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ABSTRACT 
 

Estrogen is a female sex hormone that is important in the development of secondary sex 

characteristics in females and promotes breast cancer growth and metastasis of Estrogen receptor 

(ER)-positive breast cancer cells. Environmental estrogens, such as metalloestrogens, have also 

been shown to promote breast cancer growth. Methylmercury (MeHg) is a metalloestrogen 

whose role in breast cancer growth and progression has not been elucidated. MeHg is of interest 

because it is the main form of mercury in humans and aquatic life, as it accumulates through the 

aquatic food chain. To test whether MeHg promotes the growth of breast cancer cells in vivo, a 

Danio rerio embryo model was used. MCF-7 ER positive breast cancer cells were transplanted 

into 2-day post fertilization embryos (dpf). Tumor growth and metastasis were observed on 7 

dpf, using fluorescent imagery. We hypothesized that ER-positive breast cancer cells treated with 

MeHg would have increased tumor growth and more metastases compared to untreated embryos. 

MeHg treated embryos showed higher percentages of embryos with cancer, tumor count, and 

tumor area compared to untreated embryos. From these results we conclude that MeHg may be 

acting as a metalloestrogen to promote the growth and progression of ER-positive breast cancer 

in xenografted Danio rerio embryos.  
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CHAPTER 1: INTRODUCTION 
 

1.1  BREAST CANCER 
 

Breast cancer is a cancer that begins in the breast tissue, most commonly in the milk 

ducts, or the lobules of the breast. Most breast cancers are carcinomas, which is cancer that 

begins in epithelial cells in organs and tissues. Breast cancer can also be sarcomas, which begin 

in cells of fat, muscle, and connective tissue [1,2]. Most invasive breast cancers start out as 

Ductal Carcinoma in Situ (DCIS), often referred to as a precursor to breast cancer. In DCIS the 

cells lining the ducts are abnormal, but are not yet invasive and have not spread outside the milk 

duct. DCIS can become Invasive Ductal Carcinoma (IDC), the most common type of breast 

cancer. Breast cancer can also begin in the milk-producing lobules of the breast. Lobular breast 

cancer begins as Lobular Carcinoma in Situ (LCIS), and can become Invasive Lobular 

Carcinoma (ILC) [3]. Other, more rare types of breast cancer include inflammatory breast 

cancer, paget disease of the nipple, Phyllodes tumor, and angiosarcoma that together encompass 

1-3% of all breast cancer diagnoses. Both IDC and ILC, and other breast cancers such as 

inflammatory breast cancer, can progress into metastatic breast cancer, where cancer cells spread 

beyond the breast into surrounding lymph nodes and distinct tissues [4]. 

Treatment for patients with breast cancer is individualized depending on the 

immunohistochemistry of the patient’s breast cancer, as well as the stage of breast cancer.  

When a patient is diagnosed with breast cancer, their cancer is tested for three receptors: estrogen 

receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 
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(HER2), using an immunohistochemistry test [2,4]. The estrogen receptor and progesterone 

receptor are receptors that are activated by the hormones estrogen and progesterone, respectively. 

HER2 is a protein found in the cell membrane and is associated with signal transduction 

pathways leading to cell growth and differentiation [5]. All three of these receptors are 

associated with an increase in proliferation and metastasis. However, the presence of these three 

receptors in a tumor generally indicates a positive prognosis, because these receptors are targets 

for hormone therapies [6].  

1.1 ESTROGEN AND ER 
 

Estrogen is the primary female sex hormone, as it is involved in the development of 

secondary sex characteristics in females. Estrogens have an important role in mammary gland 

morphogenesis (breast development), and physiological events such as puberty and pregnancy 

[7]. The major naturally occurring estrogens in women are estrone (E1), estradiol (E2) and estriol 

(E3) (Figure 1). A fourth estrogen, estetrol (E4) is only produced during pregnancy. Estrogens 

signal via three known estrogen receptors, estrogen receptor alpha (ERα), estrogen receptor beta 

(ERβ), and G protein-estrogen receptor (GPER). E2 is able to bind to ERα, ERβ, and GPER. E1 

preferentially binds to the ERα, while E3 preferentially binds to the ERβ [8]. E2 is the most 

potent estrogen in the body, while E1 and E3 are less present, and are weaker agonists on 

estrogen receptors [8].  Estrogens not only play an important role in the development of female 

sex organs, but also in the development of the prostate, lung and brain [8]. 
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Figure. Structure of human estrogens [9].  

      

E2 signals via ERβ to activate kinases and phosphatases, allowing for rapid cellular 

responses. Two major classes of kinases that E2 activates are mitogen-activated protein kinases 

(MAP-kinases) and extracellular signal-regulated kinases (ERK), which regulate cellular 

processes including cell proliferation, mitosis, cell survival, and apoptosis [10].  E2 also binds to 

GPER to activate signals that stimulate kinase cascade up-regulation [11]. This rapid signaling 

also includes the generation of calcium currents, cAMP, and inositol phosphate [11]. GPER 

stimulates adenylyl cyclase, in the presence of estrogen, and in turn activates kinases, and further 

cellular responses. In some cases, GPER-mediated signaling occurs in ER-negative breast cancer 

tumors, indicating that estrogen can enhance tumor growth, even in ER-negative tumors [12]. 

Once activated, estrogen receptors act as transcription factors, controlling gene 

expression by acting as a DNA binding protein. Estrogen signaling is a balance between ERα 

and ERβ, with variants of each type of receptor [8]. Estrogen receptors function with a number of 

cell specific co-regulatory proteins, allowing for cell specific responses to estrogen [8].  The ERα 

and ERβ are transcriptional factors involved in the regulation of gene expression of many 

physiological processes in humans [8].  

 There are two models of ligand-dependent action of the ER: the “classical activation” 

which involves direct interaction of the ER with DNA, and a “non-classical” activation by an 

agonist causing interaction of ER with other proteins that, in turn, bind to DNA and activate 

transcription [7]. Along with ligand interactions with the ER, growth factor signaling leads to the 

activation of kinases, and in turn the ER or associated coregulators in the absence of the ligand 
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[8]. When both ERα and ERβ are coexpressed in a cell, ERβ can promote ERα-dependent 

transcription [13].  

An important requirement for the function of the ER is the dimerization of the membrane 

ER, which is found in the classical model of ER action [7,11]. There is also heterodimerization 

between ERα and ERβ [11]. Dimerization of the ER is regulated through phosphorylation. In 

particular, ERα dimerization is regulated by Protein Kinase A (PKA) [14]. After the dimerization 

of the receptor, chaperone proteins, such as hsp70 and hsp90, dissociate [7]. Following the 

dissociation of the chaperone proteins, co-regulatory proteins associate with the ER, allowing the 

complex to interact with transcription factors and regulate transcription and translation [7].  

1.3 ESTROGEN RECEPTOR IN BREAST CANCER 
 

     Estrogen receptors are present in up to 80% of all breast cancers [15]. Estrogen receptors 

play a significant role in the regulation of cell adhesion, which influences the structure of normal 

epithelium as well as cell migration and invasion during tumorigenesis and metastasis [8]. 

Exposure to E2 plays a key role in breast cancer growth and metastasis. Exposure to E2 increases 

the risk of metastasis in ER-positive breast cancer cells [16]. Estrogens directly increase growth 

of breast cancer cells in culture through increasing the number of cells in the G0/G1 stage to enter 

the replication cycle [17].  

 Estrogen signaling through ERK/MAP-kinases, which initiate cellular response via 

phosphorylation, contributes to breast cancer proliferation, as deviations in this pathway can lead 

to uncontrolled cellular growth [11]. ERK/MAP-kinase responses result from the rapid signaling 

of the membrane ER [11]. Cross talk between the membrane ER and epidermal growth factor 

receptor (EGFR) is important for subsequent downstream signaling for proliferation [11]. 

Growth factor signaling leads to activation of kinases, which may activate the ER, further 
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contributing to hormone-independent growth [8]. Consequently, inhibition of the ER has become 

one of the major strategies for prevention and treatment of breast cancer [7]. 

A common method of treatment for tumors with estrogen receptors is treatment with 

substances that bind to the ER, blocking estrogen from binding to the ER, and halting the 

enhancing effects of estrogen on tumor growth. Tamoxifen is a commonly used drug for the 

treatment of ER-positive breast cancers. Tamoxifen has a low binding affinity to the estrogen 

receptor compared to estrogen. However, Tamoxifen metabolites have a much higher binding 

affinity to the ER, making tamoxifen an effective treatment of ER positive breast cancers [18].  

MCF7 breast cancer cells are a popular cell line for breast cancer research. The MCF7 

cell line originated from Helen Marion’s adenocarcinoma tumor in her left breast [19]. The 

MCF7 breast cancer cell line is ER-positive and has contributed greatly to the study of ERα, 

since it is one of few cell lines to stably express the ER [19]. While MCF7 cells do not express 

high levels of HER2, this cell line is a valuable model to study other pathways of hormone 

response [19].  

In MCF7 breast cancer cells, estrogen interacts with the ER, which stimulates 

morphological changes associated with the rearrangement of intermediate and actin filaments 

and modifications in the formation of cell-cell and cell-ECM adhesion plaques [13]. When 

MCF7 breast cancer cells are exposed to E2, an abundance of ERα is present in the cells [11]. 

This sensitivity to estrogen makes MCF7 breast cancer cells an ideal model for ER-positive 

breast cancer research.  

1.4 XENOESTROGENS AND METALLOESTROGENS 
 

 The binding domain of the ER is generous in size for estrogen, allowing for a wide range 

of compounds to bind to the ER [13]. This allows for the binding of environmental contaminants 
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with estrogenic activity, which interfere with endocrine signaling in estrogen-responsive tissues 

[8]. Xenoestrogens are man-made non-steroidal organic chemicals which have been released into 

the environment, and are endocrine disruptors [20].  Xenoestrogens are capable of binding to 

cellular ERs, and then mimicking the actions of physiological estrogen [20]. Biphenol A (BPA) 

is a commonly known xenoestrogen, that has been used since the 1950s [21]. BPA is a monomer 

that is polymerized and then used to make certain plastics. Humans can be exposed to BPA 

through contamination in food from plastic lined containers, as well as metal cans [22]. Evidence 

that BPA acts on the ERα and ERβ has been shown in several studies [23]. Specifically, BPA 

stimulates the growth of ER-positive MCF-7 cells [24]. BPA activates the estrogen receptor by 

mimicking E2 by competitively binding to the ER, and in turn activating endogenous ERs [23]. 

Metal ions and cations are also capable of interfering with estrogen action, and are 

termed metalloestrogens. Metalloestrogens are small ionic metals and metalloids, which fall into 

two subcategories: oxyanions and bivalent cations [25–27]. Metalloestrogens include aluminum, 

cadmium, chromium, cobalt, copper, lead, mercury, all of which are oxyanions [25]. Since 

estrogen is known to be involved in the development and progression of breast cancer, 

xenoestrogens and metalloestrogens can also play a functional role [20]. Metalloestrogens result 

in increased estrogen regulated gene expression, and increased proliferation of cells that  

dependent on estrogen for growth [28]. Platinum and palladium, when attached to estradiol, 

increase the relative binding affinity to estrogen receptors in MCF-7 cells [29]. Because 

metalloestrogens can bind to the ER, the implications of these estrogenic actions for human 

health is one that needs to be researched.  

1.5 METHYLMERCURY 
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Mercury is a heavy metal, known for its toxic effects in humans and other organisms. 

Mercury exists in several forms, including inorganic mercury, or bonded to organic structures 

such as methyl, ethyl and phenyl groups [30]. Methylmercury (MeHg) is the most common form 

of mercury that humans and marine life are exposed to.  MeHg is easily absorbed through the gut 

and deposits of many tissues, as it is a lipophilic compound that passes through cell membranes 

relatively easily [7,30]. Human exposure to MeHg most commonly occurs by ingestion of 

contaminated fish and through occupational exposure [31].  

MeHg adheres to sulfhydryl groups, particularly to those in cysteine, and is deposited 

throughout the body [30]. Concentrations of MeHg occurs in the brain, liver, kidneys, placenta, 

and fetus [30]. MeHg entering the cell leads to oxidative stress, which can generate DNA 

damage, and in turn causes the cell to begin the process of apoptosis [32]. Long term dietary 

exposure in zebrafish causes a lack of coordination, diminished responsiveness, swimming 

activity, and lesions in the brain, associated with the neurotoxicity caused by MeHg [32].  

The Gaudet Lab at Wheaton College and one other group have shown that MeHg can act 

as a metalloestrogen and promote the proliferation of breast cancer cells. Sukocheva et al. 

observed that MeHg interferes with growth-related signaling pathways in MCF-7 cells, through 

interaction with the ER [33]. Erk1/2 activation in response to MeHg treatments could be 

responsible for the phosphorylation and activation of the ER [10,33]. In addition, several groups 

have shown that the treatment of ER-positive breast cancer cells with mercuric chloride 

promotes the proliferation of these cancer cells [27,34,35].  

1.6 ZEBRAFISH 
 

A popular model for studying cancer in vivo are Danio rerio (zebrafish). Zebrafish have 

many beneficial attributes, such as their small size, translucent embryos, and fecundity. There is 
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a high degree of genetic conservation between humans and zebrafish, despite millions of years of 

divergent evolution [36]. Zebrafish are also abundant reproducers, with the potential to produce 

almost 200 embryos after mating. After the embryos are fertilized, they begin to divide within 45 

minutes. At 24 hours post fertilization (hpf) zebrafish embryos enter the phylotypic stage, when 

the embryo possesses the classic vertebrate bauplan [37]. At 48 hpf zebrafish embryos are at the 

long-pec stage and proceed to the hatching period, with the yolk sac still present [37]. At this 

stage, the pectoral fin buds are elongated, but do not yet look fin-line [37]. The yolk sac is 

approximately the size of the head, and continues to shrink [37]. At this stage, the heart is not 

fully developed, but the heart beating can be visualized under a microscope. 

 Because the embryos are transparent, non-invasive imaging and protein and cell marker 

tracking are possible in this model.  The establishment of transgenic lines expressing 

fluorochromes, such as green fluorescent protein (GFP), in specific cell lines, makes the 

transparent developing zebrafish particularly useful for in vivo studies of cancer progression and 

metastasis. In order to highlight the metastasis in zebrafish, tumor cells can also be stained by 

dyes such as CM-Dil [38].  Rapid progression of metastasis in zebrafish embryos can be 

observed 2 days after injection [38]. 

The adaptive immune system in zebrafish embryos are not completely developed until 14 

days post fertilization (dpf), allowing for successful transplantation of cancer cells, as well as the 

ability for the cancer cells to metastasize [39]. Zebrafish xenotransplantation also allows for the 

direct observation of the consequences of a particular treatment between tumor cells and the 

tumor cells within the embryos [39]. In addition, the yolk sac of 48 hpf embryos have 

demonstrated to be an ideal site for cell injection [39]. The yolk sac is nutrient-rich, and acellular 

which allows for cell growth and migration to be monitored [39].   
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1.7 ER IN ZEBRAFISH 
 

There are three estrogen receptors encoded in zebrafish, which include Esr1, Esr2a, and 

Esr2b, as well as an estrogen targeted GPER [40]. Expression of the ERs begins 24 hpf and is 

essential to the survival of zebrafish embryos [29,41]. Maternal esr2a is also key to the survival 

of embryos [41]. Celeghin et al. determined that knocking out the expression of the maternal 

estrogen receptor 2a (esr2a) mRNA affects transcript contents and embryonic development in 

zebrafish, causing death by 12-14 dpf [41]. Defects were seen immediately after knocking out 

esr2a, such as body growth delay, persistent yolk sac, abnormal brain development, and other 

defects [41]. During development, after 6.5 hpf maternal esr2a mRNA is degraded, while Esr1, 

Esr2a, and Esr2b expression increases [41]. There is a high level of conservation between human 

and zebrafish estrogen receptors, further making zebrafish an ideal model organism for the study 

of ER-positive breast cancers [42]. 

 
1.8 HYPOTHESIS 
 

The objective of this honors thesis is to test the hypothesis that exposure to low 

concentrations of MeHg will result in breast cancer progression in zebrafish embryos. This study 

will provide a platform for studying MeHg-mediated cancer development in vivo. We 

hypothesize that zebrafish embryos with successful xenotransplantation of MCF-7 breast cancer 

cells treated with MeHg will have increased tumor growth and more metastases compared to 

untreated embryos. 
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CHAPTER 2: MATERIALS AND METHODS 
 

2.1 CELL LINES AND PRIMARY CULTURE CONDITIONS 
 

MCF-7/GFP breast cancer cells, which contain estrogen and progesterone receptors, and stably 

express green fluorescent protein (GFP), were obtained from ATCC. Cells were maintained in 

phenol red-free Dulbecco’s Modified Eagle Medium (DMEM) containing 10% Fetal Bovine 

Serum (FBS), and incubated in a humidified atmosphere at 37˚C and 5% CO2 in flasks. Cells 

were harvested after being washed with Dulbecco’s Phosphate Buffered Saline (DPBS) and a 5-

minute incubation at 37˚C with 1x trypsin. Cells were collected after being centrifuged at 1000 

RPM for 5 minutes. 

 

 2.2 ZEBRAFISH EMBRYO CARE 
 

Embryos were generated by natural mating of adult fish in the animal facility at Wheaton College. 

At fertilization, embryos were collected and allowed to develop in 6-well plates at 28˚C in E3 

medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM MgSO4) in Professor Gaudet’s 

laboratory, room 3112 in the Mars Center for Science and Technology (Mars 3112) at Wheaton 

College. The E3 medium was changed daily. At the end of the experiment, zebrafish embryos were 

euthanized by immersion in 0.2% buffered Tricaine and transferred into an ice water bath for 30 

minutes. Embryos were maintained in compliance with the Wheaton College Institutional 

Committee for Animal Welfare. 
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2.3 MCF-7/GFP CELL XENOTRANSPLANTATION 
 

MCF-7 cells were collected by methods described above and resuspended with 50 µL of DMEM 

as a single cell suspension. Concentration of cells were calculated after using a hemocytometer. 

At 2 dpf, zebrafish embryos were anesthetized with 0.003% tricaine for 1 minute. Embryos were 

then injected with 300 - 500 MCF-7/GFP cells in 25-50 pL and then transferred to 28˚C for 5 

days in Hilary Gaudet’s lab (Mars 3112). Injection time ranged between 0.9-0.2 seconds at 4-9 

psi. Injection time and injection pressure were adjusted for needle length, which were clipped by 

hand before injections. The E3 medium was changed daily. Embryos were maintained in 

compliance with the Wheaton College Institutional Committee for Animal Welfare.  

 

2.3 MEHG TREATMENT 
 

Embryos were treated with 1 nM, 10, nM, 20 nM, and 1 µM MeHg in E3 medium immediately 

after fertilization. The MeHg-containing E3 medium was changed daily. 100 percent mortality 

rate was observed at 1 mM MeHg treatment (supplemental data). 

 

2.4 ZEBRAFISH IMAGING 
 

Zebrafish embryos were imaged at 7 dpf using the Nikon Eclipse E400 fluorescence microscope 

using 4X magnification in the ICUC Lab at Wheaton College. The embryos were placed on an 

agarose mold for imaging. Embryos were anesthetized in 0.003% buffered Tricaine for 2 minutes 

before imaging. 
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2.5 STATISTICAL ANALYSIS 
 

Statistical analysis on the survival rate of Danio rerio embryos was completed using a two-

sample proportion test at the 95% confidence level. Statistical analysis on the average number of 

tumors and tumor area was completed using a Student’s t-test assuming unequal variance at the 

95% confidence level.  

2.6 TUMOR ANALYSIS 
 

Tumor count and tumor area were obtained from the fluorescent images of zebrafish embryos 

using a Python program utilizing ESRI Spatial Analyst image classification tools. Tumor counts 

and total area (in pixels) were output to a .CSV file for each image. 
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CHAPTER 3: RESULTS 
 

3.1 20 NM MEHG TREATMENT OF DANIO RERIO EMBRYOS 
SIGNIFICANTLY IMPACTS SURVIVAL RATE 
 

 Zebrafish embryos were treated with 0 M, 1 nM, 10 nM, 20 nM, and 1 µM MeHg in E3 

embryo media at 0 dpf. Embryos were counted each day during the 7-day trial, and survival rate 

was determined by the number of viable embryos at 7 dpf, compared to the number of viable 

embryos at 2 dpf (injection day) (30-50 embryos per group). Within each treatment group, 

embryos were either not injected (injection control), injected with DMEM media (media 

control), or injected with MCF-7 cells suspended in DMEM. We observed a 100 percent 

mortality rate in embryos treated with 1 µM MeHg (data not shown). Media injection had no 

significant impact on survival rate compared to uninjected embryos (p=0.77). Cell injection also 

had no significant impact on survival rate compared to uninjected embryos (p=0.48). MeHg 

concentrations of 1 nM (p=1.00), 10 nM (p=0.35), and 20 nM (p=1.00) did not significantly 

impact survival rate in uninjected embryos. MeHg treatments of 1 nM and 10 nM did not 

significantly impact survival rate in embryos injected with DMEM (1 nM p=0.10, 10 nM 

p=1.00) and cells (1 nM p=0.34, 10 nM p=0.21). However, MeHg treatment of 20 nM with 

DMEM injection (p=0.009) and cell injection (p=0.001) had a significant impact on survival rate 

compared to untreated embryos (Figure 1). Fewer embryos survived 20 nM MeHg treatments 

when injected with either DMEM or cells. This suggests that the trauma of the injection may 

have made the embryos more susceptible to the toxicity of 20 nM MeHg.  
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Figure 1. Survival Rate of Danio rerio embryos. Treatment of 20 nM MeHg significantly 
impacted survival rate in DMEM injected (p=0.009) and cell injected (p=0.01) Danio rerio 
embryos. Statistical analysis on the survival rate of Danio rerio embryos treated with 0 nM, 1 
nM, 10 nM, and 20 nM MeHg was completed using two sample proportion tests at the 95% 
confidence level 

 

3.2 METHYLMERCURY PROMOTES AN INCREASE IN TUMOR GROWTH 
AND METASTASIS 

Zebrafish embryos were treated as discussed above and then imaged using a fluorescent 

microscope (Nixon E400) on 7 dpf. After images were taken, the number of zebrafish embryos 

presenting with tumors was determined using ArcGIS software. The treatment of xenografted 

embryos with 1 nM (p=0.01), 10 nM (p=0.04) and 20 nM (p=0.04) MeHg resulted in a 

significant increase in the number of embryos presenting with tumors when compared to the 
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untreated xenografted embryos (Figures 2 and 3).  Based on the ArcGIS software, no 

xenografted untreated embryos presented with tumors. However, it is important to note that upon 

visual analysis of images, two xenografted untreated embryos did appear to have diffuse green 

staining that could be attributed to either background staining or diffuse tumor morphology. 

These two embryos did not present with areas of distinct bright staining and defined boarders 

that we as a tumor.  

 

 

Figure 2. Images of embryos treated with 0 nM, 1 nM, 10 nM, and 20 nM MeHg. Untreated 
embryos did not present with tumors, while embryos treated with MeHg (1 nM, 10 nM, 20 nM) 
presented with tumors. 
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Figure 3. Percent of Danio rerio Embryos Presenting with Tumors. Treatment with 1 nM 
(p=0.02), 10 nM (p=0.04), and 20 nM (p=0.004) MeHg significantly increased the percentage of 
xenografted Danio rerio embryos presenting with tumors. Statistical analysis on the percentage 
of Danio rerio embryos presenting with cancer was completed using two sample proportion tests 
at the 95% confidence level.  

 

Using the same fluorescent images, the number of xenografted tumors presenting with 

metastases was determined using ArcGIS software. MeHg treatments of 1 nM (p=0.02), 10 nM 

(p=0.04), and 20 nM (p=0.004) significantly increased the percentage of embryos presenting 

with metastases (Figure 4). Migration of cancer cells was observed in Danio rerio embryos 

treated with 20 nM MeHg (Figure 5). 
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Figure 4. Percent of Danio rerio Embryos Presenting with Metastasis. The treatment of 
xenografted embryos with 10 nM (p=0.04) and 20 nM (p=0.04) MeHg significantly increased the 
percentage of embryos presenting with metastases. Statistical analysis on the percentage of 
Danio rerio embryos presenting with metastases was completed using two sample proportion 
tests at the 95% confidence level. 
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Figure 5. Metastasis present in Danio rerio embryo with MeHg treated cells. Cell migration 
to the tail of zebrafish embryo was observed at 20 nM MeHg. 

 

Using the same fluorescent images, the number of tumors were counted using ArcGIS 

software to determine the overall average number of tumors in xenografted embryos (includes 

embryos without cancer) and an adjusted average number of tumors in xenografted embryos 

(includes only embryos with cancer). MeHg treatment of 1 nM (p=0.04) and 10 nM (p=0.009) 

concentrations significantly increased the overall average number of tumors in Danio rerio 

embryos per xenografted embryo (Figure 6). MeHg treatment of 1 nM (p=0.03) and 10 nM 

(p=0.006) concentrations significantly increased the average number of tumors in Danio rerio 

embryos per successfully xenographed embryo (Figure 6).  
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Figure 6. Average number of tumors in Danio rerio Embryos. The treatment of xenografted 
embryos with 1 nM (p=0.04) and 10 nM (p=0.01) MeHg increased the overall average number of 
tumors in Danio rerio embryos. The treatment of xenografed embryos with 1 nM (p=0.03) and 
10 nM (p=0.006) increased the average number of tumors in Danio rerio embryos successfully 
transplanted with cells. Statistical analysis was completed using a one-tail Student’s t-test 
assuming unequal variance at 95% confidence level.  

 

ArcGIS software was also used to determine the overall relative average tumor area in 

xenografted embryos (includes embryos without cancer) and an adjusted relative average tumor 

area in xenografted embryos (includes only embryos with cancer). MeHg treatment significantly 

increased the overall relative average tumor area in xenografted Danio rerio embryos treated 

with 1 nM (p=0.009) and 10 nM (p=0.01) MeHg (Figure 7).  The treatment of xenografted 

embryos with 1 nM (p=0.005) and 10 nM (p=0.006) MeHg increased the average tumor area in 

successfully xenotransplated embryos when compared to untreated xenografted embryos (Figure 

7). 
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Figure 7. Average Tumor Area in Danio rerio Embryos. The treatment of xenografted 
embryos with 1 nM (p=0.009) and 10 nM (p=0.01) MeHg increased the overall average tumor 
area when compared to untreated xenografted embryos. The treatment of xenografted embryos 
with 1 nM (p=0.005) and 10 nM (p=0.006) MeHg increased the average tumor area in 
successfully xenotransplated embryos when compared to untreated xenografted embryos. 
Statistical analysis on tumor area was completed using a Student’s t-test assuming unequal 
variance at 95% confidence level. 
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CHAPTER 4: DISCUSSION 
 

We hypothesized that zebrafish embryos xenotransplanted with MCF-7 breast cancer 

cells treated with 1 nM, 10 nM and 20 nM MeHg would have increased tumor growth and more 

metastases compared to untreated embryos. We first studied survival rate of embryos treated 

with various concentrations of MeHg and we found that 1 nM and 10 nM MeHg did not 

significantly impact survival rate of embryos, which suggests that embryos can survive in low 

concentrations of MeHg. MeHg treatment at 20 nM significantly impacted survival rate of 

embryos injected with DMEM alone (media injection control) or MCF7 cells but did not 

significantly impact survival rate in uninjected embryos. These survival rates indicate that 20 nM 

MeHg may be toxic in embryos that were previously subjected to trauma. It is unlikely that the 

increased mortality rate was due to substantial tumor growth because mortality rate was 

increased in embryos injected with DMEM alone in addition to xenografted embryos.  

 Next, we investigated whether MeHg increases the number of xenografted embryos 

presenting with cancer, the number of tumors per embryo, the presence of metastases, and tumor 

area. We found that a higher percentage of xenografted embryos presented with cancer when 

treated with 1 nM, 10 nM, and 20 nM MeHg compared to untreated embryos. Xenografted 

embryos treated with 1 nM and 10 nM MeHg had an increased average number of tumors per 

embryo when compared to untreated embryos. In addition, xenografted embryos treated with 10 

nM and 20 nM MeHg had a higher percentage of embryos with metastases when compared to 

untreated embryos. Finally, the average relative tumor area was significantly higher in 1 nM and 

10 nM MeHg-treated embryos when compared to untreated embryos. Taken together, these 

results suggest that MeHg may be acting as a metalloestrogen to promote the growth and 

progression of ER-positive breast cancer in xenografted Danio rerio embryos.  
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Our findings are consistent with in vitro results that have demonstrated that MeHg treatment 

promotes the proliferation MCF7 breast cancer cells [33]. The Gaudet Lab found that 1 nM 

MeHg treatment of MCF7 breast cancer cells induces proliferation (unpublished results). 

Sukocheva et al. observed that MeHg interacts with the ER, which causes interference with 

growth-related signaling pathways in MCF7 breast cancer cells, and in turn induces proliferation 

[33]. These results are significant because MCF7 breast cancer cells have low proliferative and 

metastatic potential and we have demonstrated that MeHg enhances the proliferative and 

metastatic potential in a manner similar to estrogen. Rodriquez et al. found that embryos injected 

with untreated MCF-7 cells did not form tumors and metastases were not observed [43]; 

however, upon treatment with estrogen alone, there was an increase in tumor cell count. 

Furthermore, when treated with estrogen in conjunction with neutrophils, MCF7 cells become 

highly metastatic [43].  

It is likely that MeHg is enhancing the proliferative and metastatic potential of xenografted 

MCF7 cells via interaction with the ER. MCF-7 cells express the estrogen receptor and are 

responsive to estrogen [34]. The ER is also known as a metal binding protein. Metals have been 

shown to promote local folding of the ER in a similar manner to estrogen [44–46]. For example, 

copper, cobalt, lead, nickel, mercury, tin, and chromium have been shown to activate the ER 

through interactions with cysteins C381 and C447, histidine H524, glutamic acid E523, and 

aspartic acid D538 [35]. Metal ions, such as inorganic mercury, have also been found to induce 

proliferation of breast cancer cells via binding to the ER [27,35]. Specifically, it has been 

previously shown that inorganic mercuric chloride binds with high affinity to the hormone 

binding domain of the ER [34]. Choe et al. found that mercuric chloride, as well as dimethyl 

mercury, interacts with the ER to promote breast cancer growth in MCF-7 cells [27].  
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Taken together, it is proposed that MeHg enters into the cell via passive diffusion and binds 

to the hormone-binding domain of the ER [34]. It is also possible that MeHg may be 

demethylated to form inorganic mercury before binding to the ER, which has been shown to bind 

with high affinity to the hormone binding domain of the ER [34].  

There are several ways in which future experiments can be improved. First, many 

embryos died before 2 dpf; therefore, future sample sizes should be larger to better determine 

statistical significance between control and treatment groups. Second, embryos were only 

imaged at 7 dpf in this study. In future studies, zebrafish embryos should be imaged 2 days-post-

injection (4 dpf) to monitor tumor migration and growth to better understand the in vivo action of 

MeHg on ER-positive breast cancer cells. Tumor count, area, and growth should be monitored 

throughout the 7-day trial. Dead embryos should also be imaged to determine whether embryos 

are dying from extensive cancer. Finally, given that it is widely accepted that estrogen promotes 

the proliferation of breast cancer cells, estrogen should be used as a positive control in future 

experiments.   
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