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Abstract
The skeleton is one of the common metastatic sites for breast cancer. Once breast cancer
cells enter the bone microenvironment, they alter the homeostasis of the bone remodeling
system in favor of osteoclasts, which results in osteolysis. Clinically, bisphophonates are
used to induce osteoclast apoptosis to prevent further damage but the existing lesions do
not heal completely, which suggests that the function of osteoblasts, the bone building
cells, is impaired by breast cancer cells. In our laboratory, we discovered that metastatic
breast cancer cells (MDA-MB-231) inhibit osteoblast (MC3T3-E1) differentiation and
induce apoptosis. Furthermore, breast cancer cells induce an inflammatory response by
the osteoblasts, resulting in the production of IL-6, IL-8, MCP-1, and COX-2, which are
known to promote osteoclastogenesis. Therefore, down-regulation of the inflammatory
response of the osteoblasts brought about by breast cancer cells may reduce the activation
of osteoclasts and decrease osteolysis.

In this study, I took advantage of the fact that the induction of IL-6, MCP-1, COX-2 and
iNOs are regulated by a common transcription factor, NF-κB. I hypothesized that
inhibition of NF-κB would prevent the response to the BCCM. NF-κB, a crucial
transcription factor, is sensitive to intracellular redox status; its activation can be
inhibited by cellular antioxidant enzymes. Interestingly, two major antioxidant enzymes,
glutathione peroxidase (GPxs) and thioredoxin reductase (TR), are selenoenzymes. Their
dependence on selenium (Se) may offer a way to increase their expression and activity,
block NF-κB activation and thus inhibit the expression of its target genes.

iii

I discovered that supplementation of osteoblasts with the organic Se compound,
methylseleninic acid (MSA), down-regulated the inflammatory response by suppressing
the activation of NF-κB while the supplementation of inorganic Se compound, sodium
selenite, failed to reduce the inflammatory response. MSA significantly increased the
activity and expression of selenoproteins in the osteoblasts. However, the suppressive
effect of MSA was observed at a concentration higher than the maximum concentration
for selenoprotein synthesis, which may suggest the involvement of selenium metabolites.
I also found that in order to inhibit inflammatory responses, osteoblasts needed to be
supplemented with MSA at the same time when they were stimulated with BCCM. This
finding indicated the rapid generation and instability of the molecule responsible for the
inhibition of the osteoblast inflammatory response.

To test the effect of dietary selenium in breast cancer progression, three selenium
supplementation diets (sodium selenite, SeM, and MSA) as well as selenium-deficient
and selenium-adequate diets were fed to immunocompetent Balb/C mice before
inoculation of a metastatic breast cancer cell line, 4T1.2. There was no significant
difference in the development or growth of the primary breast tumor and the metastatic
patterns between mice receiving the selenium-deficient or selenium-adequate diets. On
the other hand, selenium supplementation diets were shown to affect breast cancer
growth and progression differently. Mice with sodium selenite supplementation
developed the most metastasis (15/15) and showed higher incidence of breast cancer
kidney and bone metastasis. The SeM supplementation diet (3ppm) reduced breast cancer
primary tumor growth and decreased overall tumor burden in major organs, such as lung,
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liver, kidney and femur. Taken together, this study showed that SeM supplementation
diet provided the most protective effect on breast cancer progression.

In summary, MSA, but not sodium selenite, was processed rapidly in osteoblasts to
generate bioactive molecules which suppressed the activation of NF-κB and the downstream inflammatory stress response stimulated by metastatic breast cancer cells in vitro.
In vivo, mice with Se-deficient and selenium-adequate diets did not show significant
differences in primary tumor growth and metastasis. Among the three dietary selenium
supplementation groups, mice with sodium selenite supplementation developed the most
severe metastasis and resulted in the most metastatic tumor burden in major organs. On
the other hand, mice with SeM supplementation showed significantly smaller primary
tumors and the least metastatic tumor burden. Taken together, organic Se
supplementation showed more protective effect on breast cancer metastasis progression
in both in vitro and in vivo systems.

v

TABLE OF CONTENT
LIST OF FIGURES

x

LIST OF TABLES

xii

ABBREVIATIONS

xiii

ACKNOWLEDGEMENT

xv

Chapter 1 Introduction

1

1.1: Breast cancer in the United States

2

1.2: Breast cancer bone metastasis

3

1.3: Bone remodeling

4

1.4: Unbalanced bone remodeling in breast cancer bone metastasis

5

1.5: Cytokines in breast cancer bone metastasis

7

1.6: Previous findings in our laboratory

11

1.7: Nuclear factor-κB/ NF-κB

12

1.8 Selenium (Se) overview

13

1.9: Selenium and cancer

16

1.10: Hypothesis

20

1.11: Aim of study

20

1.12: Specific aim 1

21

1.13: Specific aim 2

21

Chapter 2 Materials and Methods

22

Cells

23

Preparation of MDA-MB-231 breast cancer conditioned medium (BCCM)

24

Se levels

24

vi

Cell treatments

25

NF-κB inhibition assay

25

iNOS expression detection by RT-PCR

25

Total cell lysate preparation and western blot analysis

26

Nuclear extract preparation and p65 western blot analysis

26

Electrophoretic mobility shift assay (EMSA)

27

Cytokine detection

28

Detection of GPx1 and TR1

28

Oxidative stress and antioxidant defense gene profiling

29

Animal care

29

Se diet

30

Cancer cell inoculation

30

IVIS imaging

31

Animal dissection

31

Genomic DNA extraction

31

Luc Real-time PCR

32

Statistics

32

Chapter 3 Selenium reduced osteoblast inflammatory response to breast

33

cancer cells
Introduction

34

NF-κB was activated during stimulation with BCCM and was critical for cytokine

35

induction
Breast cancer conditioned medium stimulates NF-κB-regulated COX-2 and iNOS

37

expression

vii

Sodium selenite did not reduce IL-6 and MCP-1 production by osteoblasts

37

stimulated with BCCM
Osteoblast response to MSA

39

MSA supplementation blocked the activation of NF-κB by BCCM in osteoblasts

40

GPx1 and TR1 may be markers of adequate Se status, but might not reflect the

41

inflammatory status
The presence of MSA was needed during BCCM stimulation in order to block NF-

42

κB activation and reduce cytokine production
MSA may affect osteoblasts through rapidly-generated molecules to reduce

45

cytokine production
The effect of MSA on cellular oxidative response and antioxidant system

47

Conclusion

53

Chapter 4 4T1.2luc/Balb/C mouse model optimization

54

4T1.2 breast cancer cells metastasized to several major organs

56

Selenium supplementation did not affect the spleen enlargement and survival

58

Mice with 4T1.2luc cells displayed various levels of metastasis

60

Metastatic 4T1.2lucD breast cancer cell recovery

61

The adjustment of cell number for tumor inoculation

62

Chapter 5 Selenomethionine supplementation diet reduced breast cancer

64

tumor growth and metastasis
Introduction

65

Selenium supplementation affected primary tumor growth

65

Breast cancer progression varied within each diet group

67

The effect of selenium supplementation on breast cancer lung metastasis

68

viii

The effect of selenium supplementation on breast cancer heart metastasis

71

The effect of selenium supplementation on breast cancer liver metastasis

72

The effect of selenium supplementation on breast cancer kidney metastasis

73

The effect of selenium supplementation on breast cancer bone metastasis

75

The correlation of tumor burdens in different organs

76

Conclusion

77

Chapter 6 Discussion

78

Chapter 7 Future plan

90

The underlying mechanisms of the osteoblast inflammatory stress response to

91

metastatic breast cancer cells
The involvement of selenoproteins in the inhibition effect of MSA on the

94

osteoblast inflammatory stress response
The mouse model adjustment

96

References

98

ix

LIST OF FIGURES

Figure 1.1

The bone microenvironment under conditions of A) normal bone

7

remodeling and in the presence of B) osteolytic bone metastases
Figure 1.2

Sec biosynthesis pathway in mammalian cells

15

Figure 1.3

The scheme of Se metabolism in the body

16

Figure 3.1

NF-κB activation in osteoblasts after BCCM stimulation

36

Figure 3.2

COX-2 (A) and iNOS (B) induction by MC3T3-E1 osteoblasts in

37

response to BCCM stimulation
Figure 3.3

(A) IL-6 and (B) MCP-1 induction by osteoblasts in response to

38

BCCM stimulation plus sodium selenite supplementation
Figure 3.4

Response of osteoblasts to MSA supplementation

40

Figure 3.5

NF-κB inhibition by MSA supplementation

41

Figure 3.6

Intracellular GPx1 and TR1 in MSA supplemented osteoblasts

43

Figure 3.7

Osteoblasts response to BCCM following a short exposure to MSA

45

Figure 3.8

The effect of exposure to MSA prior to or after treatment with

47

BCCM on IL-6 production
Figure. 4.1

4T1.2 cells generated a similar inflammation response of osteoblasts

55

compared to MDA-MD-231 cells
Figure. 4.2

4T1.2 cells caused extensive metastases in distant organs

57

Figure. 4.3

The effect of different selenium diets on the spleen enlargenment

59

and survival

x

Figure. 4.4

Breast cancer progression 35 days after cancer cell inoculation

61

Figure. 4.5

Metastatic potential of different 4T1.2luc single cell colonies

62

Figure. 4.6

Metastatic patterns of different numbers of 4T1.2lucD cells

63

Figure. 5.1

The effect of selenium supplementation on breast cancer progression

68

Figure. 5.2

The amount of 4T1.2luc cancer cells in lungs

69

Figure. 5.3

Numbers of nodules in the lung of each individual mouse

70

Figure. 5.4

Selenium supplementation did not affect the progression of breast

71

cancer heart metastasis
Figure. 5.5

Selenomethionine supplementation diet reduced breast cancer liver

72

metastasis
Figure. 5.6

The selenomethionone supplementation reduced breast cancer

73

kidney metastasis compared to the sodium selenite supplementation
Figure. 5.7

Nodules numbers in the kidney were significantly different between

74

selenium diet groups
Figure. 5.8

Selenomethionine supplementation reduced tumor burden in the

75

femur
Figure 7.1

TGF-• is partially responsible for the expression of IL-6 by MC3T3-

93

E1
Figure 7.2

AKT and p38 were required for osteoblast inflammatory stress

94

response by BCCM

xi

LIST OF TABLES
Table. 2.1

Dietary Se groups

30

Table. 2.2

Primer sequences

32

Table 3.1

The difference between BCCM treatment and vehicle treatment

49

Table 3.2

Altered gene expression by MSA supplementation

50

Table 3.3

The difference between BCCM and VM with MSA supplementation

51

Table 3.4

The effect of selenium on BCCM stimulation

52

Table 4.1

Primary tumor volume and weight ( mean±SD) of each group

59

Table 4.2

Visible nodules in each group

59

Table 5.1

Primary tumor volume and ( mean±SD) of each group

66

Table 5.2

Metastasis incidence on day 23 and 30

67

Table 5.3

Visible nodule incidence (mice with visible nodules/all mice)

71

Table 5.4

The correlation between tumor burdens in organs

76

xii

ABBREVIATIONS
BCCM: Breast cancer conditioned medium
CAPE: Caffeic acid phenethyl ester
COX-2: Cyclooxygenase-2
ELISA: Sandwich Enzyme-Linked ImmunoSorbent Assay
EMSA: Electrophoretic mobility shift assay
GPx: Glutathione peroxidase
IGF: Insulin-growth factor
IL-6 : Interleukin-6
IL-8 : Inrerleukin-8
IL-11 : Interleukin 11
iNOS : Inducible nitric oxide synthase
Luc: Luciferase
MCP-1 : Monocyte chemoattractant protein-1
M-CSF: Macrophage colony stimulating factor
MSA: Methylseleninic acid
NF-kB: Nuclear factor-κB
NPC trial: The Nutritional Prevention of Cancer Trial
OPG : osteoprotegerin
PGE2: Prostaglandin E2
PTHrP: Parathyroid hormone-related peptide
RANKL: Receptor-activator for NF-κB ligand

xiii

ROS: Reactive oxygen species
Se: Selenium
SeC: Selenocysteine
SELECT: The Selenium and Vitamin E Cancer Prevention Trial
SeM: Selenimethionine
SOD: Mn2+ superoxide dismutase
SPS2: Selenophosphate synthetase 2
TGF-β: Tumor growth factor- β
TNF-α: Tumor necrosis factor alpha
TR: Thioredoxin reductase
VM: Vehicle medium

xiv

Acknowledgement
I would like to thank my advisor, Dr. Andrea Mastro, for giving the opportunity to study
for my PhD degree under her guidance for the past five years. I especially thank her for
her patience and support that helped me to learn how to think rationally and to develop a
logical approach to complete the work in this dissertation. She not only taught me
scientific knowledge but her enthusiasm and dedication toward scientific research gave
me a wonderful example of what and who I would like to become. I am very fortunate to
have her as my mentor and have a very pleasant time working in her lab. Hopefully, I can
make her proud one day.
I would also like to thank my committee members, Dr. Prabhu, Dr. Wang, Dr. Santy, Dr.
Paulson and Dr. August. They helped me to discuss my projects and gave many valuable
suggestions to move my projects forward. I especially would like to thank Dr. Prabhu. He
is the co-PI of my projects and a selenium expert which helped me tremendously. He
often provided me different ways of thinking and how to approach the problem. It was a
great experience to work with him.
I particularly thank my dear lab mom, Donna, for all of her love and support. She can
always make my day better even when I was really frustrated. She took so good care for
us that I am afraid she spoiled us and I would never find another labmate as pleasant and
caring as my lab mom. I wish everything goes well for her and her lovely husband,
Kevin, and they have their fun forever.
There are so many friends who helped me that I would like to thank them. Venkat, a true
gentleman, I really appreciate your sense of humor. Thank you for help me with
computer problems and listen to me when I needed to talk. Walter, your easy-going
personality is very relaxing. Thank you for all the help you gave me in the past year.
Ujjawal, you helped me a lot with my experiments, especially with caring for mice and
the in vivo pilot experiment. Thank you. Cassidy, my little helper, I can’t thank you
enough. Thank you for helping me with caring for mice, collecting samples, and even
dissections. You made my life a lot easier and I really appreciate every help you gave me.

xv

I also would like to thank my family. They always have a lot of faith in me, support my
decisions, and encourage me when I was struggling. They always are willing to try
everything to help me or to make me feel better even when we are so far away from each
other. Mom, thank you for your patience and listen to my whining. You are the best mom
and I love you. Dad, thank you for your support. You are always interested in
understanding what I was doing. Michael, my dear brother bear, thank you for your
support and taking care for mom and dad when I was away. I am very fortunate to have
you as my family.
Finally, I would like to thank the American Institute for Cancer Research for providing
the grant for me to conduct this work. Their support is much appreciated.

xvi

Chapter 1
Introduction
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Breast cancer bone metastasis is an irreversible process that brings patients great pain
and suffering. It is important to understand how breast cancer cells interact with other
cells in the bone microenvironment and affect their behavior to favor cancer cell
survival. In our laboratory, we have focused on the inflammatory stress response of
osteoblasts in the presence of breast cancer cells. The first part of this current study
focuses on the effect of Se on the interaction between breast cancer cells. It includes
the results of a study to determine a suitable Se compound to be used to suppress the
inflammatory response of osteoblasts in vitro. The second part was to investigate the
systematic effect of Se on breast cancer tumor progression in vivo. The information
obtained from this body of work may provide better insight of the regulation of the
local bone microenvironment in the presence of breast cancer cells. It also addressed
the use of Se supplementation to affect metastasis progression.

1.1: Breast cancer in the United States
Globally, cancer is a major publ ic health problem associated with high mortality. In
the United States, 1 in 4 deaths presently is due to cancer. Excluding non-melanoma
skin cancer, breast cancer is the most frequently diagnosed cancer among women. In
2010, an estimated 207,090 new cases of invasive breast cancer were expected to
occur which is about 28% of overall cancer incidence. Other than the high incidence,
breast cancer is the second highest cause of cancer death among women (only after
the cancer of lung and bronchus). It was estimated that 38,840 female breast cancer
patients would die because of the disease in 2010.[1]
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1.2: Breast cancer bone metastasis
Despite of the high overall mortality, early stage breast cancer is highly treatable, and
the 5-year survival rate is as high as 98.6%, However, the survival rate drops
dramatically to 23.4% when the disease metastasizes to secondary organs
(http://seer.cancer.gov/statfacts/html/breast.html, Cancer Stat Fact Sheet: Cancer of
Breast, the National Cancer Institute). Thus, disseminated cancer metastases are a
major cause of death for breast cancer patients. Once the actively proliferating tumor
cells at the primary site accumulate enough mutations due to either genomic or
phenotypic instability to generate a metastatic sub-cell pool, local invasion begins.
Invasion includes the destruction of extracellular matrix such as basement membrane
and connective tissues. Eventually, tumor cells with increased motility and reduced
adhesion-dependence enter the nearby circulation. This is a harsh environment for
disseminating tumor cells and only a very small portion of metastatic tumor cells
survive, and successfully seed at distant sites. This metastatic process requires tumor
cells to adhere to vascular endothelium and subsequently extrasate into the secondry
organs[2, 3].

Among all organs, bone is one of the most common metastatic sites for breast cancer.
Patients with bone metastasis suffer greatly from several complications, including
bone pain, fractures, hypercalcemia, and spinal cord compression[2]. Some of the reasons
that the skeleton is a preferred secondary organ for breast cancer is likely due to high

volume of blood with low flow rates in the red marrow; adhesive molecules on tumor
cell surfaces that bind to stromal cells in the bone marrow; and the presence of
angiogenic factors which enhance tumor growth[3].
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The skeleton is a specialized type of connective tissue that offers structural support,
protection and regulation of calcium levels in the body. Structural speaking, bone can
be classified into two types, cortical bone, as known as compact bone, and trabecular
bone, also known as cancellous or spongy bone. Cortical bone is much denser and
primarily found in the shaft in the long bone. Cortical bone forms an outer layer of
protection around trabecular bone in the end of joints and vertebrae. Trabecular bone
is more loosely organized, porous and found in the end of long bones, vertebrae, and
flat bones. It is noted that while all bones constantly undergo remodeling, trabecular
bone has a greater turnover rate than cortical bone[4]. The metaphysis is the
trabecular area in long bones. In this area, trabecular bone is surrounded by various
marrow and vascular sinusoids[5]. The blood flow in these sinusoids is relatively slow,
and thus provides easy entry and colonization by foreign cells[6]. Once metastatic
breast cancer cells survive the rigors of the circulation system and reach the skeleton,
they migrate across the sinusoidal walls in the bone marrow, invade and survive in the
stroma. They promote their own vascular supply and migrate to the bone surface[3].

1.3: Bone remodeling
Constant bone remodeling is necessary to manage mechanical strain and to maintain
calcium level. The resorption and deposition of bone require the delicate balance
between two types of cells, osteoclasts and osteoblasts (Fig.1.1, [7]). Osteoclasts are
responsible for bone resorption. They are derived form hematopoietic stem cells.
Monocyte-macrophage lineage cells can fuse to form multinucleated but nonfunctional pre-osteoclasts. When bone remodeling is needed, receptor-activator for
NF-κB ligand (RANKL) and macrophage colony stimulating factor (M-CSF)
produced by osteoblasts bind to their respective receptors on the surface of pre-
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osteoclats to promote osteoclast differentiation and activation. Activated osteoclasts
then bind to the bone surface and secrete acid and proteolytic enzyme to degrade the
bone matrix.[7]

Osteoblasts are responsible for bone deposition. They are derived from mesenchymal
stem cells in the stroma of the bone marrow. When stimulated by bone morphogenetic
proteins and local growth factors, mesenchymal stem cells divide and form preosteoblasts which further differentiate to mature osteoblasts. Osteoblasts produce
osteoid, composed of collagen, osteonectin, chondroitin sulfate and other non-mineral
molecules which can mature and be mineralized over several months. After depositing
bone matrix, osteoblasts either undergo apoptosis or become osteocytes embedded
permanently in the bone.[7]

Systematic hormones and local cytokines are important for tightly coupled regulation
between bone resorption and deposition. Stromal and immune cells in the bone
marrow can produce cytokines and growth factors that influence the activities of both
osteoblasts and osteoclasts[2].

1.4: Unbalanced bone remodeling in breast cancer bone metastasis
The entry of cancer cells into the bone marrow cavity dramatically increases the
complexity of cell-cell interactions in the bone microenvironment and subsequently
destroys the balance of bone remodeling (Fig.1.1). The majority of breast cancer bone
metastases result in osteolytic lesions which are caused by over-activation of
osteoclasts and resorption of bone matrix[8]. It has been suggested that parathyroid
hormone-related peptide (PTHrP), tumor growth factor-β (TGF-β), RANKL,
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interleukin 11 (IL-11), interleukin-6 (IL-6), inrerleukin-8 (IL-8), monocyte
chemoattractant protein-1 (MCP-1) and many other cytokines or growth factors play a
role in stimulating osteoclastogenesis[7]. Tumor-expressed PTHrP is important for
breast cancer cells to promote osteoclast activation. The participation of PTHrP in
bone metabolism is not fully understood, but it is known that PTHrP binds to
parathyroid hormone receptor 1 (PTHR1) to upregulate production of RANKL and
downregulate production of the decoy receptor, osteoprotegerin (OPG), by osteoblasts.
The sum of these activities results in an increase in oseteolytic activity[2, 7]. Another
important factor is TGF-β which can be secreted by tumor cells, or released from
bone. TGF-β not only stimulates tumor cells to produce more oeteolytic factors such
as PTHrP and IL-8, but also has direct effects on tumor progression in the bone[3].
Besides these RANKL-dependent pathways, it is important to realize that some
pathways promoting osteoclatogenesis are RANKL-independent. Lu, et al. showed
that when tumor cells overexpress IL-8 and MCP-1, they increase osteolytic activity
and promote bone resoption, and RANKL was not involved[9]. Although PTHrP is
abundantly expressed by breast cancer cells, it is possible that RANKL-independent
osteoclastogenesis initiate the whole process. These tumor-secreted factors cause bone
resoption by osteoclasts, which simultaneously release TGF-β from bone matrix and
further enhance bone degradation by activating TGF-β-RANKL-dependent
pathways[10].
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Figure 1.1. The bone microenvironment under conditions of A) normal bone
remodeling and in the presence of B) osteolytic bone metastases. A. The bone
remodeling unit consists of osteoblasts and osteoclasts. Osteoblasts derive from
mesenchymal stem cells in the marrow. Osteoclasts derive from monocytemacrophage precursors to form pre-osteoclasts. Under the influence of M-CSF and
RANKL, pre-osteoclasts differentiate into multicellular, activated osteoclasts that
adhere to the bone and begin matrix degradation. Osteoblasts also produce
osteoprotegerin, OPG, a decoy receptor to RANKL. The ratio of RANKL to OPG
determines the extent of the osteoclast activity and bone degradation. B. Metastatic
breast cancer cells in the bone microenvironment secrete PTHrP, cytokines and
growth factors that negatively impact osteoblast function. RANKL and other proosteoclastogenic cytokines are increased with a concomitant reduction in OPG
resulting in more osteoclast formation and bone degradation. Osteoblast
differentiation is suppressed; new osteoid production is no longer able to keep pace
with bone resorption.
Chen YC, Sosnoski DM, Mastro AM: Breast cancer metastasis to the bone:
mechanisms of bone loss. Breast Cancer Res, 12(6):215.
1.5: Cytokines in breast cancer bone metastasis
Many cytokines are reported to play a role in breast cancer metastasis. IL-8, when
highly expressed by human breast cancer cells, is correlated with the promotion of
osteoclast differentiation and bone resoption and with increased bone metastasis in
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vivo[11, 12]. IL-11, normally secreted by osteoblasts and bone marrow stromal cells,
can be stimulated by TGF-β, and is a strong promoter of osteoclast formation[2, 7].
Insulin-growth factor (IGF), tumor necrosis factor alpha (TNF-• ), IL-1, IL-6, MCP-1,
and various other factors also contribute to osteoclast activation and bone
destruction[7]., Osteoblasts and other cells in bone have been shown to produce many
of these essential cytokines and contribute to osteoclastogenesis as well as to cancer
cell migration and survival[7].

It is believed from both experimental and epidemiological studies that chronic
inflammation is strongly linked to cancer[13]. Infection, trauma, foreign materials,
and cancer cells can all cause chronic inflammation, which often cause dramatic
change in cytokine profiles[14]. For example, in the case of titanium transplantinduced bone loss, osteoblast secreted high levels of IL-8, MCP-1, and IL-6[15],
which is similar to the response of osteoblasts to breast cancer cells[16]. These
cytokines particularly have the potential to attract and activate osteoclasts[17].

Interleukin-6/ IL-6
IL-6, produced by osteoblasts and breast cancer cells[7], has been reported to be
involved in many pathalogical conditions which affect the bone remodeling process or
osteoclastogenesis[18-21]. In addition, IL-6 can stimulate osteoblasts to increase
PTHrP production[22] which then increases RANKL and decreases OPG leading to
more osteoclast activation. Besides, IL-6 is also involved in cancer cell mobility and
survival. IL-6 can increase the migration of T47D breast cancer cells in vitro[23],
prevent apoptosis and secure the survival of epithelial tumors[24]. Selander, et al.
showed that inhibiting IL-6 signaling in MDA-MB-231 breast cancer cells led to a
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decrease in tumor engraftment, size and metastasis in vivo[25]. Finally, the level of
IL-6 in breast cancer patients is thought to be correlated with clinical stage[26, 27]
and incidence of recurrence[28]. High IL-6 in patients with advanced or recurrent
breast cancer is an indicator of poor prognosis[29-31].

Interleukin-8/ IL-8
IL-8, secreted by osteoblasts, osteoclasts, breast cancer cells, and other cells[7], is a
powerful chemoattractant, and stimulates angiogenesis and osteoclast motility[32].
The fact that human osteoclasts express high level of IL-8 suggests an important role
in the normal bone remodeling process[33]. Bendre, et al reported that IL-8 from
breast cancer cells could directly stimulate osteoclastogenesis through both RANKLdependent and –independent pathways[10, 12, 34]. Their studies also demonstrated
that IL-8 increased RANKL expression by osteoblasts, which subsequently promotes
osteoclastogenesis[10-12, 34]. Besides promoting osteoclastogenesis, IL-8 also has
the ability to suppress osteoblast activity[35]. In addition, IL-8 participates in tumor
progression. It is suggested that IL-8 can enhance cell motility, increase invasion and
metastatic potential[36-38]. Like IL-6, IL-8 is a prognostic indicator. High IL-8 is
associated with advanced clinical stages of breast cancer and poor prognosis[27, 39].

Monocyte chemoattractant protein-1/ MCP-1
MCP-1, synthesized by osteoblasts and breast cancer cells[7], is involved in
inflammation and bone remodeling[17]. MCP-1 can recruit osteoclast progenitor cells
from the blood or bone marrow as well as increase osteoclastogenesis and bone
resorption[9, 17]. It is noted that MCP-1-induced osteoclastogenesis may be RANKLindependent[9]. Furthermore, MCP-1 also plays a role in tumor progression. MCP-1
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has been shown to increase breast cancer cell survival[40], promote cancer cell
proliferation and invasion[41-43]. In addition, high MCP-1 is associated with
advanced clinical stages in breast and ovarian cancer patients[44, 45].

Cyclooxygenase-2 (COX-2) and prostaglandin E2 (PGE2)
Cyclooxygenases, COX-1 and COX-2 convert arachidonic acid to prostaglandins
(PGs), thromboxanes and prostocyclins. The expression of COX-1 is ubiquitous,
while only a few types of cells such as brain, kidney, bone, reproductive organs, and
some neoplasms[7], are capable of expressing COX-2. Among PGs, PGE2, the major
product of COX-2[46], is believed to be involved in cancer progression, including
inflammation, cell growth, tumor development and metastasis[47]. COX-2 and PGE2
contribute to osteolysis by inducing monocytes to form mature osteoclasts.
Ohshiba[48] et al. has shown that osteoblasts stimulated by breast cancer cells
resulted in COX-2 overexpression, which in turn produced more PGE2. PGE2 further
stimulate osteoblasts in an autocrine fashion to secrete increased RANKL enhancing
osteoclastogenesis[7]. It is also noted that overexpression of COX-2, which can be
stimulated by TGF-β[49], correlates to the overexpression of IL-8[39]. Singh[50] et al.
demonstrated induction of PGE2 and IL-8 by COX-2 in breast cancer cells. Since
PGE2 and IL-8 both promote osteoclastogenesis through RANKL-dependent and –
independent pathways, the importance of COX-2 is emphasized in osteolytic bone
metastasis. In addition, both in vitro and in vivo studies showed a correlation between
the expression and activity of COX-2 and breast cancer metastasis[51-53]. COX-2 has
been demonstrated to be involved with the growth, invasion, apoptosis and
angiogenesis of breast cancer[54-56]. Finally, like the three cytokines, IL-6, IL-8 and
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MCP-1, COX-2 expression in breast cancer cells in cancer patients indicate poor
prognosis[57].

1.6: Previous findings in our laboratory
Because of the overall osteolytic outcome, current therapies for breast cancer bone
metastasis focus on blocking osteoclast activity. Bisphosphonates, such as
ibandronate and zoledronic acid, bind to hydroxyapatite of the bone matrix and are
absorbed by oetsoclasts, which then undergo apoptosis[7]. By reducing bone
degradation, researchers hoped that existing osteolytic lesions would be repaired by
allowing normal bone deposition. However, although treatment with bisphosphonates
decreases the break-down of bone, osteolytic lesions do not heal, which suggests that
osteoblast function is also altered by the presence of breast cancer cells. Data from
our laboratory showed that directly and indirectly stimulation of breast cancer cells
increased osteoblast apoptosis[58], prevented osteoblast differentiation and
mineralization and altered osteoblast morphology[59]. Our laboratory also
demonstrated in vitro that osteoblasts stopped differentiating and eventually were lost
after cancer cells settled in the femur [60]. Osteoblast differentiation markers such as
osteocalcin, osteonectin, alkaline phosphatase, and bone sialoprotein, were downregulated in the presence of breast cancer cells. TGF-β was likely responsible for the
suppression of osteoblast differentiation[59]. On the other hand, our laboratory also
discovered that in the presence of breast cancer cells, osteoblasts significantly
increased expression of several cytokines, including IL-6, IL-8 and MCP-1[16]. Since
the involvement of these cytokines in osteoclastogenesis and tumor progression has
already been discussed, it is noted that they provide an effective stimulus for bone
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osteolysis. These findings also suggest that osteoblasts are another important source
of cytokines in addition to cancer cells and cells of the immune system.

1.7: Nuclear factor-κB/ NF-κB
A possible key regulatory molecule in the regulation of these molecules, IL-6, IL-8,
MCP-1 and COX-2, is the redox-sensitive transcription factor NF-κ B. The NF-κB
recognition motifs are found in the 5’ regulatory regions of all these molecules. NFκB represents an ubiquitously expressed family of transcription factors consisting of
NF-κB1(p50/p105), NF-κB2(p52/p100), RelA(p65), RelB and c-Rel, and participates
in the regulation of diverse biological processes, including immune, inflammatory,
and apoptotic responses. NF-kB is also extensively involved in tumor development,
including cell proliferation, cell survival, angiogenesis, tumor progression and
metastasis[61].

In a resting state, NF-κB tightly associates with inhibitory proteins, IκBs, and remains
in the cytosol. Upon stimulation, IκBs are rapidly phosphorylated and degraded by
proteosomes, resulting in the release of NF-κB. The free NF-κB translocates into the
nucleus and regulates expressions of target genes[61]. Importantly, NF-κB is sensitive
to the intracellular redox status[62]. Many reports have suggested that H2O2 can be
induced by many NF-κB-activating stimuli, and can be used as a general second
messenger to activate the NF-κB pathway[63, 64]. Many antioxidant agents have
been shown to block NF-κB activation in a wide range of cell types[64-66]. More
importantly, NF-κB activation can also be inhibited by the overexpression of reactive
oxygen species (ROS) -scavenging enzymes, such as glutathione peroxidase (GPxs),
thioredoxin reductase (TR), and Mn2+ superoxide dismutase (SODs)[65, 67, 68].
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Therefore, by reducing oxidative stress, NF-κB activation could be prevented and
expression of its downstream target genes could subsequently be inhibited.
Interestingly, two major enzymes which can reduce oxidative stress, GPX and TR, are
Se-dependent enzymes[69]. It has been reported that Se deficiency can cause GPX
mRNA levels to decrease dramatically[70]. In addition, Se is also crucial for their
functions[69]. A Selenocysteine (SeC) is located in the active sites and directly
involved in the catalysis process. The dependence on Se of these enzymes provides an
opportunity to manipulate intracellular oxidative stress in order to regulate NF-κB
activation.

1.8 Selenium (Se) overview
Selenium (Se) is an essential trace element important to human health, primarily
through its antioxidant, chemopreventive, anti-inflammatory, and anti-viral
activities[69]. Se and selenoproteins have been shown to be effective in the
prevention of many diseases, such as atherosclerosis, arthritis, central nervous system
pathologies, altered immunological function, and cancers[71, 72]. It is reported that
Se is protective and that administration of supra-nutritional levels prevents various
cancers[72]. Results of one study suggested that mice maintained in a Sesupplemented diet not only fewer mammary tumors, but tumor cells with Se
supplementation also showed inhibition of migration in vitro[73].

Unlike other metal elements that interact with proteins as cofactors, Se is cotranslationally incorporated into polypeptides in a form of SeC. Proteins containing
SeC are called selenoproteins. The Se incorporation during translation is a precise and
energy-consuming process. The fact that SeC shares the same codon with one of the
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stop codons, UGA, emphasizes that Se incorporation must be kept under tight
regulation[69]. In brief, it requires the UGA codon, a specified tRNA (Sec tRNA
[Ser]Sec

), the selenocycteine-insertion sequence (SECIS) element and some regulatory

proteins[69]. The SECIS element, located within 3’-untranslated region (UTR) of
mRNAs, is a vital RNA secondary structure in the form of a stem loop structure
needed to read through the SeC codon. In addition, some SeC-decoding proteins such
as the SECIS-binding protein 2 (SBP2) and the SeC-specific elongation factor also
participate in the Se incorporation process[69]. These cis- and trans- factors combined
with other factors yet to be discovered ensure the translation machinery to continue
and complete selenoprotein synthesis. Another necessity of SeC biosynthesis is the
active Se donor, monoselenophosphate, which is generated by a selenoenzyme,
selenophosphate synthetase 2 (SPS2) (Fig. 1.2). Without SPS2, no
monoselenophosphate can be synthesized. Without monoselenophosphate, no SeC can
be generated and no selenoprotein can be translated. So far at least twenty-five
selenoproteins in human have been discovered, but the function of many
selenoproteins is still not clear. Usually, in proteins that have been functionally
characterized, SeC is located in the active sites to affect redox catalysis. It has been
discovered that selenoproteins are involved in many physiological functions,
including dNTP synthesis, peroxide removal, reduction of oxidized proteins and
membranes, regulation of redox signaling, thyroid hormone metabolism, Se transport
and storage[69]. In spite of the importance of selenoproteins, it is noted that Se
compounds and metabolites also have important functions in regard to anticancer
activity or chemoprevention.
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Figure 1.2. Sec biosynthesis pathway in mammalian cells. Sec biosynthesis
initiates with the attachment of serine to the Sec tRNA[ser]sec by seryl tRNA synthetase
to yield SeryltRNA[ ser]sec. The phosphoseryl tRNA kinase phosphorylates the complex.
The phosphate is then replaced by the Se donor selenide (H2Se-P), which is thought to
be activated by selenophosphate synthetase. The resulting molecule is selenocysteyltRNA[Ser]Sec, which delivers the Sec into the growing polypeptide chain.
Adapted from Papp LV, Lu J, Holmgren A, Khanna KK: From Se to selenoproteins:
synthesis, identity, and their role in human health. Antioxidants & redox signaling
2007, 9(7):775-806.

Se compounds can be roughly separated into two groups: organic and inorganic.
Organic Se is present in foods in the form of selenomethionine (SeM),
selenocystenine (SeC), and methylselenocysteine, while inorganic Se is usually in the
forms of selenate or selenite in the soil[74]. After ingestion, these Se compounds
follow different metabolic pathways in the body but eventually become a common
intermediate, selenide (Se2-, hydrogen selenide, H2Se) which is then incorporated into
proteins (Fig.1.3, [75]).
Inorganic Se compounds are converted into selenide with the help of GSH, while
organic Se compounds more likely form the methylselenol (CH3SeH) first. It is
known that when cells generate too much selenide, it reacts with oxygen to
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produce ‧ O2-, which is toxic to cells[75]. On the other hand, it is a well-accepted
concept that methylselenol is involved in the anti-cancer effects of Se[75, 76]. Taken
together, different forms of Se compound may enter the metabolism pathways at
different points and may have different effects on different types of cells[77-79].

Fig.1.3. The scheme of Se metabolism in the body.
Different Se compounds undergo several metabolic processes. Most organic forms can
generate a methylselenol pool, which can either convert to selenide and incorporate into
polypeptides or excrete. Inorganic forms generate a selenide pool directly for use or excretion.

Suzuki KT, Kurasaki K, Ogawa S, Suzuki N: Metabolic transformation of
methylseleninic acid through key Se intermediate selenide. Toxicology and applied
pharmacology 2006, 215(2):189-197.

1.9: Se and cancer
For decades, epidemiological and preclinical evidence supported the belief that a
higher intake of Se may decrease the incidence and alter biological behaviors of
several types of cancers[80]. In 1985, Clark et al. published geographical evidence
showing an inverse correlation between the Se content in food crops in US and the
total cancer mortality[72]. An inverse association was also shown between Se content
and the incidence of several specific cancers, including lung, breast, rectal, bladder,
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esophageal, and uterine cancers[72]. These data initiated studies of Se in cancer
prevention and led to a well-known and important trial, the Nutritional Prevention of
Cancer Trial (NPC Trial). The NPC trial was originally designed to evaluate the
protective effect provided by selenized yeast containing 200µg Se, on the recurrence
of non-melanoma skin cancer; however, this trial was now best valued by its
unexpected findings. This trial showed a nearly 50% reduction in total cancer
incidence, especially a 63 % reduction in prostate cancer, and a final 51% reduction of
overall cancer mortality[72]. Although the data also indicated an increased incidence
of breast cancer in the female population, it was argued by the authors that since 75%
population of this trial was male, this finding was not significant[72]. Largely based
on the result of the NPC trial and other studies, the Se and Vitamin E Cancer
Prevention Trial (SELECT), one of the largest phase III chemoprevention trials, was
initiated in 2001[81]. The SELECT was designed to evaluate the chemoproventive
effect of Se (200µg/d in the form of SeM), Vitamin E (400 IU/d of tocopheryl acetate)
or both on prostate cancer. Despite the promising pre-SELECT, preclinical or clinical
results, SELECT was disappointedly and prematurely terminated in 2008 due to its
failure to show positive results. Since then, there has been much debate and criticism
regarding the weakness of SELECT, and new research strategies in the post-SELECT
era. One of the most-discussed disadvantages of SELECT was its choice of the Se
compound[81]. In the NPC trial, subjects were provided with selenized yeast which
contains more than 20 different types of Se compounds[72] while in SELECT, they
were provided with only one Se compound, SeM. Although SeM contains about 20%
Se content and may be the major Se compound in selenized yeast, the roles of other
minor Se compounds should not be ignored and should be reconsidered[72]. It is
possible that one or several other Se compounds in selenized yeast are much more
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critical than SeM. Therefore, the conflicting results between these two trials may
highlight the importance of understanding the physiological functions of different Se
compounds and metabolites.

In general, Se has been shown to have effect on cancer prevention or anti-cancer
mechanisms[76]. The results of the majority of animal studies indicate that the cancer
prevention activity of Se occurs at supranutritional levels. Many studies have shown
that Se metabolites are associated with cancer protective ability. It is believed that the
active Se metabolite is likely a monomethylated Se species, such as methylselenol
(CH3SeH). The chemoprevention efficacy of any given Se compound may rely on
how efficient it can be converted to this active Se pool. Some selenoproteins have also
been associated with cancer risks[76]. For example, glutathione peroxidase 1 (GPx1)
and selenoprotein 15 have been linked with breast cancer probably due to their
antioxidant abilities. Other mechanisms of cancer prevention by Se can be through
inhibition of DNA adduct formation or enhancement of DNA repair. Besides
chemoprevention, Se has been gradually considered for its potential in cancer therapy.
It is shown that both organic and inorganic Se compounds can induce apoptosis in
cancer cells although through different mechanisms[82]. Some Se compounds such
as methylseleninic acid (MSA) can also inhibit angiogenesis[83]. These data
combined with the inhibitory effects on cancer cell growth[84] have offered new
directions of Se studies [76].

As for breast cancer, it has been noted that the plasma or serum Se levels were
significantly lower in breast cancer patients[72]. However, the association between Se
intake and cancer incidence is still unclear, given mixed epidemiological results. One
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study among Japanese women showed a significant difference of Se levels between
newly diagnosed breast cancer patients and healthy counterparts[85]; while other
studies showed no relationship between Se levels and breast cancer risk or
incidence[86-88]. Despite of the lack of strong association between Se intake and
human breast cancer incidence, the effects of Se on mammary gland tumorgenesis
have been extensively studies in various animal models. The inhibition of
tumorgenesis by different Se compounds was demonstrated in several models
including mouse virus-induced, chemical carcinogen-induced and spontaneous
mammary tumors[72]. Ip et al. showed that in vitro, MSA inhibited cell growth and
induced apoptosis in mouse mammary hyperplastic epithelial cells. In vivo,
methylselenocysteine and MSA both reduced the incidence of chemical carcinogeninduce breast cancer by nearly 50%[89]. Li et al. demonstrated in a MCF7 human
breast cancer cells/nude mice xenograft system that methylselenocysteine reduced
breast cancer tumor growth by inducing apoptosis and inhibiting angiogenesis[90].
Nevertheless, most reports of Se in cancer focus on chemoprevention and inhibition
of early events of tumor progression. There are very few investigations of the role of
Se in later stages of tumor progression including metastasis. One study indicated that
melanoma growth was not affected by Se supplementation. However, melanoma
metastasis was suppressed in a C57BL/6 mouse model[91]. Another report suggested
that deficient selenoprotein 15 in colon cancer cells reduced both cancer incidence
and lung metastases in a Balb/C mouse model[92]. However, there is no report of the
role of Se in breast cancer metastasis, especially to bone.
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1.10: Hypothesis
In summary, inflammatory cytokines, including IL-6, IL-8 and MCP-1 stimulated by
the presence of breast cancer cells can have significant impacts on the local bone
microenvironmnent. They may stimulate tumor progression and enhance osteolysis
during breast cancer bone metastasis. Breast cancer cells and immune cells produce
these cytokines; but osteoblasts also can secrete them under breast cancer stimulation.
Reducing the secretion of these molecules may limit the destruction of bone
metastatic breast cancer cells. A key common regulator of these important
inflammatory cytokines is NF-κB. The fact that NF-κB is highly redox-sensitive
suggests that molecules involved in regulating oxidative stress have the potential to
manipulate NF-κB activity and thus the expression of its downstream genes. One
possible candidate as a regulator of oxidative stress is a micronutrient, Se. The
involvement of Se in anti-cancer activity and cancer chemoprevention has been welladdressed, while its involvement in cancer metastasis is unknown, especially in breast
cancer bone metastasis. Considering all the available information, we hypothesized
that Se supplementation of osteoblasts would inhibit NF-κB activation and thus
reduce pro-inflammatory molecule production, including IL-6, IL-8, MCP-1 and
COX-2, which may prevent the dramatic change caused by breast cancer cells in
the bone microenvironment. Since the effect of Se is systemic, we also
hypothesized that dietary Se supplementation would affect the pattern and/or
the severity of breast cancer metastasis.

1.11: Aim of study
This study contained both in vitro and in vivo experiments. The object of the in vitro
study was to investigate the impact of Se on the response of osteoblasts to breast
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cancer stimulation. It also involved determining a suitable Se compound. These data
could provide a fundamental knowledge of how to systematically regulating cytokines
and influencing the local microenvironment. The in vivo study investigated overall
effect of dietary Se on breast cancer progression. By using a newly established mouse
model, we intended to evaluate the systemic effect on primary tumor development,
patterns of tumor metastasis and tumor burdens of each metastasized organs. The
study was designed to compare the differences and the importance among several Se
compounds. These data can also be used to estimate the potential of various Se
compounds as metastatsis-regulatory agents.

1.12: Specific aim 1:
Using an in vitro cell culture system, I designed a study to determine the role of NFκB activation in the inflammatory stress response of osteoblasts to metastatic breast
cancer cells. Specifically, two major questions were addressed: 1) Does Se deficiency
exacerbate the response? 2) Will Se supplementation rescue it?

1.13: Specific aim 2:
To investigate the effect of dietary Se on breast cancer tumor growth and metastasis in
vivo. In order to carry out this aim, it is necessary to overcome the immune system
responses caused by a foreign luciferase gene and to generate a working mouse model
which would allow us to monitor tumor progression by capturing luciferase
expression in breast cancer cells.
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Chapter 2
Materials and Methods
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Cells
MC3T3-E1, a murine osteoblast cell line derived from calvaria and can differentiate
in culture [93], was maintained in growth medium, • -MEM plus 10% fetal bovine
serum (FBS, Cansera, Roxdale, Ontario), penicillin 100 U/ml/ and streptomycin 100
µg/ml in a 37℃ humidified incubator with 5% CO2. Every 3 or 4 days, they were
passaged with 0.002% pronase. They were used between passage 5 to 20. For
differentiation purposes, the cells were transferred to differentiation medium, i.e.
growth medium plus 50µg/ml ascorbic acid and 10 mM β-glycerophosphate. The
cells were usually used after about 2 weeks in differentiation medium as indicated for
individual experiments.

MDA-MB-231, a gift from Dr. Danny Welch, is a human metastatic breast cancer line
originally derived from a pleural effusion [94] which forms bone metastasis in
immunodeficient mice following injection into the left ventricle of the heart[95]. They
were maintained in DMEM containing 5% FBS and non-essential amino acids and
passaged every 3 or 4 days.

4T1.2, a murine metastastic breast cancer line derived from a spontaneously arising
mammary tumor in BALB/cfC3H mice[96], mimics the metastatic pattern of human
breast cancer when inoculated in the mammary fat pad. They were kindly provided by
Dr. Erica Sloan. They were maintained in α−MEM containing 10%FBS plus
penicillin 100 U/ml/ and streptomycin 100 µg/ml. 4T1.2luc, 4T1.2 cells stably
expressed luciferase, were kindly provided by Dr. Shoukat Dedhar and were
maintained in DMEM containing 10%FBS, 2mM glutamine, non-essential amino acid,
penicillin 100 U/ml/, streptomycin 100 µg/ml and 5µg/ml puromycin.
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Preparation of MDA-MB-231 breast cancer conditioned medium (BCCM)
MdA-MB-231 human metastatic breast cancer cells were allowed to grow to about
90% confluency, before the medium was replaced with serum free α-MEM for 24
hours to accumulate secreted molecules. The supernatant (BCCM) was collected,
centrifuged at 300g for 10 min to remove any cell debris, and stored in -20℃ until
used. Repeated freezing and thawing was avoided. For comparison, each time cells
were treated with BCCM, a parallel set of cells was treated with vehicle control
medium (VM), serum free α-MEM, which had not been exposed to MDA-MB-231
cells. To treat osteoblasts, equal volume of 2x differentiation medium was added to
BCCM or VM to make the final working concentration of 50% and the serum
concentration of 10%.

Se levels
Osteoblast Se levels were contributed by the Se content of the serum and by addition
of Se. The Se concentration of the lot of FBS used for most experiments was
determined to be 363 nM by atomic absorption spectrometry (kindly done by Arun K.
Shama). To obtain Se-deficient cells, MC3T3-E1 and MDA-MB-231 cells were
plated in 5% FBS with a final Se concentration of 18.2 nM. Cells were cultured for at
least four passages in the Se-deficient medium, and Se status was measured by total
GPx activity and GPx1 expression. Two Se compounds were used in this study,
sodium selenite and metylseleninic acid (MSA). Osteoblast cultures were
supplemented with 100nM to 2mM of selenite or 500 nM to 4 µM of methylseleninic
acid (MSA) (Sigma, St. Louis, MO) for the time indicated. The differences between
the concentrations of these two Se compound was due to the possible toxicity
associate with selenite [89, 97].
24

Cell treatments
For long-term Se supplementation, osteoblasts were cultured in differentiation
medium for 7 days before they were supplemented with MSA for 7 days. For shortterm Se supplementation, osteoblasts were cultured in differentiation medium for 14
days and MSA was added at the same or near the same time as the addition of BCCM.
On the day of treatment, 14-day-old osteoblasts were washed with PBS and treated
with 50% BCCM or VM for the indicated times. The same concentration of MSA or
selenite supplementation or NF-κB inhibitor treatment prior to BCCM addition was
maintained during BCCM treatment unless otherwise mentioned.

NF-κB inhibition assay
NF-κB inhibitors, caffeic acid phenethyl ester (CAPE) [98] and parthenolide [99]
(Calbiochem,San Diego, CA) were dissolved in DMSO. Osteoblasts were incubated
with inhibitors for 1or 2 hrs before the addition of BCCM. DMSO (0.2 % v/v) was
added to control cultures at the same time as the other compounds. Inhibitors were
included in 50% BCCM and VM.

iNOS expression detection by RT-PCR
After incubation with BCCM or VM for 4 hrs, cells were washed one time with PBS;
RNA was extracted using the RNeasy kit (QIAGEN, Valencia, CA), treated with
RNase-free DNase to eliminate genomic DNA contamination, and quantified on the
basis of A260. Equal amounts of RNA (1 µg) from each sample were reverse
transcribed using Ambion Retroscript™ with iNOS-specific sense (5’AATGGCAACATCAGGTCGGCCATCACT-3’) and antisense (5’-
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GCTGTGTGTCACAGAAGTCTC-3’) primers along with those for β−actin as
described previously [100].

Total cell lysate preparation and western blot analysis
After treatment, cells were lysed with a buffer containing 0.5M Tris-HCl, pH 6.8,
19% (v/v) glycerol and 10% (w/v) SDS. Protease and phosphatase inhibitors, 2 ng/ml
aprotinin, 1 µg/ml pepstatin, 7.5mM NaF, 1mM NaVO3, and 1mM DMSF, were
included. Total proteins (40 µg) from each sample were used for western blotting as
described[101]. Samples of cells treated for 4 hrs were used for COX-2 expression.
COX-2 antibody was purchased from Cayman Chemical (Ann Arbor, Michigan) and
β−actin and GAPDH antibodies were from Cell Signaling (Dover, MA) and
Fitzgerald Industries (Concord, MA), respectively.

Nuclear extract preparation and p65 western blot analysis
NF-κB activation was determined from the translocation of p65 subunit to the nucleus.
After 1 hr of treatment, MC3T3-E1 osteoblasts were washed and processed following
a modification of the procedure of NE-PER® Nuclear and Cytoplasmic Extraction
(Pierce Biotechnology, Rockford, IL). Cells were washed with PBS, added to the
cytoplasmic extraction buffering containing 10mM HEPES, 60mM KCl, 1mM EDTA,
1mM DTT and 0.075% (v/v) NP-40, pH 7.6, and held on ice for 1hr ( 10µl of cell
pellet with 100µl buffer). After separating the supernatants and pellets by centrifuging
at 300 x g for 4 min, pellets were washed with cytoplasmic extraction buffer without
NP-40 at least 3 times. To the pellets were added 30 µl of nuclear extraction buffer
containing 20mM Tris, 420mM NaCl, 1.5mM MgCl2, 0.2 mM EDTA and 25% (v/v)
glycerol, pH 8.0, 2 µl 5M NaCl, and another 30µl of nuclear extraction buffer. Cells
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were left on ice for 1 hour and vortexed every 10 min. Supernatants were collected
after centrifugation, and were stored at -80°C. Care was taken to avoid repeated
freezing and thawing. Nuclear extracts (50 µg ) were used in the western blot assay.
Antibody to p65 was purchased from Santa Cruz. (Santa Cruz, CA). Actin was also
used as loading controls.

Electrophoretic mobility shift assay (EMSA)
Assistance with EMSA experiments was kindly provided by Ujjawal H. Gandhi. The
sense strand of the NFκ B oligonucleotide, 5’GATCCAGTTGAGGGGACTTTCCCAGGC-3’ (Qiagen), was annealed with its
complementary strand and 10 μl (4pmol/μl) of the resultant double-stranded
oligonucleotide was labeled with [γ-32P]-ATP (3000Ci/mol at 10mCi/ml) using T4polynucleotide kinase (New England Biolabs, Ipswich, MA), with an incubation at
37°C for 30 min. To determine the percent incorporation, labeled oligonucleotides
were separated using Biogel 6 spin columns and radioactivity measured with a
scintillation counter. For the binding reaction, 10μg of nuclear extracts were incubated
for 10 min at room temperature with 5x gel-shift binding buffer (5mM MgCl2,
2.5mM DTT, 2.5mM EDTA, 250mM NaCl, 50mM Tris-HCl pH 7.5), 50μg/ml poly
(dI-dC) and sufficient ddH2O to bring samples to 15µl. 32P-labeled NFκ B
oligonucleotide (40000 CPM) was added to the reaction, and incubated for 15 min at
room temperature. The samples were loaded on pre-cast 4% acrylamide gels (Biorad,
Hercules, CA) for electrophoresis at 120V for 45-50 min in TBE buffer. The gel was
dried, exposed to X-ray film overnight at -80°C and subsequently developed. The
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NFκ B bands were confirmed by competition using a >100-fold excess of unlabeled
oligonucleotide.

Cytokine detection
After 4 hr incubations with the osteoblasts, the culture media were collected to assay
the secretion of murine IL-6 and MCP-1 by sandwich Enzyme-Linked
ImmunoSorbent Assay (ELISA) as previously described by our laboratory [16] with
antibodies purchased from R & D Systems (Minneapolis, MN). Plates were coated
with capture antibodies to IL-6 (2 µg/ml) or to MCP-1 (0.4 µg/ml). Detection
antibodies were used at 25 ng/ml for IL-6 and 100 ng/ml for MCP-1. All ELISAs
were performed twice, each time with duplicate samples.

Detection of GPx1 and TR1
Se-deficient osteoblasts, were either cultured in 4 µM MSA for at least 2 passages or
exposed to MSA for up to 60 min as indicated. The cells were harvested, lysed with
M-PER (Pierce) containing protease inhibitor cocktail and 1mM PMSF and
centrifuged at 14000 x g for 10 min. Total protein was measured in the resulting
supernatant using the BCA reagent (Pierce). The samples were assayed immediately
for GPX activity, using H2O2 as a substrate [102]. Briefly, the oxidation of NADPH
was monitored spectrophotometrically at 340 nm following the addition of H2O2 at a
final concentration of 0.3 mM in the enzymatic reaction that included 0.2 mM
NADPH, 10 mM GSH, 1U/mL glutathione reductase and 100μg of the protein, in
presence of 0.15mM Na-phosphate buffer pH 7. The GPX activity was expressed as
nmoles of NADPH oxidized per minute per milligram of protein. Western blots were
carried out for GPx1and TR1 to confirm protein expression.
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Oxidative stress and antioxidant defense gene profiling
Osteoblasts were cultured in Se-deficient medium for 13 days and supplemented with
or without 4µM MSA for 24 hrs prior to the BCCM treatment. Cells were treated with
BCCM for 2 hrs and RNA was extracted using the RNeasy kit (QIAGEN, Valencia,
CA). 1µg of total mRNA was used to generate a first strand cDNA pool using the RT2
First Strand Kit (QIAGEN, Valencia, CA). The whole cDNA pool was then used to
measure the expression level of 84 oxidative stress and antioxidant defense related
genes using the mouse oxidative s and antioxidant defense PCR array (QIAGEN,
Valencia, CA). The RT-PCR reaction was performed in an ABI 7300 Real-Time PCR
system using a standard two-step procedure. Data analysis was conducted using a
web-based PCR array analysis software (QIAGEN, Valencia, CA) with a setting that
a 2-fold expression change after normalization between two groups in comparison is
significant.

Animal care
For the pilot and 4T1.2luc single colony selection experiments, 6-8 week-old female
Balb/C mice were purchased from the Jackson Laboratory (Maine, USA). For the Se
diet effect on breast cancer metastasis experiment, 3-week old female mice were
purchased and kept on specific Se-supplemented diet for 3 months. The animals were
housed in a temperature-controlled facility on a 12h photoperiod. All animals had
unlimited access to water and food. They were observed daily and weighed once a
week before and after cancer cell inoculation. All the procedures were conducted
under a protocol (# 28973) which was approved by the Pennsylvania State University,
the institutional animal care and use committee (IACUC).
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Se diet
For the pilot and 4T1.2luc single colony selection experiments, mice were fed with
normal chew provided by the housing facility. For the Se diet effect on breast cancer
metastasis experiment, mice were given one of 5 different Se-containing diets (Harlan
Laboratories, Inc., USA) to manipulate the overall Se level of animals (Table. 2.1). To
eliminate other possible Se sources, mice were provided with double distilled water.
Mice were kept on the same diet before and after cancer cell inoculation.

Table. 2.1 Dietary Se groups
Se supplementation beyond basal

Form of Se

diet

Number of
mice*

None ( Se-deficient)

NA

14

0.08 ppm (Se-adequate)

Sodium selenite (inorganic)

14

0.4ppm (Se-supplemented)

Sodium selenite (inorganic)

15

3 ppm (Se-supplememted)

Selenomethionine (SeM)

13

3 ppm (Se-supplemented)

Methylseleninic acid (MSA)

15

* There were 15 mice / group initially. Some mice died before the end of the
experiment.

Cancer cell inoculation
4T1.2luc cells were maintained in growth medium without antibiotics for at least 2
weeks prior to inoculation. The intensity of luciferase expression was confirmed
before use. In a pilot experiment, 105, 5x104, or 104 cells/ 25µl PBS were injected to
the left 4th mammary gland when mice were under anesthesia by isoflourane
inhalation. After inoculation, mice were observed daily and weighed once a week.
Once the primary tumor was palpable, tumor size was measured weekly by an electric
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caliper. The formula, tumor volume = (length x width2) / 2, was used to calculate
primary tumor progression. Any animal which showed signs of distress before the
end point, such as rapid loss of weight, decreased or no response to stimulation, and
hindered limbs, were removed from the experiment.

IVIS imaging
After inoculation, tumor progression and metastasis patterns were monitored by
IVIS® Lumina II (Caliper) weekly. Mice were Intraperitoneal injected with 150µl Dluciferin (15mg/ml) and put in an isoflorane-containing box for 10 min). This was
enough time to immobilize mice and to evenly distribute luciferin throughout the
body to generate biochemiluminescense. Animals were imaged for 1 min. Due to the
fact that the respiratory function is weakened by the progression of lung metastases;
the overall isoflorane inhalation time was limited to 15 min maximum.

Animal dissection
30 days after cancer cell inoculation, mice were euthanized by CO2 inhalation. Blood
was collected by cardiac puncture and plasma was stored in the freezer for further use.
Primary tumor and spine were weighed and fixed in 10% neutral buffered formalin.
Lung, heart, liver, kidney, spleen, and both femurs were weighed and frozen in -80℃.

Genomic DNA extraction
Genomic DNA was extracted from lung, heart, liver, kidney, and both femurs using
DNeasy Blood & Tissue Kit (QIAGEN). Organs were homogenized in liquid nitrogen
into fine powders. About 20mg of tissue powders from each organ was used to extract
DNA. The weight of powder used was recorded for later calculation.
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Luc Real-time PCR
Real-time PCR was used to quantify tumor burdens in each organ. Genomic DNA
(1µg) was subjected to PCR to detect the cycle threshold (Ct) for GAPDH (all tissue),
and luciferase (cancer cells only). Because genomic DNA (not RNA) was amplified
in this assay, any difference in luciferase protein expression between tissues would
not affect the results. A standard curve was established by using mixed DNA from
4T1.2 and 4T1.2luc proportionally. A comparison of the Ct values of luciferase and
GAPDH, was used to calculate the amount of DNA from cancer cells in each organ.
The PCR reactions were done by a StepOnePlus™ Real-Time PCR themocycler
(Applied Biosystems) using standard cycling methods. SYBR Green supermix, ROX
was purchased from Quanta Biosciences. The PCR reaction contained 1µg genomic
DNA, 12.5µl SYBR Green supermix ROX, 100nM luciferase primers (360nM
GAPDH primers) (Table. 2.2) and distilled water to reach final volume at 30µl.
Table. 2.2 Primer sequences
primer

sequence

Luciferase forward

AGCAGCTGCACAAAGCCATGAA

Luciferase reverse

ATGTCCACCTCGATATGTGCGT

GAPDH forward

GCCCCCAACACTGAGCAT

GAPDH reverse

CTAGGCCCCTCCTGTTGT

Statistics
Statistics analysis was carried out using Prism (for in vitro study) and SAS (for in vivo
study). Main effects were evaluated using two-way (in vitro) or one-way (in vivo)
analysis of variance (ANOVA). Statistical significance was defined as a probability p
＜0.05 in all analysis.
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Chapter 3

Se reduced osteoblast inflammatory response to
breast cancer cells
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Introduction
Breast cancer cells can dramatically affect the behavior of osteoblasts. In our
laboratory, we found that when osteoblasts were stimulated with breast cancer
conditioned medium (BCCM), they secreted several inflammatory cytokines,
including IL-6, IL-8, and MCP-1, as well as inflammation induced COX-2. In the
bone local microenvironment, these molecules can influence other cells present in the
bone marrow, such as osteoblasts, osteoclasts and cancer cells to promote
osteoclastogenesis and osteolysis. Therefore, by reducing the production of
inflammatory cytokines, one may find a way to decrease the stress caused by breast
cancer invasion and lessen the damage.
One way to reduce these molecules is to find a common regulator that controls their
expression. A comparison of their promoter regions indicated there are at least two
possible transcription factors they have in common, NF-κB and AP-1. Interestingly,
one significant characteristic of NF-κB is its redox sensitivity. Therefore, if NF-κB is
critical for the activation of the genes for all of these molecules, antioxidant agents
can be considered as agents to control NF-κB activation and its downstream gene
expression. One frequently used antioxidant is Se (Se). Se is an important
micronutrient required to maintain normal health. Some critical antioxidant enzymes
such as glutathioine peroxidase (GPx) and thioredoxin reductasr (TR) are
selenoproteins. Se supplementation may saturate the expressions and activities of
these enzymes, which in turn should be able to down-regulate NF-κB activation.
Some chemopreventive and anti-cancer activities of Se were observed when Se was
provided supra-nutritionally which was more than enough to saturate the expression
of selenoproteins. These observations may imply the important roles of Se metabolites.
For example, selenide can increase oxidative stress and promote apoptosis while
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methylselenol showed the anticancer activity. In this chapter, I provided evidence for
the importance of NF-κB in the inflammatory molecule production by osteoblasts
stimulated by BCCM in vitro. I then investigated a suitable Se compound to evaluate
the inflammatory response of osteoblasts to BCCM.

NF-κB was activated during stimulation with BCCM and was critical for cytokine
induction
To evaluate the activation of NF-κB in osteoblasts, I treated two-week-old,
differentiated, MC3T3-E1 osteoblasts with BCCM for one hour and assayed nuclear
translocation of p65 as an indicator of NF-κB activation. Two detection methods were
used to evaluate the presence of nuclear, activated NF-κB, western blotting for p65 in
nuclear extracts and electrophoretic mobility shift assay (EMSA) (Figure 3.1, A-C).
An increased in p65 translocation and in DNA-bound NF-κB at 1 hr post treatment
was observed indicating the NF-κB activation was triggered by BCCM. Next, I
evaluated the importance of NF-κB by inhibiting its activation during BCCM
treatment. Osteoblasts were pre-treated with NF-κB inhibitors, CAPE and
parthenolide, in separate experiments for 1-2 hours to ensure that they were
sufficiently incorporated by the osteoblasts before BCCM treatment. Osteoblasts were
then treated with BCCM in the presence of NF-κB inhibitors for 4 hrs before the
media were collected to evaluate the amount of cytokine production. It is noted that
both inhibitors were dissolved in 0.2% DMSO. In order to eliminate the effects which
may be caused by the solvent, the same amount of DMSO was added to the vehicletreated samples including the pretreatment. After treatment, osteoblasts were
subjected to trypan blue staining to check cell viability. No significant cell death was
observed among groups. The efficiency of NF-κB blocking was evaluated by nuclear
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translocation and DNA binding (Fig.3.1C). Both NF-κB translocation and DNA
binding activity were clearly abrogated by CAPE and parthenolide. The secretion of
IL-6 and MCP-1 (measured by ELISA) was reduced by the inhibitors in a dosedependent manner while vehicle-treated samples showed no response (Figure 3.1D
and E). Together, the data indicated that NF-κB was a common regulator for IL-6 and
MCP-1, and was critical for their induction in osteoblasts by BCCM.

Figure 3.1. NF-κB activation in osteoblasts after BCCM stimulation. MC3T3-E1
were cultured and differentiated for 2 weeks before stimulation with BCCM for
different times. (A) p65 translocation was detected by western blot using nuclear
extracts 1 hr after treatment with BCCM. (B) NF-κB gel mobility shift analysis
(EMSA) of samples prepared as in A. CC: cold oligonucleotide competitor. NS: nonspecific binding; SS: super-shift with anti-p50. (C) Inhibition of NF-κB binding.
Osteoblasts were pre-treated with inhibitors CAPE for 2 hrs or with parthenolide for
1hr before addition of BCCM for 1 hr. NF-κB DNA binding activity was detected by
an EMSA p50 supershift. (D) IL-6, and (E) MCP-1 production by osteoblasts treated
with NF-κB inhibitors CAPE for 2 hrs or with parthenolide for 1hr before incubation
with BCCM for 4 hrs. DMSO (0.2% ) treatment was used as control. Cytokines in the
culture media were detected by ELISA. Open bars indicate treatment with VM; closed
bars indicate treatment with CM. All experiments were performed twice and each
sample was assayed in duplicate. For IL-6 measurment: p＜0.01, for MCP-1: p＜0.05
Adapted from Chen YC, Sosnoski DM, Gandhi UH, Novinger LJ, Prabhu KS, Mastro
AM: Se modifies the osteoblast inflammatory stress response to bone metastatic
breast cancer. Carcinogenesis 2009, 30(11):1941-1948.
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Breast cancer conditioned medium stimulates NF-κB-regulated COX-2 and iNOS
expression
NF-κB represents a transcription factor family which regulates expression of many
proteins. To test if NF-κB controls other inflammatory factors in addition to
cytokines in osteoblasts, I evaluated COX-2 and iNOS expression in osteoblasts after
4 hr BCCM stimulation. COX-2 protein and iNOS mRNA both increased with BCCM
treatment compared to VM (Figure 3.2). These data as well as the induction of IL-6,
MCP-1, and IL-8 that we reported earlier, suggested that NF-κB controlled a wide
range of pro-inflammatory reactions in osteoblasts in response to BCCM.

Fig 3.2. COX-2 (A) and iNOS (B) induction by MC3T3-E1 osteoblasts in
response to BCCM stimulation. 2-week old MC3T3-E1 osteoblasts were incubated
with BCCM for 4 hrs. (A) COX-2 expression detected by western blot of total cell
lysate. (B) iNOS expression detected by RT-PCR. Actin was a loading control in both
assays. The results shown in (B) were run on the same gels. The images were cut to
show only one sample from each treatment respectively. All experiments were
performed twice and at least in duplicate.

Sodium selenite did not reduce IL-6 and MCP-1 production by osteoblasts stimulated
with BCCM
There are many reports that Se can decrease NF-κB activation under different
situations. However, the responses are cell-type and Se compound-specific[78, 79].
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Therefore, after confirming the importance of NF-κB in regulating a proinflammatory response in osteoblasts, I asked if Se interfered with the interaction
between BCCM and osteoblasts and reduced NF-κB activation. It was important to
determine which Se compound was capable of affecting osteoblasts before I
continued this study. I started with the most common form of inorganic Se
compounds, sodium selenite. Osteoblasts were differentiated in Se-deficient
differentiation medium for one week before being cultured in sodium selenite
supplemented differentiation medium for another week. Selenite ranged from
0.05mM to 2mM. Osteoblasts were treated with BCCM for 4hrs before the media
were collected for cytokine analysis. Neither IL-6 nor MCP-1 induction were
suppressed by selenite supplementation (Figure 3.3). On the contrary, selenite
supplementation increased cytokine production even more. This finding suggested
that selenite did not act as an antioxidant agent in osteoblasts; and, therefore, it failed
to block NF-kB activity and its downstream gene expression. I also tested the effect
of selenite on the expression of COX-2 and iNOS; there was no decrease in
expression of either molecule by the presence of selenite.

Figure 3.3 (A) IL-6 and (B) MCP-1 induction by osteoblasts in response to BCCM stimulation
plus sodium selenite supplementation. One week-old Se-deficient osteoblasts were either
continuously cultured in the Se-deficient medium or supplemented with sodium selenite at the
concentrations indicated for one week. Osteoblasts were treated with BCCM for 4 hr. IL-6 and MCP-1
were measured by ELISA. Open bars indicate treatment with VM; closed bars indicate treatment with
CM. All experiments were performed twice and each sample was assayed in duplicate. p＜0.0001

38

Osteoblast response to MSA
After the failure of selenite to inhibit the osteoblast inflammatory response, I tested
the effect of an organic Se compounds. One advantage of using organic Se
compounds is that they are less toxic. Thus cells often can tolerate higher dose of
organic Se compound treatment. Methylseleninic acid (MSA) is a direct precursor of
methylselenol. Methylselenol is believed to have an important role in anticancer
activity and cancer prevention. Therefore, I tested the effect of MSA on osteoblasts.
As with selenite supplementation, osteoblasts were cultured in Se-deficient
differentiation medium for 1 week before the addition of MSA for another 1 week.
Osteoblasts were then treated with BCCM for 4 hours and the culture media were
used to measured IL-6 and MCP-1 concentrations (Figure 3.4, A and B). With MSA
supplementation, both IL-6 and MCP-1 declined in a dose-dependent manner. This
result indicated that MSA was a biologically effective Se compound capable of
reducing the cytokine response of osteoblasts towards BCCM. Furthermore, I
examined the effect of MSA on the expression of iNOS and COX-2 induction by
BCCM (Figure 3.4 C, D). Similarly, the expressions of both molecules were reduced
in the presence of MSA suggesting that a wide range of inflammatory responses could
be regulated by MSA. Furthermore, a comparison of the dose responses of iNOS,
COX-2 and IL-6 indicated that more than 1 µ M MSA was required.
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Figure 3.4. Response of osteoblasts to MSA supplementation. Osteoblasts were
cultured and differentiated in a Se-deficient culture medium (18.2 nM Se) for 1 week
before supplementation with MSA for another week. Osteoblasts were treated with
BCCM for 4 hrs. (A) IL-6, (B) MCP-1, and (C) COX-2 and (D) iNOS expression
were used as indicators of the effects of Se addition. Cytokines were measured by
ELISA (open bars indicate VM; closed bars indicate CM); COX-2 expression was
detected by western blot; iNOS expression was evaluated by RT-PCR. β-Actin was
used as a loading control in COX-2 and iNOS detection. Indicated are the
concentrations of MSA added to the cultures. For both IL-6 and MCP-1: p＜0.0001
Adapted from Chen YC, Sosnoski DM, Gandhi UH, Novinger LJ, Prabhu KS, Mastro
AM: Se modifies the osteoblast inflammatory stress response to bone metastatic
breast cancer. Carcinogenesis 2009, 30(11):1941-1948.
MSA supplementation blocked the activation of NF-κB by BCCM in osteoblasts
The activation of NF-κB after MSA treatment was examined to determine if the
reduction of IL-6 and MCP-1 by MSA was regulated by the inhibition of NF-κB.
Osteoblasts were grown in Se deficient medium for 1 week before they were
supplemented with MSA up to 4µM for 1 week and treated with BCCM for 1hr
(Figure 3.5). Predictably, p65 translocated into the nucleus during BCCM stimulation
without the presence of MSA. On the other hand, with MSA supplementation, even as
low as 1µM, there was less p65 present in the nuclear extracts; with 4 µM MSA, no
nuclear p65 was detectable. To confirm the p65 western blotting results, I, with the
assistance of Ujjawal H. Gandhi, further employed the EMSA for NF-κB to ask if
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active NF-κB capable of binding the NF-κB binding sequence existed in the nuclear
extracts of MSA-treated samples. It was noted that DNA-bound NF-κB was inversely
correlated to the amount of MSA added to the osteoblasts. When supplemented with
4mM MSA, osteoblasts no longer responded to BCCM stimulation and NF-κB was
not activated. These data suggested that MSA supplementation of the cells inhibited
the activation of NF-κB and consequently, reduced the expression of its target genes.

Figure. 3.5 NF-κB inhibition by MSA supplementation.
Osteoblasts were cultured in Se-deficient medium (18.2 nM) for 1week before adding
MSA to the culture system for another week. Osteoblasts were treated with BCCM for
1 hr and nuclear extracts were prepared. NF-κB activation was measured by (A) p65
translocation and (B) NF-κB EMSA. Actin was used as a loading control. CC: cold
oligonucleotide competitor. NS: non-specific binding.
Adapted from Chen YC, Sosnoski DM, Gandhi UH, Novinger LJ, Prabhu KS, Mastro
AM: Se modifies the osteoblast inflammatory stress response to bone metastatic
breast cancer. Carcinogenesis 2009, 30(11):1941-1948.

GPx1 and TR1 may be markers of adequate Se status, but might not reflect the
inflammatory status.
Se regulates intracellular redox status by controlling both biosynthesis and function of
reactive oxygen species (ROS)-scavenging enzymes, such as GPx and TR. Since the
MSA-supplemented osteoblasts failed to activate NF-κB and produced a reduced
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inflammatory response to BCCM, I tested whether the effect was related to the level
of these antioxidant selenoenzymes, because they may in turn, affect intracellular
oxidative stress and NF-κB activation. Total cell lysates from osteoblasts cultured in
MSA-containing medium were used to measure GPx activity (Figure 3.6A). In the
absence of added Se, osteoblasts showed no detectable GPx activity. With the gradual
increase of MSA supplementation, the activity was restored. An obvious increase in
GPx activity was detected with as little as 50 nM MSA supplementation, which
implied that osteoblasts could incorporate and use MSA efficiently. However, GPx
activity appeared to be almost saturated when osteoblasts were supplemented with
1µM MSA (Figure 3.6 A); higher concentrations of MSA, caused no additional
increase in GPx activity. On the other hand, I found that MSA supplementation of
1µM had little or no effect on IL-6 and MCP-1 production (Figure 3.4). In addition,
Ujjawal and I examined the expression of both GPx1 and TR1 (Figure 3.6 B, C). Both
proteins increased with the addition of as little as 0.05 µM MSA. Saturation occurred
by about 0.5 - 1µΜ. These results suggested that while GPx and TR synthesis were
sensitive to Se supplementation, additional Se-containing “factors” could likely be
involved in the down-regulation of IL-6 and MCP-1 production.

The presence of MSA was needed during BCCM stimulation in order to block NF-kB
activation and reduce cytokine production
Because of the different optimal concentrations of MSA required for GPx activity, the
expression of GPX and TR protein expression and the reduction of cytokine
production, I examined the possibility that MSA may affect the behavior of
osteoblasts through a mechanism that did not involve selenoproteins[103].
Osteoblasts were grown for two weeks with Se-deficient medium either with or
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without supplementation with 4 µM MSA for the last week. I reasoned that one week
of MSA supplementation would provide enough MSA for osteoblasts to generate
sufficient selenoproteins. When osteoblasts were treated with BCCM, 4 µM MSA was
added to cells that were or were not supplemented with MSA. As seen previously,
addition of BCCM to cells supplemented for 7 days with MSA showed an attenuated
(<10%) cytokine response (Figure 3.7 A, B, left). However, even after 1 week of

Figure 3.6 Intracellular GPx1 and TR1 in MSA supplemented osteoblasts.
Osteoblasts were cultured in Se-deficient medium in the absence or presence of MSA
(A,C) for 2 passages at the MSA concentration indicated; or (B) Osteoblasts were
cultured in Se-deficient medium for 1 week and then in the presence of MSA for
another week. Cell lysates were used to measure GPx activity (A), with hydrogen
peroxide as substrate. The activity is presented as nmoles of NADPH oxidized per
minute per milligram of protein. Western blot was used to assay the levels of GPx1
(B) or TR1 (C). GAPDH was used as a loading control. The results were quantified
using ImageQuant5.1 software and the ratio between the protein and corresponding
GAPDH is shown in the bar graphs.
Adapted from Chen YC, Sosnoski DM, Gandhi UH, Novinger LJ, Prabhu KS, Mastro
AM: Se modifies the osteoblast inflammatory stress response to bone metastatic
breast cancer. Carcinogenesis 2009, 30(11):1941-1948.
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MSA supplementation, the presence of MSA in the culture was still needed to reduce
cytokine production. Once I removed MSA and added BCCM without MSA, the
expression levels of both IL-6 and MCP-1 from the MSA-supplemented osteoblasts
was at the same level as the Se-deficient samples (Fig 3.7 A,B, right the third panel).
These data implied that the critical factors generated by MSA supplementation to
reduce cytokine production had a very rapid turnover rate and MSA was needed
constantly to maintain their levels or activities. On the other hand, when 4 µM MSA
was added at the same time as BCCM to osteoblasts that had not previously seen
MSA, there was a similar reduction in IL-6 (<20%) and MCP-1(Figure 3.7A, B, right),
which confirmed that osteoblasts could incorporate and use MSA efficiently. We also
noticed that the basal levels of cytokines in cells that were exposed to VM and MSA
were lower than those with VM alone (21 vs 792 pg/ml, IL-6) suggesting that MSA
acted directly on the cells and not on factors in the BCCM. We also found that
addition of MSA together with BCCM prevented the activation of NF-κB, which
further confirmed that short-term but carefully-timed MSA supplementation is critical
to block the NF-κB pathway (Figure 3.7C).
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Figure 3.7. Osteoblasts response to BCCM following a short exposure to MSA.
Osteoblasts were cultured in Se-deficient medium for 7 days before the addition of 4µM MSA
to the culture system for another 7 days or totally without Se for 2 weeks. On day14,
osteoblasts were treated for 2 hrs with VM or BCCM in the presence or absence of 4µM
MSA. The supernatants were collected for ELISA for (A) IL-6 and (B) MCP-1. Shown are
the average values for 2 cultures carried out for each condition as indicated. p＜0.0001 (C)
Some Se-deficient osteoblasts were treated for 1 hr and the nuclear extracts were collected to
assay translocation of p65 by western blotting. β-Actin was used as a loading control.
Adapted from Chen YC, Sosnoski DM, Gandhi UH, Novinger LJ, Prabhu KS, Mastro AM: Se
modifies the osteoblast inflammatory stress response to bone metastatic breast cancer.
Carcinogenesis 2009, 30(11):1941-1948.

MSA may affect osteoblasts through rapidly-generated molecules to reduce cytokine
production
One may argue that the reduction of pro-inflammatory molecule expression and NFkB activation of osteoblasts caused by MSA resulted from the interaction between
MSA and some components in BCCM to prevent them binding to osteoblasts rather
than as a result of the absorption and use of MSA by osteoblasts. To eliminate this
possibility and prove that MSA worked on the osteoblasts, I added MSA to Sedeficient osteoblasts prior to the addition of BCCM. The MSA incubation was carried
out for various times up to 60 min before the cells were washed and BCCM was
added. , MSA pre-treatment for as little as 15 min was effective in reducing the
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osteoblast cytokine response although to a lesser extent than when MSA and BCCM
were added together (15% inhibition vs 97.2% inhibition)( Fig. 3.8 A). Longer times
of pretreatment resulted in greater inhibition; i.e. 60 min pretreatment with MSA
brought about a 28.2% reduction in IL-6. These data indicated that MSA might be
acting through rapidly-generated molecules, i.e. some short-lived metabolites as
reported by others [103].

Next, I tested the effect of addition of MSA following the addition of BCCM.
Addition of MSA at 15 or 30 min post BCCM resulted in the production of IL-6 at the
same levels as when MSA was added simultaneously with the BCCM (<10% of the
response) (Figure 3.8, B). After 60 min the levels of IL-6 were higher (112 pg/ml)
but still below that seen without MSA (538 pg/ml). However, when I added MSA 90
min after BCCM, the amount of IL-6 was no longer affected by MSA addition. It was
at the same level as without addition of MSA. This finding confirmed that MSA
blocked the initial events, such as NF-κB activation, to regulate cytokine expression.
In order to determine if selenoproteins were involved in this short term response, I
examined GPx expression levels. Western blot analysis indicated that even 15 min
exposure of MC3T3-E1 to 4 µM MSA was sufficient to increase the levels of GPx
(Figure 3.8 C). Unfortunately, this finding did not rule out the possibility that some
selenoproteins may be involved in the regulation of proinflammatory molecules.
However, based on the observations that MSA inhibition of cytokine production
required higher dose than needed to saturate selenoprotein synthesis, and that the
active Se molecules had a very rapid turnover rate, it is likely some volatile Se
metabolites were critical to the activity of MSA on osteoblasts during BCCM
stimulation.
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Figure 3.8. The effect of exposure to MSA prior to or after treatment with BCCM on
IL-6 production. Osteoblasts were cultured in Se-deficient medium for 14 days. (A) On day
14, 4µM MSA was added and allowed to remain for 15, 30 or 60min. VM or BCCM without
MSA was added for 2 hrs and the supernatants were collected for cytokine measurement.
Shown are the average IL-6 concentrations (+/- S.D.) for 3 plates of cells. (B) On day 14, VM
or BCCM was added to the osteoblasts in the absence of MSA. At 0, 15, 30, 60 or 90 min, 4
µM MSA was added to the cultures. Cells were incubated for a total of 2 hrs after addition of
BCCM before the supernatants were collected for cytokine measurements. Shown are the
average IL-6 values for 2 cultures. One set of cultures was never exposed to MSA (no MSA).
Open bars indicate treatment with VM; closed bars indicate treatment with BCCM. p＜
0.0001 (C) Lysates of cells treated as in A, were examined for GPx1 expression by western
blot. GAPDH was used as a loading control.
Adapted from Chen YC, Sosnoski DM, Gandhi UH, Novinger LJ, Prabhu KS, Mastro AM: Se
modifies the osteoblast inflammatory stress response to bone metastatic breast cancer.
Carcinogenesis 2009, 30(11):1941-1948.

The effect of MSA on cellular oxidative response and antioxidant system
So far, the data showed that BCCM induced a pro-inflammatory response in
osteoblasts by activating NF-κB, and that MSA eliminated the effect of BCCM by
interrupting NF-κB activation. NF-κB is sensitive to the cellular redox status, which
means that oxidative stress or accumulated ROS can lead to NF-κB activation and
downstream gene expression. Although it is not clear whether selenoproteins (or
which selenoprotein) are involved in the down-regulation of NF-κB activation of
osteoblasts triggered by BCCM, Se does play a very important role in the antioxidant
system and it would be of interest to investigate if BCCM stimulation altered the
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redox status of osteoblasts and if MSA supplementation was capable of reversing the
alteration. In order to analyze more genes involved in the oxidative response system, I
used an oxidative stress RT-PCR array which contains 84 genes including
antioxidants, ROS metabolism and oxidative response genes. Osteoblasts were
cultured in Se-deficient medium for 13 days before supplementation with 4µM MSA
for 24 hrs. Cells were treated with BCCM for 2 hrs before RNA extraction. A parallel
experiment was set up in which osteoblasts were not supplemented with MSA but
were treated with BCCM or vehicle medium for 2 hrs. A 2-fold change between two
treatments was considered significant.

First, I investigated if BCCM treatment induced oxidative stress by comparing gene
profiles between BCCM and vehicle treatment without MSA supplementation.
Contrary to what I expected, BCCM caused relatively few changes in gene
expressions. Only 3 genes were up-regulated and 9 genes were down-regulated (Table
3.1). Unsurprisingly, two ROS response genes, COX-2 and iNOS were up-regulated
by BCCM and another up-regulated gene was a superoxide dismutase which acts to
change superoxide into oxygen and peroxide. However, it is noted that peroxide needs
to be further processed by peroxidase. On the other hand, several ROS response gene
were down-regulated by BCCM, which may indicate that BCCM did not cause a
robust ROS production in a short-term stimulation (2hrs) but selectively activated
some ROS-induced pathways. Interestingly, several antioxidant genes were downregulated. That data suggested that BCCM stimulation weakened the cellular
antioxidant system which would gradually lead to accumulate ROS. It is possible that
BCCM did not initially increase oxidative stress but through time, more and more
ROS were collected in osteoblasts due to the failure of the antioxidant system. This
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scenario may provide an explanation of why osteoblasts survived in BCCM treatment
for more than 30 days [59].

Table 3.1 The difference between BCCM treatment and vehicle treatment:
Up-regulation:
Gene Symbol
Gene
Function
Change fold
Nos2
iNOs
ROS response
3.4
Ptgs2
COX-2
ROS response
7.6
Sod2
Superoxide
Dismutation of
3.9
dismutase 2
superoxide into
oxygen and peroxide
Down-regulation:
Gene Symbol
Apoe
Idh1
Ncf2
Nudt15

Prdx3
Scd1
Serpinb1b

Slc38a1
txnip

Gene
Apolipoproteion E
Isocitrate
dehydrogenase 1
Neutrophil cytosolic
factor 2
Nucleoside
diphosphate linked
moiety X-type motif
15
Peroxiredoxin 3
Stearoyl-Coenzyme A
desaturase 1
Serine (or cysteine)
peptidase inhibitor,
clade B, member 1b
Solute carrier family
38, member 1
Thioredoxin
interacting protein

Function
Antioxidant
TCA cycle, NADPH
generation
NADPH oxidase

Change fold
2.3
2.1

ROS response

2.2

antioxidant
Lipid oxidation
regulation
Peroxidase,
antioxidant,

2.1
2.8

ROS response

2.9

ROS response

7.8

3.8

6.6

Next, I evaluated the changes caused by MSA supplementation (Table 3.2). MSA
supplementation increased gene expressions of some DNA repair proteins, which
protect the integrity of the genome. Several antioxidant genes were also up-regulated
and some were down-regulated, which may indicate that MSA supplementation
shifted the antioxidant system by altering some antioxidant pathways.
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Table 3.2 Altered gene expression by MSA supplementation
Up-regulation
Gene Symbol
Gene
Function
Atr
Ataxia telangiectasia
DNA damage
and Rad3 related
protection
Ercc2
Excision repair cross- DNA repair, UV
complementing rodent protection
repair deficiency,
complementation
group 2
Gsr
Glutathione reductase Glutathione
oxidation reduction
cycle, antioxidant
Prdx6
Peroxiredoxin 6
Antioxidant
Prdx6-ps1
Peroxiredoxin 6,
Antioxidant
pseudogene 1
Tmod1
Tropomodulin 1
Peroxidase,
antioxidant
Txnip
Thioredoxin
ROS response
interacting protein
Down-regulation
Gene Symbol
Gpx8
Apoe
Nudt15

Serpinb1b

Sod3

Gene
glutathione peroxidase
8
Apolipoproteion E
Nucleoside
diphosphate linked
moiety X-type motif
15
Serine (or cysteine)
peptidase inhibitor,
clade B, member 1b
superoxide dismutase
3

Function
Glutathione
peroxidase
Antioxidant
ROS response

Change fold
2.4
2.5

2.1

2.6
2.7
2.1
3.2

Change fold
3.6
2.2
2.1

Peroxidase,
antioxidant,

2.3

Antioxidant

2.9

To investigate the effect of MSA, gene expression profiles between BCCM and
vehicle treatment in the presence of MSA were compared (Table.3.3). No significant
down-regulation was observed and only 4 up-regulated genes were noted. These
genes were involved in the antioxidant system and ROS metabolism pathways which
may promise a quicker processing of ROS residues and stronger protection.
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Table 3.3 The difference between BCCM and VM with MSA supplementation
Up-regulation
Gene Symbol
Gene
Function
Change fold
Apoe
Apolipoproteion E
Antioxidant
2.9
Ccs
copper chaperone for
Removal of
2.3
superoxide dismutase superoxide radicals
Gpx3
glutathione peroxidase Glutathione
2.2
3
peroxidase
Nos2
iNOs
ROS response
5.8

I also investigate the differences between BCCM treatment in the presence and
absence of MSA (Tabl 3.4). When under BCCM stimulation, MSA supplementation
allowed osteoblast to induce several genes involved in the antioxidant system, which
provide protection against oxidative stress. It is also noted that MSA enhanced DNA
protection under BCCM treatment. These data suggested that MSA activated the
antioxidant defense system to neutralize the oxidative stress, which prevented cellular
ROS accumulation and protected genome integrity.

Overall, these data suggested that while short-term BCCM stimulation induced proinflammatory responses, it did not generate significant amount of ROS. Instead,
BCCM treatment increased the vulnerability of osteoblasts to ROS accumulation by
down-regulating antioxidant pathways, which may be the reason why eventually
osteoblasts with BCCM treatment undergo apoptosis. When osteoblasts were
supplemented with MSA, more antioxidant proteins were produced, which
strengthened antioxidant protection abilities, and when these cells were stimulated
with BCCM, they were able to further enhance the antioxidant system to process ROS
faster. Therefore, it is likely that MSA stimulated antioxidant pathways to overcome
or balance the effect of BCCM.
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Table 3.4 The effect of Se on BCCM stimulation
Up-regulation
Gene Symbol
Gene
Function
Change fold
Apoe
Apolipoproteion E
Antioxidant
3.0
Atr
Ataxia telangiectasia
DNA damage
3.0
and Rad3 related
protection
Cat
catalase
Peroxidase,
2.3
antioxidant
Duox1
dual oxidase 1
Peroxidase,
2.2
antioxidant
Ercc2
Excision repair cross- DNA repair, UV
3.7
complementing rodent protection
repair deficiency,
complementation
group 2
Gpx1
glutathione peroxidase Glutathione
2.2
1
peroxidase
Gsr
Glutathione reductase Glutathione
2.9
oxidation reduction
cycle, antioxidant
Kif9
kinesin family
Peroxidase,
2.9
member 9
antioxidant
Nos2
iNOs
ROS response
3.9
Nqo1
NAD(P)H
NAPDH cycling,
2.2
dehydrogenase,
superoxide
quinone 1
diamutase activity
RecQ protein-like 4
Superoxide
3.9
Recql4
dismutase activity
Serpinb1b
Serine (or cysteine)
Peroxidase,
2.5
peptidase inhibitor,
antioxidant,
clade B, member 1b
Slc38a1
Solute carrier family
ROS response
2.3
38, member 1
Tropomodulin 1
Peroxidase,
3.9
Tmod1
antioxidant
Txnip
Thioredoxin
ROS response
15.0
interacting protein
thioredoxin reductase antioxidant
2.5
Txnrd1
1
Xpa
xeroderma
ROS response
3.4
pigmentosum,
complementation
group A
Down-regulation
Gene Symbol
Gene
Function
Change fold
Ptgs2
COX-2
ROS response
6.0
Sod3
superoxide dismutase Antioxidant
3.7
3
Gusb
Glucuronidase, beta
ROS response
2.3
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Conclusion
In this chapter, I provided evidence to demonstrate that NF-κB was a critical
transcription faction which controlled a wide range of inflammation response in
osteoblasts caused by BCCM stimulation. The results further showed that not every
Se had the same effect on osteoblasts. Only MSA, not sodium selenite, could downregulate the inflammation response resulting from its blockage of NF-κB activation.
Osteoblasts utilized MSA at low concentration to generate selenoproteins; however,
higher concentrations of MSA were required to decrease the osteoblast inflammatory
response. These data also pointed out that long-term exposure to MSA did not
guarantee protection against BCCM treatment unless MSA was present in the BCCM.
In fact, as long as osteoblasts were treated with BCCM in the presence of MSA, a
reduction of the inflammatory response could be expected even from osteoblasts
which were cultured in Se-deficient medium. Finally, short-term BCCM exposure did
not generate significant amount of ROS; on the other hand, it may weaken the antioxidant defense system by down-regulating several anti-oxidant proteins. Osteoblasts
supplemented with MSA expressed significantly higher amount of antioxidant
proteins, which in turn could process ROS more efficiently and show protection
against BCCM stimulation.
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Chapter 4
4T1.2luc/Balb/C mouse model optimization
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In chapter 3, I reported that MSA reduced the induction of pro-inflammatory protein
by osteoblasts in response to BCCM in vitro. These data suggested that MSA had the
potential to alter the local bone microenvironment and decrease osteoclastogenesis
and osteolysis. The next logical step was to determine if MSA or other Se compounds
offered systemic protection against breast cancer metastasis, especially on bone
metastasis in a mouse model. There are many animal studies regarding Se, but most
of them focus on its chemopreventative or anticancer activities at early stages of
tumor growth such,e.g apoptosis and angiogenesis; very few have included the
involvement of Se at later stages specifically metastasis. In order to focus on
metastasis, I chose to use a highly metastatic murine breast cancer cell line, 4T1.2. To
ensure that 4T1.2 cells could stimulate a similar inflammation response of osteobalsts
like MDA-MB-231 cells, conditioned medium was collected from 4T1.2 cells using
the same procedure described in chapter 2 and was used to treat osteoblasts (Fig. 4.1).
After a 4-hr incubation, significant more IL-6 and MCP-1 could be detected in the
medium of osteoblats treated with 4T1.2 CM.

Figure. 4.1 4T1.2 cells generated a similar inflammatory response of osteoblasts
compared to MDA-MD-231 cells. MC3T3-E1 were cultured and differentiated for 2
weeks before stimulation with 4T1.2 CM for 4 hrs. (A) IL-6 (B) MCP-1 in the culture
media were detected by ELISA. Open bars indicate treatment with VM; closed bars
indicate treatment with CM. All experiments were performed twice and each sample
was assayed in duplicate. p＜0.01
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To mimic natural tumor progression as much as possible, I injected breast cancer
cells orthotopically, which would permit primary tumor formation and allow them to
progress at their own course. In addition, one of the advantages of using a murine
breast cancer cell line is the availability of using a syngeneic system with a mouse
containing a fully functional immune system, which is very important to tumor
progression. Taken together, I decided to further study the effect of Se on breast
cancer metastasis in vivo by using a 4T1.2/ Balb/C syngeneic mouse model.
Several syngeneic breast tumor lines including 4T1, 66cl4, and 67NR were isolated
from the same spontaneous mammary tumor in a Balb/C mouse [96]. These lines
display a spectrum of metastatic phenotypes from non-metastatic to highly metastatic.
For instance, 67NR cells are non-metastatic; 66cl4 cells are moderately metastatic and
4T1 lines are highly metastatic. 4T1 cells, when injected orthotopically, can generate
a clinically relevant animal model of spontaneous breast cancer metastasiss to
multiple sites. 4T1.2 cells are a single cell clone derived from 4T1 cells that closely
mimic the metastatic distribution of human breast cancer. In addition, they also have
the potential to metastasize to the bone and bring about osteolysis. Therefore, this
4T1.2/ Balb/C model appeared to be the best suitable model for my purposes.

4T1.2 breast cancer cells metastasized to several major organs
4T1.2 cells were kindly provided by Dr. Erica Sloan and Dr. Robin Anderson
(University of Melbourne, Australia) and verified by me as being metastastic. Mice
were injected with 105 4T1.2 cells to the left 4th mammary gland. Tumor growth and
mice weight were measured weekly. Mice were euthanized when primary tumors
exceeded 1cm3 or when tumor-bearing mice started to show signs of distress,
including rapid weight loss, unresponsiveness to stimulation, fur loss, shallow breath
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or limpness. Major organs, such as lung, heart, liver, kidney, spleen, and femur, were
collected counted for visible nodules, fixed in 10% neutralized formalin, embedded in
paraffin and prepared for sectioning and H&E staining. All mice developed primary
tumors (7/7) 2 weeks after cancer cell inoculation. 4T1.2 cells also extensively
metastasized to the lungs, liver, kidney and femurs (Fig. 4.2). The spleens of the
inoculated mice were enlarged from an average of 0.1g in the control animals to 0.7g
in the cancer bearing (Fig. 4.3).

With this pilot study, I established that the 4T1.2 cells were metastatic to a variety of
organs including bone.

Primary tumor

Lung

Liver

M

M

Kidney
M

Femur

M
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Figure.4.2 4T1.2 cells caused extensive metastases in distant organs.
4T1.2 cells were inoculated into Balb/C mice. Mice were observed daily and primary
tumor growth was measured weekly. Once primary tumors reached 1cm3 or mice
showed the signs of distress, mice were euthanized by CO2 inhalation and major
organs were removed and fixed in 10% neutralized formalin. Pictures of whole organs
were taken after fixation. The organs were embedded in paraffin and three sections
were made from each organ to examine metastases. Histological morphology of
cancer cells was determined by Dr. Mary Kennett, pathologist and director of the
Central Biological Laboratory.

Se supplementation did not affect the spleen enlargement and survival
In order to investigate the effect of Se on breast cancer progression, I first asked if Se
supplementation can prolong the time of survival. Mice were separated into 5 groups
and fed with one of 5 different Se diets containing Se deficient (Se-def), 80ppb
sodium selenite (80Sel), 400ppb sodium selenite (400Sel), 3ppm selenomethionine
(SeM), and 3ppm methylseleninic acid (MSA). Three months later, 10 5 4T1.2 breast
cancer cells were inoculated into the left 4th mammary gland and monitored as
described before. The weights of the mice ranged from 20.8 to 23.3g at the time of
injection. Most mice continued to gain weight at the early stage of tumor progression.
When mice gradually showed symptoms of distress, they showed a significant loss of
weight. The average primary tumor weight was about 1 g (0.87-1.10) for all groups
(Table 4.1). The tumor volumes (calculated from the formula V= [length X width2 ]/2),
ranged from 869 to 1056 mm3 and were not statistically different among groups.
Based on macroscopic observation of the heart, liver, and kidneys, there were no
significant differences between each Se-supplemented group. However, they all
showed statistically fewer metastases than the Se-deficient group (Table 4.2, p<0.05).
Metastases were easily seen in this mouse model. Unlike the other organs, there was
no remarkable difference among all groups. The spleens of all inoculated mice were
enlarged significantly compared to un-inoculated control mice (Fig. 4.3A, p<0.05),
however, there was no statistically significant difference among each Se diet group.
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Four to six weeks after cancer cell inoculation, mice started to show distress and were
euthanized (Fig4.3B). There was no significant difference of the time of survival
among each group.

Table 4.1. primary tumor volume and weight ( mean±SD) of each group

tumor volume
3
mm (mean±SD)
tumor weight
g (mean±SD)

Se-def

80Sel

400Sel

SeM

MSA

1056.64±690.68

928.41±34.31

869.1±420.47

991.06±271.76

1022.86±432.04

0.95±0.26

0.87±0.21

0.97±0.39

1.1±0.31

1.04±0.36

Table 4.2. visible nodules in each group
Se-def

80Sel

400Sel

SeM

MSA

visible nodules*

9±5.74

4.33±1.53

3.9±2.38**

3.14±1.35**

(mean±SD)
N

7

3

10

7

4.14±
2 12**
7

*Nodules includes all visible nodules on the surface of heart, liver and kidney.
**p<0.05
N: numbers of mice in each group

Figure 4.3 the effect of different Se diets on the spleen enlargenment and survival.
Balb/C mice were supplied with one of 5 different Se diets for 3 months. 105 4T1.2
cells were inoculated into the left 4th mammary gland. Mice were monitored for signs
of distress daily and the sizes of primary tumors were measured weekly. After
enthanization, primary tumors were measured and weighed (Table 4.1); major organs
lung, heart, liver, kidney, spleen, and femur, were collected and subjected to nodule
counting (Table. 4.2). A. spleen enlargement caused by breast cancer development. B.
the effect of Se diets on survival
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Mice with 4T1.2luc cells displayed various levels of metastasis
In order to monitor tumor progression through time, I decided to use 4T1.2luc (4T1.2
cells stably expressing luciferase) to establish a new mouse model for this study. A
pilot experiment was conducted to determine the metastatic ability of 4T1.2luc cells.
Cells, 1x 105, were inoculated into the left 4th mammary fat pad. Tumor progression
and metastasis were monitored by IVIS imaging weekly. Although 4T1.2 cells were
derived from the highly metastatic breast cancer cell line, 4T1.2, 4T1.2luc cells did
not display a unified metastatic ability (Fig. 4.4). Thirty-five days after cancer cell
inoculation, mice all developed visible primary tumors but had different levels of
metastasis. Some had primary tumors with very low or no luciferase expression; some
had small primary tumors without metastasis; and some had extensive metastasis.
Mice without visible metastases were kept up to 60 days and still showed no signs of
metastases. The original 4T1.2 cells isolated by Dr. Robin Anderson [104] were a
single cell clone from the 4T1 cell line, but the 4T1.2luc cells used in this study
included several single cell clones which stably expressed high amount of luciferase. I
postulated that the variability in metastastasis might be caused by the luciferase
protein which could cause an immune response and interfere with metastasis, or it
may be a result of where the luciferase gene inserted into the genome. Occasionally,
some luciferase-expressing cancer cells could escape the immune barrier and continue
tumor progression. These cells would then be capable of metastasizing to other organs.
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Figure 4.4 Breast cancer progression 35 days after cancer cell inoculation.
Mice (6-8 weeks-old ) were inoculated with 105 4T1.2 breast cancer cells in their left
4th mammary fat pad. Mice were observed daily and imaged weekly to monitor the
tumor progression. Visible primary tumor could be observed after 2 weeks. The
difference patterns of metastasis were clearly shown on day 35, and mice with
metastasis were terminated. Some primary tumor-bearing mice were kept up to 60
days to see if they develop metastasis later. None of these mice developed metastasis.

Metastatic 4T1.2lucD breast cancer cell recovery
To ensure a more uniform metastatic pattern, I decided to recover 4T1.2luc cells from
organs with metastasis, such as lung, liver and kidney. Organs from 2 mice with
metastasis were removed and visible nodules were collected and sliced into small
pieces. These pieces were digested with collagenase at 37℃ for 1hr. After the
removal of collagenase, filtered cells were plated with 5µg/ml puromycin as a
selective antibiotic. When several cell colonies were observed, they were replated at a
density of 1 cell/well for further selection. 4T1.2luc single cell colonies were tested
for their luciferase expression and 4 colonies (A,B,C,D) with the highest luciferase
activity were chosen to further examine in vivo.
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For each single cell colony, 4T1.2lucA-D, 105 cells were inoculated into 3 mice. Mice
were observed daily and imaged weekly up to 5 weeks (Fig 4.5). Only one mouse
injected with 4T1.2lucB developed a primary tumor. 4T1.2lucC was more tumorgenic
but not metastatic as none of the mice developed metastasis. 4T1.2lucA and
4T1.2lucD were both tumorgenic and 4T1.2lucD was more metastatic than 4T1.2lucA.
Therefore, 4T1.2luc D was used in further studies.

Fig. 4.5 metastatic potential of different 4T1.2luc single cell colonies.
4T1.2luc clones A-D from metastatic organs were inoculated into mice to determine
their metastatic abilities. Tumor incidence was recorded and mice with visible tumors
were imaged.

The adjustment of cell number for tumor inoculation
In experiments thus far, mice were injected with 105 breast cancer cells to induce
tumor development. However, it was noted that some mice developed tumors which
were bigger than 1cm3 and they had to be terminated earlier than the designated
endpoint (5 weeks). There were two possible strategies to solve this difficulty,
reducing initial cancer cell number or removing primary tumors. To determine the
most suitable cell number to be used for cancer inoculation and to establish a tumor
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progress timeline guide, I chose three different amounts of cells to inject into mice
and monitored the primary tumor growth and metastasis. 104, 5x104, 105 of 4T1.2lucD
cells were inoculated into mice. One mouse inoculated with 104 cells did not develop
tumor after 5 weeks and only one showed metastasis (Fig 4.6). Mice inoculated with
5x104 or 105 cells all developed primary tumors and showed similar metastatic
potential. However, the sizes of primary tumors in mice with 5x104 cells were smaller
than in the other group. Therefore, to reduce unnecessary tumor burden, I decided to
inject 5x104 4T1.2lucD cells in the further study.

Figure 4.6 Metastatic patterns of different numbers of 4T1.2lucD cells.
104, 5x104, or 105 4T1.2lucD breast cancer cells were inoculated into mice to
investigate primary tumor growth and metastasis potential. Primary tumors were
visible after 2 weeks. One mouse inoculated with 104 cancer cells did not develop a
primary tumor and only one developed metastasis. All mice inoculated with 5x104 or
105 cells developed primary tumors and had high metastatic potential.
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Chapter 5
Selenomethionine supplementation diet reduced
breast cancer tumor growth and metastasis
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Introduction
In brief, I used the established 4T1.2luc/Balb/C mouse model to address the effect of
dietary Se on breast cancer progression. Mice were fed one of 5 Se diets: Se-deficient
(Se-def), 80ppb sodium selenite (80Sel), 400ppb sodium selenite (400Sel), 3ppm SeM,
and 3ppm MSA. The 80Sel diet was considered Se-adequate; and 400Sel, SeM, and
MSA diets were considered Se-supplemented. 5x104/25µl 4T1.2luc cells were
inoculated into the left 4th mammary gland. Primary tumor growth was measured by
an electric caliper and tumor progression was determined by IVIS imaging weekly.
From a previous experiment (fig. 4.2B), I found that Se supplementation did not result
in a longer survival time. Therefore, to reduce the unnecessary discomfort of animals,
the endpoint was set at 30 days after cancer inoculation. After euthanasia, major
organs including lung, heart, liver, kidney, spleen, femur, were collected; subjected to
nodule counting; and frozen at -80℃ before genomic DNA extraction for luciferase
Real-Time PCR. The correlation between dietary Se supplementation and primary
tumor growth through time was investigated. The overall metastatic patterns from
each dietary group were recorded and categorized by analyzing IVIS images. Two
measurement methods, visible nodule counts on the organ surface and luciferase RealTime PCR quantification, were employed in this study to calculate the tumor burden
in each major organ. The correspondence between dietary Se supplementation and
metastatic tumor burden in major organs was examined.

Se supplementation affected primary tumor growth
Primary tumors were measured on day 16, 23, and 30 following inoculation. The
tumor volume was calculated from the formula V= (length x width2) / 2 (Table 5.1).
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On day 16, tumor growth was significantly affected by the Se status. All mice on Sesupplemented diets, 400Sel, SeM and MSA, showed significantly reduced primary
tumor growth (p＜0.0001) compared to those on the Se-def diet. , Tumor volumes of
mice fed with a Se-def diet were 2.4 fold to 3.9 fold greater than those of mice fed Se
supplemented diets. This finding may relate to the anticancer activity of Se. The
difference between the Se-def and the Se adequate (80Sel) diet was also significant (p
＜0.001). When the primary tumor volumes were compared between the 80Sel and
the other three Se-supplemented diet groups, only the tumors of the mice fed 80Sel
and SeM diets were significantly different (p＜0.05). This finding implies that SeM
had the greatest effect on inhibiting primary tumor growth. By day 23, the 400Sel diet
appeared to no longer be effective in limiting tumor growth. There was a more than
threefold increase in tumor volume compared with day 16. Mice on the other two Sesupplemented diets, SeM and MSA, still showed significantly reduced tumor volumes
(p＜0.05) compared to mice on either Se-def or 80Sel diets. However, by day 30, only
the mice on the SeM diet showed significant inhibition of tumor growth (p＜0.05).
Taken together, these data suggested that Se deficiency may be conducive to the
initiation of tumor development. Although mice on all three Se-supplemented diets
appeared to have less tumor growth at the earlier stages of tumor development, only
the SeM diet maintained this property by the endpoint.
Table 5.1 primary tumor volume and ( mean±SD) of each group
tumor volume mm3
(mean±SD)

D16

D23

D30

Se-def

149.15±93.51

203.34±122.43

389.42±197.1

80Sel

81.13±44.98

220.17±79.31

370.3±130.34

400Sel

61.17±24.21*

193.04±80.13

377.33±153.27

SeM

38.42±30.39*

MSA
50.84±27.22*
2
V= (length x width ) / 2
* p＜0.0001, ** p＜0.05

120.13±74.85** 241.99±133.9**
135.27±57.48**

278.86±148.52
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Breast cancer progression varied within each diet group
Tumor progression was monitored by IVIS imaging on day 9, 16, 23, and 30
following cancer cell inoculation. All mice developed primary tumors. On the other
hand, the pattern and severity of tumor metastasis were quite diverse even within one
diet group. Some mice only developed primary tumors without any detectable
metastasis (Fig. 5.1A); some developed extensive metastases in multiple organs (Fig.
5.1B). After further analyzing the data, I found that 12 out of 15 mice in the 400Sel
diet group showed metastasis on day 23 while only 6 out of 14 in the Se-def, 8 out of
14 in the 80Sel, 6 out of 14 in the SeM, and 7 out of 15 in the MSA diet groups
showed detectable metastasis (Table 5.2). Unsurprisingly, more mice supplemented
with the 400Sel diet (7/15) showed extensive metastasis on day 30 compared to other
diets (about 3 per diet showed extensive metastasis). The 400Sel diet was also the
only diet group in which all mice developed metastasis on day 30. There was no
obvious difference among the other diet groups. These data suggested that sodium
selenite supplementation may promote breast cancer progression and metastasis.

Table 5.2 Metastasis incidence on day 23 and 30

67

Figure. 5.1 The effect of Se supplementation on breast cancer progression.
After I.P. injected with 150µl of 15mg/ml lucuferin, mice were held for 20 min before
imaging. The exposure time was set at 1 min. All pictures were adjusted to the same
scale for comparison. The color purple to red corresponded to a weak to strong
intensity of chemiluminescence. A. Mice with the least metastases from each group. B.
Mice with extensive metastases from each group. Pictures of the same row
represented the tumor progression in the same mouse through time. D = days post
inoculation of cancer cells.

The effect of Se supplementation on breast cancer lung metastasis
After euthanasia, visible nodules on lung, heart, liver, kidney and femur were counted
before the organs were frozen to extract genomic DNA. Genomic DNA was used to
measure the amount of luciferase gene (cancer cells only) and GAPDH (all cells) by
Real-Time PCR. The Δ CTGAPDH-luciferase from each organ was compared to the
Δ CTGAPDH-luciferase from the standard to calculate the amount of cancer cells in each of
the organs. Based on the presence of luciferase, tumor burdens were calculated for the
mice in each group (Fig. 5.2). Some mice in the Se-def, 80Sel, and 400Sel diets
showed severe lung metastasis in that more than 20% of tested genomic DNA was
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from cancer cells. In contrast, mice bearing the most severe lung metastases in the
SeM and MSA diet groups showed that only 4.41% and 6.3% of total genomic DNA,
respectively, was from cancer cells. Almost all mice had detectable luciferase DNA in
their lung tissues (the detection limitation of luciferase Real-Time PCR used in this
study was 0.01%). However, the only significant difference was between lungs from
mice fed the 400Sel and SeM diets (p＜0.05) (Fig. 5.2).

Figure 5.2 The amount of 4T1.2luc cancer cells in lungs
A boxplot was used to represent the amount of cancer cells in lungs measured by
luciferase and GAPDH Real-Time PCR. The bottom and upper bar indicates the
minimum and maximum values. The box includes the range of values from 25th to
75th percentile. “+”represents the average and the line in the box indicates the median.
Mice with the 400Sel diet showed significantly more breast cancer lung metastasis
compared to mice on the SeM diet. * p＜0.05

Another common way to examine the severity of metastasis is to count the visible
nodules on the surface of the lungs. Similar to the results with the genomic DNA
analysis, the numbers of nodules varied even within the same diet group. Some mice
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had more than 10 nodules while some did not have any (Fig. 5.3). More mice in the
400Sel diet (14/15) developed visible nodules in the lung; (6/14 in the Se-def diet,
9/14 in the 80Sel diet, 8/13 in the SeM diet, and 7/15 in the MSA diet)(Table 5.3).
Statistically, mice in the 400Sel diet group contained more nodules in the lung than
mice in either SeM or MSA diet group (p＜0.05). Another statistically significant
difference was found between the Se-Def and MSA diet groups. Importantly, mice
with Se deficiency carried more nodules in the lung than mice with MSA
supplementation (p＜0.05). Taken together, these data suggested that sodium selenite
supplementation did not have protective effect on breast cancer metastasis to the lungs
and actually resulted in more cancer cells in the lung than other two Se-supplemented
diets, SeM and MSA.
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Figure 5.3 Numbers of nodules in the lung of each individual mouse
A dot plot was employed to show the distribution of the numbers of nodules in the
lung. Each dot represented one individual mouse and the lines indicated the means.
Compared to the mice on the SeM and MSA diets, lungs of those on the 400Sel diet
contained more nodules; compared to mice on the MSA diet, those on the Se-def
diets exhibited more nodules. * p＜0.05
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The effect of Se supplementation on breast cancer heart metastasis
Using the same Real-Time PCR technique, I investigated the metastatic status in the
heart. The tumor burden based on genomic DNA and the numbers of nodules were
measured (Fig. 5.4). There was no statistical significance between the severity of
heart metastasis and Se diets. Even so, I noticed that more mice in the 400Sel diet
group (12/15) had more visible nodules than mice in other groups (4/14 in the Se-def
and 80Sel, 5/13 in the SeM and 6/15 in the MSA diet group) (Table 5.3).

Figure 5.4. Se supplementation did not affect the progression of breast cancer
heart metastasis. The level of the tumor burdens in the heart was examined by (A)
Real-Time PCR or by (B) nodule counting. A. The bottom and upper bar indicated
the minimum and maximum values. The box included the range of values from 25th to
75th percentile. “+”represented the average and the line in the box indicated the
median. B. Each dot represents one individual mouse and the lines indicate the means.
No significance was found in comparing the tumor burden between Se diet groups.
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The effect of Se supplementation on breast cancer liver metastasis
Liver was the next major organ I examined. First, I noticed that only 2 mice had
visible nodules (Table 5.3), which would make the determination of tumor burden
based on the counts of nodules untrustworthy. Secondly, compared to the tumor
burdens observed in the lung and heart, 4T1.2luc-induced breast cancer liver
metastasis was relatively minor. Less than 1% of the DNA was from cancer cells in
most liver samples (Fig 5.5). However, the the mice that were Se-Def had
significantly more liver metastases than those on the SeM diet ((p＜0.05).

Figure 5.5 The selenomethionine supplemented diet protected against breast
cancer liver metastasis. A boxplot was used to demonstrate the amount of cancer
cells in livers measured by luciferase and GAPDH Real-Time PCR. The bottom and
upper bar indicated the minimum and maximum values. The box included the range
of values from 25 th to 75th percentile. “+”represented the average and the line in the
box indicated the median. The difference between two diet group, Se-def and SeM
was significant. * p＜0.05
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The effect of Se supplementation on breast cancer kidney metastasis
Many mice did not have detectable cancer DNA in the kidney (Fig. 5.6) which
suggested that kidney may not be a major metastatic target of breast cancer.
Interestingly, I found that sodium selenite diets had a tendency to increase the
occurrence of kidney metastasis. Eleven out of fourteen mice in both 80Sel and
400Sel diet groups had detectable cancer DNA while fewer mice in the other diet
groups had cancer DNA (7/14 in the Se-def diet, 5/13 in the SeM diet, and 8/15 in the
MSA diet). There was a significant difference in tumor burden in the kidney between
the 400Sel and SeM diets (p＜0.05).

Figure 5.6 Selenomethionone supplementation reduced breast cancer kidney
metastasis compared to the sodium selenite supplementation A boxplot was used
to demonstrate the amount of cancer cells in kidneys measured by luciferase and
GAPDH Real-Time PCR. The bottom and upper bar indicated the minimum and
maximum values. The box included the range of values from 25th to 75th percentile.
“+”represented the average and the line in the box indicated the median. The
difference between two diet group, 400Sel and SeM was significant. * p＜0.05
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Unsurprisingly, the occurrence of nodule formation was higher in both sodium
selenite diets (7/14 in the 80Sel diet, and 11/15 in the 400Sel diet versus 2/14 in the
Se-def diet, 3/13 in the SeM diet, and 5/15 in the MSA diet) (Table 5.3), (Fig. 5.7).
These data also suggested that there was a tendency for kidney metastasis with the
sodium selenite diets. The 400Sel diet significantly increased nodule numbers in the
kidney compared to the Se-def, SeM and MSA diets (400Sel-MSA, p＜0.05, others, p
＜0.01). Compared to the Se-def and SeM diets, kidneys of mice on the 80Sel diet
also showed significantly increased nodules numbers (p＜0.05).

*
numbers of nodules

8
7

*

6
5
4
3
2
1
0
Se-Def

Sel80

Sel400

SeM

MSA

Diet
Figure 5.7 Metastatic nodules in the kidney were significantly different among
Se diet groups. A dot plot was employed to show the distribution of the numbers of
nodules in the lung. Each dot represented one individual mouse and the lines indicated
the means. The 400Sel diet resulted in more nodules compared to the Se-def, SeM,
and MSA diets; the 80Sel also caused significant more nodules compared to the Sedef and MSA diets. * p＜0.05
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The effect of Se supplementation on breast cancer bone metastasis
To investigate breast cancer bone metastasis, I used both femurs as indicators of the
skeleton. The tumor burdens were measured by the luciferase and GAPDH Real-Time
PCR (Fig. 5.8). Mice on sodium selenite diets showed a tendency to have a high
incidence of bone metastasis. 4T1.2luc cancer cell DNA was detectable in all
samples from mice on the 80Sel diet and 13 out of 14 on the 400Sel diet, while they
were only detectable in 7 out of 13 on the Se-def diet, 8 out of 13 on the SeM diet and
8 out of 15 on the MSA diet. As for the severity of bone metastasis, the SeM diet
significantly reduced tumor burden in the femur compared to the 80Sel diet (p＜0.05).

Figure 5.8 Selenomethionine supplementation reduced tumor burden in the
femur. A boxplot was used to demonstrate the amount of cancer in femurs measured
by luciferase and GAPDH Real-Time PCR. The bottom and upper bar indicated the
minimum and maximum values. The box included the range of values from 25th to
75th percentile. “+”represented the average and the line in the box indicated the
median. The difference between two diet group, 80Sel and SeM was significant. * p＜
0.05

75

The correlation of tumor burdens in different organs
After I examined the effect of Se diets on the tumor burden in each organ, I then
focused on investigating the correlation between organs in each diet. I included the
volume of primary tumors on day 30 following cancer cell inoculation (Vol30) to see
if the size of the primary tumors was an indicator of metastasis (Table. 5.4). In the Sedef diet group, there was a moderate correlation between the tumor burdens in the
lung, heart, and liver. Tumor burdens in the heart were also moderately correlated to
the tumor burdens in the kidney. In the 80Sel diet group, tumor burdens in the lung
were strongly correlated to those in the kidney. In the 400Sel diet group, a moderate
correlation was observed between the final volume of primary tumors and tumor
burden in the liver. In the SeM diet group, the final volume of primary tumors was
correlated to the tumor burdens in the lung and liver. A correlation between tumor
burdens in the heart and the liver was also determined. The strongest correlation was
observed in the MSA diet group between tumor burdens in the lung, heart, and kidney.
Table 5.4. The correlation between tumor burdens in organs
Diet

Organs

Pearson correlation
coefficient

p value

Se-def

Lung, Heart
Lung, Liver
Heart, Liver
Heart, Kidney

0.72965
0.64954
0.74604
0.66824

0.002
0.0088
0.0014
0.0065

Femur, Vol30*

0.65845

0.0144

Lung, Kidney

0.83907

0.0002

Heart, Femur

0.68886

0.0092

400Sel

Liver, Vol30*

0.65583

0.0149

SeM

Lung, Vol30*
Heart, Liver

0.75316
0.71896

0.003
0.0056

Liver, Vol30*

0.6804

0.0105

Lung, Heart

0.92809

＜0.0001

Lung, Kidney

0.94344

＜0.0001

Heart, Kidney

0.87709

＜0.0001

80Sel

MSA

* The final volume of the primary tumor
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Conclusion
In summary, no Se compound tested in this study was the “magic cure” for preventing
breast cancer metastasis in this aggressive tumor animal model. No significant
difference in breast cancer progression was observed between the Se-deficient (Se-def)
and Se-adequate (80Sel) group. On the other hand, three Se-supplemented diets
affected breast cancer progression differently. The 400Sel diet resulted in the most
severe metastasis and showed a tendency to increase metastasis occurrence in the
kidney and the femur. The SeM diet significantly reduced the growth of primary
tumors. It also resulted in less metastasis in the lung and the kidney compared to the
400Sel diet, in the liver compared to the Se-def group, and in the femur compared to
the 80Sel diet. Taken together, among three Se compounds used in this study, SeM
provided the most protection.
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Chapter 6
Discussion
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In the first part of this study, I investigated the ability of Se to alleviate the NF-κBdependent up-regulation of the inflammatory response of osteoblasts to BCCM. I
found that not only the production of IL-6, and MCP-1, but other inflammatory
molecules, COX-2 and iNOS, were significantly enhanced by BCCM. These findings
indicated that a wide range of inflammatory responses, triggered upon interaction with
the BCCM, was primarily driven by the activation of NF-κB. The response was
greater in cells grown in Se-deficient medium than in cells grown in medium
supplemented with MSA. The results also indicated that the osteoblasts responded to
various Se compounds differently. Selenite did not reduce the inflammatory stress
response of osteoblasts while MSA effectively inhibited activation of NF-κB and
subsequently the production of IL-6, MCP-1, iNOS and COX2. One possible
explanation was that organic or inorganic Se compounds tended to form different
metabolites (selenide and methylselenol) and these molecules can affect cell function
differently. Surprisingly to me, short (min to hour) exposure to MSA was sufficient to
suppress the inflammatory response. This result implied that MSA possibly produced
short-lived active metabolites. However, during this time MSA also increased the
synthesis of the major selenoproteins, GPx1 and possibly others. Thus MSA may
suppress NF-κB and the osteoblast stress response through metabolites, such as
methylselenol, and/or selenoproteins yet to be identified.

Se, an essential element in the mammalian diet, provides protection from oxidative
damage [105]. Severe Se deficiency observed primarily in certain areas in China is
associated with Kashin-Beck, an endemic osteoarticular disease with degenerative and
necrotic lesions of chondrocytes [105]. Several reports indicate that bone tissues in
humans are affected by Se [106, 107]. For example, in healthy infants, there is a
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correlation between the Se level in the urine and bone resorption[107] suggesting a
link between Se and bone turnover. However, the importance and detailed mechanism
of Se action remain unclear.

Se is also known to prevent degenerative diseases, such as atherosclerosis, arthritis,
central nervous system pathologies, altered immunological function, and cancers[72].
Epidemiological studies reveal an inverse correlation between Se levels and cancers,
such as stomach, pancreas, lung and breast[72]. In the Nutritional Prevention of
Cancer Trial [108], researchers tested the effect of Se supplementation on cancer
incidence in a large population. The results indicated an impressive preventative
effect of Se supplementation, especially for lung, colorectal and prostate cancers[109].
However, only very few of the subjects’ (6/1,312) had plasma levels of Se that were
below 80 ng/ml Se[110], the minimum requirement needed to produce maximum
selenoproteins. This finding suggests that the preventive mechanism of Se is not
through well-known selenoproteins, such as GPx, but through other selenoproteins or
active metabolites. In a more recent study, the SELECT trial, SeM, or vitamin E
supplementation did not prevent the occurrence of new cases of prostate cancer in a
relatively healthy population [111]. While there may be design questions with this
trial [112], this study did not deal with metastasis, specifically mestastasis to bone, a
common site for prostate cancer.

Organic Se is present in foods in the form of SeM, SeC, and methylselenocysteine,
while inorganic Se is usually in the forms of selenate or selenite in the soil[74]. After
ingestion, these compounds follow different metabolic pathways but eventually form
a common intermediate, selenide (Se2-) which is incorporated into proteins[75].
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Inorganic Se compounds, metabolized through lyases, more likely form methylselenol
(CH3SeH) first. When cells generate too much selenide, it reacts with oxygen to
produce superoxide radicals (O2.-), which are toxic [75]. On the other hand, it is a
well-accepted that methylselenol is involved in the anti-cancer effects of Se [75].
Taken together, different forms of Se compounds may enter the metabolic pathway at
different points and may have different effects on different types of cells[78, 79]. In
this regard, MSA, unlike selenite, has been demonstrated not to cause oxidative stress;
and is, therefore, less toxic [89]. The data suggested that the NF-κB inhibitory activity
of MSA may be attributed, in part, to the production of “bioactive metabolites” as
described by Juliger et al.[103], in addition to the synthesis of selenoproteins. Based
on many papers in the literature, saturation of GPx1 expression in most eukaryotic
cells occurs at 50-75 nM of sodium selenite as opposed to that shown in this study
with high concentrations (100-500 nM) of MSA (Fig. 3.6). Such a lag in the
concentration required to saturate Gpx1 lends credence to the idea that bioactive
metabolites, such as methylselenol, formed from MSA may partake an important role
in the inactivation of NF-κB. These intriguing possibilities need to be elucidated in
detail in future studies to account for the anti-inflammatory property of Se.

The data strongly indicated that NF-κB plays an important role in the inflammatory
responses of osteoblasts to BCCM. Therefore, the inhibition of NF-κB activation,
through active Se metabolites and selenoproteins, is a possible approach to reduce
cytokines and other inflammatory molecules. The importance of alleviating the bone
inflammatory response becomes even more critical because the bone remodeling
process shares similarities with an inflammatory response [113]. Many inflammatory
molecules that are secreted by immune cells are produced by osteoblasts. Many, such
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as IL-1, IL-6, IL-8, MCP-1, PGE2 and COX-2, are also osteoclastogenic [35] i.e. they
attract and activate osteoclasts, resulting in bone matrix degradation and the release of
growth factors including TGF-β [114] from the matrix. The abundance of growth
factors makes the bone microenvironment more affable to metastases. IL-6 receptors
are expressed by osteoclasts, and when stimulated, initiate osteoclast differentiation
and the bone resorption process[115]. Some reports indicate that increased plasma IL6 is an indicator of metastasis [116]. IL-6 is also associated with increased breast
cancer cell migration[35]. MCP-1 regulates bone resorption by stimulating the
migration of monocyte-osteoclast progenitor cells to the bone[16, 115] , in addition to
increasing angiogenesis and cancer cell survival [35]. COX-2, through prostaglandin
E2 production, is associated with growth, invasion, apoptosis and angiogenesis in
breast cancer [35]. Taken together, their increased expression by osteoblasts may
affect the equilibrium in the bone microenvironment and promote osteolytic bone
metastasis. Currently there is no way to restore existing osteolytic lesions; however,
limiting the effect of bone metastasis using MSA may significantly improve the
quality of life of individuals with breast cancer bone metastasis.

The data also suggested that short-term BCCM exposure (2hrs) did not generate
significant amount of ROS, but down-regulate several antioxidant proteins instead. By
weakening the anti-oxidant defense system, BCCM may make osteoblasts more
susceptible to oxidative damages such as the destruction of cell structures and the
breaks on DNA and eventually promoted osteoblast apoptosis. However, it should be
noted that the results from this study were from only one time point following BCCM
treatment. It is possible that BCCM increased the mRNA level of some proteins very
quickly, but by the time I harvested the treated osteoblasts, these mRNA had already
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been degraded. On the other hand, the expression of some proteins may require longer
exposure to BCCM. Therefore, to fully understand the effect of BCCM on osteoblast
oxidative stress and the anti-oxidant defense system, it would be important to measure
the gene expression of osteoblasts treated with BCCM for various periods.
Interestingly, ataxia telangiectasia and Rad3-related (ATR) gene was up-regulated by
MSA supplementation. ATR is a protein kinase which is involved in sensing DNA
damage and activation the DNA damage checkpoint and promoting cell cycle
arrest[117]. ATR is activated in response to persistent single-stranded DNA, which is
a common intermediate formed during DNA damage and repair. ATR is related to
another DNA checkpoint protein, ataxia telangiectasia mutated (ATM) which is
activated by double strand breaks in DNA or chromatin disruption[118]. Wu et al.
showed that Se compounds including MSA could induce a ATM-dependent
senescence response in a manner dependent on ROS in fibroblasts[119]. Their data
suggests that MSA generated ROS which in turn caused DNA damage and ATM
activation. Activated ATM then reduced cell proliferation and induced senescence.
Appling this knowledge to the osteoblast-BCCM system, it is possible that MSA
induces ATR protein production and canses accumulated ROS in osteoblats (either
caused by BCCM treatment or by MSA metabolites) which results in DNA damage
and ATR activation, leading to osteoblast senscence instead of apoptosis.

Metastatic lesions often originate from tumor cells after a long period of dormancy in
the target tissue [120]. In breast cancer, tumor cells may disseminate early from noninvasive tumors[121], but remain dormant in the secondary tissue or in the lymph
nodes for years [122]. All together, it may be impossible to totally prevent metastasis
since it is difficult to define the time or the critical stages of this event. However,
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reducing the damage from the metastases is still beneficial. Dietary Se
supplementation can increase intracellular Se levels sufficient to produce useful
“bioactive” intermediates and selenoproteins. By the time dormant micro-metastases
in the bone begin to proliferate, the higher Se levels in osteoblasts may prevent or
reduce their responses to cancer cells, which in turn may slow the metastatic growth
and break the vicious cycle. There are many reports that Se functions in both cancer
initiation and progression. The results of this study offered the possibility that Se can
also affect the metastatic process in vitro. Therefore, it was important to use a mouse
breast cancer model to evaluate the effect of MSA on metastasis in vivo.

To study breast cancer metastasis, it is important to consider the strength and
weakness of available mouse models. One common way to promote breast cancer
carcinogenesis is to modify mice genetically. Many mammary gland specific
promoter have been used to promote the expressions of oncogenes such as ErbB2/Neu,
polyoma middle T antigen (PyMT), simian virus 40 (SV40) T antigen, Ha-Ras, Wnt-1,
TGF-α, and c-Myc[123]. These models allow researchers to concentrate on the effect
of clinically relevant gene alterations. However, it usually takes longer for these mice
to develop primary tumors and even longer to form metastasis. Another disadvantage
of gene-modified models is that they rarely metastasize to organs other than lymph
nodes and lung, which does not mimic human breast cancer progression.

Another way to induce breast cancer is tumor transplantation. The site of injection
together with the breast cancer cell lines used largely defines the tumor growth at the
primary and secondary sites. Orthotopic or ectotopic cancer cell implantation in the
mammary gland or skin results in primary tumor formation and subsequent metastasis,
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which generally resembles the multiple stages of malignant breast cancer
development in patients[124]. On the other hand, tail vein injection of cancer cells
mainly leads to lung metastasis; and portal vein injection tends to bring about liver
metastasis; intracardiac injection results in a broader target organ spectrum, including
bone[123].

To study the tumor growth and metastasis of human breast cancer cell lines in vivo,
xenograft transplantation can be performed in immunocompromised mice. For
example, MDA-MB-231 cells have been shown to colonize bone, liver, lung, adrenal
gland ovary and brain after intracardiac injection[125]. These cell lines and their
organ-specific variants can be used to identify metastasis-related genes and are
relatively easy to genetically manipulate to test therapeutic applications. However,
there are several limitations of xenograft mouse models. First, the immune response,
which plays a key role in tumor development, is lacking in the immunocompromised
mice. Second, stromal components are not of tumor origin. Last, human cells may be
not fully adapted to grow in a murine environment[123].

To overcome these difficulties and especially to investigate the involvement of an
intact immune system to malignant tumor progression, syngeneic mouse models are
considered to be a better approach. For example, 4T1 murine breast cancer cells grow
rapidly and metastasize to lung, liver, bone and brain after injected into the mammary
gland of Balb/C mice[96, 104]. Several other breast cancer cell lines derived from the
same origin of 4T1 cells but with different metastasis potentials are also
available[126]. Comparison among these cell lines have been employed to study the
gene expression signatures of stages of tumor progression[123]. These syngeneic
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mouse models have also been employed for the testing of experimental drugs
designed to interfere with tumor malignancy.
Therefore, to investigate the systemic effect of dietary Se on breast cancer progression,
I chose to use the syngeneic 4T1.2 mouse model based on the facts that this model,
like the 4T1 mouse model it was derived from, generated primary tumors and
secondary metastases rapidly; and the tumor progression in this model mimics the
tumor development in human[104]. The 4T1.2 cancer cells have a higher tendency to
form bone metastasis compared to the 4T1 cells. In order to monitor the tumor
progression through time, I modified the original 4T1.2 mouse model (from Dr. Robin
Anderson) by using 4T1.2luc cells, which are 4T1.2 cells constantly expressing
luciferase. However, the data from the pilot experiments (Fig. 4.1) clearly showed an
inconsistent pattern of metastasis possibly caused by luciferase expression. One
explanation was that luciferase brought about an immune response[127] which
resulted in primary tumor growth inhibition and the elimination of cancer cells in the
blood circulation. Immunosurveillance is a key process that the immune system uses
to respond and destroy aberrant and dysfunctional cells. However, interactions
between cancer cells and the immune system following immunosurveillance may lead
to cancer cell alterations with increasing aggressive growth and resistance to immune
destruction[128]. This process is called immunosculpting or immunoediting, during
which cancer cells alter or adapt in response to immune response in order to make
themselves more acceptable to the immune system. One mechanism used by tumor
cells to evade the immune response is to reduce immunogenicity by decreasing MHC
or antigen expression[128]. Results from human and murine studies both showed that
the adaptive immune system was responsible for the change in the phenotype of the
tumor and the emergence of cancer cells which have lost immune recognition
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molecules[128]. It is likely that 4T1.2luc cells undergo similar process in those
4T1.2luc cells-bearing mice with primary tumors and extensive metastasis to escape
the immune response. By recovering 4T1.2luc cells present in the metastatic organs, I
selected less immunogenic 4T1.2luc cells, which should result in a more unified
metastatic potential. After re-injecting the 4T1.2luc cells in mice to test their
tumorgenecity and metastasis potential, I successfully selected one 4T1.2luc subline
which generated primary tumor and metastases rapidly. This newly adapted mouse
model not only could be used to continue my study, it also could be applied to test
other experimental drugs to prevent or treat metastasis.

Using the modified mouse model allowed me to evaluate the systemic effect of the
dietary Se supplementation. The data showed no significant difference between Sedeficient and Se-adequate dietary group in respect to the primary tumor growth and
metastasis patterns, which was understandable considering that the benefits of Se
supplementation were observed at supra-nutritional levels[76]. However, the data
showed that different Se supplementation affected breast cancer progression
differently. Mice with sodium selenite supplementation developed the most severe
metastasis and resulted in the most overall tumor burden in major organs. On the
other hand, dietary selenomethionine (SeM) supplementation significantly reduced
primary tumor growth and decreased tumor burden. This selectivity of Se compounds
may emphasize the relevance of different bioactive Se metabolites. Similar to what
happened in the in vitro osteoblast system in which selenite not only failed to reduce
theinflammatory response but enhanced the production of IL-6 and MCP-1, dietary
selenite supplementation may have increase the local inflammatory stress response
and promoted cancer cell survival and proliferation. On the other hand, MSA, or
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organic Se compounds, may reduce inflammatory stress response and decreased the
production of IL-6, MCP-1, COX-2 and iNOS. Other than promoting
osteoclastogenesis, these molecules play important roles in the tumor progression. For
example, IL-6 is involved in cancer cell mobility and survival[23, 24]. MCP-1 can
increase breast cancer cell survival and invasion[40, 42, 43]. COX-2 has also been
shown to participate in the growth, invasion, apoptosis and angiogenesis of breast
cancer[54-56]. By regulating these molecules, MSA or organic Se compounds could
alter the local microenvironment to a less favorable place for cancer cells and inhibit
tumor growth.

A major challenge of Se research is to determine the most suitable compounds. Other
than sodium selenite and MSA, I included SeM, the major component of Se-enriched
yeast that showed efficacy in the NPC trial. Although the data suggested SeM
provided the most protection among three Se compounds tested, it is possible that
other Se compounds may offer even better prevention of metastasis. First, there are
more than twenty Se-containing species found in Se-enriched yeast but it is still
unclear which particular substance was responsible for the prevention effect in the
NPC trial. Other Se species, such as methylselenocysteine, has been shown to
potently inhibit chemically-induced mammary cancer [129]. It is possible that some
minor Se species hold valuable biological importance. Moreover, the oral dose
required to deliver Se metabolites in vivo have yet to be determined. Studies showed
that tissue storage of Se was higher with SeM supplementation compared to SeC,
selenite or selenate supplementation[72]. These data suggested different
bioavailabilities and applications of different Se compounds. Finally, the
concentration of Se in the tissues varies tremendously. Thirty percent of total body Se
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is found in the liver, fifteen percent in the kidney, thirty percent in the muscle, ten
percent in the plasma and the remaining fifteen percent throughout the body[72]. The
concentration of Se in each organ may also affect the efficacy of the Se protection
effect. It could be worthwhile to investigate if various delivery routes may increase Se
availability in specific organs.

In summary, I have demonstrated that MSA supplementation significantly reduced the
inflammatory response of osteoblasts to metastatic breast cancer cells by inactivating
the nuclear translocation of NF-κB in vitro. The expressions of NF-κB-dependent
genes, which play an important role in metastasis, were down-regulated implying that
MSA supplementation negatively impacts the metastasis process. I also have further
established that dietary selenomethionine supplementation provided the most
protection from breast cancer metastasis compared to supplement with selenite and
MSA. The high bioavailability of SEM allowed tissues to absorb and generate
sufficient bioactive metabolites to reduce overall tumor burden in major organs.
Finally, I have demonstrated that selenite was unsuitable for the prevention of breast
cancer progression. I showed that in vitro, selenite increased the osteoblast
inflammatory stress response and in vivo, dietary selenite supplementation resulted in
the most extensive metastases.
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Chapter 7
Future plan
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The underlying mechanisms of the osteoblast inflammatory stress
response to metastatic breast cancer cells
In our laboratory, Kinder et al. showed that TGF-β in the BCCM was partially
responsible for the induction of inflammatory cytokines (Fig. 7.1[16]). BCCM
containing 1.4ng/ml TGF-β triggered a higher induction of IL-6 in osteoblasts than
2.5ng/ml TGF-β alone. Blocking the TGF-β pathway by anti-TGF-β antibody or the
inhibitor of TGF-β receptor only reduced 45% of IL-6 production. These data
suggested the involvement of other secretary molecules by breast cancer cells in the
induction of the osteoblast inflammatory response. Also it is likely that multiple
signaling pathways were activated in osteoblasts in response to BCCM. To investigate
the regulation of the mechanisms of the induction would help us to gain more insights
as to how breast cancer cells interact with osteoblasts. Since in this current study, I
determined that NF-κB was the key component for the increase in the inflammatory
stress response, the next step would be to determine the regulation of NF-κB
activation. NF-κB is known to be regulated by MAPKs and AKT [130, 131];
inhibitors were used to determine the involvement of p38 and AKT. Fourteen-day old
osteoblasts were pre-incubated with 1µM AKT IV (AKT inhibitor) or 10µM
SB203580 (p38 inhibitor) for 1 hr prior to BCCM treatment. After 4hr incubation,
supernatant was collected to measure IL-6 and MCP-1 production (Fig. 7.2). Both
inhibitors reduced cytokine production effectively, which suggested that both p38 and
AKT were activated in osteoblasts in response to BCCM. The inhibition of p38
resulted in a 96% reduction of IL-6 expression while the inhibition of AKT caused a
87.5% reduction. These data suggest that p38 may be a more relevant regulator of IL6 than it of MCP-1. On the other hand, AKT may play a more important role in MCP-

91

1 expression since the inhibition of AKT caused a 90% reduction of MCP-1 compared
to a 70% reduction resulting from the inhibition of p38. Several questions can be
further addressed: a) are other MAPKs such as ERK and JNK, activated in osteoblasts
by BCCM? b) is TGF-β responsible for the activation of AKT and p38? c)can other
secretary molecules in BCCM activate AKT and p38? d)does MSA inhibit NF-κB
activation by regulating AKT and p38? To answer the first question, the following
experiment would be carried out. Osteoblasts would be treated with inhibitors of
ERK or JNK prior to BCCM treatment, and IL-6 and MCP-1 ELISA be carried out to
determine the involvement of each MAPK. To confirm the activation of MAPKs,
osteoblasts would be treated with BCCM or VM and total cell lysate be used to
evaluate the phosphorylation/activation of p38, AKT, ERK and JNK by western blot.
To evaluate the importance of TGF-β, osteoblasts would be treated with VM, TGF-β,
BCCM, BCCM pre-incubated with TGF-b antibody, or BCCM with the inhibitor of
TGF-b receptor. COX-2 and iNOS expression would be measured to confirm that a
wide range of inflammatory response in osteoblasts can be triggered by TGF-β. The
phosphorylation of each MAPK and AKT would be measured. TGF-β is known to
activate NF-κB through the PI3K/AKT pathway. Other than TGF-β, IL-6, another
secretory molecules present in the BCCM, is also known to activate the PI3K/AKT
pathway. Taken together, I expect that TGF-β will increase the activation of AKT;
and the blockage of TGF-β will decrease the AKT activation partially.

Finally, in this current study, I have demonstrated that MSA inhibited the osteoblast
inflammatory stress response by suppressing NF-κB. To do this, MSA is required to
have the ability to regulate multiple pathways which are activated by BCCM.
Methylselenocysteine has been shown to inhibit PI3K/AKT, p38 and ERK pathways
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in breast cancer cells in vitro[132]. This inhibitory effect of methylselenocycteine was
likely due to its active metabolite, methylselenol[132]. Since MSA is the direct
precursor of methylselenol, it is possible that MSA can regulate these pathways in
osteoblasts. To test this, osteoblasts will be treated with VM or BCCM in the presence
or absence of MSA. Total cell lysate will be used to evaluate the activation of AKT,
p38. ERK or JNK. If the phosphorylation level of AKT, p38, ERK or JNK decreases
when MSA is added to the BCCM, it will suggest that MSA inhibits the osteoblast
inflammatory response by suppressing these pathways.

Figure. 7.1 TGF-β is partially responsible for the expression of IL-6 by MC3T3E1. MC3T3-E1 cells were cultured for 15 days. Conditioned medium from MDAMB231 cells, containing 1.4 ng/ml TGFβ, later determined by ELISA, was added to the
cells at 50% or incubated for 1 h at 37° with 10 μg/ml neutralizing antibody to TGF-β
1,2,3 before addition. Other cultures were incubated with 2.5 ng/ml TGF-β or TGF-β
that had been pre-incubated with 10 μg/ml antibody to TGF-β1,2,3. One set of
cultures was incubated with vehicle medium only. After 4 h incubation, the culture
media were collected and assayed for IL-6. Black bar, vehicle medium; checked bar,
conditioned medium. Shown are the means±standard deviation of a representative
experiment. This experiment was conducted three times in duplicate with similar
results (N=6 per condition); *P<0.0003; #P<0.0004.
Adapted from Kinder M, Chislock E, Bussard KM, Shuman L, Mastro AM:
Metastatic breast cancer induces an osteoblast inflammatory response.
Experimental cell research 2008, 314(1):173-183
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Figure 7.2 AKT and p38 were required for osteoblast inflammatory stress
response by BCCM. MC3T3-E1 osteoblasts were cultured for 14 days. AKT and p38
inhibitors were dissolved in DMSO (final concentration: 0.1%) and the same amount
of DMSO was added to the control group. Ostoeblasts were incubated with inhibitors
for 1 hr prior to BCCM treatment. After 4 hr incubation, culture medium were
collected and assayed for IL-6 and MCP-1 by ELISA. Open bars: treatment with VM,
close bars: treatment with BCCM. All experiments were performed twice and each
sample was assayed in duplicate. p＜0.0001 ( close bar, compared to DMSOincubated osteoblasts)

The involvement of selenoproteins in the inhibition effect of MSA on
the osteoblast inflammatory stress response
In this study, I have demonstrated that the concentration of MSA required for the
inhibitiory effect on the osteoblast inflammatory response was higher than the
concentration for selenoprotein saturation. These data suggested that some
metabolites of MSA may play important roles during the process. However, current
data were not sufficient to rule out the involvement of selenoproteins. Fortunately, the
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unique biosynthesis mechanism of selenoproteins provides a way to eliminate them
all at once[69]. Se is incorporated into polypeptides in the form of SeC which requires
a specified tRNA (Sec tRNA [Ser]Sec). The Sec tRNA[Ser]Sec gene (trsp) is unique in
that it controls the expression of the entire selenoprotein family, a phenomenon that
has not been reported for any other tRNA species. Without the trsp gene present, cells
can not form the functional Sec tRNA [Ser]Sec, thus, no Se can be utilized to synthesize
selenoproteins. If there are no selenoprotein in the osteoblasts, it will be much easier
to determine the effects of MSA metabolites on the inhibition of inflammatory the
response.

I will harvest primary osteoblasts from the calvariae of trsp-knockout mice (will be
kindly provided by Dr. Sandeep Prabhu). Briefly, calvariae will be dissected from 2
day-old trsp-knockout mouse pups and rinsed with PBS. The calvariae will be
incubated with collagenase at 37 ℃ for 20 min to isolate cells. After collagenase
removal, cell will be plated in calvariae growth medium (Delbeco’s Modified
Essential Medium (DMEM), 10% FBS, penicillin 100 U/mL/streptomycin 100 μg/mL,
and 100 μg/mL ascorbic acid). The remaining calvariae will be digested by
collegenase for at least three more times. This repeated procedure will allow the
harvesting of the more osteoblast-like cells at the later digestions. When cells reach
~85% confluency, they will be plated at a density of 1 to 2 × 104 cells/cm2 in calvariae
growth medium overnight and then medium will be changed to calvariae
differentiation medium (calvariae growth medium plus 40 ng/ml dexamethasone).
Based on past experience in our laboratory, cells from the third and fourth digestion
are more osteoblast-like; therefore, these cells will be considered as primary
osteoblasts and will be compared with MC3T3-E1 osteoblasts. After 7 days of culture
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in Se-deficient medium, trsp-knockout primary osteoblasts and MC3T3-E1 cells will
be cultured in 4µM MSA-supplemented medium for another 7 days. On day 14, cells
will be treated with BCCM in the presence of MSA. After 4 hr incubation, culture
medium will be collected and assayed for IL-6 and MCP-1. The expression of COX-2
and iNOS will also be measured. If MSA metabolites are the key to the inhibition of
inflammatory response in osteoblasts, I expect to see the same reduction of
inflammatory molecules in trsp-knockout primary osteoblasts.

The mouse model optimization
4T1.2 cells grow and complete the stages of tumor progression rapidly in Balb/c mice.
This property allowed me to shorten the experiment duration and test the protective
effect of SeM in a relatively short time. However, clinically, breast cancer progression
could take years to advance to the metastatic stage; and the primary tumor is usually
surgically removed. To slow down the tumor progression and mimic the clinical event
better, it would be worthwhile to consider resecting the primary tumor[126]. Usually,
a palpable tumor was observed 10-14days after 4T1.2 cancer cell inoculation and the
earliest metastasis could be observed by IVIS imaging after 3 weeks. Removal of the
primary tumors 3 weeks after cancer inoculation would permit enough time for 4T1.2
cells to grow and seed in distant organs. Lou et al. reported that in a 4T1/Balb/C
mouse model, metastases could be detected in multiple sites 24 days after primary
tumor resection[126]. Other advantages of resection are reduction of the primary
tumor burden which would ease the discomfort of animals. Without the stress caused
by primary tumors, it would be easier to observe tumor development in detail.
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Does dietary Se supplementation reduce the incidence of breast cancer relapse? Does
dietary Se supplementation delay breast cancer metastasis after primary tumor
resection? Does serum Se level change throughout tumor progression? To answer
these questions, I would repeat the experiment and remove primary tumors 3 weeks
after 4T1.2luc cancer cell inoculation. The size of primary tumors and the level of
metastasis before the resection would be documented. After resection, mice would be
monitored daily for palpable tumor relapse and tumor progression imaged by IVIS
weekly. Blood samples would also be collected to monitor the Se status. Five weeks
after resection, mice would be euthanized and the distribution of 4T1.2luc cancer cells
in major organs examined. I would expect to see the least incidence of relapse in mice
with the dietary SeM group based on the fact that SeM reduced tumor growth in the
current study. The existing data also suggested that dietary selenite and MSA
supplementation could inhibit cancer cell growth when tumors were smaller (Table
5.1). Thus, selenite and MSA may be able to control tumor growth if the number of
cancer cells is limited. Therefore, I expect the incidence of relapse in mice with
selenite or MSA supplementation would be less compared to Se-deficient or Seadequate mice. Lopez-Saez et al. showed that the serum Se level was lower in breast
cancer patients and the decrease was greater in patients with larger tumors and
extended disease[133]. Thus, the serum Se level may be lower in mice with more
severe metastasis. Once the constant supply of cancer cells from the primary site is
gone, I expect that the protection effect of SEM will be more potent and the difference
between each Se dietary group will become more obvious.
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