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Abstract
Cancer is an enigma that has plagued our society for decades. More specifically, breast cancer is
the second most common cancer, making it a top priority in science. My study aimed to
understand one of the more aggressive types of breast cancers at the cellular level. More
specifically, I aimed to understand if different growth medias with different zinc levels affect
proliferation in both cancerous and non-cancerous mammary cell lines similarly. Further, I set
out to define whether breast cancer cells have a different level of intracellular zinc and respond
to changes in zinc in the growth media in a manner like normal cells. Multiple studies have
shown that zinc, an essential micronutrient for cells, is altered in breast cancer tumors from
patients. In addition, studies have shown that breast cancer is often characterized by changes in
zinc transporters, which are important regulatory proteins that control zinc levels in cells. But
these studies do not examine whether high zinc alters proliferation, nor do they explore how
tuning environmental zinc might impact cancer cells and normal cells differently. In this regard,
cellular studies offer an advantage because it is possible to precisely control environmental
conditions and the response of individual cells can be studied. Therefore, it can be advantageous
to study the mechanism involved in isolated populations of cells versus just tumors. I conducted
my study by performing a resazurin proliferation assay, using fluorescent sensors to measure
zinc levels, and carrying out Western blot experiments to measure the level of key zinc
regulatory proteins in MDA-MB-231 breast cancer cells compared to normal MCF10A
mammary epithelial cells. Results showed that in MCF10A cells, zinc deficient conditions lead
to less proliferation, while cells in zinc rich media proliferated more, except that high zinc (100
μM zinc) starts to compromise proliferation of healthy cells. Similar to MCF10A cells, MDAMB-231 breast cancer cells proliferated less in zinc deficient conditions. However, surprisingly,
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MDA-MB-231 cells proliferated more in zinc rich media, even up to 150 µM zinc, which is
usually toxic to cells. The MDA-MB-231 breast cancer cell line had significantly higher zinc
under resting conditions compared to MCF10A, consistent with observations of high zinc in
breast cancer tumors. My results suggest that zinc homeostasis is altered in the MDA-MB-231
breast cancer cell line, which may result from changes in zinc regulatory proteins. This is
important because it suggests we could perhaps exploit the differential sensitivity to zinc in
cancer therapies.
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Introduction
The role of zinc in human health
Zinc, who would have thought something so micro would be so powerful and critical for
human health? According to John et al. (2010), zinc is the second most abundant transition metal
in mammals, with about two to four grams in the human body. It has been shown that zinc helps
the body with things like wound healing, the body's sense of smell and taste, aids the breakdown
of carbohydrates, and helps the body's immune system to work properly (John et al., 2010;
Medical Encyclopedia, 2021). In developmental periods (i.e., in the womb, infancy, adolescence,
etc.), the body needs zinc to grow and develop properly. Zinc also enhances the action of insulin
by binding to and promoting packaging of insulin into secretory vesicles (Medical Encyclopedia,
2021). At the cellular level, zinc is critical for growth, development and differentiation, DNA
synthesis, RNA transcription, and cell division (John et al., 2010).
Zinc deficiency was first discovered in Cario, Egypt in 1961 (Meguid, 2001). Current
estimates suggest that more than 2 billion individuals are affected by zinc deficiency worldwide.
Nearly 50% of people 50 years old and over are consuming less than the recommended daily
amount of zinc within the U.S.A., 11 and 8 mg respectively, with 10% consuming less than half
of the recommended amount (Meguid, 2001; Grattan and Freake, 2012). Zinc deficiency causes a
reduction in food intake, mitogenic hormones, signal transduction, RNA synthesis, gene
transcription, growth and function of T and B cells, all of which can contribute to an overall
decrease in growth (Gupta, 2020). This can translate into issues like growth retardation,
hypogonadism in males, impaired cognitive functions, and cell-mediated immune disorders
(Meguid, 2001). In addition, altered zinc regulation is correlated with a number of human
diseases. Indeed, research suggests that cancer may be one of the maladies of disrupted zinc
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status (Grattan and Freake, 2012). For example, intake of zinc has an inverse association with
cancers involving the colon. Studies like Grattan and Freake (2012) have shown that deficiencies
in zinc can lead to DNA damage and the initiation of cancer.

Cellular regulation of zinc

Figure 1: Schematic of zinc regulation in mammalian cells. Cellular zinc homeostasis is
controlled by zinc transporters (ZnT and ZIP), the zinc responsive transcription factor MTF1,
and the level of metallothioneins, which act as zinc buffering proteins and help load zinc into
zinc-containing proteins. Figure created with BioRender.

The ability to maintain a constant internal state with varying external conditions that are
essential for survival is known as homeostasis. Figure 1 summarizes the main players in zinc
homeostasis. Zinc homeostasis is tightly regulated throughout the body by two types of zinc
transporters: those that increase intracellular zinc concentration (ZIP transporters or Zrt-Irt-like
Proteins) and those that reduce intracellular zinc concentration (ZnT transporters or cation
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diffusion facilitators; Ediger, and Erdman, 2021). This is because zinc cannot passively diffuse
through the cell membrane and requires transporters for its passage (Grattan and Freake, 2012).
These transporters are regulated by both transcriptional and post-translational modifications
(Grattan and Freake, 2012). The ZnT family is made up of ten members that each function to
decrease cytosolic concentrations of zinc. This is done by transferring zinc from the cytosol into
either intra-cellular compartments or the extra-cellular space. On the other hand, the family of
ZIP transporters is made up of fourteen members whose role is to increase the cytosolic
concentrations of zinc and localize to different membranes in the cell (Bafaro et al., 2017). In
addition to this, the metal-responsive transcription factor 1 (MTF1) regulates zinc homeostasis
by sensing zinc levels and regulating the expression of genes involved in zinc homeostasis.
MTF1 gets activated when excess zinc is in the cytosol. This causes MTF1 to translocate to the
nucleus where it induces the expression of ZnT1 and metallothioneins (Choi et al., 2018). ZnT1
then serves to efflux zinc from the cell. Metallothioneins (MTs) are small cysteine-rich
proteins that are involved in metal homeostasis by regulating intracellular zinc levels and
protecting against metal toxicity (Si and Lang, 2018). When metallothionein expression
increases, this increases the ability of the cell to bind and buffer zinc. In breast cancer there is an
increased expression of metallothioneins and metal-responsive transcription factor 1 (Si and
Lang, 2018; Shi et al. 2010).
Past research from the Palmer lab showed that zinc is necessary for proliferation and
growth of mammalian cells (Lo et al., 2020). Specifically, this research showed how zinc
availability affects the mammalian cell cycle in normal mammary epithelial cells like MCF10A.
They discovered that insufficient zinc caused some cells to exit the cell cycle and go quiescent,
whereas for other cells, zinc withdrawal caused a stall in the S-phase of the cell cycle. This prior
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research also showed that zinc levels can affect DNA damage, with too little zinc causing an
increase in single strand breaks and double strand breaks of DNA (Lo et al., 2020). These results
suggest that zinc may play a role in preventing DNA damage or facilitating DNA damage repair
pathways. Thus, prior research has shown that zinc is required for the mammalian cell cycle,
where too little zinc causes cells to exit the cell cycle and enter a quiescent state or stall in Sphase with increased DNA damage. My thesis research is a follow up to the Lo et al. (2020)
study involving MCF10A’s proliferation and cell cycle under differing zinc conditions, where I
am interested in whether cancer cells respond similarly or differently.
The connection between zinc and cancer
Changes in zinc are associated with a variety of human diseases such as
neurodegenerative disorders (i.e. depression, Alzheimer's disease, and aging), diabetes, and
cancer(s) (Szewczyk, 2013; Islam et. Al, 2013; Dhawan and Chadha, 2010). The second most
commonly occurring neoplasm is breast cancer, which comprises approximately twelve percent
of all cancers worldwide (Worldwide Cancer Data | World Cancer Research Fund International,
2021). Breast cancers are often categorized by different molecular markers such as: estrogen
receptor, progesterone receptor, and Her2 which correlate with invasiveness and aggressiveness
and influence available treatment options (Dai et al., 2016). For example, very few treatment
options are available for triple negative breast cancers. A metanalysis done by Jouybari et al.
(2019) revealed abnormal levels of zinc in samples of breast cancer patients, where several of the
studies highlighted in this metanalysis showed that breast cancer tissue contains higher
concentrations of zinc. In addition, this analysis showed accumulation of zinc in breast tissue that
is benign was correlated with an increased risk of breast cancer. Finally, the metanalysis done by
Joubari et al. (2019) also showed that there is significantly diminished zinc in the serum or
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plasma of breast cancer patients compared to controls. Such a decrease in zinc maybe due to an
increase demand in cancerous tissue due to higher cellular uptake and enzymatic activity of
tumors. Overall, these findings suggest that breast cancer is characterized by multiple changes in
zinc.
The omnipresence of zinc in biological processes is one of the reasons why there is
interest in determining whether deviations in the status of zinc may play a role in the
development and progression of cancer and cellular dysfunction (Grattan and Freake, 2012). It is
well known that zinc is crucial for cell proliferation, and this could influence tumor growth
(Grattan and Freake, 2012). Multiple studies have also shown that zinc plays an important role in
regulating DNA damage and oxidative stress, and both processes can be altered in cancer (Lo et
al. 2020; Prasad and Bao, 2019; Song et al, 2009). It has been suggested that cancer cells may
develop mechanisms to shut down zinc efflux and maintain intracellular concentrations when
availability is reduced (Grattan and Freake, 2012). Such observations raise the question of
whether cancerous cells experience different levels of zinc availability in comparison to healthy
cells. In addition, this raises the question of whether cancerous cells, such as those associated
with breast cancer, respond to zinc in the same way as normal cells or if they have a different
sensitivity.
Changes in zinc transporters also characterize many cancers (Bafaro et al., 2017). As
mentioned above, zinc transporters are responsible for controlling the level of zinc inside cells.
Breast cancer has been associated with altered zinc transporters. More specifically, ZIP6, ZIP7,
and ZIP10 have been shown to influence cell proliferation and gradation (or metastasis) in
tamoxifen-resistant and luminal mammary epithelial cancer cells (Liuzzi and Cousins, 2004).
According to Takatani-Nakase (2018), ZIP6 is connected to different mammary epithelial tumor
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characteristics like the size, stage, and grade of the tumor. ZIP7 appears to contribute to
tamoxifen-resistance. Tamoxifen is an antiestrogen medication that acts as an estrogen antagonist
for the breast (Tamoxifen, MedlinePlus). Tamoxifen blocks the activity of estrogen (a female
hormone) in the breast and may stop the growth of some breast tumors that need estrogen to
grow (Tamoxifen, MedlinePlus). Tamoxifen’s tissue selective actions make it the gold standard
treatment for estrogen receptor positive breast cancer (Adams, 2010). Tamoxifen is cytostatic
and hence slows proliferation of breast cancer cells by inhibiting the progression of cancer cells
from G1 phase and inducing apoptosis in vitro in mammary epithelial cancer cell lines (Adams,
2010). Finally, ZIP10 is correlated with metastasis and invasion of breast cancer cells, being
more highly expressed in metastatic than in non-metastatic breast cancer cell lines (TakataniNakase, 2018). While it is unclear whether changes in zinc transporters cause disease or whether
the changes are a consequence of disease progression, research suggests these transporters may
be crucial factors in the malignant process (Takatani-Nakase, 2018). These results suggest that
zinc transporters, which are critical regulators of zinc homeostasis, may also be important for
understanding the molecular characteristics of breast cancer cells. However, whether zinc affects
the proliferation of cancer cells and whether they have sensitivity to zinc availability similar to
normal cells has not been determined.
Goals of my thesis work
Zinc is a superhero, aiding us both on the macro and micro level. I believe it is crucial to
study its effects on cancer cells, because it could be an answer to one of human’s toughest
supervillains, cancer. My research will investigate whether cancerous versus noncancerous cell
lines have different sensitivities to zinc availability for proliferation. My specific research
question is: Do different growth medias with different zinc levels affect proliferation in both
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cancerous and non-cancerous cell lines similarly. I plan to address this question using a
mammary epithelial cell line, MCF10A, that is frequently used as a model of normal mammary
cells, and a widely used breast cancer cell line: MDA-MB-231. I hypothesize that cancer cells
won't grow (i.e. will go quiescent) in zinc-deficient media and will grow similarly in minimal
media but have a different sensitivity to high zinc. A second question I seek to address is: do
cancer cells have a different level of intracellular zinc, and do they respond to changes in zinc in
the growth media in a manner similar to normal cells? I hypothesize the level of zinc inside
cancer cells may be higher than normal cells, based on observations of the level of zinc in breast
cancer tumors. Defining how cancer cells respond to zinc is important given known changes in
zinc in serum and the tumor environment in human patients. Based on previous research, we
know that zinc can affect the mammalian cell cycle (Lo et al., 2020) and that altered zinc levels
characterize many human cancers (Bafaro et al., 2017). These observations lead to the questions
that drive my thesis research and the overarching question of whether cancer cells respond
differently to zinc availability, particularly with respect to proliferation.
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Materials and Methods
Table 1: Reagents Table
Reagent type
Designation
(species) or resource

Source or reference

Plasmid

NES ZapCV2/piggybac

Palmer Lab – Genevieve Park

Plasmid

H2B-HaloTag / piggybac

Palmer Lab – Maria Lo

Plasmid

Super PiggyBac Transposase

System BioSciences
#PB200A-1

Cell line (H. sapiens)

MDA-MB-231

ATCC HTB-26

Cell line (H. sapiens)

MCF10A

ATCC CRL 10317

Cell line (H. sapiens)

MDA-MB-231 H2B-HaloTag/PB

Palmer Lab

Cell line (H. sapiens)

MDA-MB-231 H2B-HaloTag/PB,
NES ZapCV2/PB

Palmer Lab

Reagent

G418

ThermoFisher Scientific

Reagent

Blasticidin

Gold Biotechnology

Fluorescent dye

Halo-Tag-JF dye 549

Luke Lavis, Janelia Research
Campus

Reagent

Ca2+/Mg2+/PO43- free HEPES-buffered
Hank’s Balanced Salt Solution
(HHBSS)

ThermoFisher Scientific

Reagent

PO43- free HHBSS

ThermoFisher Scientific

Reagent

ZnCl2

Sigma

Reagent

Dulbecco’s Phosphate Buffered Saline Prepared by cell culture core
(D-PBS)
facility

Reagent

Trypsin-EDTA

Gibco

Reagent

TPA (Tris 2-pyridylmethyl amine)

Sigma-Aldrich

Chelexed fetal bovine serum (C-FBS)

FBS was aliquoted by cell
culture core facility. I treated
FBS with Chelex100

Reagent
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overnight.
Reagent

L15 (Phenol Red)

ThermoFisher Scientific

Reagent

L15 (Phenol Free)

ThermoFisher Scientific

Reagent

Zinc calibration Rmax solution:
0.01% Saponin
0.75 mM Pyrithione
Palmer Lab
100 mL from A2 and 100 mL from B2
Zn/Sr/EGTA Solution
9.77 mL Ca2+/Mg2+/PO43- free HHBSS

Reagent

Zinc calibration Rmin solution
50 mM TPA
9.77 mL PO43- free HHBSS

Palmer Lab

Reagent

DMEM/F12

ThermoFisher Scientific

Reagent

FluoroBrightTM DMEM

ThermoFisher Scientific

Reagent

1% Penicillin/streptomycin (pen/strep) Prepared by cell culture core
antibiotics
facility

Reagent

5% horse serum (HS)

ThermoFisher Scientific

Reagent

20 ng/mL epidermal growth factor
(EGF)

VWR

Reagent

0.5 mg/mL hydrocortisone (HyD)

Sigma-Aldrich

Reagent

10 mg/mL insulin

Life Technologies

Reagent

100 ng/mL Cholera Toxin

Sigma-Aldrich

Software

MATLAB

Mathworks

Software

PRISM

GraphPad

Software

ImageJ

Fiji

Device

SpectraMax iD3 plate reader.

Molecular Devices

Device

Nikon Ti-E inverted microscope

Nikon Elements

Other (Code)

MATLAB R2020a

Anson, K. J., Corbet, G. A.,
& Palmer, A. E. (2021). Zn2+
influx activates ERK and Akt
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signaling pathways.
Proceedings of the National
Academy of Sciences,
118(11), e2015786118.
https://doi.org/10.1073/pnas.2
015786118
Reagent

RIPA Buffer:
Palmer Lab makes and
3 mL sodium chloride (5 M), 5 mL
aliquots out.
Tris-HCl (1 M, pH 8.0), 1 mL nonidet
P-40, 5 mL sodium deoxycholate (10
%), 1 mL SDS (10%) and add to a 100
mL Duran bottle.

Reagent

Halt Protease and phosphatase
inhibitor cocktail EDTA-free (100x)

Lot: WK336554
Thermoscientific

Reagent

BCA protein assay Kit and letter
reagents

Lot WF325493
Pierce

Reagent

Transfer buffer:
10x: 33g Tris base, 144 g glycine, fill
to 1 L with milliQ-H2O, stir to
dissolve and store at 4ºC
1x: 100 mL 10x transfer buffer, 200
mL methanol, fill to 1 L with milliQH2 O

Palmer Lab

Reagent

Mini-Protean TGX Precast Gels

BIORAD

Reagent

Methanol (MeOH)

Palmer Lab

Reagent

Running Buffer:
10x: 1.75 g Tris, 14.4 g glycine, 1g
SDS, fill to 1 L mark milliQ-H2O

Palmer Lab

Reagent

TBS:
10x: 24 g Tris HCL, 5.6 g Tris base,
88 g NaCl, 900 mL milliQ-H2O, pH to
7.6, then fill to 1 L mark

Palmer Lab

Reagent

TBST (0.1% Tween):
Palmer Lab
10x: 900 mL milliQ-H2O, 100 mL 10x
TBS, 1 mL Tween (or 5 mL 20%
Tween)

14

Reagent

Instant Non-fat Dry Milk

Kroger

Reagent

ECL Prime Western Blotting
Detection Reagents

Cytiva
Lot 17365298

Reagent

Spectra Multicolor broad range
protein ladder

Lot 01086790 & 00884845
Thermoscientific

Primary Antibody

Rabbit polyclonal MTF1 IgG

lot#B1312/ Source: Santa
Cruz Biotechnology

Primary Antibody

Mouse monoclonal alpha-tubulin IgG

lot#A2121/ Source: Santa
Cruz Biotechnology

Primary Antibody

MT Rabbit polyclonal IgG

lot#F1511/ Source: Santa
Cruz Biotechnology

Secondary Antibody

Goat anti Rabbit IgG (HRP)
MTF1/MT

lot#P39/ Source:
www.Novusbio.com

Secondary Antibody

Goat anti Mouse IgG (HRP) Alphatubulin

lot#P36/ Source:
www.Novusbio.com

Reagent

Ponceau S Solution

Cell Culture
MCF10A and MDA-MB-231 cells were obtained from ATCC. MCF10A cells were
maintained in full growth media of the following composition: DMEM/F12, 1 %
Penicillin/streptomycin (pen/strep) antibiotics, 5% horse serum (HS), 20 ng/mL epidermal
growth factor (EGF), 0.5 mg/mL hydrocortisone (HyD), 100 ng/mL Cholera Toxin, and 1
mg/mL insulin in a humidified incubator at 37 °C and 5% CO2, as described previously by the
Palmer Lab (Lo et al., 2020). Cells were passaged every few days when they reached 80-100%
confluency, as recommended by ATCC. Briefly, cells were rinsed with Dulbecco's phosphatebuffered saline (D-PBS), treated with 1 mL trypsin-EDTA for 20 min, centrifuged at 1000 rpm
for 5 min, resuspended in full growth media, and plated at the recommended seeding density.
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For imaging and proliferation experiments, MCF10A cells were grown in minimal media
(MM). This media was designed to sustain normal proliferation but allow for control of the
amount of zinc in the media. MM was comprised of a 50:50 mixture of Ham’s F12 phenol redfree media and FluoroBriteTM DMEM with 1.5% Chelex 100-treated HS, 1% Pen/strep
antibiotics, 20 ng/mL EGF, 0.5 μg/ml hydrocortisone, 100 ng/ml cholera toxin, and 10 μg/ml
Chelex 100-treated insulin. Chelex 100 was used to chelate excess zinc ions from horse serum
and insulin. Briefly, a small scoop of Chelex 100 was added to these reagents in a 50 mL falcon
tube and they were incubated in a rotator at 4 °C overnight. Chelex 100 was removed by sterile
filtration. I generated zinc rich (ZR) medium by supplementing MM with 30 µM ZnCl2, 50 µM
ZnCl2, 70 µM ZnCl2, or 100 µM ZnCl2. I created the zinc deficient (ZD) media by adding 2 or 3
µM tris(2-pyridylmethyl)amine (TPA).
MDA-MB-231 cells were maintained in Leibovitz’s L15 media supplemented with 10%
fetal bovine serum (FBS), and 1% Pen/strep. Cells were maintained in an incubator at 37 °C and
0% CO2. Cells were passaged as described for MCF10A cells. For imaging and proliferation
experiments, cells were grown in minimal media. To determine an appropriate minimal media
for MDA-MB-231 cells that enabled proliferation but allowed for careful control of zinc, I tested
various medias: L15 with 1% pen/strep supplemented with 10%, 5%, or 1.5% FBS by plating
either 5,000 cells/well or 10,000 cells/well in a 96-well plate. Each condition got two rows total.
Cells were plated in regular L15 full growth media (L15, 10% FBS, 1% pen/strep). After 24
hours (hrs) , the media is changed to one of the four conditions listed above. The next day, cells
were subjected to the resazurin assay to determine cell proliferation in the different media
conditions. As outlined in Results, I used L15 + 1.5% FBS + 1% pen/strep as the minimal media
(MM) for MDA-MB-231 cells. Zinc-rich (ZR) and zinc-deficient (ZD) media conditions were
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created by adding the following to MM: 30 µM ZnCl2 (30ZR), 50 µM ZnCl2 (50 ZR), 70 µM
ZnCl2 (70ZR) 100 µM ZnCl2 (100ZR), or 150 µM ZnCl2 (150ZR), 2 µM TPA (2ZD) or 3 µM
TPA (3ZD).
Creation of stable cell lines
Stable cell lines were generated by electroporating cells with plasmids containing desired
fluorescent markers. Each electroporation reaction required about 1.5 million cells or 4.5 million
total for three reactions. So, I ensured that 10 cm dishes were 80-100% confluent the day prior to
electroporation. On electroporation day, I trypsinized cells to lift them off the dish. Trypsin was
inactivated with full growth media and cells were centrifuged for 5 mins at 300 RCF. Then I
aspirated off the supernatant and resuspended the cells in 5 mL of D-PBS. The cell suspension
was centrifuged again for 5 min at 300 RCF and D-PBS was aspirated off. The Neon
electroporation machine had 3 mL of E2 buffer pipetted into an electroporation tube and locked
into its cuvette holder. Cells were resuspended in 345 mL of R buffer and transferred to a 1.5 mL
Eppendorf tube containing plasmid DNA. After mixing the cells with the plasmid DNA, the
Neon 100 mL pipetman was used to aspirate 100 mL of the cells and lock the pipette into the
tube holder before running the electroporation protocol for MDA-MB-231. The electroporation
protocol was as follows: voltage was set at 1400V, width at 10 ms and 4 pulses. When complete,
I removed the pipette from the tube holder. Next, I pipetted cells into 2 mL of antibiotic-free
media and closely watched for viability for twenty-four hrs. After 24 hrs, I began the antibiotic
selection (see below). I changed the media in the wells every three days and resupplied cells with
the appropriate amount of antibiotic. First, I electroporated cells with plasmids encoding H2BHalo (2 mg) and the Piggybac transposase (500 ng) and selected with G418. For the selection,
G418 was added at 400 µg/mL or 700 µg/mL (for two different selection conditions). After 3-4

17

days, I added JF549-HaloTag to check for stable expression of H2B-HaloTag. Once the cells
were stable for H2B-HaloTag expression, I stopped adding drug and allowed cells to proliferate
to 70-90% confluence. Second, the H2B-HaloTag cell line was electroporated with plasmids
encoding NES-ZapCV2 and the piggybac transposase and selected with blasticidin. For the
selection, blasticidin was added at 400 µg/mL or 700 µg/mL (for two different selection
conditions). After 3-4 days, I added JF549-HaloTag to check for stable expression of both H2BHaloTag and NES-ZapCV2. Once the cells were stable for NES-ZapCV2 expression, I stopped
adding drug and allowed cells to proliferate to 70-90% confluence.
Proliferation Assay
A resazurin fluorescence assay was used to determine cell proliferation. MDA-MB-231
and MCF10A cells were passaged as described above. After resuspending cells in minimal
media, I removed 10 μL of the resuspended cells and combined the cells with Trypan Blue dye in
a 1:1 ratio. Using the Countess Cell counter machine, I counted the cells to determine the cell
density and allow for a calculation to ensure that I plated the same number of cells/well for each
condition. This equates to 5,000 cells per well for MCF10A and 10,000 cells per well for MDAMB-231 within 96-well plates. Cells were plated in minimal media for 24hrs. After 24hrs the
media was changed to one of the following conditions: MM, 3 μM TPA (3 ZD), 2 μM TPA (2
ZD), 30 μM ZnCl2 (30 ZR), 50 μM ZnCl2 (50 ZR), 70 μM ZnCl2 (70 ZR), 100 μM ZnCl2 (100
ZR) or 150 μM ZnCl2 (150 ZR). I plated a minimum of 8-wells per condition in at least two 96well plates (one for the 24-hr timepoint and one for the 48-hr timepoint). To create the solutions
above I made a 2x stock of each condition; 100 mL was removed from each well and 100 mL of
the 2x stock was added so that the final concentration was the desired condition. After 24 or 48
hrs, I treated wells with resazurin and measured the fluorescence using a fluorescent plate reader.
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To do this, I removed 20 μL from each of the 64 wells and then added 20 μL of resazurin
(0.0575 mg/mL). Then I created another four wells for background subtraction by adding 180 μL
minimal media and 20 μL resazurin. After 4 hrs of incubation at 37° C, I measured their
fluorescence using a Molecular Devices SpectaMax iD3 plate reader. Each sample was excited
at a wavelength of 560 nm and the emission was measured at 555-595 nm. I ran the data through
GraphPad and other statistical software for analysis.
For data analysis, first I determined the background signal by averaging the fluorescence
signal from wells containing 20 mL resazurin + 180 mL media but no cells. This average
background signal was then subtracted from each well. To normalize the fluorescence signal in
each experiment to the signal obtained from cells grown in MM, I first calculated the mean
signal for the cells grown in minimal media. Then I took the quotient of each well and the mean
of minimal media. I plotted the data using PRISM as violin plots. I also ran a One-way ANOVA
statistical test; each condition was compared against the control/minimal media condition to
determine statistical significance.
Image Viability Assay
An image viability experiment of MCF10A cells grown in media with different amounts
of zinc was done after proliferation assays to determine if cells were dying or going quiescent.
This assay uses two dyes: blue and green. The blue dye stains all cells, but the green dye only
stains dead cells. Therefore, the ratio of blue cells/total cells provides a measure of the percent
viable cells. For analysis of the data, a program called Cellpose was used to automatically detect
the number of blue cells in each well. The percent viability varied very little across the treatment
conditions, suggesting there is not a significant change in cell death at high zinc.
Determination of metal content in media
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Inductively coupled plasma-mass spectrometry (ICP-MS) was used to measure total Na,
Mg, K, Ca, P, S, Mn, Fe, Co, Ni, Cu, and Zn content in L15 media, minimal media with Chelex100 treated 5% and 1.5% Fetal bovine serum. Media samples (50 mL) were diluted in 1:10
Chelex-100 treated 1% TraceSELECT Ultra nitric acid (free of trace elements). Samples were
then further diluted to 1 mL in Chelex-100 treated 1% nitric acid and elemental analysis was
carried out at 20x dilution. All ICP-MS measurements were performed in the Oregon Health
Science University (OHSU) Elemental Analysis Core with partial support from NIH
(S10RR025512).
In Situ Calibration of Zinc Sensor
To determine the concentration of labile zinc in MDA-MB-231 cells, I used the H2BHaloTag NES-ZapCV2 stable cell line and carried out in situ calibrations of the zinc sensor. I
plated 300,000 cells in 4-8 3.5 cm imaging dishes in minimal media. Cells were given 1-2 days
to recover and then media was changed to different zinc conditions for 24 hrs. The next day, I
added JF549-HaloTag and incubated 5-30 mins. Then I washed with HHBSS (PO43- free)
solution warmed to 37 °C 3x and added 1 mL of HHBSS (PO43- free) to each dish. In situ
calibrations were conducted on a Nikon Ti-E inverted microscope with a Lumencor SPECTRA
X light engine (Lumencor, Beaverton, OR) and Hamamatsu Orca FLASH-4.0 V2 cMOS camera
(Hamamatsu, Japan). Images were collected in time lapse series every 5 mins with a 40× 0.95
NA Plan Apo objective lens (Nikon Instruments, Melville, NY). During imaging, cells were in a
controlled environmental chamber surrounding the microscope (Okolab Cage Incubator, Okolab
USA INC, San Bruno, CA) at 37°C, 0% CO2 and 90% humidity. Exposure times were as
follows: 200 ms for CFP, 200 ms for FRET, 200 ms for YFP. The filter sets I used for live cell
imaging were as follows: CFP Ex: 440, Em: 475/30; YFP Ex: 508, Em: 530/40; CFPYFP FRET
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Ex: 440, Em: 530/40. The background corrected FRET ratio was determined by drawing a region
of interest (ROI) on a cell expressing the FRET sensor and a region of interest in the field of
view where there were no cells. The intensity in the FRET channel in the background region
was subtracted from the intensity in the FRET channel for the ROI. The same procedure was
carried out for the CFP channel. Subsequently, the background corrected FRET intensity was
divided by the background corrected CFP intensity to obtain the FRET ratio.
The calibration is carried out as follows: cells are imaged for 5 min to determine the
resting FRET ratio (Rrest). Subsequently I added 1 mL of a 2x solution containing TPA (final
concentration 50 µM TPA) to determine the minimum FRET ratio (Rmin). After 5 min in the Rmin
solution, I washed with HHBSS (Ca2+/Mg2+/PO43- free) 3x and added 1 mL of it into the dish.
Afterwards I added 1 mL of a 2x solution (final concentrations: 0.75 µM pyrithione, 0.01%
saponin, 120 nM Zn2+). The zinc is provided as a buffered zinc solution. The zinc buffer contains
EGTA, Zn2+, and Sr2+ as a competing ion by taking 100 µL of A2 and 100 µL of B2 for my zinc
buffer. Inside A2 there is 0.1 M EGTA/ 0.1 M Zn2+/0.2 M Ca2+ and B2 has 0.1 M EGTA/0.2 M
Ca2+ inside it that were prepared by my lab colleague Samuel Holtzen using the procedure
explained in the supplementary information of Carter et al. (2017).
Image Analysis
Data was processed using MATLAB R2020a. First Nikon ND2 images were imported
into the software and then cells were segmented using a nuclear marker in one of two channels.
A watershed method to generate nuclear masks was used and automatic registration of images
happened at any stopping point in the experiment to account for smalls shifts of imaging dishes
during manipulation of media. The nuclei were tracked throughout the experiment and a nuclear
mask and cytosolic ring were generated. All channels were subjected to local background

21

subtraction. The intensity average in the cytosol and nucleus of the cells were measured
individually. Cells that were excluded included those lost during tracking and those that died. For
a more detailed look at image processing, please see supplemental information in Lo et al.
(2020). Then FRET ratios were converted into an estimated zinc concentration using the
(
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)(

equations: [𝑍𝑛!" ]#$%& = 𝐾' ∗ (( !"#$ )(&'( )( where a R value for each were the mean of each
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cell with ZapCV2 KD = 5.3 nM, and n (Hill coefficient) = 0.29 (Anson et al., 2021).
Western Blotting
To examine the expression of zinc regulatory proteins, I used western blotting. To
perform a western blot, cells were plated in a 6-well plate/60 mm dish. I washed cells 2x with 1
mL cold PBS and scraped into 60 – 90 µL RIPA + Protease Inhibitors (depending on size of the
pellet). Then I incubated the mixture on ice for 30 min with occasional gentle pipetting to lyse
the cells. I transferred RIPA + protein to a new tube and centrifuged at 20,000 RPM, 4°C, for 10
min. I transferred the clarified supernatant to a new tube and a bicinchoninic acid (BCA) assay
was used to determine protein concentration of samples. I did this by mixing 10 mL of BCA +
200 mL of Copper (Cu) solution in a 15 mL conical. I used a 96 well plate set up the BCA assay
plate as follows: A1-H3 in triplicate using 200 mL of BCA/Cu solution and 25 mL of each ABC
letter reagent; background rows were made in triplicate and used 200 mL of BCA/CU solution,
2.5 mL of RIPA+ PI, and 22.5 mL of cold DPBS; and the sample row is made in triplicate by
mixing either 2.5 mL of sample, 22.5 mL cold DPBS, and 200 mL BCA/Cu solution or 5 mL of
sample, 20 mL cold DPBS, and 200 mL BCA/CU solution. Once everything is plated, I shook
the plate at room temperature (RT) for three minutes before incubating at 37 ºC for thirty
minutes. Then the plate was read using the Molecular Devices SpectraMax iD3 plate reader at
absorbance 562 wavelength. I ran data through excel for processing and next steps. After this, I
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added desired sample buffer and heated at 95 °C for 15 min. Once complete, I set up SDS-PAGE
using an SDS-PAGE gel (Miniprotean TGX precast gels) of 4-20%. I ran the gel for 15 min at 80
V, then 1hr at 120 V (or whenever dye front reaches the bottom of the gel). I then prepared the
transfer buffer, filter paper, and membrane. I hydrated the PVDF membrane in methanol after gel
finished running. I removed the gel from the glass plates and built the transfer sandwich. I kept
everything damp in transfer buffer and built it as follows: black plate (bottom), sponge, filter
paper, gel, membrane, filter paper, sponge, and clear plate (top). Once the sandwich was made, I
began transferring at 80 V for 1hr with an ice pack in box, then I removed the blot from the
sandwich, keeping track of which side was in contact with the gel by cutting a notch in the upper
right-hand corner of the blot. I dried the membrane by incubating in methanol for 15 sec, then let
air dry on filter paper for 15 min. I then stored the membrane between two pieces of filter paper
and wrapped it in plastic wrap at 4°C until ready for immunostaining. I rehydrated the membrane
with methanol and cut the membrane to separate proteins of different molecular weights (Alphatubulin, MT, or MTF1). The molecular weight of MTF1 is 115 kDa, alpha Tubulin is 50 kDa,
and MT is between 15-40 kDa. I then proceed with blocking each membrane piece in TBS-T +
5% non-fat dry milk for 30 min at room temperature (RT). Then I remove the blocking solution
and added 5- or 10-mL TBS + 5% milk, then added the 1° antibody (Rabbit polyclonal MTF1
IgG, Mouse monoclonal alpha-tubulin IgG, and MT Rabbit polyclonal IgG) at the desired
concentration. For MTF1 and MT it was 5 mL of 5% milk-TBST solution with 10 mL of primary
antibody. Alpha-Tubulin used 5 mL 5% milk-TBST solution mixed with 5 mL of primary
antibody. Also, for Rabbit polyclonal MTF1 IgG (lot#B1312/ Source: Santa Cruz
Biotechnology) the dilution was 1:500. For Mouse monoclonal alpha-tubulin IgG (lot#A2121/
Source: Santa Cruz Biotechnology) the dilution was 1:1000. For Rabbit polyclonal IgG MT
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(lot#F1511/ Source: Santa Cruz Biotechnology) the dilution was 1:1000. I incubated the
membrane pieces for either 1 hr at RT or overnight at 4°C. After primary staining was complete,
I washed each strand 4x for 10 min each with TBS-T. Once washing was complete, I added
either 5- or 10-mL TBS-T + 5% milk along with the 2° (Goat anti Rabbit IgG (HRP) MTF1/ MT
or Goat anti Mouse IgG (HRP) Alpha-tubulin) antibody at the desired concentration. The
concentration for MTF1 and MT was 20 mL of 1% milk-TBST solution with 1 mL secondary
antibody. While alpha-tubulin uses 5 mL 5% milk-TBST solution mixed with 1 mL secondary
antibody. For Goat anti Rabbit IgG (HRP) MTF1/ MT (lot#P39/ Source: www.Novusbio.com)
the dilution was 1:20,000. For Goat anti Mouse IgG (HRP) Alpha-tubulin (lot#P36/ Source:
www.Novusbio.com) dilution was 1:20,000. Again, I incubated the membrane pieces for either
1 hr at RT or overnight at 4°C, followed by washing 4x for 10 min each with TBS-T. I poured
off any excess before making and adding the developing reagents. Our ECL reagents (for
chemiluminescence detection from Horseradish Peroxidase-linked antibodies) are mixed 1:1. For
the typical membranes I used about 1.4 mL total developing reagent to cover the membrane. I
then shook the membrane a few minutes after adding reagents, transferred the blot to a plastic
sheet protector, then wicked off excess with a tissue, and developed the image on the LAS4000.
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Results & Analysis
Zinc affects proliferation of MDA-MB-231 breast cancer cells differently than normal
MCF10A cells
One of the main goals of this thesis was to determine whether breast cancer cells have a
similar sensitivity to zinc in the growth media compared to normal mammary epithelial cells.
Zinc is a trace mineral which is vital for the functioning of numerous cellular processes. Based
on previous research, we know that zinc can affect the mammalian cell cycle (Lo et al., 2020)
and that altered zinc levels characterize many human cancers (Bafaro et al., 2017). In addition,
altered proliferation one of the hallmarks of cancer (Grattan and Freake, 2012). My research
investigates whether cancerous versus noncancerous cell lines have different sensitivities to zinc
availability for proliferation.
A resazurin proliferation assay was used to measure proliferation patterns in both healthy
and cancerous cells under various zinc conditions. Resazurin is used to measure bacterial and
eukaryotic cell viability through its reduction to the fluorescent product resorufin (Schmitt et al.,
2013). This allows for quantification of the number of live cells in a sample (Resazurin Assay Kit
(Cell Viability), 2022). Figure 2 depicts a schematic of this assay. Briefly, cells were quantified,
plated in 96 well plates at a specific density (5,000 or 10,000 cells/well), and placed in an
incubator overnight. The next day, the media was changed to the different zinc conditions and
cells were allowed to grow in the defined media conditions for 24 or 48 hrs, at which point
resazurin was added. The fluorescence signal is proportional to mitochondrial activity so the
higher the fluorescence, the more metabolically active cells there are in the well. Because the
same number of cells were plated in each well, this assay served as a quantitative measure of cell
proliferation.
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Figure 2: Schematic of resazurin proliferation assay experimental protocol. Arrows indicate
a new step in the protocol.

The resazurin assay was used to measure proliferation of MCF10A cells, a normal
mammary epithelial cell line. All proliferation experiments were carried out using minimal
media as the base media. Minimal media (MM) contains a reduced level of FBS or HS (1.5% vs.
10%) and the FBS or HS was treated with Chelex100 which chelates metal ions. This was done
so that I could precisely control the amount of zinc in the media. Previous work in the Palmer
Lab showed that MCF10A minimal media (1.5% Chelexed-HS + media) did not significantly
compromise proliferation (Lo et. al, 2020). Figure 3 shows the results of two representative
resazurin proliferation experiments on MCF10A cells under various zinc conditions. At 24 hrs
the zinc rich conditions (30 µM ZnCl2 to 100 µM ZnCl2) seem to show increased proliferation
compared to MM. On the other hand, zinc depletion by treatment with the chelator Tris(2pyridylmethyl) amine (TPA) at 3 µM seems to decrease proliferation. Treatment with 2 µM TPA
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led to different results for the two different experiments. At 48 hrs, both experiments show
increased proliferation with 30 µM to 70 µM, but significantly decreased signal in the 100 µM
condition. This suggests that either the cells are dying or that high zinc impedes proliferation. At
48 hrs, 3 µM TPA significantly compromises proliferation, as observed previously (Lo et. al,
2020). While the general trend is consistent from experiment to experiment when looking at A vs
C and B vs D, the actual fluorescence counts varied quite a bit. Therefore, to be able to compare
biological replicates collected on different days, I decided to normalize data within each
experiment to the minimal media condition.

Figure 3: Representative data from two different proliferation experiments for MCF10A
cells grown under different conditions. (a) Dot plot of resazurin fluorescence at 24 hrs. (b) Dot
plot of resazurin fluorescence at 48 hrs. Cells were plated at the same time as the cells in (a). (c)
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Second example of a dot plot of resazurin fluorescence at 24 hrs. (d) Second example of a dot
plot of resazurin fluorescence at 48 hrs. Cells were plated at the same time as the cells in (c).
Each symbol represents the average fluorescence in one well of a 96-well plate. The line
represents the mean. N = 8 wells/condition. Conditions are as follows: 2 ZD = MM plus 2 µM
TPA, 3 ZD = MM plus 3 µM TPA, MM = minimal media, 30 ZR = MM + 30 µM ZnCl2, 50 ZR
= MM + 50 µM ZnCl2, 70 ZR = MM + 70 µM ZnCl2, 100 ZR = MM + 100 µM ZnCl2. Statistical
significance is represented by * symbols. * P < 0.05, ** P < 0.01, *** P < 0.001, **** P <
0.0001 by one-way ANOVA.

To combine biological replicates and determine statistical significance, data were
normalized since the actual raw fluorescence signal varied quite a bit from experiment to
experiment. Briefly, for each experiment, I determined the average fluorescence intensity of
wells grown in MM and then divided the fluorescence intensity of each experimental well by the
average of the fluorescence intensity for MM. Therefore, a normalized value between 0 and 1
would indicate a decrease in proliferation compared to MM, while a value greater than 1 would
indicate an increase in proliferation. Figure 4 shows that in general, zinc deficient conditions
compromise proliferation, while zinc rich conditions enhance proliferation, but at too high of a
dose, high zinc is detrimental. More specifically, 3 µM TPA decreases proliferation at both 24
and 48 hrs, while 2 µM TPA only shows a statistically significant decrease at 48 hrs (P <
0.0001). At both 24 and 48 hrs 30, 50, and 70 µM ZnCl2 increase proliferation (P < 0.0001). At
24 hrs the signal for cells treated with 100 µM ZnCl2 appears to decrease, but this decrease isn’t
statistically significant until 48 hrs (P < 0.0001). In summary, for MCF10A cells, zinc deficient
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conditions lead to less proliferation, while cells in zinc rich media proliferated more, except that
high zinc (100 µM zinc) starts to compromise proliferation of healthy cells.

Figure 4: MCF10A resazurin assay data normalized to minimal media. A) Violin plot of
fluorescence normalized to fluorescence of minimal media at 24 hrs. B) Violin plot of
fluorescence normalized to fluorescence of minimal media at 48 hrs. Statistical significance is
represented by * symbols. * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001 by one-way
ANOVA. Statistical significance relative to MM is depicted on the graphs. Data are from 10
independent biological replicates. For each experiment, 8-16 wells of cells were measured per
condition.
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After establishing how the proliferation of healthy MCF10A cells was affected by
different amounts of zinc in the media, I sought to test how the proliferation of MDA-MB-231
breast cancer cells was influenced by zinc. The MDA-MB-231 breast cancer cell line was chosen
because it is a breast cancer cell line that is highly aggressive, invasive and is categorized as
“triple negative”, i.e. it lacks the estrogen receptor, progesterone receptor and HER2
amplification (Cell line profile - culturecollections.org.uk.). First, I needed to identify a minimal
media where zinc can be rigorously controlled. This required lowering the amount of serum
since FBS is a mixture of proteins and growth factors that bind to metal ions non-specifically. In
addition, serum contributes to high background fluorescence, which can complicate imaging
experiments. Therefore, I sought to identify a minimal media with lower serum that still
maintained proliferation similar to full growth media. I tested full growth media (L15 media +
10% FBS) vs L15 media with 5% Chelex100-treated-FBS or 1.5% Chelex100-treated-FBS. FBS
was treated with Chelex100 to lower the metal content so that a specific amount of zinc could be
added and the amount of zinc present in the media would be well defined. To perform the
experiment, either 5,000 or 10,000 cells were plated per well in 96 well plates in media with
varying amounts of serum. After 24 or 48 hrs the resazurin proliferation assay was carried out to
evaluate cell growth. As shown in Figure 5, at 24 hrs there was not a significant difference in
cell density for cells grown in 10% FBS (full growth media, FGM), 5% FBS or 1.5% FBS. As
expected, cells plated at a density of 10,000 cells/well showed higher fluorescence signal than
cells plated at a density of 5,000 cells/well. At 48 hrs for the cells plated at 10,000 cells/well,
there was no difference between cells grown in 10%, 5% or 1.5% FBS, suggesting that at this
density, the amount of serum didn’t alter proliferation. However, when cells were plated at a
density of 5,000 cells/well, lower serum (5% or 1.5%) seemed to compromise proliferation
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compared to 10%. Because my goal was to identify a media condition which enabled growth
comparable to FGM, but with the minimal amount of FBS, I chose to carry out future
experiments with L15 media + 1.5% Chelexed-FBS and cells plated at a density of 10,000
cells/well.

Figure 5: Proliferation of MDA-MB-231 in different media compositions. The resazurin
proliferation assay was used to determine the effect of plating density and different amounts of
serum on the growth of MDA-MB-231 cells. A) Relative fluorescence from resazurin assay at 24
hrs. B) Relative fluorescence from resazurin assay at 48 hrs. Each symbol represents the average
fluorescence in one well of a 96-well plate. N = 8 wells/condition. Conditions are as follows:
L15 FGM = L15 media + 10% FBS + P/S, 10% C-FBS = L15 + 10% Chelexed-FBS, 5% C-FBS
= L15 + 5% Chelexed-FBS, and 1.5% C-FBS = L15 + C-FBS. Cells were either plated at a
density of 5,000 cells/well (5K) or 10,000 cells/well (10K).
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After identifying a minimal media in which to grow MDA-MB-231 cells, I wanted to
quantify the amount of zinc (and other essential metals) in this media compared to FGM.
Inductively Coupled Plasma Mass Spectrometry (ICP-MS) is an analytical technique that is used
to measure elements at trace levels in biological samples. I sent samples of FGM, L15+5%
Chelexed-FBS and L15+1.5% Chelexed-FBS (MM) to an analytical lab at Oregon Health
Science University for them to carry out ICP-MS on the samples. The results of this analysis
(carried out on 5 replicates) are presented in Figure 6. Data show that there is lower zinc in 1.5%
MM than in regular L15 FGM, but it is not statistically significant. In addition, it seems 5% MM
is higher than the L15 FGM condition but is not statistically significant. There was a statistically
significant difference in the level of Cu and Fe in 5% MM compared to regular L15 media, but
there was not a significant difference in these metals between 1.5% FBS and FGM. ICP-MS
allowed me to quantify zinc in the media and determine that minimal media with only 1.5% FBS
contained 2.97 µM Zn2+, which was comparable to the 3.11 µM Zn2+ measured in FGM.

.
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Figure 6: Elemental analysis of MDA-MB-231 media by ICP-MS. Cells were grown in the
respective medias for 48 hrs. ICP-MS analysis was carried out by the OHSU Elemental Analysis
Core Facility. Statistical significance is represented by * symbols. * P < 0.05, ** P < 0.01, *** P
< 0.001, **** P < 0.0001 by one-way ANOVA.
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Figure 7: Representative data from two different proliferation experiments for MDA-MB231 cells grown under different conditions. (a) Dot plot of fluorescence intensity from
resazurin assay at 24 hrs (b) Dot plot of fluorescence intensity from resazurin assay at 48 hrs. (c)
Second example of a dot plot of fluorescence intensity from resazurin assay at 24 hrs. (d) Second
example of dot plot of fluorescence intensity from resazurin assay at 48 hrs. Each dot represents
a well from a 96 well plate. The line represents the mean. N = 8 wells/condition. Conditions are
as follows: 2ZD = MM plus 2 µM TPA, 3ZD = MM plus 3 µM TPA, MM = minimal media,
30ZR = MM + 30 µM ZnCl2, 50 ZR = MM + 50 µM ZnCl2, 70ZR = MM + 70 µM ZnCl2, 100
ZR = MM + 100 µM ZnCl2, 150 ZR = MM + 150 µM ZnCl2. Statistical significance is
represented by * symbols. * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001 by one-way
ANOVA.
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Having established minimal media conditions for MDA-MB-231 breast cancer cells, I set
out to determine how zinc affected proliferation. Figure 7 shows two representative experiments
of the resazurin assay on MDA-MB-231 cells grown in media with different amounts of zinc.
Figure 7 shows that zinc deficient conditions compromise proliferation, while zinc rich
conditions enhance proliferation. Conditions tested include both zinc deficiency (2 ZD and 3ZD)
and zinc rich (30 ZR, 50 ZR, 70 ZR, 100ZR) media. Data were normalized to the average
fluorescence of the minimal media condition, like normalization of the MCF10A data (Figure
8). As observed for MCF10A cells, zinc deficient media led to decreased proliferation (2ZD and
3ZD compared to MM). This effect was more pronounced for 3ZD compared to 2ZD, and the
effect was more significant at longer time points. In contrast to MCF10A cells, there was very
little effect of increasing zinc, where 30ZR – 100ZR appear to display the same amount of
proliferation as MM. However, there was an increase in proliferation at 150 µM ZnCl2. This is
different from normal non-cancerous mammary cells in which zinc levels between 30-70 µM
increased proliferation but high zinc (100 µM zinc) started to compromise proliferation.
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Figure 8: MDA-MB-231 resazurin assay data normalized to minimal media. A) Violin plot
of fluorescence normalized to fluorescence of minimal media for each well in each experiment
for 24 hr time point. B) Violin plot of fluorescence normalized to fluorescence of minimal media
for each well in each experiment for 48 hr time point. Plot represents 5 independent biological
replicates. Statistical significance is represented by * symbols. * P < 0.05, ** P < 0.01, *** P <
0.001, **** P < 0.0001 by one-way ANOVA.

The resazurin assay essentially measures the number of viable cells as the fluorescence
signal is proportional to the number of viable cells in the well. Because the same number of cells
was plated at the start of the experiment, we used the change in the amount of cells as a measure
of proliferation. The observation that at high zinc the MCF10A cells showed reduced resazurin
fluorescence could result from either cell death or cells exiting the cell cycle and hence not
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dividing. This reversible exit of the cell cycle is the process of quiescence. Once decreased
proliferation was observed, I set out to determine if cells were going quiescent or dying. Figure
9 shows the results of an image viability experiment of MCF10A cells grown in media with
different amounts of zinc. This assay uses two dyes: blue and green. The blue dye stains all
cells, but the green dye only stains dead cells. Therefore, the ratio of blue cells/total cells
provides a measure of the percent viable cells. CellPose was used to automatically detect the
number of blue cells in each well. The percent viability varied very little across the treatment
conditions, suggesting there is not a significant change in cell death at high zinc. It seems that the
decreased proliferation in ZD conditions is due cells exiting the cell cycle (going quiescent) and
hence not dividing to produce more cells. Further research will need to be done to determine the
mechanism of cell cycle exit.
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Figure 9: MCF10A Image-based cell viability assay (a) Dot plot of cell viability (% alive) at
24 hrs (b) Dot plot of cell live viability (% alive) at 48 hrs. (c) Shows an image of all cells being
counted. (d) Shows all the dead cells being counted. (e) Shows a cellpose mask over the cells
that represents which ones have been counted by the program. Each dot represents a well from a
96 well plate. The line represents the mean. N = 8 wells/condition. Conditions are as follows:
2ZD = MM plus 2 µM TPA, 3ZD = MM plus 3 µM TPA, MM = minimal media, 30ZR = MM +
30 µM ZnCl2, 50 ZR = MM + 50 µM ZnCl2, 70ZR = MM + 70 µM ZnCl2, and 100 ZR = MM +
100 µM ZnCl2.

MDA-MB-231 cells have higher levels of intracellular zinc compared to MCF10A cells
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It is important to measure intracellular zinc to understand how much cytosolic zinc is
present in the MDA-MB-231 breast cancer cell line compared to the normal MCF10A cell line.
Although studies suggest that breast cancer tumors contain higher zinc, tumors are
heterogeneous, containing multiple cell types. In addition, these studies report total zinc, not the
free or labile zinc. Finally, the amount of free zinc inside cancer cells has not been measured.
Intracellular zinc was measured by creating a stable cell line expressing a genetically encoded
fluorescent zinc sensor (NES-ZapCV2) and conducting zinc calibrations. The ZapCV2 zinc
sensor consists of two fluorescent proteins (FPs) capable of Förster resonance energy transfer
(FRET) linked by a Zn2+-binding domain (Figure 10A). The sensor has a different conformation
in the Zn2+-bound and Zn2+-free forms. Since the distance and orientation of the two FPs relative
to each other changes in the bound and unbound states, the efficiency of FRET between the two
FPs will change. Therefore, the FRET change can be used as an indicator of the presence of
Zn2+. So, if there is a high amount of labile zinc then the FRET ratio will also be high.
To determine how defined Zn2+ media conditions influenced intracellular labile
Zn2+ levels in the cytosol, I created an MDA-MB-231 cell line stably expressing a fluorescent
nuclear marker (H2B-HaloTag) and genetically encoded FRET-based sensor for Zn2+ (NES
ZapCV2). Briefly, cells were first electroporated with a plasmid encoding H2B-HaloTag and
selected via G418. I determined that the cells were stably expressing the H2B-HaloTag marker
by adding the JF549-HaloTag dye which binds to the H2B-HaloTag protein and causes it to
fluoresce (Figure 10B). Visualization of nuclear fluorescence (the H2B protein is a component
of histones bound to DNA) confirmed expression. The cell line was then electroporated with a
plasmid encoding NES-ZapCV2 and selected via Blasticidin. The NES is a nuclear exclusion
sequence that ensures the sensor is expressed only in the cytosol.
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Figure 10: Creation of a cell line expressing a fluorescent nuclear marker and a fluorescent
zinc sensor in the cytosol. (A) Cartoon of the genetically encoded FRET-based sensor for
Zn2+ (NES ZapCV2). The signal sequence is a nuclear exclusion signal (NES). The blue cylinder
represents the cyan fluorescent protein, and the yellow cylinder represents the yellow fluorescent
protein. (B) Cartoon of HaloTag. HaloTag reacts with fluorescent probes that contain a
chloroalkane. The reaction leads to covalent labeling of the HaloTag protein. In my reporter,
HaloTag is fused to Histone-2B protein. (C) A fluorescent image showing the zinc sensor in the
cytosol. (D) A fluorescent image showing the fluorescent nucleus.
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The stable cell line was grown in zinc deficient media, MM, and zinc rich media for 24
hrs, and the resting FRET ratio was measured in individual cells. A schematic of the
experimental workflow is shown in Figure 11. The FRET ratio is defined as the background
corrected intensity in the FRET channel divided by the background corrected intensity in the
donor CFP channel. More details on how the FRET ratio is calculated are provided in Materials
and Methods. A zinc calibration experiment was performed by adding a chelator (TPA) to
decrease the amount of zinc and determine the lowest FRET ratio in each cell, followed by
addition of a buffered zinc solution and an ionophore (pyrithione) that helps zinc cross the
membrane. The sensor calibrations were performed in MDA-MB-231 cells stably expressing PBH2B-Halo and PB-NES-ZapCV2. Cells were grown for 24 hr in either ZD (2 or 3 µM TPA),
MM, or ZR (30 µM ZnCl2) media. On the day of imaging, JF549-HaloTag dye was added for 5
min to stain the nuclei of the cells. Subsequently, I added 50 µM TPA to determine the minimum
ratio in each cell, followed by addition of 2 µM Zn2+ and 0.75 µM pyrithione.
A representative calibration is shown in Figure 12 along with the equations used to
calculate the dynamic range, fractional saturation, and concentration of Zn2+. The dynamic range
is defined as the magnitude of the sensor response. Therefore, if we want to have high sensitivity
in measuring zinc, a sensor with high dynamic range is desired. Fractional saturation is defined
as how saturated the sensor is at rest, prior to the calibration. This is an indication of how much
zinc is bound to the sensor under resting conditions. Finally, the zinc concentration defines how
much labile zinc is available.
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Figure 11: Schematic of the Zinc calibration experimental protocol. Arrows indicate a new
step in the protocol.

Figure 12: Representative sensor calibration of MDA-MB-231 cells grown in 30ZR media.
A) The background corrected FRET ratio is plotted as a function of time. Perturbations (zinc
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chelation and zinc addition) are indicated on the graph. Each trace represents an individual cell in
a field of view. B) Equations used to calculate the fractional saturation (FS), sensor dynamic
range (DR), and zinc concentration. The Rrest, Rmin, and Rmax are obtained from the in situ
calibration. The KD (5300 pM) and n (Hill coefficient, n = 0.29) were obtained from a previous
publication (Lo et al., 2020).

To determine the amount of labile zinc in the cytosol of MDA-MB-231 cells, cells
expressing the ZapCV2 sensor were grown in different media conditions and subjected to an in
situ calibration. Figure 13 shows the dynamic range, fractional saturation, and zinc
concentration for cells grown under these different conditions. In minimal media the dynamic
range was 1.58 and the fractional saturation was 0.34. As shown in Figure 13, there is a
significant range in the concentration of zinc. The mean corresponds to a resting zinc
concentration of 6430 pM, while the median corresponds to a resting zinc concentration of
1580pM. The dynamic range is comparable to the dynamic range observed in other cell types
suggesting the sensor functions similarly in these cells (Qin et al., 2013). This average resting
concentration of zinc in the cytosol is significantly higher (80-fold) than that observed in
MCF10A cells (80 pM; Lo et. al, 2020). This result suggests that this breast cancer cell line has
significantly higher zinc under resting conditions than a normal mammary epithelial cell line.
The fractional saturation of zinc rich conditions, 30ZR and 100ZR, is higher than
minimal media, as expected given the higher amount of zinc in the media (mean fractional
saturation of MM is 0.34 versus 0.43 for 30ZR and 0.52 for 100ZR). The average zinc
concentration in 30 ZR is significantly higher than what was observed in MCF10A cells grown
under the same conditions (mean of 16,400 pM, median of 2900pM vs a mean of 210 pM; Lo et.
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al, 2020). This is important because it indicates there is more labile zinc in the cell compared to
MCF10A cells under minimal media and certain zinc rich conditions. In comparing fractional
saturation and zinc concentrations between conditions, it is important to ensure that the dynamic
range of the sensor is similar under all conditions. In MM the mean dynamic range was 1.58 and
in 30ZR it was 1.61. While a statistical test indicated these two values were statistically
significant, the difference in dynamic range is comparable. However, it is important to note that
the dynamic range of the 100ZR condition was a little lower (mean dynamic range 1.51) and this
could lead to an overestimate of zinc in these cells.

Figure 13: MDA-MB-231 zinc calibration data. A) Dynamic range of MDA-MB-231 cells
shown as a violin plot. B) Fractional saturation of MDA-MB-231 cells represented as a violin. C)
Zinc concentration of MDA-MB-231 cells represented as a dot plot. Statistical significance is
represented by * symbols. * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001 by one-way
ANOVA.
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Western blotting
Given the changes in how MDA-MB-231 cells respond to zinc in the environment and
the changes in the concentration of free zinc in the cytosol, I set out to quantify the expression of
key zinc regulatory proteins by western blotting. This approach involves extracting proteins from
cells, separating them on a denaturing SDS-PAGE gel, transferring the protein to a nitrocellulose
membrane and then staining the membrane with antibodies that specifically detect proteins of
interest. My goal was to quantify MTF1, MT1 and MT2 in MDA-MB-231 cells grown in MM
and 150 µM zinc and compare the protein levels to MCF10A cells. This part of my project is not
yet complete. So far, I have been able to perform a western blot that showed higher expression
of MTF1 but wasn’t clean enough to see MT bands or loading control bands failed.
Therefore, I’m in the process of repeating western blots to determine if this higher expression in
MTF1 and maybe even MT is accurate or not. This repeat will be using a new antibody to help
optimize and ensure the western blot will be more accurate.
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Discussion
Comparing normal mammary epithelial cells to cancerous mammary cells is crucial to
understanding the underlying mechanisms of cell proliferation in cancer and if they are like
healthy cells or different. We define the proliferation of cells as the process by which a cell
grows and divides to produce two daughter cells, leading to an exponential increase in the
number of cells (Conlon and Raff, 1999; Grewal and Edward, 2003; Neufeld et al., 1998,
Thompson, 2010). Nutrients, growth factors, and cytokines all affect proliferation (Yang, Ray,
and Krafts, 2014). However, we often forget about other important factors like metal ions, which
serve as an essential micronutrient for cells and may influence proliferation too. My thesis shows
that zinc affects proliferation and reveals that it affects breast cancer cells differently than
healthy cells, and thus, it should be considered in the discussion too. This is particularly
interesting given that normal mammary epithelial cells have less zinc compared to cancerous
mammary epithelial cells.
The effect of zinc on the proliferation of MDA-MB-231 cancer cells
A trademark of cancer is out-of-control proliferation. This happens because of abnormal
regulation of the cell cycle. In cancer, this abnormality causes many safety checkpoints during
the cell cycle to be compromised. The abnormal management causes an accumulation of
abnormal cells with genomic instabilities. Then genomic aberrations exist in daughter cells,
leading to the accumulation of damaged cells that leads to cancer (Van Gerpen, 2007; Bosman,
2006; Visovsky et al., 2000; Scotting and Howard, 2013). Most cancer cells hold 60 or more
genetic mutations (O’Connor and Adams, 2010). Although each kind of cancer has a different
mutational signature, there are several commonly mutated genes in cancer cells like growthpromoting genes (i.g. Ras) and tumor suppressor genes (i.e. p53; O’Connor and Adams, 2010).
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Prior studies like Yang et al. (2014) have shown that besides genetic mutations, environmental
factors such as nutrients, growth factors, and cytokines all affect the proliferation of cells. This
affect is different for healthy cells versus cancerous cells. Studies like Sullivan and Vander
(2019) have shown that nutrients and growth factors, are integrated differently in healthy versus
cancerous cells. Cancer cells often display phenotypic states that call for a different metabolic
demand that determines which nutrients limit the survival or growth of tumors (Sullivan and
Vander, 2019). For example, fasting alters nutrient accessibility that decreases tumor
proliferation unlike normal cells. Even diets like ketogenic ones, indicate how complex a role
nutrition plays on the progression of tumors, as it has shown to increase and decrease the rate of
tumor progression (Sullivan and Vander, 2019). Therefore, I believe micronutrients, like zinc,
might differentially affect cancer cells too and why it should be studied further.
Studies have shown that zinc can influence cell proliferation and growth in malignant cells;
specifically, studies have looked at the role of zinc in growth, apoptosis and DNA damage in
tumors and epithelial cells (Franklin and Costello, 2019; MacDonald, 2000). However, studies
haven’t looked at how tuning environmental zinc might affect proliferation of cancer cells effects
compared to normal cells. Zinc is essential to many proteins and enzymes, including enzymes
involved in DNA synthesis and cell division (MacDonald, 2000). Lo et al. (2020) discovered that
MCF10A cells in a zinc-deficient condition had decreased proliferation. This study showed that
zinc-deficient conditions induced cellular quiescence, but not death, while zinc resupply
stimulated synchronized cell cycle reentry (Lo et al., 2020). This study revealed that mammalian
cells have an absolute requirement for zinc to go through the cell cycle. However, Lo et al.
(2020) didn't explore how proliferation gets impacted by high zinc since the highest
concentration studied was a zinc-rich condition with 30 µM zinc. In my work, I found that like
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MCF10A cells, MDA-MB-231 cancer cells stop proliferating in low zinc. A limitation of my
study is that I did not examine the mechanism of the decrease in proliferation, for example,
whether it results in cell cycle exit as in MCF10A cells. If the mechanism is the same, we can
expect that some fraction of the cells will exit the cell cycle and go quiescent, while the other
fraction may accumulate DNA damage. Future studies may want to determine if zinc deficiency
influences the cell cycle differently given that MDA-MB-231 cells have more zinc than
MCF10A cells.
In addition to examining the effect of zinc deficiency on proliferation, I also examined
the effect of zinc-rich media conditions. Based on previous studies, I expected that an increase in
zinc might promote proliferation. For MCF10A cells, I found that indeed elevated zinc aids
proliferation. However, there is a threshold where when zinc gets too high, it impedes
proliferation. When grown in the presence of 100 µM zinc, MCF10A cells showed decreased
cell numbers in the resazurin assay. This decrease in cell numbers could result from cell death or
a decrease in the rate of proliferation. The results from the image viability assay suggest that the
cells aren’t dying in high zinc. Therefore, more research is needed to figure out the mechanism
of why they stopped proliferating. One way I could do this is by examining propensity of cells to
commit to the cell cycle versus exit the cell cycle and go quiescence. I could also define whether
there are any changes in the length of the cell cycle. This could be done by creating another cell
line with H2B-Halo and the CDK2-mCherry reporter as fluorescent markers. The CDK2mCherry reporter was created by Spencer et al. (2013) and serves as a reporter of CDK2 activity.
CDK2 activity rises throughout the cell cycle and drops during mitosis; it plateaus at a low level
when cells go quiescent. Therefore, this marker can be used as a cell cycle reporter. To test how
100 µM zinc decreases proliferation of MCF10A cells, I would treat cells with 100 µM zinc, and
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monitor the CDK2 activity in individual cells through multiple rounds of the cell cycle (~ 48
hrs). I would then analyze the data to determine whether there is a change in the length of the
cell cycle or the balance of proliferating and quiescent cells.
In contrast to MCF10A cells, the MDA-MB-231 cells continued to proliferate in very
high zinc, with no compromised proliferation up to 150 µM zinc. This result was surprising
because high zinc concentrations are usually toxic to cells. I speculate that these cells might be
hyper-proliferating because how they regulate zinc is altered compared to normal cells.
Uncovering the mechanism of why MDA-MB-231 cells a proliferate in high zinc will require
further investigation. Below I discuss possible explanations for why the cells might thrive and
survive in higher zinc.
MDA-MB-231 cells survive and thrive in high zinc
Intracellular zinc levels are regulated by transporters which facilitate the movement of
zinc across membranes and by cytosolic proteins that sense and bind zinc, such as MTF1 and
metallothioneins. The transporters include 14 members of the ZIP family, which transport zinc
into the cytosol and 10 members of the ZnT family that export zinc from the cytosol. The
primary transporters on the plasma membrane that regulate movement of zinc between the
cytosol and the extracellular environment are Zip1 and ZnT1. When normal cells encounter high
zinc levels, excess zinc in the cytosol binds to MTF1 which translocates to the nucleus to
increase the expression of ZnT1 and metallothioneins (as well as other genes). Increased ZnT1
enhances the ability of the cell to efflux excess zinc, while increased metallothionein increases
the ability of the cell to bind and buffer excess zinc, thus reducing the free or labile zinc pool.
Changes in the expression of proteins like MTF1 or MTs could account for the ability of MDAMB-231 cells to survive in high zinc. This is why I initiated experiments to quantify MTF1,
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MT1, and MT2 in MDA-MB-231 cells in MM and 150 µM zinc. Unfortunately, I am still in the
process of optimizing the western blot, but my goal is to compare the protein level to MCF10A
cells in MM and 100 µM zinc.
It is also possible that there is a change in other zinc transporters that influence the cell’s
ability to uptake and store zinc in different compartments. To test this, I could also perform a
western blot to quantify the other zinc transporters. One challenge with these experiments is that
the transporters are often expressed at low levels and there are limited antibodies against the full
repertoire of transporters.
Regulation of zinc levels
As noted previously, zinc transporters, MTF1, and MT work together regulate zinc levels
(Figure 1). Mammalian cells normally contain hundreds of micromolar of total zinc that they
concentrate from their environment (Lo et al., 2020). Human serum has a zinc concentration of
about 12–15 µM, while medium from cell culture medium contains around 1–40 µM zinc (Lo et
al. 2020). Multiple studies have shown that the labile (or free) zinc concentrations in most cells
are ~ 100 pM (Qin et al., 2013; J. L. Vinkenborg et al., 2009; McCranor et al., 2012). A
particularly useful study is that of Qin et al. (2013) which looked at cytosolic zinc in HeLa cells
(cervical cancer cell line, ~ 100 pM), Min6 cells (insulin secreting cells, ~ 120 pM), neurons (~
90 pM), and RWPE (normal prostate epithelial cells, ~ 80 pM). There was essentially no
difference in cytosolic zinc between all four diverse cell types. In this paper, Qin et al. (2013) did
observe a slight increase in the prostate cancer cell line LNCaP (250 pM). Finally, Lo et al.
(2020) revealed that MCF10A (healthy mammary epithelial cells) had ~ 80 pM of labile zinc in
the cytosol. My study showed that MDA-MB-231 cells have much higher zinc (mean 6500 pM,
median 1580 pM). As shown in Figure 13C, there is a considerable spread in the values for zinc
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concentration. Most of the population centers just over 1000 pM, demonstrating that MDA-MB231 cells have a higher concentration of cytosolic zinc than any other cell reported. The median
concentration of 1580 pM is more representative of the population than the mean, which is
skewed by a smaller number of cells with very high zinc levels.
Previous studies have shown that the total amount of zinc is higher in breast cancer
tumors (Jouybari et al., 2019; Chandler et al., 2006) and malignant cell lines compared to healthy
mammary epithelium (Chandler et al., 2006). For example, Chandler et al. (2006) used an
analytical technique to examine total zinc in tissues and found that the margins of luminal breast
tumors accumulated high zinc, whereas zinc was more evenly distributed in basal tumors. They
also used a fluorescent dye to measure free zinc and found that the luminal breast cancer cell line
had higher zinc than basal MDA-MB-231 cells or normal MCF10A cells. However, one
limitation of this study is that the fluorescent dye has been shown to give rise to inaccurate zinc
measurements (Qin et al., 2013). Nonetheless, this study provides precedent that total zinc
increases in tumors and free zinc may increase in cancer cell lines. Using a genetically encoded
fluorescent sensor for zinc, and carefully calibrating the sensor in every cell, my results
corroborate these findings and show that indeed breast cancer cells hyper-accumulate free zinc.
As discussed previously, there is abundant evidence that the expression of zinc
transporters like ZIP and ZnT become altered in cancer, and these perturbations may explain the
increase in intracellular zinc. In particular, an increase in ZIP and/or a decrease in ZnT would be
expected to lead to increased cytosolic zinc. Indeed, ZIP6 shows increased expression in ERpositive invasive ductal carcinoma tissue; ZIP7 showed increased expression in Tamoxifenresistant MCF-7 cells along with zinc; ZIP9 has increased expression in malignant breast tissues,
and finally ZIP10 shows increased mRNA in lymph-node metastasis-positive-tumor tissues
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within the breast (Pan et al., 2017). It would be interesting to look at the expression level of
these transporters in the MDA-MB-231 cell line to determine if they might be responsible for the
hyper-accumulation of zinc.
Cells deal with toxic levels of zinc by the induction of proteins such as metallothionein
(MT). Metallothionein binds to zinc by exporting it or putting it into organelles (Palmiter, 2004).
Metallothionein expression is regulated by the zinc-responsive transcription factor, MTF-1
(Grzywacz et al., 2015). Overall, MT and MTF1 expressions intertwine with each other. Studies
have shown elevated expression of MT and MTF1 within breast cancer (Si and Lang, 2018; Shi
et al. 2010). Within the Si and Lang (2018) study they found elevated expression of MT like
other studies have too (Gomulkiewicz et al., 2010; Jayasurya et al., 2000; Hengstler et al., 2001;
Wulfing et al., 2007; Weinlich et al., 2006). While in the Shi et al. (2010) study they found
elevated expression of MTF1 protein within several cancers, including breast. This fits with my
observations and predictions that MDA-MB-231 breast cancer cells will have higher expression
of MT and MTF1 compared to healthy breast cells.
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Future Directions
The observation that MDA-MB-231 cells have higher zinc levels and hyper-proliferate in
high zinc suggests that zinc gets regulated differently in this cancer cell line. This may have
important implications for zinc in cancer. I hypothesize that MDA-MB-231 cells may have
altered the expression of key zinc regulatory proteins, such as MTF1 and metallothionein (MT1
and MT2). These changes could allow the cells to survive and thrive in high zinc. In future work,
I will determine the protein expression level of MTF1 and MT1, and MT2 by Western blotting. I
predict that the MDA-MB-231 cell line will have a higher expression than the MCF10A cells. If
this is the case, then genetic knockdown of protein expression of MTF-1 and MTs by shRNA or
siRNA will prevent the MDA-MB-231 cells from proliferating in high zinc, showing that MTF-1
and metallothionein are essential for thriving in high zinc.
I would also be interested in looking at other breast cancer cell lines. This will help
determine if the zinc response of MDA-MB-231 cells is specific to that cell line or whether it
might represent a more general trend in breast cancer cell lines compared to normal mammary
epithelial cells. Some of these include MCF7, T47D, ZR75-1, and ZR75-30 since they are other
kinds of breast cancer but are metastatic and share some of the same zinc transporters. Given the
finding of Chandler et al (2006) that luminal tumors hyper-accumulate zinc at the margins, I
would be interested in examining the luminal T47D cell line. In addition, MDA-MB-435S is
highly aggressive and invasive like MDA-MB-231 cells. Besides these breast cancer cell lines, it
would be interesting to examine pancreatic and prostate cancer cell lines because altered levels
of zinc have been found in pancreatic and prostate tumors. Also, both prostate and pancreatic
cancer cells use ZIP/ZnT transporters like MDA-MB-231. It would be interesting to see if they
showed a trend across different cancers and other types from the same cancer line.
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Commonly Used Acronyms
Acronym:

Definition:

MDA-MB-231

Non-transformed human cancer mammary
epithelial cell line

PB H2B-Halo

Nuclear Marker, with protein tag (HaloTag),
a modified haloalkane dehalogenase, designed
to covalently bind to synthetic ligands
(HaloTag ligands).

PB Nes-ZapCV2

Fluorescent sensor - consists of CFP (Cyan
fluorescent protein) linked to YFP (Yellow
fluorescent protein) with Zn2+ binding
domain in the middle. When Zn2+ binds,
sensor fluorescence will shift from CFP to
YFP

MTF1

Metal regulatory transcription factor 1 is a
transcription factor activated by binding of
labile Zn2+

MT, MT1, MT2

metallothioneins are small cysteine-rich
proteins that are involved in metal
homeostasis by regulating intracellular zinc
levels and protecting against metal toxicity

MM

Minimal media - media used for proliferation
assay that has been chelexed to contain the
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lowest concentration of Zn2+ that doesn’t
interfere with cellular proliferation - 1.5 μM
(Lo 2020)
ZD

Zinc Deficient - media/condition in which
TPA is utilized in order to chelate any Zn2+
present in solution, placing stress on the cell
via nutritional deficit

ZR

Zinc Rich - media/condition containing
minimal media plus XX μM Zn2+ , placing
stress on the cell via excess of metal ion

FRET

Fluorescence resonance energy transfer - a
process by which energy is transferred from
one fluorophore to another via dipole-dipole
interactions, measured via emission
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