  In order to achieve 

comparable intensities in the dye and marker-FP channels, we added a Zn2+/pyrithione 

solution to dye-stained cells, which increased the sensor fluorescence intensities after a 

few minutes.  PC-based co-localization analysis revealed that SpiroZin2 was strongly 

co-localized with LAMP1 (PC = 0.68 ± 0.11), but poorly co-localized with GalT (PC = -

0.07 ± 0.10) and VAMP8 (PC = 0.08 ± 0.13), indicating that it preferentially resides in 

late endosomes and lysosomes (Figure 3.3).  Because FluoZin-3 is commonly delivered 

to cells with pluronic, we tested whether this procedure affects subcellular localization.  

Figure 3.4 shows that FluoZin-3 co-localizes with LAMP1 reasonably well (PC = 0.54 ± 

0.12 without pluronic, 0.64 ± 0.1 with pluronic).  However, we observed that some 

portion of FluoZin-3 also populates the Golgi (PC = 0.22 ± 0.22 without pluronic, 0.23 ± 

0.21 with pluronic) and secretory vesicles (PC = 0.41 ± 0.25 with pluronic).  Because 

vesicular compartments may have different amounts of labile Zn2+, the non-specific 

localization of FluoZin-3 may contribute to the highly variable fluorescence intensities of 

FluoZin-3 staining in Figure 3.2. 
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Figure 3.3. Co-localization analysis of SpiroZin2 and three vesicular markers 
demonstrates that SpiroZin2 resides in lysosomal vesicles. (a) Representative images 
of SpiroZin2-stained cells, vesicular markers- FP, and merged channel. (b) Pearson 
coefficient plot of co-localization analysis. Each dot represents an intracellular ROI. 
Pearson analysis included a minimum of 11 cells per condition. Scale bar, 5 µm. 
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Figure 3.4. Co-localization analysis of FluoZin-3 and three vesicular markers 
demonstrates that FluoZin-3 non-specifically localizes to lysosomal, Golgi, and 
secretory vesicles. (a) Representative fluorescence images of Spirozin2-stained cells, 
vesicular markers- FP, and the merged channel. (b) Pearson coefficient plot of co-
localization analysis. Each dot represents an intracellular ROI. A minimum of 18 cells 
were analyzed for each condition. Scale bar, 5 µm. 
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3.5.4 A population of FluoZin-3 localizes to the cytosol 

Similar to reports from other researchers199,258, we observed cytosolic signals in 

some cells treated with FluoZin-3 (Figure 3.1d).  To rigorously quantify the cytosolic 

distribution of SpiroZin2 and FluoZin-3, we stained HC11 cells with each dye in the 

presence and absence of pluronic and then determined the percentage of cells 

exhibiting cytosolic signals.  As shown in Figure 3.5, none of the SpiroZin2-stained cells 

showed cytosolic signals under any condition, whereas 0.38% and 13.7% of FluoZin-3-

treated cells exhibited cytosolic staining in the absence and presence of pluronic, 

respectively.  In the presence of pluronic, the increase in cytosolic FluoZin-3 signals 

may be attributable to the increased aqueous solubility of FluoZin-3 AM.  Alternatively, it 

is possible that pluronic facilitates the general uptake of FluoZin-3 into cells and the dye 

accumulates in cytosol after saturating vesicular organelles.  Therefore, when using 

pluronic it is advisable to optimize the concentration of the FluoZin-3 to avoid 

accumulation of dye in the cytoplasm.  In contrast, SpiroZin2 exhibited unambiguous 

and consistent vesicular localization.  
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Figure 3.5. A population of FluoZin-3 localizes to the cytosol. HC11 cells were stained 
with SpiroZin2 or FluoZin-3 with and without pluronic. Fluorescence images in each 
channel were acquired 5 min post treatment with 5 µM pyrithione/20 µM ZnCl2. 
Quantification reveals that SpiroZin2 does not localize to the cytosol but the cytosolic 
localization of FluoZin-3 depends on the presence of pluronic. Scale bar, 5 µm. 
 



	 93	

3.5.5 SpiroZin2 reveals changes in lysosomal Zn2+ upon perturbation 

To further characterize the ability of SpiroZin2 to detect lysosomal Zn2+, we 

investigated the dynamic range of the sensor in lysosomes and monitored the 

lysosomal Zn2+ pool as a function of a series of perturbations.  To define the full 

dynamic range, we carried out in situ calibrations using TPA to determine Fmin, and 

Zn2+ with pyrithione to determine Fmax.  As shown in Figure 3.6A, the dynamic range of 

SpiroZin2 in lysosomes is 5.3 ± 1.2.  An important feature of a lysosomal probe is 

insensitivity to pH.  Whereas SpiroZin2 is insensitive to pH changes between 4.0 and 

6.0 in vitro, this property was not previously tested in cells.  To assess the pH 

dependence of SpiroZin2 in cells, we first validated that LysoSensorTM Yellow / Blue 

Dextran, a lysosomal pH indicator, could detect changes in pH from 4 to 6 (Appendix E 

1A).  We demonstrated that treatment of cells with NH4+ lead to a lysosomal pH shift 

within 2.5 min (Appendix E 1B) and showed that this shift in pH did not alter SpiroZin2 

fluorescence intensity (Appendix E 1C), confirming that SpiroZin2 fluorescence is not 

affected by changes in pH within this range in cells.   

We also examined how lysosomal Zn2+ pools respond to an increase in 

extracellular Zn2+.  Previously we demonstrated that elevation of extracellular Zn2+ leads 

to a slow increase in cytosolic Zn2+ in HeLa cells followed by sequestration into 

intracellular organelles such as the ER and mitochondria260.  Here, we show that HC11 

cells also exhibit a steady increase in cytosolic Zn2+ detected via the genetically 

encoded fluorescent Zn2+ sensor, ZapCV2230, when treated with 40 mM extracellular 

Zn2+ (Figure 3.6A).  Surprisingly, lysosomal Zn2+ increased more quickly than cytosolic 

Zn2+, reaching a peak within 5 min, while cytosolic Zn2+ continued to rise after 45 min of 
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treatment.  This result suggests that the extracellular Zn2+ is rapidly internalized into 

lysosomes via endocytosis, which operates on a time scale of seconds to minutes280.  

Our data also revealed that this increase in lysosomal Zn2+ was transient; the Zn2+ level 

dropped quickly and stabilized within 20 min.  The possible routes of lysosomal Zn2+ 

export could be Zn2+ leak through lysosomal ion channel transient receptor potential 

mucolipin 1 (TRPML1)65, and/or export to the extracellular environment by lysosomal 

exocytosis194.  

Finally, we used Bafilomycin A1, a vacuolar H+ ATPase inhibitor281 to dissipate 

the H+ gradient across the lysosomal membrane (Figure 3.6B), and show that this 

procedure decreases  the lysosomal Zn2+ pool, as detected by a decrease in SpiroZin2 

fluorescence intensity (Figure 3.6C – E).  These results suggest that lysosomal Zn2+ 

accumulation is facilitated by the proton gradient via Zn2+/H+ exchange.  The Cation 

Diffusion Facilitator (CDF) protein family transports divalent cations and is present in 

diverse organisms from bacteria to humans282.  It is well established that the E.coli CDF 

protein, YiiP, acts as a Zn2+/H+ antiporter283,284.  YiiP is a homologue of mammalian ZnT 

transporters, and Zn2+ transport by ZnT1 and ZnT5 has been suggested to be facilitated 

by proton gradients285,286.  Given that ZnT2 and ZnT4 transport Zn2+ into 

lysosome55,56,65, it is possible that ZnT2 and ZnT4 act as Zn2+/H+ antiporters, whereby 

dissipation of the proton gradient disrupts lysosomal Zn2+  accumulation. 
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Figure 3.6. SpiroZin2 reveals changes in lysosomal Zn2+ upon perturbation. (a) The 
resting fluorescence of SpiroZin2 (left y axis) and resting FRET ratio (right y axis) of 
ZapCV2 were recorded over a timecourse upon treatment with 40 µM ZnCl2, 150 µM 
TPA and 1 µM pyrithione / 2.7 µM Zn2+ (SpiroZin2), 0.75 µM pyrithione / 20 µM Zn2+ 
(ZapCV2). (b) lysosomal pH increased upon treatment with 1 µM Bafilomycin A1. 
SpiroZin2 resting fluorescence was recorded every 5 min for 45 min post treatment with 
vehicle (1% DMSO) (c) or 1 µM Bafilomycin A1 (d), followed by treatment with 150 µM 
TPA. (e) The lysosomal Zn2+ level (F/Fmin) in Bafilomycin A1-treated cells is lower than 
that in DMSO-treated cells. F, the mean of the fluorescence intensities at 40 min and 45 
min post treatment with DMSO or Bafilomycin A1; Fmin, the mean of the fluorescence 
intensities of the last three time points post TPA treatment. n > 24, p < 0.0001, unpaired 
student’s t-test. 
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3.6.6 A substantial increase in lysosomal Zn2+ was detected in SpiroZin2-stained 

mammary epithelial cells at 24 hr post hormone treatment 

Given its superior performance, we used SpiroZin2 to track vesicular Zn2+ 

concentrations in mouse mammary epithelial cells (HC11), which differentiate in 

response to lactation hormones.  Because accumulation of Zn2+ in intracellular vesicles 

in secreting HC11 cells has been hypothesized to be a hormone-dependent process253, 

we chose to study this phenomenon.  Previous reports indicate that lysosome-related 

organelles in C. elegans intestinal cells serve as major Zn2+ storage sites that play 

important roles in maintaining Zn2+ homeostasis193.  To examine whether late 

endosomes/lysosomes serve a similar function in secreting HC11 cells, we induced 

differentiation of HC11 cells with lactation hormones according to established 

protocols231,237 and analyzed the relative Zn2+ concentrations by SpiroZin2 as a function 

of time.  Single-cell analyses were performed as illustrated in Figure 3.7a.  Cells were 

stained simultaneously with a nuclear dye and SpiroZin2.  Nuclear channel images were 

analyzed with ImageJ to identify the nuclear area, segment cells, and define regions of 

interest (ROIs), with each ROI corresponding to a single cell.  The mean fluorescence 

intensity in the corresponding SpiroZin2 channel was quantified for each cell in the 

entire field of view.  Normalized fluorescence intensities were measured by treating the 

cells with TPA and calculating F/Fmin, as described above.  As shown in Figure 3.7b, 

we detected a substantial increase in labile Zn2+ concentrations 24 hours after hormone 

treatment relative to proliferating resting cells (p < 0.0001), an observation that suggests 

late endosomes or lysosomes may serve as temporary storage sites for Zn2+ during 

HC11 cell differentiation. 
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Figure 3.7. A substantial increase in lysosomal Zn2+ was detected in SpiroZin2-stained 
mammary epithelial cells at 24 hr post hormone treatment (5 µg/mL insulin, 5 µg/mL 
prolactin, and 1 µM hydrocortisone). (a) Cell segmentation method for single-cell 
analysis. scale bar, 40 µm. (b) SpiroZin2 fluorescence signal at resting state normalized 
to its signal after 30 min of TPA treatment. Each point is an individual cell, n > 297 for 
each sample. Two biological replicates per condition. *, p <0.0001, one-way ANOVA 
test. 
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3.7 Discussion 

Live-cell imaging of individual cells using small-molecule fluorescent probes is a 

powerful and widely used approach for estimating the concentration and distribution of 

analytes in cells.  However, few studies rigorously evaluate the heterogeneity in 

fluorescence signal and localization from cell to cell and explicitly compare the 

functionality of different probes.  In this study, we performed a parallel and systematic 

comparison of two small-molecule vesicular Zn2+ probes, FluoZin-3 AM and SpiroZin2, 

to evaluate each probe for measurement of vesicular Zn2+ pools.  Our work reveals that 

SpiroZin2 specifically reports on lysosomal Zn2+ pools and can be used to monitor 

changes in lysosomal Zn2+ in a variety of perturbations (changes in extracellular Zn2+, 

dissipation of the lysosomal H+ gradient, and cell differentiation). 

 One of the primary applications of small molecule fluorescent Zn2+ sensors is to 

compare relative amounts of Zn2+ in different biological samples, for example between 

different cell types or between cells in different physiological states, such as 

differentiated versus undifferentiated.  As evident in published studies113,267–270, it is 

common practice to use resting fluorescence intensities of FluoZin-3 to estimate relative 

Zn2+ levels in different cell populations.  Our results indicate that the resting FluoZin-3 or 

SpiroZin2 fluorescence intensities (F) are highly variable among cells (Figure 3.2), with 

an average coefficient of variation (CV) of 28% for SpiroZin2 and 73% for FluoZin-3, 

and should not be used to represent relative Zn2+ levels.  In contrast, for SpiroZin2 the 

ratio of fluorescence intensity of the resting state to that after TPA treatment (F/Fmin) 

was uniform and consistent, with a substantially decreased average CV (13.7%, Figure 

3.2).  Therefore, instead of F, F/Fmin is a more appropriate and precise parameter to 
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assess relative labile Zn2+ levels in cells when using SpiroZin2.  Unfortunately for 

FluoZin-3, fluorescence signals normalized to Fmin (F/Fmin) remained highly variable 

(average CV 66%).  One possible explanation for this high variability in fluorescence 

signal under resting conditions is that individual cells internalize different amounts of 

dye.  In this case, normalization of F to the Fmin signal in each individual cell provides 

an internal control for that cell and mitigates the variability.  For FluoZin-3, the large 

degree of signal heterogeneity, even after normalization, most likely results from the 

widespread heterogeneity in dye localization in addition to affects from differential dye 

accumulation. 

Unlike targeted genetically-encoded sensors that can be localized to a specific 

organelle by a tagging sequence, small molecule fluorescent probes tend to accumulate 

adventitiously in different compartments39.  Because previous reports suggest that 

FluoZin-3 AM accumulates in multiple organelles in mammalian cells199, we rigorously 

determined the intracellular distribution of the dyes.  Our data reveal that SpiroZin2 

exclusively localizes in lysosomal vesicles (Figure 3.3).  Whereas previous work198 

showed SpiroZin2 accumulated in lysosomes, it did not establish that SpiroZin2 was 

exclusively in lysosomes, as we do here.  FluoZin-3 AM non-specifically accumulates in 

the cytosol, as well as across three populations of vesicles: lysosomal vesicles, trans-

Golgi vesicles and secretory vesicles.  Owing to possible different labile Zn2+ levels in 

different vesicular compartments, the heterogeneous intracellular localization of 

FluoZin-3 may contribute to the variable fluorescence intensities of FluoZin-3 staining 

observed in Figure 3.2, even after normalization to Fmin.  This high degree of variation 

confounds interpretation of Zn2+ measurements made by FluoZin-3 in different biological 
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samples or under different conditions.  In order to compare relative Zn2+ levels in a 

particular subcellular compartment across samples or conditions using FluoZin-3, 

researchers should simultaneously measure FluoZin-3 signals and organelle markers, 

carry out full probe calibrations by recording F, Fmin, and Fmax in individual cells, and 

restrict analysis to those cells in which FluoZin-3 co-localizes with a genetically-encoded 

marker for the compartment of interest. 

In the present study we used F/Fmin to provide a relative measure of the labile 

Zn2+ pool in lysosomes.  It should be noted that, although sensors can be used to 

quantify Zn2+, doing so requires a full sensor calibration, estimation of the dissociation 

constant (Kd) for Zn2+ ideally in the compartment of interest, and demonstration that the 

probe is in equilibrium with the labile pool within a particular compartment.  Small 

compartments, such as lysosomes, pose an additional challenge because of their 

extremely small volumes.  

Our results reveal that SpiroZin2 is a specific lysosomal Zn2+ probe that provides 

reliable measurements of resting lysosomal Zn2+ pools in single cell analyses, when 

properly normalized, and how these pools change with different cellular perturbations.  

We demonstrate that lysosomal Zn2+ pools response rapidly to perturbation of 

extracellular Zn2+ and that the lysosomal Zn2+ pool relies on activity of the V-ATPase of 

lysosomes.  We also applied SpiroZin2 to lactating mouse mammary epithelial cells and 

detected a transient increase of lysosomal free Zn2+ 24 hr after treatment with a 

lactation hormone. This finding is significant because a growing number of studies 

suggest that lysosomes play a key role in Zn2+ homeostasis. Zn2+ can be delivered into 

lysosomes from the cytosol by two Zn2+ transporters, Slc30a2 and Slc30a455,56,65, or 
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through other cellular processes such as autophagy94,287.  Lysosomes serve as Zn2+ 

storage reserves and protect cells from Zn2+ overload in C. elegans intestinal cells and 

HeLa cells193,194.  Even so, lysosomal accumulation of Zn2+ can also be toxic, inducing 

lysosomal membrane permeabilization (LMP) and cell death under certain pathological 

conditions258,266,288,289.  Lysosomal Zn2+ can be transported into the cytosol by the 

lysosomal ion channel transient receptor potential mucolipin 1 (TRPML1)65, and/or 

exported to the extracellular environment by lysosomal exocytosis194.  Although the 

mechanism of the transient increase of lysosomal Zn2+ lactating mouse mammary 

epithelial cells is unknown, we propose that lysosomes serve as temporary Zn2+ storage 

sites and play key roles in the regulation of Zn2+ homeostasis during lactation.  Previous 

work has implicated lysosomes as playing an important role in redistribution of Zn2+ 

pools during involution of mammary tissue upon weaning195,196,290.  Here, we show they 

also play a role during differentiation to a lactation phenotype, suggesting that 

lysosomes may be a major player during remodeling of Zn2+ homeostasis and 

redistribution of labile Zn2+ pools. 

3.8 Future Directions 

Future work of this study will focus on elucidating (1) the broader application of 

SpiroZin2 and (2) the sources of the transient increase of lysosomal Zn2+ in 

differentiated HC11 cells.  

First, lysosome have been suggested as a Zn2+ storage site to protect cells from 

Zn2+ toxicity193,194.  On the other hand, lysosomal accumulation of Zn2+ and following cell 

death has been associated with a variety of health problems258,266,288,289. However, the 

accumulation of lysosomal Zn2+ detected in the above studies was quantified using 
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FluoZin-3, which has non-specific subcellular localization and highly variable signals. 

The biological roles of lysosome in zinc homeostasis and whether or not the 

accumulation of lysosomal Zn2+ is a hallmark in some human diseases cannot be 

addressed without accurately quantifying lysosomal Zn2+. The application of SpiroZin2 

in the future study of lysosomal Zn2+ will profoundly aid in addressing the above 

questions. 

Second, I am interested in determining the source of the transient accumulation 

of Zn2+ in lysosome. It has been shown that lysosomal Zn2+ accumulation was caused 

by Zn2+ transport by lysosomal ZnT2 or ZnT4(ref). However, ZnT2 mRNA expression 

was undetected whereas ZnT4 mRNA expression did not change at 24 hr post hormone 

treatment (Figure 2.4B). Using western blot, protein expression of ZnT2 and ZnT4 was 

quantified relative to ACTB expression but protein expression level of both genes did 

not increase at 24 hr post hormone treatment (data not shown). A remaining possibility 

is ZnT4 translocates to lysosome membrane transiently at 24 hr post hormone 

treatment, leading to the increase of lysosomal Zn2+. I will test this possibility by co-

localizing ZnT4 with a lysosomal membrane marker Lamp1 using co-

immunofluorescence.  
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Chapter 4 

Implications in Zinc Homeostasis and Cell Signaling 

In this chapter, I will discuss the major implications from this study for hormone-

regulated zinc homeostasis and cell signaling. 

Using the differentiation of HC11 cells upon lactogenic hormone treatment, I 

found out that 11 zinc transporters were differentially regulated at day6 post treatment 

with lactogenic hormones (prolactin and cortisol). ZIP14 was selected for downstream 

analysis due to its relatively high expression level and fold change, however, the broad 

effect of lactogenic hormone(s) on the expression of zinc transporters remains to be 

profiled. To address this, the expression of the other 10 transporters needs to be 

examined with treatment with prolactin alone, cortisol alone and the combination of both 

hormones. This experiment will deepen our understanding in the different roles of 

cortisol and prolactin in regulating zinc homeostasis. While prolactin majorly regulates 

mammary gland differentiation and lactation, cortisol is detected in many types of 

tissues and controls gene expression in response to stress. Knowing the expression of 

what zinc homeostasis genes are under the control of cortisol will help us to elucidate 

how zinc homeostasis is modulated in different biological processes (e.g. stress).  

A ~50% increase of cytosolic Zn2+ was also detected at day6 post hormone 

treatment. It has been shown that Zn2+ treatment controls the mRNA expression of 

ZnT1, ZnT2 and ZIP10 via the Zn2+ - MTF1 axis. To study whether or not the 50% 

increase of cytosolic Zn2+ plays roles in the expression of transporters, the mRNA levels 

of 11 transporters need to be profiled in proliferating HC11 cells treated with Zn2+. This 

experiment can also discover any novel transporter regulated by Zn2+ treatment. I also 
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showed that cortisol stimulated the mRNA expression of ZIP14 and ZIP14 directly 

transported Zn2+ into cytosol. It will be interesting to develop a hierarchy in zinc 

homeostasis regulated by cortisol where ZIP14 increases cytosolic Zn2+ and the latter 

further controls the expression of other zinc transporters. This experiment will extend 

our knowledge of how cells systematically regulate zinc homeostasis in a temporal 

fashion in response to hormone treatment.  

My data also showed that ZIP14 is important for the mRNA expression of the 

whey acid protein (WAP) but not beta-casein (CSN2). It remains to be addressed that 

whether or not ZIP14 regulates WAP mRNA level at the transcriptional level or post-

transcriptional level (mRNA degradation). Once the target(s) of ZIP14 regulation is 

identified, a potential broader effect of ZIP14 KD in the expression of genes can be 

predicted and examined. For example, if ZIP14 KD represses the WAP transcription via 

lowering the activity or expression level of a transcription factor, it is plausible that ZIP14 

KD also affects the expression of all downstream genes that are regulated by this 

transcription factor.  

The association between cortisol-induced ZIP14 expression, cytosolic Zn2+ 

increase and WAP expression suggests that the increase of cytosolic Zn2+ mediates the 

cortisol signaling cascade. However, ZIP14 is probably not essential for the 

glucocorticoid-receptor (GR) signaling pathway, as casein mRNA expression was 

unaffected in ZIP14-KD cells and it is well known that casein expression is regulated 

synergistically by STAT5 (prolactin-induced signal transducer) and GR. Although both 

genes are activated by the cooperation of prolactin and cortisol239,254, the transcription of 

CSN2 and WAP operates differently: cortisol alone induces transcription of WAP with 
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GR present on WAP promoter but not CSN2161, whereas prolactin alone was sufficient 

to induce CSN2 but not WAP transcription238. GR regulates the transcription of target 

genes via recruiting other transcription factors or mediators to the promoter region. I 

hypothesize that ZIP14-regulated cytosolic Zn2+ level modulates the expression level or 

activity of transcription factor(s) or mediator(s) that are recruited by GR to specifically 

control the transcription of a subset of genes including WAP. Verifying this hypothesis 

can elucidate how zinc signal (i.e. changes in cytosolic Zn2+ level) to regulate gene 

expression in cell signaling cascade. 

A complete list of target genes that are regulated by ZIP14 can be acquired by 

comparing the mRNA expression level of transcriptome in differentiated cells and 

ZIP14-KD differentiated cells. Knowing the identities of these target genes will aid me to 

reveal the mechanism of ZIP14 regulation. For example, enrichment of known elements 

that specifically bind certain transcription factors in promoter regions of these target 

genes can be analyzed by bioinformatic tools to find out what transcription factor(s) are 

regulated by ZIP14. Moreover, bioinformatic analysis can also suggest the cellular 

pathways that are regulated by ZIP14 in differentiated cells.  

Overall, the findings in this study suggest a remodeled zinc homeostasis upon 

lactogenic hormones treatment, which regulates gene expression in differentiated 

mammary epithelial cells.  
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Appendix A 

Protocol and Data Analysis for RT-(q)PCR 
 

Workflow: 

RNA > DNase I Treatment-> Pure RNA without DNA->RT Reaction-> 1st cDNA -> 

qPCR, or regular PCR Amplification 

 

(1) DNase I treatment: 

20 µL = 4ug RNA + 2 µL 10x rxn buffer with MgCl2 + 2 µL Dnase I (1unit) + 1 µL 

RNaseOUT + Nuclease-free H2O up to 20 µL. 

Incubate at 37 degree for 30min. 

Add 4 µL 50mM EDTA and incubate at 65 degree C for 10min to deactivate DNase. 

Final [RNA] = 200ng/ul 

 

(2) Reverse Transcription rxn: generate first-strand cDNA. 

40 µL reaction: 

10x Buffer RT: 4 µL 

dNTP (5mM): 4 µL 

OligodT Primer (20uM): 2 µL (1uM final concentratioin) 

RnaseOUT (RNase Inhibitor): 2 µL  

Rnase-free H2O: 2 µL 

RNA: 24ul (200 ng/µL) 

OT E: 2 µL 

Final [RNA] = 100 ng/µL 
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Incubate at 37 degree for 60min. It is important to not to over-incubate reaction mix at 

37 degree. cDNA can be stored at -20 or -80 degree C freezer for one week. 

 

(3) qPCR: 

96-well: 25ul /well 

25 µL         = 12.5 µL 2x SYBR Green PCR Master Mix 

                     10 µL cDNA (10x dilution of RT rxn mix) 

                      2.5 µL primer mix 

 

Control: no template control. Replace cDNA with water or RT rxn mix without RT 

enzyme as templates.  

 

(4) Regular PCR  

1 µL cDNA 

0.3 µL Casein 3 Fwd (10mM) 

0.3 µL Casein 3 Rev (10mM) 

0.3 µL dNTP (10uM) 

10x PFU buffer: 1 µL 

PFU: 0.25 µL 

H2O: up to 10 µL 

 

PCR running condition: 

94 ˚C, 2min 
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94 ˚C, 30s 

55 ˚C, 2min 

72 ˚C, 40s 

30 cycles of step 2-4, 

72 ˚C, 10min  

Table A. A. 1 Primers sequences for RT-(q)PCR 
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Quantification of gene expression using qPCR  

 Quantitative analysis of relative expression ratio (R) of target genes normalized to 

reference genes was performed with the Pfaffl method as previously described. 

Basically, the ratio R is calculated using this equation: 

𝑅 =  ! (!"#$%!)!!",!"#$%! (!"#$%"&!!"#$%&)

! (!"#)!!",!"# (!"#$%"&!!"#$%&)  . The explanation of each term in this equation refers 

to the following table A. A. 2. In my experiment, target gens are CSN2, WAP, ZIP14, 

MT1 and MT2; reference genes are ACTB and RPS9. CT value represents cycle 

threshold, which is the number of cycles for signals to reach a certain threshold.  

Table A. A. 2 

 

 

 

 To determine the amplification efficiency (E), a standard curve was generated by 

plotting the CT value of each qPCR reaction with a 10-fold serial dilution of template 

against the log10 (dilution of template). A best-fit linear trend line was created and the 
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slope was acquired from this curve. E is calculated with this equation E = 10[-1/slope]. For 

example, in the Figure A.A. 1, the slope of the standard curve of RPS9 reaction with 10-

1, 10-2, 10-3 template DNA dilution is plugged in the reaction: E = 10 (-1/3.4285) = 1.95. The 

E for each gene amplification was calculated in the same way and is shown in the 

following table A. A. 3. 

   

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene E Gene E 

ACTB 1.87 ZIP14 1.93 

RPS9 1.95 MT1 1.85 

CSN2 1.98 MT2 2.09 

WAP 2.01   

Figure A. A. 1 Standard curve of RPS9 qPCR reaction. 

Table	A.	A.	3	Amplification	efficiency	for	each	gene	
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Appendix B 

Top down- or up-regulated GO_BP terms in D 24 hr and D day6 samples 

 

 

Downregulated  

D 24hr 

Downregulated 

D day6 

Upregulated 

D 24hr 

Upregulated 

D ay6 

GO terms P value P value P value P value 

Cell cycle 1.1248E-38 1.07845E-34 N.A. 0.999987016 

Mitotic nuclear 

division 
5.81226E-41 4.94414E-31 N.A. N.A. 

Cell division 7.84258E-38 1.22833E-28 N.A. 0.9999997 

DNA replication 0.000108638 1.473E-06 N.A. 0.999426461 

Cell proliferation 5.36786E-05 1.47598E-06 N.A. 0.416502521 

Cellular response to 

DNA damage 

stimulus 

9.12157E-07 6.57441E-06 N.A. 0.999505486 

DNA repair 1.89778E-05 0.000602517 N.A. 0.999999162 

Microtubule 

depolymerization 
0.000696981 3.0701E-05 N.A. N.A. 

Microtubule-based 

movement 
0.001604039 6.22704E-05 N.A. N.A. 

Positive regulation of 

cell migration 
0.001604039 6.31641E-05 0.026546031 0.016206726 
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Inactivation of MAPK 

activity 
0.010033256 0.000523448 N.A. N.A. 

Immune system 

process 
N.A. N.A. 1.74744E-06 1.32724E-06 

Ion transport 0.093900291 0.006916626 0.005627542 1.66105E-05 

Transmembrane 

transport 
0.688077966 0.498319959 0.009488001 0.000418027 

transport 0.863100023 0.739469543 0.16573244 0.000920184 

Endoplasmic 

reticulum unfolded 

protein response 

0.777724116 0.500368196 0.635770253 8.17695E-05 

Cellular Zinc ion 

homeostasis 
N.A. 0.759064037 N.A. 0.003105688 

Response to peptide 

hormone 
0.898601296 0.923048512 0.004098764 0.003375759 

Positive regulation of 

protein 

phosphorylation 

0.501946639 0.427429421 0.038933446 0.011894421 

Response to 

glucocorticoid 
0.676827102 0.025670645 0.204797608 0.011964716 

Positive regulation of 

MAP kinase activity 
0.815867794 0.225104366 0.102051472 0.012876377 
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Activation of MAPK 

activity 
0.085063661 0.011731548 0.798179211 0.013075637 

Fatty acid biosynthetic 

process 
0.007686002 0.330744683 0.789479583 0.000335685 

Lipid metabolic 

process 
0.176263644 0.383066201 0.618051992 0.013087877 

Glucose metabolic 

process 
N.A. 0.898464477 0.761072107 0.017428649 

 

 

Top down- and up-regulated zinc genes in D day6 sample 

 
Downregulated 

D day6 

Upregulated 

Dday6 

GO terms p-value p-value 

Nucleic acid binding 6.81047E-10 0.004259146 

DNA binding 1.55444E-07 0.090933838 

Protein binding 5.95714E-06 0.270930119 

Metallopeptidase activity 8.56237E-11 1.37174E-07 

Peptidase activity 3.35924E-05 0.000322465 

Ligase activity 6.17158E-05 0.039316772 

Ubiquitin protein transferase activity 0.000473424 0.088130209 

Ubiquitin protein ligase activity 0.007067595 0.274090331 
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Transcription regulatory region DNA 

binding 
0.000851443 0.119316506 

Transcription factor activity, 

sequence-specific DNA binding 
0.003403323 0.03819728 

Hydrolase activity 0.010137491 8.5E-05 

Nucleotide diphosphatase activity N.A 0.000156852 

Phosphodiesterase I activity N.A 0.02047772 

Zinc ion transmembrane transporter 

activity 
N.A 0.005684898 
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Appendix C 

ICP-MS Protocol 

 
For ICP-MS you need to create standard curves of two internal standards (Y and Ga) as 

well as a standard curve of your metal of interest (Zn). This way you can normalize the 

amount of Zn to the internal standard you spike into the experimental samples. A typical 

ICP-MS experiment should include samples as shown in this table: 

 

 

To prepare samples: 

(1) Collect ~10 x 106 cells from cell culture dish: trypsinize cells, spin down cells at 

1000rpm, 5min.  

(2) Re-suspend cells in 2ml of phosphate-free HHBSS buffer, count cells, transfer cells 

to metal-free conical tubes, spin down cells again at 1000rpm, 5min.  

(3) Discard supernatant. Cells can be frozen here. To continue the procedure, dry cells 

in the heat block (50 degree C) overnight in a fume hood.  
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(4) Next day, add 200ul nitric acid (trace-metal grade) to the cell pellet to digest the 

cells. (200ul nitric acid is enough to digest 10 million cells. You can always adjust the 

volume as necessary). To lyse cells, heat sample in hot water bath (80-100 degree C) 

for 30 min. 

(5) Add desired amount of internal control element to the sample (5 ppb Y and Ga in 

each sample). 

 (6) After samples cool down, add 6400ul of Chelex H2O to each sample to make the 

final the HNO3 concentration as ~2%. 

* Final concentration of HNO3 matters as the matrix of sample would affect mass spec. 

2%-6% HNO3 is recommended.  

 

Data Analysis using the example in the above table:  

1.  Generate Y and Ga standard curve: 

Sample (1): Blank+5 ppb Ga + 5 ppb Y  

Sample (2): Blank+10 ppb Ga + 10 ppb Y 

Sample (3): Blank + 20 ppb Ga + 20ppb Y 

*All ion counts should subtract the background ion counts (readout from sample (7)). 

Standard curve is generated by plotting ion counts against ppb. 
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2. Generate zinc standard curve.  

Sample (4): Blank + 5ppb Y+5ppb Ga + 25ppb Zn 

Sample (5): Blank + 5ppb Y+5ppb Ga + 100ppb Zn 

Sample (6): Blank + 5ppb Y+5ppb Ga + 200ppb Zn 

First , calculate measured ppb units of Y and Ga from the Y and Ga counts in 

samples  using the standard curves generated above. Then normalize all Zn ion counts 

to 5ppb Y and 5ppb Ga, respectively. Second, Zn standard curve is generated by 

plotting Zn ion counts with added Zn ppb. 

  

 

Sample (8)-Sample (10): measure Zinc level in your cell samples  

Sample (8): Cell sample1 rep#1 + 5ppb Ga+ 5ppb Y 

Sample (9): Cell sample1 rep#2 + 5ppb Ga+ 5ppb Y 

Sample (10): Cell sample X rep#1 + 5ppb Ga+ 5ppb Y 

. 

. 

To convert Zn (ppb) to [Zn] per cell, first, ppb was converted to molar 

concentration (M): 1 ppb Zn = 1 gram (g) of Zn / 109 grams (g) of water = 15 nM ( Zn 

atomic mass: 65.38 g/mol, 1 g of water = 1 mL of water); next, with the known volume of 

the sample, 15 nM was converted to total mols of Zn (Zn mols). Zn (mols) per cell was 
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acquired by dividing total Zn (mols) by the total cell number. To calculate [Zn] per cell, 

divide the Zn (mols) per cell by single cell volume (L). Single cell dimension was 

measured using light microscopy: length: 20 µm; width: 15 µm; height: 10 µm. Single 

cell volume = 20 µm x 15 µm x 10 µm = 3000 µm3 = 3 x 10-9 cm3 = 3 x 10-9 mL = 3 x 

10-12 L. 

 

 

 

Materials: 

(1) Trace-metal grade Nitric Acid: 02650 FLUKA, Nitric acid. CAS number: 7696-372. 

(2) Chelex H2O: Add chelex beads to a big jar of MiliQ H2O and stir overnight. The next 

day, filter H2O. Chelex beads can be re-used.  

(3) Y standard solution (10ppm):  125 mL - IV-STOCK-53-125ML, Inorganic Ventures.  

(4) Ga standard solution (1000pm): Gallium for ICP - CGGA1-125ML, Inorganic 

Ventures.  

(5) Zn standard solution (1000pm): VWR. VWR catalog #: RCMSZN1KN-100 
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Appendix D 

Promoter Reporter Assay of Response of ZIP14, MT1 and MT2  

Promoters to Lactogenic Hormones 
	

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

hormone treatment was performed using the Secrete-Pair ™ Dual Luminescence Assay 

Kit (GeneCopoeiaTM) following the manufacturer’s instructions. The ZIP14 and MT2 

promoters were amplified from the HC11 cell genome using the xxxx kit. The MT1 

promoter was synthesized by IDT®. All promoters were inserted into the multiple cloning 

site 1 (MCS1) of the pEZX-LvGA01 vector (GeneCopoeiaTM, catalog No. ZX107) 5’ 

upstream of the Gaussia Luciferase (GLuc) ORF. This vector also constitutively 

expresses a 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. Detailed 

information about promoter sequences: For ZIP14, the 1850-bp promoter sequence 

includes a 1349-bp fragment upstream of the TSS and a 500-bp fragment downstream 

of the TSS; For MT1, the 1209-bp promoter sequence includes a 956-bp fragment 

upstream of the TSS and a 122-bp fragment downstream of the TSS; For MT2, the 

1301-bp promoter sequence includes a 1000-bp fragment upstream of the TSS and a 

300-bp fragment downstream of the TSS. The TSS position was acquired from the 

Eukaryotic Promoter Database (EPD). HC11 cell lines stably expressing promoter 
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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 

x 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 vesicle (resting, R), cortisol (cor), prolactin (prl) or lactogenic hormones 

(cor+prl) for 24 hr. For luciferase analysis, 200 µL of media was collected at 4, 18 and 

24 hr 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 use. The GLuc and SEAP catalyzed luminescence reactions were performed 

using the Secrete-Pair ™ Dual Luminescence Assay Kit (GeneCopoeiaTM) following the 

manufacturer’s instructions. Luminescence was recorded using a BioTek Synergy H1 

hybrid plate reader (gain: 200; integration time: 3 sec). 2 biologcial replicates were 

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

replicate.  

However, HC11 cells expressing ZIP14 promoter reporter construct did not 

express SEAP. The GLUC luminescence was used to represent the ZIP14 promoter 

activity instead of the dual luminescence. First, the promoter activity upon lactogenic 

hormone treatment was determined at different time points. ZIP14 and MT2 promoter 

response increased up to 24 hr post hormone treatment whereas MT1 promoter 

response transiently increased at 18 hr post hormone treatment but slightly decreased 

at 24hr (Figure A.C.1 (A)). To analyze the effect of each lactogenic hormone on 

promoter activity, promoter activity of resting, cor, prl and cor+prl cells was analyzed at 
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24 hr post hormone treatment (Figure A.D.1 (B).  Individual or the combination of 

hormones did not activate promoter compared to the vehicle group. 

 

 

 

 

 

 

 

 

 

 

 

(A)	

(B)	


