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ABSTRACT 

Functions of Nuclear Receptors in Cancer Metabolism 

Peninah Muthoni Wairagu 

Department of Global Medical Science 

The Graduate School, Yonsei University 

Directed by Prof. Yangsik Jeong 

Deregulation of cancer metabolism is one of the biological features that drive 

carcinogenesis. In this study, the roles of nuclear receptors (NRs) in nutrient and drug 

metabolism in cancer cells were investigated. Studies have shown an association 

between diabetes and breast cancer and here we sought to investigate the crosstalk 

between estrogen and insulin signaling. Estradiol induced growth of insulin primed 

MCF-7 cells but had no significant effect on unprimed MCF-7 cells. Interestingly, 

although estradiol-induced growth was mediated through estrogen receptor  (ER), 

the comparable expression of ER between insulin primed and unprimed cells 

suggests that ER alone does not account for estradiol-induced growth and that an 

additional factor may be required.  The lack of estradiol growth induction in the 

presence of PI3K and Erk inhibitors coupled with the estradiol-induced 

phosphorylation of Akt and Erk proteins indicates a cross talk between ER signaling 

and PI3K/Akt and Erk signaling pathways. Estradiol treatment induced the expression 

of cyclin A and cyclin B in an ER-dependent manner, suggesting estradiol promotes 
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cell cycle progression. Finally, metformin but not thiazolidinediones, which are well 

known anti-diabetic drugs, inhibited estradiol-induced growth, suggesting that 

metformin treatment of breast cancer patients with diabetes would improve the 

outcome of the breast cancer. 

The roles of NRs in drug metabolism by determining their potential as 

combinational partners with other anti-cancer drugs were also investigated. To that 

end, all 48 NRs and 48 biological anti-cancer targets in six pairs of lung cell lines, 

where each pair was obtained from the same patient, were profiled. Analysis of the 

expression profile revealed that some NRs and anti-cancer targets had distinct 

expression patterns in normal versus tumor cells and primary tumor versus metastatic 

cell lines. Remarkably, the evaluation of nuclear receptor ligand TO901317 for liver 

X receptor (LXR) demonstrated its combined potential with cMET inhibitor 

(PHA665752) or epidermal growth factor (EGFR) inhibitor (gefitinib) in H2073 and 

H1993. Mechanistically, combined treatment suppressed cell cycle progression by 

inhibiting cyclin D1 and cyclin B. Taken together, this study gives possible links 

between diabetes and breast cancer as well as the potential use of NR ligands in 

combined therapeutics with other anti-cancer drugs. 

Key Words: Insulin priming, Diabetes, Breast cancer, Estrogen receptor, Insulin, 

Metformin, Thiazolidinediones, Cancer metabolism, Combinational therapy, PPAR, 

LXR, Lung cancer, Tyrosine kinase inhibitors.    
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I. INTRODUCTION 

1.1. Breast Cancer 

Breast cancer comes in second, after some forms of skin cancer, as the most 

common form of cancer diagnosed among American women. It is also the second 

leading cause of death among women after lung cancer
1
. In 2014 alone, 

approximately 235,030 new cases of breast cancer and 40,430 breast cancer-related 

deaths are expected in the United States
2
, making it a major health concern for women. 

Breast cancer, just like all other cancers, is a heterogeneous disease that is composed 

of several complex subtypes. Since this heterogeneity has impact on breast cancer 

prognosis and treatment, there are a lot of studies seeking to determine the molecular 

drivers of this disease and to classify breast cancer into distinct molecular subtypes. 

Currently, breast cancer prognosis and treatment is guided by clinic-pathological 

features such as tumor size, histological grade, lymph node involvement and tumor 

expression of estrogen receptor (ER), progesterone receptor (PR) and human 

epidermal growth factor receptor 2 (HER2)
3
. Based on tumor expression of ER, PR 

and HER2 expression, breast cancer can be classified into three broad phenotypes; 

ER/PR positive, HER2 positive and triple negative breast cancer (TNBC). 

Since PR expression requires a functional ER, PR positivity is usually associated 

with ER positivity which means PR positive but ER negative tumors are almost non-

existent
4
.  ER positive tumors are more common than ER negative tumors, and are 

likely to be smaller, lymph node negative and low grade compared to ER negative 
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tumors
5
.  On a molecular level, ER positive tumors can be subdivided into luminal A 

and luminal B subtypes. Luminal A tumors frequently co-express ER and PR and are 

associated with better outcome when compared to luminal B tumors
3
. ER positive 

tumors usually respond well to endocrine therapies
6
. 

HER2 positive tumors are associated with younger age, high nuclear grade, more 

lymph node involvement and negative hormone receptor status, although some HER 

positive tumors co-express ER
3
. Developments of therapies that directly target this 

receptor have led to improved patient outcomes in this subgroup.  

TNBCs constitute of approximately 15% of all breast cancers and incidence is 

relatively higher in younger women. These tumors tend to be large and more likely to 

be grade III tumors and hence present with a more aggressive phenotype and poorer 

overall prognosis
7-9

. 

1.1.1. Breast Cancer and Diabetes Incidence 

Diabetes or diabetes mellitus (DM) is a group of metabolic diseases characterized 

by prolonged high blood glucose levels. Diabetes is mainly classified into type I 

diabetes which is caused by failure of the body to produce insulin, and type II 

diabetes which is caused by the failure of body cells to properly respond to insulin. 

Reports from epidemiological studies indicate that patients with diabetes are at higher 

risk of developing many forms of cancer. Indeed, type II diabetes shares common risk 

factors with cancer although the molecular links are yet to be fully elucidated. Some 

of the possible biological links between diabetes and cancer include hyperinsulinemia, 

hyperglycemia and chronic inflammation
10

. 
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Type II diabetes has been shown to be an independent prognostic marker for breast 

cancer
11

, to be more prominently associated with ER positive tumors in post-

menopausal women than pre-menopausal women
12

, and to be associated with close to 

40% increase in mortality in the first five years following breast cancer
13

. 

Additionally, insulin use, which is used in the management of diabetes, has been 

associated with decreased overall breast cancer-specific survival of diabetic patients
14

. 

However, metformin and thiazolidinediones, which are also used for management of 

diabetes, have been associated with improved breast cancer-specific survival of 

diabetic women
14

. These findings indicate there is significant crosstalk between 

diabetes and breast cancer and unearthing the molecular links underlying this 

crosstalk could prove vital for management of breast cancer patients with diabetes. 
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1.2. Lung Cancer 

Lung cancer is the second most common cancer after skin cancer in both men and 

women and is the leading cause of cancer-related deaths. In the United States, 

approximately 224,210 new cases and 159,260 deaths are expected in 2014
2
. 

Lung cancer is broadly classified into small-cell lung carcinoma (SCLC) of 

neuroendocrine cell origin and non-small-cell lung carcinoma (NSCLC) of epithelial 

origin
15

. NSCLC is further divided into adenocarcinoma, squamous cell carcinoma 

(SCC) and large-cell carcinoma. This histopathological review of tumors has been the 

mainstay for diagnosis and treatment of lung tumors. However, cancer heterogeneity 

still exists in tumors within the same histological subgroup, which has important 

implications in metastasis, clinical diagnostics and therapeutic responses. Attempts 

have therefore been made to classify lung cancer into distinct molecular subgroups 

that can be used to guide therapy
16, 17

. In the adenocarcinoma of the lung, epidermal 

growth factor (EGFR) gene mutations, KRAS gene mutations and echinoderm 

microtubule-associated protein-like 4- anaplastc lymphoma kinase (EML4-ALK) 

fusion genes have been identified as driver mutations that drive carcinogenesis and 

determine response to therapy
18

. The discovery of these gene mutations has led to the 

development of targeted therapy with specific inhibitor drugs such as gefitinib and 

erlotinib for EGFR mutations
19, 20

. 
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1.3. Cancer Metabolism 

Otto Warburg and his colleagues did a lot of pioneering work on cancer metabolism 

for which Warburg won a Nobel prize in 1931. In his work, Warburg observed that 

cancer cells produced lactic acid even in the presence of oxygen, a phenomenon that 

is now known as the Warburg effect
21, 22

. Normal cells breakdown glucose molecules 

in the presence of oxygen into carbon dioxide and water to yield approximately 30-32 

adenosine triphosphate (ATP) molecules. In the absence of oxygen, which is 

important for oxidative phosphorylation in the mitochondria, glucose is broken down 

to lactic acid to produce approximately 2 ATP molecules. From the energy point of 

view, it was puzzling why cancer cells would prefer a less efficient pathway to 

produce ATP over a more efficient pathway. In fact, Warburg’s initial assessment was 

that respiration in cancer cells is damaged and hence oxygen was unable to nullify 

lactate production
23, 24

, a premise that was later proved wrong after intense research in 

the field
25-27

.  

Concomitant with increased lactate production was the observation that glucose 

uptake was also increased in cancer cells. Indeed increased glucose uptake by cancer 

cells is the principle behind the use of clinical [
18

F] fluorodeoxyglucose positron 

emission tomography (FDG-PET) imaging. An increase in glucose uptake could be a 

compensatory mechanism for the low efficient ATP production through glycolysis. 

This notion is supported by in vitro work by Warburg and his colleagues in which 

they showed that in the time it takes a normal cell to produce 30-32 ATPs from one 

glucose molecule, the aerobic cancer cell produces 56 ATPs from 11 glucose 
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molecules, while the anoxic cancer cell generates 26 ATPs from 13 glucose 

molecules
23

. 

Despite the compensatory increase in energy production through an increase in 

glycolytic flux, the choice of a less efficient pathway by cancer cells for energy 

production continued to puzzle scientists. Pieces of the puzzle started falling into 

place when scientist looked at the bigger picture in what Heiden et al. in their review 

term as crunching the numbers
28

. In this review, Heiden and his colleagues point out 

that the metabolic requirements of a proliferating cell are not restricted to ATP alone. 

In addition to ATP, proliferating cells have to build up their supply of 

macromolecules and tighten maintenance of appropriate cellular redox status
29

. To 

achieve this, cancer cells have to alter the metabolism of carbohydrates, proteins, 

lipids and nucleic acids.  

Glucose and glutamine are the main sources of carbon, nitrogen, free energy and 

reducing equivalents that are important for cell growth and division. Breakdown of 

glucose to lactate through glycolysis allows the shunting of carbon to the pentose 

phosphate pathway which is involved in nucleic acid synthesis, and other pathways 

involved in lipid and amino acid synthesis
28, 29

. Therefore, when all the metabolic 

requirements of a proliferating cell are put into perspective, the preferential 

breakdown of glucose to lactate by cancer cells even in the presence of oxygen makes 

sense.  

The significance of this finding earned the alteration of cellular metabolism a place 

in the hallmarks of cancer as reviewed by Hanahan and Weinberg
30

. In this review, 
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they term cancer hallmarks as biological capabilities acquired during the development 

of tumors and the hallmarks provide a framework for understanding the complexities 

of cancer. A lot of ongoing studies continue to consolidate the significance of 

deregulation of cellular metabolism in carcinogenesis. Oncogenes such as ras, myc 

and mutations of tumor suppressors such as p53 have been linked to enhanced 

glycolysis
31, 32

. In addition, signaling pathways such as the PI3K/Akt and mammalian 

target of rapamycin (mTOR) signaling increase glycolysis by increasing the 

expression and activation of key glycolytic genes and enzymes
33-35

. Deregulation of 

these pathways is often associated with malignancies. Mutations of metabolic genes 

have also been associated with cancer such as isocitrate dehydrogenase that is 

mutated in 80% of gliomas
36, 37

. 
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1.4. Cancer Therapy 

Cancer therapy has evolved in time with intense research that continues to give a 

better understanding of carcinogenesis and unravel novel drug targets. The ultimate 

goal is to develop drugs that specifically and effectively target cancer cells while 

minimizing toxicity to normal cells.   

1.4.1. Classical Cancer Therapy 

Classical or conventional chemotherapy refers to the initial anti-cancer drugs to be 

developed which mainly interfere with replication and mitotic processes of cancer 

cells. At the time of classical drug development, little was known about the molecular 

mechanisms underlying cancer with the only widely accepted fact being that cancer 

cells replicate their deoxyribonucleic acid (DNA) more often than normal cells, which 

makes cancer cells more susceptible to DNA damage
38

. As a result, classical therapies 

were designed to target the replication process and they include alkylating agents, 

mitosis inhibitors and topoisomerase inhibitors. However, rapid cell division is not 

unique to cancer cells since normal cells of hair follicles, bone marrow and lining of 

gastrointestinal tract similarly divide rapidly. Consequently, the main disadvantage of 

classical therapies is their associated side effects which include hair loss, anemia and 

neutropenia. Despite this major drawback, classical drugs are still in wide use since 

they effectively inhibit cancer growth and can be prescribed for different types of 

cancers.  
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1.4.2. Targeted Cancer Therapy 

The improvement of molecular biology techniques such as gene expression 

detection tools and the sequencing of the human genome have led to an explosion in 

the field of molecular oncology. These advances have made it possible to study 

cancer at the molecular level, which has led to the discovery of cancer type-specific 

driver mutations that include up regulated or down regulated receptors and growth 

factors. These driver mutations provide new targets for cancer therapy that focus on 

specific cellular signaling pathways on which cancer cell depend for growth, 

proliferation, metastasis and angiogenesis and hence keep toxicity at the minimum
38

.  

Targeted therapy involves the use of monoclonal antibodies that normally interfere 

with binding of ligand to its receptor
39

, small molecule inhibitors of tyrosine kinases 

that interfere with kinase activity of receptors
40, 41

 and immunotherapeutic agents that 

induce an immune response against CD20 antigens
42

. EGFR is a well-known target 

for lung cancer therapy with a monoclonal antibody, cetuximab, and tyrosine kinase 

inhibitors, erlotinib and gefitinib, being developed against it
43-46

. 

The specificity of targeted therapies is also a disadvantage since they are only 

effective in specific types of cancers, which limits their applicability. In addition, a 

mutation in the specific target renders the tumor resistant to the targeted therapy. 

However, since targeted therapy is still in its infant stage, many hurdles are yet to be 

overcome  and ongoing research shows great potential in this strategy as the future of 

cancer therapy. 
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1.4.3. Impact of Cancer Heterogeneity on Cancer Therapy 

Tumor cells show a lot of variability in many traits including ability to metastasize 

and to respond to therapy. This variability is caused by both genetic and non-genetic 

factors which include clonal evolution and the existence of cancer stem cells
47

. Tumor 

heterogeneity has great impact on clinical diagnostics and response to therapy, which 

means molecular dissection of its causes, is of great importance. If all tumors were to 

respond in a similar effective manner, then it would be possible to achieve complete 

cure. However, variability in tumor environment, which makes drug delivery 

inefficient, and genetic makeup, which leads to lack of response and relapse, poses a 

challenge to achieving cure. Genetic alteration mainly through mutations can prevent 

binding of a drug to its target
48, 49

, provide alternative means of activating signaling 

pathways targeted by a drug
50

, or can activate alternative pro-survival signaling 

pathways
51

. Cytotoxic therapy can also contribute to tumor variability by introducing 

selective pressure that leads to expansion of pre-existing resistant clones or resistant 

clones that are acquired during treatment
47, 52

. Tumor heterogeneity is therefore an 

important determinant of therapeutic response. 

1.4.4. Combinational Therapy 

Combinational therapy is the use of more than one drug for cancer therapy, a 

strategy aimed at curbing drug resistance. The ability of cancer cells to mutate at a 

very high rate gives rise to genetic heterogeneity within tumor cells leading to 

emergence of drug resistant clones in response to therapy. In addition, cytotoxicity of 

cancer therapy provides a selection pressure that favors the expansion of pre-existing 



11 
 

resistant clones. The strategy in combinational therapy is to target several pathways 

that are essential for cancer growth and survival. As opposed to single-drug regimens 

where a single mutation is enough to render a tumor resistant to therapy, in 

combinational therapy, tumors have to undergo stepwise and multiple mutations to 

acquire resistance. In addition, the increased genetic barrier created by the 

combinatorial effect can exceed the capacity of the tumor to maintain pre-existing 

resistant minority clones that would be positively selected during treatment
53

.  As a 

result, combinational therapy increases the threshold for developing resistance thus 

ensuring prolonged effective response to therapy.   
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1.5. Nuclear Receptors 

The nuclear receptor (NR) superfamily consists of ligand-activated transcriptional 

factors that share a high degree of structural homology. The receptors are either 

localized in the cytoplasm or in the nucleus. Nuclear receptors carry out their gene 

expression regulatory function by binding to cognate DNA elements on their target 

genes.  

1.5.1. Structure of Nuclear Receptors 

Nuclear receptors show similar structural organization which has helped in the 

identification of the members of this family. A typical nuclear receptor is divided into 

six domains which are labeled A to F from the N-terminal to the C-terminal portion of 

the protein.  

1.5.1.1. A/B Domain 

This region shows the highest degree of variability among all the nuclear receptor 

domains in terms of size and sequence. Since crystal structure formation is the 

mainstay of determining the tertiary structure and function of nuclear receptor 

domains, the structure and function of the A/B domain is poorly defined due to its 

poor propensity for structure formation
54

.   The sequence variations observed among 

NRs in this region may induce differential binding affinities to response elements and 

members of the transcription initiation complex, distinct transcriptional activities and 

different in vivo roles
55

. The activation function 1 (AF-1), which is ligand-

independent, is found within this region. The A/B domain is also the main target of 

post-translational modifications of nuclear receptors, which confer distinct functional 
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properties. These post-translational modifications influence the interaction of nuclear 

receptors with other proteins such as transcriptional co-modulators and cytoplasmic 

signaling molecules. 

1.5.1.2. The DNA Binding Domain 

The DNA binding domain (DBD) is located within the C region of the nuclear 

receptor organizational structure. This domain is highly conserved among the nuclear 

receptors and is responsible for the binding of nuclear receptors to specific DNA 

regulatory sites, termed response elements, on the promoters of the target gene. The 

response elements are composed of two consensus hexameric DNA half-sites 

separated by a spacer of varying length
56

. NRs discriminate between different 

response elements based on the sequence of the base pairs in the half-site, the number 

of base pairs between the half-sites and the relative orientation of the two half-sites. 

With a few exceptions, most NRs work as homo- or heterodimers with each receptor 

in the dimer interacting with one of the DNA half-sites in the response elements. 

1.5.1.3. The Hinge Region 

The hinge region found within the D region of NRs is a flexible linker domain that 

is also known as the C-terminal extension of the DBD (CTE)
55

. This region shows a 

high degree of variability among NRs and it links the DBD region to the ligand 

binding domain (LBD). NR ligand binding causes conformation changes that lead to 

exposure of nuclear localization signals found within the hinge region, thus regulating 

sub cellular localization of NRs
57-61

. The hinge region also has tethering functions 

where it can affect the synergy between the AF-1 and AF-2 domains
55, 62

. Post-
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translational modifications of the hinge region can regulate the transcriptional 

properties and ligand sensitivity of nuclear receptors
63

. The hinge region has also been 

shown to have functions in NR dimerization
64, 65

. 

1.5.1.4. The Ligand Binding Domain 

The E region or the ligand-binding domain (LBD) has important functions in ligand 

binding, homo- and heterodimerization of NRs and co-modulator binding. The LBD 

is organized as a -helical structure formed from 12 -helices numbered H1 to H12
55

. 

A ligand binding pocket (LBP), which is mainly hydrophobic, is found within the 

bottom half of this structure
66

. The variable nature of the LBP in terms of size and 

volume allows for the binding of a variety of molecules accounting for the broad 

spectrum of physiological actions of NRs. Ligand binding causes conformational 

changes that reorient helix 12, 3, 4 and 5 to form a hydrophobic groove that 

corresponds to the ligand-dependent activation function 2 (AF-2)
55, 61, 67

. These 

structural changes induced by ligand binding allow the binding of co-modulators to 

NRs
68-72

. The AF-2 domain plays a key role in transactivation and transrepression 

functions of NRs. 

1.5.1.5. The F Domain 

The F domain is located in the extreme C-terminal end of the NRs. This domain is 

highly variable and is absent in some NRs
67

.  The structure and function of this 

domain is not well known but it may be involved in additional discrimination between 

receptor agonists and antagonists.  
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Fig. 1. The Structure of Nuclear Receptors. 

(A) Linear representation of nuclear receptor functional domains. (B) An example of 

a hexameric half-site sequence found on nuclear receptor DNA response elements and 

the different possible arrangements of the half-site sequences. n indicates the number 

of base pairs between two hexamers. Adapted from Biochemistry of Signal 

Transduction and Regulation, 2003
66

.   
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1.5.2. Nuclear Receptor Classification and Nomenclature 

The first NR to be cloned was the human glucocorticoid receptor (GR)
73

 and since 

then there has been great progress in the discovery and functional elaboration of  the 

NR super family
74, 75

. More than 300 sequences have been described for NRs and the 

existence of several names for the same gene is a problem for orphan receptors that 

cannot be described by their function at the time of discovery. This necessitated the 

formation of a unified system for the classification and nomenclature of NRs
76

. The 

history of the NR super family is linked to the evolution of the entire kingdom with 

the DBD and LBD being well conserved throughout the evolution process. This 

evolutionary property has allowed the classification of NRs based on a phylogenetic 

tree connecting all known NR sequences
67, 76, 77

. Table 1 shows nomenclature of 

human NRs based on phylogenetic tree. 
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Table 1. Nuclear Receptor Nomenclature and Classification. 

 

Subfamily and Gene Trivial Names Full Name 

       Group 

 

 1A NR1A1 TR Thyroid hormone receptor 

  NR1A2 TR Thyroid hormone receptor  

 

 1B NR1B1 RAR Retinoic acid receptor 

  NR1B2 RAR Retinoic acid receptor 

  NR1B3 RAR Retinoic acid receptor 

  

 1C NR1C1 PPAR Peroxisome proliferator- 

    activated receptor 

  NR1C2 PPAR/ Peroxisome proliferator- 

    activated receptor  /

  NR1C3 PPAR Peroxisome proliferator- 

    activated receptor 

 

 1D NR1D1 REVERB

  NR1D2 REVERB

 

 1F NR1F1 ROR Retinoic orphan receptor 

  NR1F2 ROR Retinoic orphan receptor 

  NR1F3 ROR Retinoic orphan receptor 



 1H NR1H3 LXR Liver X receptor 

  NR1H2 LXR Liver X receptor 

  NR1H4 FXR Farnesoid X receptor 

 

 1I NR1I1 VDR Vitamin D receptor 

  NR1I2 PXR Pregnane X receptor 

  NR1I3 CAR Constitutively active receptor 

 

 2A NR2A1 HNF4 Hepatocyte nuclear factor 4 

  NR2A2 HNF4 Hepatocyte nuclear factor 4 



 2B NR2B1 RXR Retinoid X receptor 

  NR2B2 RXR Retinoid X receptor 

  NR2B3 RXR Retinoid X receptor 


 2C NR2C1 TR2 Testicular receptor 2 

  NR2C2 TR4 Testicular receptor 4 
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Continued 

 

Subfamily and  Gene Trivial Names Full Name 

     Group 

 

 2E NR2E1 TLX Tailless X 

  NR2E3 PNR Photoreceptor cell-specific 

    nuclear receptor 

  

 2F NR2F1 COUP-TFI Chicken ovalbumin upstream 

    promoter transcription factor I 

  NR2F2 COUP-TFII Chicken ovalbumin upstream 

    promoter transcription factor 

  NR2F6 EAR2 

 

 3A NR3A1 ER Estrogen receptor 

  NR3A2 ER Estrogen receptor 



 3B NR3B1 ERR Estrogen-related receptor 

  NR3B2 ERR Estrogen-related receptor 

   ERR Estrogen-related receptor 


 3C NR3C1 GR Glucocorticoid receptor 

  NR3C2 MR Mineralocorticoid receptor 

  NR3C3 PR Progesterone receptor 

  NR3C4 AR Androgen receptor 

 

 4A NR4A1  NGFIB1 Nerve growth factor  

     inducible-B1 

  NR4A2 NURR1 Nur-related factor 1 

  NR4A3 NOR1 Neuron-derived orphan  

    receptor 1 

  

 5A NR5A1 SF1 Steroidogenic factor 1 

  NR5A2 LRH1 Liver receptor homolog 1 

 

 6A NR6A1 GCNF1 Germ cell nuclear factor 1 

 

 0B NR0B1 DAX1 Dosage-sensitive sex reversal 

    adrenal hyperplasia critical 

    region on the X chromosome, 

    gene 1 

  NR0B2 SHP Small heterodimer partner 
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1.5.3. Functions of Nuclear Receptors 

The NR superfamily is composed of several receptors that bind a wide variety of 

ligands, that are expressed in different tissues in the body and that have several target 

genes. As a result, NRs are involved in key biological functions including 

development, homeostasis and metabolism. NRs that play key roles in maintaining 

pluripotency include liver receptor homolog 1 (LRH1), dosage-sensitive sex reversal 

adrenal hyperplasia critical region on the X chromosome, gene 1(DAX1), estrogen-

related receptor ERR) and testicular receptor 2 (TR2), while those critical in 

regulating the exit from pluripotency include germ cell nuclear factor (GCNF), 

chicken ovalbumin upstream promoter transcription factors (COUP-TFs) and TR2
78

. 

NRs involved in metabolism are activated by nutrients, diet metabolites or drugs and 

they act as metabolic and toxicological sensors. These receptors regulate glucose and 

energy metabolism through Peroxisome proliferator-activated receptor gamma 

(PPAR); fatty acid, triglyceride and lipoprotein metabolism through PPAR ,  and ; 

reverse cholesterol transport and cholesterol absorption through the liver X receptors 

(LXRs); bile acid metabolism through farnesoid X receptor (FXR) and LXRs; and 

xeno and endobiotic metabolism via pregnane X receptor (PXR) and constitutive 

androstane receptor (CAR)
79, 80

. Retinoid X receptors (RXRs), retinoid acid receptors 

(RARs), PPARs, vitamin D receptor (VDR), glucocorticoid receptor (GR) and Nurr1 

have been shown to play key roles in inflammatory responses
81, 82

.  
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1.5.4. Nuclear Receptors and Disease 

The role of NRs as master transcriptional regulators of key physiological functions 

in the body mean deregulation of these receptors often lead to development of 

diseases such as cancer, diabetes, obesity and others. In addition, their ligand-

controlled nature makes them potential drug targets. 

NRs have been implicated in carcinogenesis with the most prominent examples 

being estrogen receptor (ER) in breast cancer and androgen receptor (AR) in prostate 

cancer. The role of estrogen receptors in breast cancer is believed to be dependent on 

the reproductive stage of the patient. Estrogens, ER ligands, are known to promote 

growth of existing tumors and together with their metabolic products they have been 

shown to induce free radical-mediated DNA damage, genetic instability and 

mutations in cells, processes that are important in cancer initiation
83

. On the other 

hand, during pregnancy, pre-pubertal and childhood stages, estrogens reduce breast 

cancer risk through activation of tumor suppressor genes such as breast cancer 1, 

early onset (BRCA1) and p53
84-87

. Since ER plays a significant role in breast cancer, it 

is currently the most important drug target for breast cancer treatment and 

management. ER targeted drugs include the selective ER modulators (SERM) such as 

tamoxifen, aromatase inhibitors such as letrozole and pure anti-estrogen agents such 

as fulvestrant
88

. 

Chronic inflammation is a risk factor for the development of atherosclerosis, obesity, 

type II diabetes, inflammatory bowel disease (IBD), Alzheimer’s disease, multiple 

sclerosis and arthritis. PPARs, which are expressed in macrophages, T and B cells and 
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endothelial cells, participate in inflammation and immunity and are very effective in 

reducing chronic inflammation, when activated. PPARreduces pro-inflammatory 

cytokine release, limits vascular inflammatory responses and atherosclerosis, while 

PPAR is important in the regulation of intestinal inflammation induced by bacteria
89

. 

In addition, PPARg agonists are used to relieve insulin resistance, one of the main 

causes of type II diabetes
90

. 

  



22 
 

II. MATERIALS AND METHODS 

2.1. Cell Culture 

The estrogen receptor-positive breast cancer cell lines, MCF-7, were cultured in 

either RPMI (cat. no. SH30027.01, Hyclone, South Logan, UT, USA) or Dulbecco’s 

Modified Eagles Medium Low glucose (DMEML) (cat. no. 11885-084, Gibco, Grand 

Island, NY, USA) supplemented with 5% fetal bovine serum (FBS) (catalog no. 

SH30919.03, Hyclone), 100 U/ml penicillin and 100 ug/ml streptomycin. Insulin 

priming was done by culturing the cells in media supplemented with 10 nM insulin 

(cat. no. I2643, Sigma Aldrich, St. Louis, MO, USA). The primary lung cancer cell 

line, H2073, and its pair-matched metastatic cell line, H199, were cultured in RPMI 

media supplemented with 5% FBS.   

2.2. Chemicals 

Metformin (cat. No. D150959, Sigma Aldrich), AICAR (cat. no. A9978, Sigma 

Aldrich), ICI182780, pioglitazone (Eli Lilly, Indianapolis, IN, USA), troglitazone (cat. 

no. 3114, Tocris, Bristol, UK), gefitinib, PHA665752 (cat. no. 2693, Tocris), glucose 

(cat. no. G5400, Sigma Aldrich), estradiol (cat. no. E2758, Sigma Aldrich), Thiazolyl 

blue tetrazolium bromide (MTT powder) (cat. no. M2128, Sigma Aldrich).  

2.3. MTT Assay  

MCF-7 (3000 cells/well) cell lines, both parental and insulin primed, were seeded in 

96 well plates in phenol red-free media supplemented with 5% charcoal stripped 

serum (cat. no. F6765, Sigma Aldrich). On the other hand, H1993 (1000 cells/well) 

and H2073 (2000 cells/well) cell lines were seeded in 96 well plates in RPMI media 
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containing 5% charcoal stripped serum. The following day, the cells were treated with 

estrogen receptor ligand (estradiol), insulin, estrogen receptor antagonist (ICI182780), 

Mek inhibitor (U0126), PI3K inhibitor (LY294002), metformin, AICAR, PPAR 

ligands (pioglitazone or troglitazone), LXR ligand (T0901317), EGFR inhibitor 

(gefitinib) or cMET inhibitor (PHA665752). Six days after treatment, 20 l of MTT 

solution (5 mg/ml in PBS) was added into each well and then the cells were incubated 

at 37
o
C for 2 hrs to allow formation of the purple colored formazan precipitate. After 

incubation, the media was discarded by blotting the plates on paper towels and then 

200 l of dimethyl sulfoxide (DMSO) was added into each well. The formazan 

precipitate was solubilized in DMSO by vortexing for 2 min. Absorbance was 

measured using at 570 nm. 

2.4. Colony Formation Assay 

H1993 and H2073 were seeded (10,000 cell/well) in 6 well plates in RPMI media. 

The following day, cells were treated with pioglitazone (3 M), T0901317 (3 M), 

gefitinib (30 nM for H2073 and 3 M for H1993) and PHA665752 (1 M for H2073 

and 0.1 M for H1993). The media was changed and cells treated afresh every three 

days until the cells with vehicle treatment reached 100% confluency. To visualize the 

colonies, media was removed from the wells and methylene blue solution (0.4% v/v 

in methanol) was used to stain the cells for 24 hrs. Distilled water was used for 

destaining.  
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2.5. cDNA Preparation 

Ribonucleic acid (RNA) isolation for NR expression profiling in paired lung cell 

lines was carried out using Qiagen RNeasy Mini kit (Qiagen Sciences, Maryland, 

USA) according to the manufacturer’s instructions. RNA isolation for profiling of the 

rest of the genes was done using TRIzol reagent (cat. no. BRL15596-026, Invitrogen, 

Carlsbad, CA, USA). Briefly, cells were washed with ice-cold phosphate buffered 

saline (PBS) and then lyzed with trizol reagent. The cell lysate was transferred into 

micro-centrifuge tubes and chloroform was added (1/5 of trizol volume). The 

solutions were mixed by inverting several times and then incubated on ice for 10 min. 

Separation of the aqueous layer from the organic layer was done by centrifuging for 

25 min at 13,000 rpm at 4
o
C. The top aqueous layer was transferred into a clean tube 

and equal volume of isopropanol was added. The solutions were mixed well and 

incubated at -20
o
C for 30 min. RNA precipitate was obtained by centrifuging for 25 

min at 13,000 rpm 4
o
C. The pellet was washed using 75% ethanol diluted in nuclease 

free water and centrifuged for 10 min at 13,000 rpm at 4
o
C.  The supernatant was 

discarded and the pellet was air dried for 5 min. Nuclease free water was used to 

reconstitute the air dried pellet and RNA was dissolved by incubating at 65
o
C for 5 

min. First strand complementary DNA (cDNA) synthesis was carried out using 

ReverTra Ace® qPCR RT Master Mix with gDNA Remover (Toyobo Co. Ltd, Osaka, 

Japan) according to the manufacturer’s instructions. The volume of the synthesized 

cDNA was adjusted to give a final concentration of 10 ng/l cDNA. 
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2.6. Quantitative Real-time Polymerase Chain Reaction  

 Quantitative real-time polymerase chain reaction (QPCR) was used to determine 

the messenger RNA (mRNA) levels of genes of interest (GOIs) using sequence 

specific primers for NRs
91 (Table 2) and anti-cancer drug targets (Table 3). 18S was 

used as the reference gene. The PCR reaction was carried out in a total reaction 

volume of 10 l containing 5 l of 2X SYBR green PCR master mix (cat. no. 11760-

500, Invitrogen), 150 nM (18S) or 300 nM (GOI) final concentration of primer mix 

and 12.5 ng total cDNA concentration. The PCR was run with an initial hold at 50
o
C 

for 2 min followed by denaturation at 95
o
C for 10 min and 40 cycles of 95

o
C for 15 

sec and 60
o
C for 1 min on. Data analysis was done using the delta-delta Ct method

92
. 

2.7. Western Blot  

For protein expression analysis, total protein was isolated from cells using PRO-

PREP
TM

 Protein Extraction Solution (Intron Biotechnology, Taejon, South Korea) 

according to the manufacturer’s instructions. For detection of phospho-proteins, pro-

prep solution was supplemented with phosphatase inhibitor. Protein concentration 

was detected using bicinchoninic acid (BCA) protein assay kit (cat. no. 23227, 

Thermoscientific, Rockford, IL, USA) and equal amounts of proteins were loaded for 

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS PAGE). -actin was 

used as the loading control. After SDS PAGE, proteins were transferred to 

polyvinylidene difluoride membrane (PVDF) (cat. no. IPVH00010, Millipore, 

Billerica, MA, USA) followed by blocking with 5% skimmed milk. Primary antibody 

incubation was carried out overnight at 4
o
C at dilutions indicated in Table 3. Anti-
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mouse or –rabbit  IgG horseradish peroxidase (HRP)- conjugated secondary 

antibodies were incubated at room temperature for 1 hr. Protein bands were detected 

using enhanced chemiluminescence (ECL).   

2.8. Statistical Analysis 

All results were expressed as mean ± SEM and they were analyzed using GraphPad 

Prism 5.03 (GraphPad Software Inc., La Jolla, CA, USA). QPCR data was analyzed 

using Student’s t-test with Welch’s correction being used for data that showed 

significant differences in the variance. MTT assay data was analyzed using one-way 

ANOVA with Tukey’s post hoc test. Results with p-value < 0.05 were considered to 

be statistically significant.  
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Table 2. List of QPCR Primer Sequence for Nuclear Receptors 

Receptor mRNA Accession No. Sequence 

18S X00686 5'ACCGCAGCTAGGAATAATGGA3' 

  5'GCCTCAGTTCCGAAAACCA3' 

 

AR NM_000044 5'GAATTCCTGTGCATGAAAGCA3' 

  5'CGAAGTTCATCAAAGAATTTTT 

  GATT3'GATT3' 

 

CAR NM_005122 5'TTCATGGTACTGCAAGTCATCAA3'

  5'TTGAGAAGGGAGATCTGGTCTTC3' 

COUP-TF NM_005654 5'ACAGCTGCCTCAAAGCCATC3' 

  5'TCACGTACTCCTCCAGTGCG3' 

 

COUP-TF NM_021005 5'AAGGCGCTGCACGTTGAC3' 

  5'CTTTCCACATGGGCTACATCAG3' 

 

COUP-TF NM_005234 5'AGGGCTGCAAGAGCTTTTTC3' 

  5'TGGCAGTCACGGTTGGA3' 

 

DAX NM_000475 5'CCAGGTCCAAGCCATCAAGT3' 

  5'GGCACGTCCGGGTTAAAGA3' 

 

ER NM_000125 5'AGAGAAGTATTCAAGGACATAACG 

  ACTATAT3' 

  5'TCTTCCTCCTGTTTTTATCAATGG3' 

 

ER NM_001437 5'AAGTTGGCCGACAAGGAGTT3' 

  5'ACAGGCTGAGCTCCACAAAG3' 

 

ERR NM_004451 5'GCGAGAGGAGTATGTTCTACTAAA 

  GG3'  

  5'AGCCTCGGCATCTTCGAT3' 

 

ERR NM_004452 5'GAGGACTATCCAAGGGAACATTG3' 

  5'CATCCCCACTTTGAGGCATT3' 
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Continued 

Receptor mRNA Accession No. Sequence 

ERR NM_001438 5'GCTAACACTGTCGCAGTTTGAA3' 

  5'CGAACAGCTGGAATCAATGTG3' 

 

FXR NM_005123 5'TGTCGACTAAGGAAATGCAAAGA3' 

  5'TGCTGCTTCACATTTTTTCTCA3' 

 

GCNF NM_033334 5'ATCGAGCGGCTCATCTACCT3' 

 NM_001489 5'ATATCTTGATTTAGGAAGTTAATT 

 NM_033335 GCTTTC3' 

 

GR NM_000176 5'TCCCTGGTCGAACAGTTTTTT3' 

  5'AGCTGGATGGAGGAGAGCTT3' 

 

HNF4 NM_000457 5'TGCAGGCTCAAGAAATGCTT3' 

  5'TCATTCTGGACGGCTTCCTT3' 

 

HNF4 NM_004133 5'TGGGTGCAAGGGTTTCTTC3' 

  5'CCGACTGAACCTGCAAGAATA3' 

 

LRH-1 NM_003822 5'CAGAGAAAGCGTTGTCCTTACTG3' 

  5'TTATTCCTTCCTCCACGCATT3' 

 

LXR NM_005693 5'CCCTTCAGAACCCACAGAGATC3' 

  5'GCTCGTTCCCCAGCATTTT3' 

 

LXR NM_007121 5'CGCTAAGCAAGTGCCTGGTT3' 

  5'GCCTGGCTGTCTCTAGCAGC3' 

 

MR NM_000901 5'CCAAATCAGCCTTCAGTTCGT3' 

  5'TTGAGGCCATCCTTTGGAAT3' 

 

NGFIB3 NM_173158 5' CCCTTCGTGCGGTTGTCT3' 

  5'GGCTTGGATCACGGGCATCT3' 
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Continued 

Receptor mRNA Accession No. Sequence 

NOR1 NM_006981 5'AAGAGACGTCGAAACCGATGT3' 

 NM_173198 5'TTTCAGACTATCTGTACGGACAAC  

 NM_173199  TTC3' 

 NM_173200 

 

NURR1 NM_006186 5'GCCCAAAGCCGACCAA3' 

  5'GGACCTGTATGCTAATCGAAGGA3' 

 

PNR NM_016346 5'TGTGCCCCGTGGACAA3' 

  5'CGGCGTCCTGGTTCATC3' 

 

PPAR NM_005036 5'ACGTGCTTCCTGCTTCATAGAT3' 

  5'CACCATCGCGACCAGATG3' 

 

PPAR NM_006238 5'CAGTACTGCCGCTTCCAGAA3' 

 NM_177435 5'GGCCATCCGACCAAAACG3' 

 

PPAR NM_005037 5'AGATCCAGTGGTTGCAGATTACA3' 

 NM_015869 5'GGAGATGCAGGCTCCACTTT3' 

 

PR NM_000926 5'TGGGAGCTGTAAGGTCTTCTTTAA3' 

  5'ACGATGCAGTCATTTCTTCCA3' 

 

PXR NM_003889 5'CCCAGCCTGCTCATAGGTTC3' 

  5'GGGTGTGCTGAGCATTGATG3' 

 

RAR NM_000964 5'CAGCACCAGCTTCCAGTTAGTG3' 

  5'CTGCTGCTCTGGGTCTCAATG3' 

 

RAR NM_000965 5'CAGCTCCTGCCTTTGGAAA3' 

  5'CTTTTGTCGGTTCCTCAAGGT3' 

 

RAR NM_000966 5'GGAACAAGAAGAAGAAAGAGGT  

  GAA3' 

  5'TTGGTGATGAGCTCTTCTAACTGA3' 
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Continued 

Receptor mRNA Accession No. Sequence 

REV-ERB NM_021724 5'TGACCAAGTCACCCTGCTTAAG3' 

  5'AAGCAAAGCGCACCATCA3' 

 

REV-ERB NM_005126 5'TCAGCAATGTCACTTCAAAA3' 

  5'CCAAACCGAACAGCATCTCTT3' 

 

ROR NM_134261 5'CTGACTGAAGATGAAATTGCATTA  

  TT3' 

  5'GCAGCCATGAGCGATCTG3' 

 

ROR NM_006914 5'TTCAACAATGGGCAGTTAGCA3' 

  5'CCAAATGGGACTTAATGATGTTCT3' 

 

ROR NM_005060 5'GCAGCGCTCCAACATCTTC3' 

  5'GCACACCGTTCCCACATCT3' 

 

RXR NM_002957 5'GAGCCCAAGACCGAGACCTA3' 

  5'AGCTGTTTGTCGGCTGCTT3' 

 

RXR NM_021976 5'AGCCCCCAGATTAACTCAACA3' 

  5'GATTGCACATAGCCGTTTGC3' 

 

RXR NM_006917 5'GAAGTTTCCCGCAGGCTATG3' 

  5'TGATGGGCTCATGGATGTAGA3' 

 

SF-1 NM_004959 5'TTCTGCCGCTTCCAGAAAT3' 

  5'TTGTACATCGGCCCAAACTT3' 

 

SHP NM_021969 5'CCTGCCTGAAAGGGACCAT3' 

  5'CTGCAGGTGCCCAATGTG3' 

 

TLX NM_003269 5'TGATGCTAACACTCTACTGGCTGTA3' 

  5'CAGCTTCTGGGAATCTGTGTTG3' 

 

 



31 
 

Continued 

Receptor mRNA Accession No. Sequence 

TR2 NM_003297 5'GCAGACCAACGGTGATGTTT3' 

  5'CCAGGATTCAATGCTTTTGC3' 

 

TR4 NM_003298 5'GATGGGCATGAAAATGGAATC3' 

  5'GGTTTCTCCCGTTGCACAT3' 

 

TR NM_003250 5'CACGGAAGTGGCTCTGCTG3' 

  5'GCAGGTACGCCTCCTGACTC3' 

 

TR NM_000461 5'TGCGTGGGTGCCAAGT3' 

  5'CCTTTTTTCACTGACATCTCCTTCT3' 

 

VDR NM_000376 5'CCCCACCTACTCCGACTTCT3' 

  5'CTCCACCATCATTCACACGAA3' 
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Table 3. List of QPCR Primer Sequence for Anti-cancer Drug Targets. 

 

Receptor mRNA Accession No. Sequence 

 

ABL1 NM_005157.3 5'TAACACTCTAAGCATAACTAAAGGT3' 

  5'CACACCATTCCCCATTGTGATT3' 

 

ABL2 NM_007314.2 5'TGAGGCCCTTGGTGGA3' 

  5'CGCTCGTCCTTGGGAACT3' 

 

ALAD NM_001003945.1 5'TGAGGCCCTTGGTGGA3' 

  5'CGCTCGTCCTTGGGAACT3' 

 

AR NM_000044 5'GAATTCCTGTGCATGAAAGCA3’ 

  5'CGAAGTTGATGAAAGAATTTTTGA 

  TT3’ 

 

B-RAF1 NM_004333.3 5'CAACAACAGGGACCAGATAATTTT3' 

  5'CGTACCTTACTGAGATCTGGAGACA3' 

 

CD20 NM_152866.2 5'TGTCTTCACTGGTGGGCC3' 

  5'AGCCCATTCATAATCTGGACA3' 

 

c-MET NM_000245.2 5'TTACGGACCCAATCATGAGCA3' 

  5'GCGCTTCACAGCCTGATGA3' 

 

CD33 NM_001772.3 5'CGCTCTTTGTCTCTGCCTCAT3' 

  5'CTGCTGTCCTGGCTGCTTT3' 

 

c-Kit NM_000222.2 5'CAACCAAGGCCGACAAAA3' 

  5'TGATGGCGGGAGTCACAT3' 

 

c-RAF NM_002880.2 5'GGTAGCTGACTGTGTGAAGA3' 

  5'CAGTGTTGGAGCAGCTCAAT3' 

 

CSF1R NM_005211.2 5'AGCAGGCCCAAGAGGAC3' 

  5'CCGCTGCCACCGCTTC3' 

 

CHD1 NM_001270.2 5'CTTCAGGAACAGAACGAACAGG3'

  5'GGAGATGACTAGTTTGGCATTCA3' 

 

Cyp19a1 NM_00103  5'GGATCCCTTTGGACGAAAGT3' 

  5'AGCTTGCCATGCATCAAAAT3' 
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Continued 

 

Receptor mRNA Accession No. Sequence 

 

DHFR NM_00791.3 5'CTGCATCGTCGCTGTGTCC3' 

  5'GTTGTGGTCATTCTCTGGAAA TAT3' 

 

DNMT1 NM_001379.1 5'GCACCTCATTTGCCGAATAC3' 

  5'CTCCTGCATCAGCCCAAATA3' 

 

EGFR NM_005228 5'TGCCCGCATTAGCTCTTAGA3' 

  5'GTGCCCGAGGTGGAAGTACT3' 

 

EPHA2 NM_004431.2 5'GTCCGAGTGGCTGGAGT3' 

  5'ACCACCTTCTCGATGGCA3' 

 

ER NM_007956 5'AGAGAAGTATTCAAGGACATA 

  ACGACTATAT3’ 

  5'TCTTCCTCCTGTTTTTATCAATGG3' 

 

ER NM_001437 5'AAGTTGGCCGACAAGGAGTT3' 

  5'ACAGGCTGAGCTCCACAAAG3' 

 

ERBB2 NM_001005862.1 5'CGGCAGCAGAAGATCCGG3' 

(HER2)  5'CGCTAGGTGTCAGCGGCT3' 

 

FLT1 NM_002019.3 5'TGCGAGCTCCGGCTTT3' 

  5'CCTTGTAGAAACCGTCAGAATC3' 

 

FLT3 NM_004119.2 5'ACCCCACTTTCCAATCACATC3' 

  5'CGAGTCCGGGTGTATCTGAA3' 

 

FLT4 NM_002020.3 5'TCCTGGCTTCCCGAAAGT3' 

  5'GGCCAAAGTCACAGATCTTCAC3' 

 

FYN NM_002037.3 5'ATCCGCGAGAGTGAAACCA3' 

  5'TCATCCCAATCACGGATAGAA3' 

 

GARFT NM_00819.3 5'GCAGCCCGAGTACTTATAATTGG3' 

  5'GATGAGACTGTGCAAGTTTCCA3' 

 

HDAC1 NM_004964.2 5'TCCGCATGACTCATAATTTGC3' 

  5'TGAGGGCGATAGATTTCCATT3' 
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Continued 

 

Receptor mRNA Accession No. Sequence 

 

HDAC6 NM_006044.2 5'GGAATGGCATGGCCATCATTAG3' 

  5'CGTGGTTGAACATGCAATAGC3' 

 

KDR NM_002253.1 5'TTCTTGGCATCGCGAAAGTG3' 

  5'ATTTTAACCACGTTCTTCTCCGATA3' 

 

LCK NM_005356.3 5'TCCTGCTGACGGAAATTGTC3' 

  5'ACCTCCGGGTTGGTCATC3' 

 

mTOR NM_004958.2 5'CCGAGCGACGAGAGATCAT3' 

  5'CAAGGGACCGCACCATAAG3' 

 

PDGFR NM_006206.3 5'TGCCCGAGGAATGGAGTT3' 

  5'CTTGTGCCAGGAGGACGTT3' 

 

PDGFR NM_002609.3 5'GCGCTGGCGAAATCG3' 

 NM_177435 5'TTCACGCGAACCAGTGTCA3' 

 

POLA1 NM_016937.2 5'AGTGAAACAAGAGGCGGATTC3' 

  5'CAAGAGACATCCGGGAGAAAA3' 

 

POLB NM_002690.3 5'GAATCACCGACATGCTCACA3' 

  5'GGATAGCTTGGCTCACGTTCT3' 

 

PSMB5 NM_002797.2 5'CAGAAGAGCCAGGAATCGAA3' 

  5'CAACTATGACTCCATGGCGGA3' 

 

RET NM_020975.4 5'TGGAGACCCAAGACATCAACAT3' 

  5'TCCCCCAACAATGCTGC3' 

 

RRM1 NM_001033.3 5'TGCACTTCTACGGCTGGAA3' 

  5'AGCCGCTGGTCTTGTCCTTA3' 

 

RRM2 NM_001034.2 5'TCTGGCTTTCTTTGCAGCAA3' 

  5'CTTCTTGGCTAAATCGCTCCA3' 

 

RRM2B NM_015713.3 5'AGGCACAGGCTTCCTTCTG3' 

  5'GCTTGTTCCAGTGAGGGAGAT3' 
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Continued 

 

Receptor mRNA Accession Sequence 

 

RXR NM_002957 5'GAGCCCAAGACCGAGACCTA3' 

  5'AGCTGTTTGTCGGCTGCTT3' 

RXR NM_021976 5'AGCCCCCAGATTAACTCAACA3' 

  5'GATTGCACATAGCCGTTTGC3' 

 

RXR NM_006917 5'GAAGTTTCCCGCAGGCTATG3' 

  5'TGATGGGCTCATGGATGTAGA3' 

 

SRC NM_005417.3 5'TTCAGAGGAGCCCATTTACATC3' 

  5'CCTTGAGAAAGTCCAGCAAACT3' 

 

TLR7 NM_016562.3 5’ACCAGACCTCTACATTCCATTT3' 

  5'GATAAGAATTTGTCTCTTCAGTGT3' 

 

TOP1 NM_003286.2 5'GCTAAAAGAACTGACAGCCC3' 

  5'AAGAATTGCAACAGCTCGATTG3' 

 

TOP2A NM_001067.2 5'CAGTGAAGAAGACAGCAGCAAA 

   AA3' 

 

TYMS NM_001071.1 5'ATCACATCGAGCCACTGAAAA3' 

  5'TCCTGAGCTTTGGGAAAGGT3' 

 

YES1 NM_005433.3 5'GGCCGAGTGCCATATCC3' 

  5'GAGGGCACGGCATCCT3' 
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Table 4. List of Primary Antibodies 

 

Antibody Name Catalog No. Company Host Species Dilution 

 

PPAR 2435 Cell Signaling Rabbit 1:1000 

 

LXR PP-K8607-00 Perseus Proteomics Mouse 1:1000 

 

LXR PP-K8917-00 Perseus Proteomics Mouse 1:2000 

 

EGFR 2232 Cell Signaling Rabbit 1:1000 

 

cMET 3127 Cell Signaling Mouse 1:1000 

 

-actin ab6276 Abcam Mouse 1:10000 

 

Lamin A/C sc-7292 Santa Cruz Mouse 1:1000 

 

CyclinD1 2926 Cell Signaling Mouse 1:1000 

 

CyclinA sc-239 Santa Cruz Mouse 1:1000 

 

CyclinB 4135 Cell Signaling Mouse 1:1000 

 

ER 8644 Cell Signaling Rabbit 1:2000 

 

ER(pSer118) 2511 Cell Signaling Mouse 1:1000 

 

AR 5153 Cell Signaling Rabbit 1:2000 

 

IR ab69508 Abcam Mouse 1:5000 

 

Akt (pSer473) 4060 Cell Signaling Rabbit 1:10000 

 

Akt (pThr308) 9275 Cell Signaling Rabbit 1:1000 

 

Akt (total) 9272 Cell Signaling Rabbit 1:1000 

 

S6K (phospho) 9204 Cell Signaling Rabbit 1:2000 

 

S6K (total) 9202 Cell Signaling Rabbit 1:2000 

 

 

 



37 
 

Continued 

 

Antibody Name Catalog No. Company Host Species Dilution 

 

Erk (phospho) 9101 Cell Signaling Rabbit 1:2000 

 

Erk (total) 9102 Cell Signaling Rabbit 1:2000 

 

Her2 Sc-284 Santa Cruz Rabbit 1:1000 
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III. RESULTS AND DISCUSSION 

3. 1. Nuclear Receptors in Nutrient Metabolism 

3.1.1. Purpose 

Diabetes has been reported to be an independent prognostic marker for breast cancer, 

to be associated with poor outcome in breast cancer patients and to be associated with 

increased mortality rate in breast cancer patients with pre-existing diabetes
13, 93

. In 

addition, drugs used for diabetes management have been shown to affect the outcome 

of breast cancer where insulin is associated with poor prognosis while metformin and 

thiazolidinediones (TZDs) are associated with better outcome
14

. These clinical 

findings establish a crosstalk between diabetes and breast cancer but the underlying 

mechanisms have not been fully elucidated.  

Diabetes results from the deregulation of insulin signaling which consequently 

causes deregulation of glucose metabolism, while ER signaling is important for breast 

cancer growth and survival. This suggests that the molecular link between diabetes 

and breast cancer involves a cross talk between insulin signaling, glucose metabolism 

and ER signaling. In this study, we investigated the possible crosstalk between insulin 

signaling, glucose metabolism and ER signaling. The specific aims of this study were 

1) to determine if insulin priming is required for estradiol-induced growth in MCF-7, 

2) to determine the signaling pathways involved in estradiol-induced growth, 3) to 

determine if insulin priming also affects the growth effects of androgen receptor, the 

hormone receptor in males that corresponds to ER, 4) to determine if glucose levels 
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affect estradiol-induced growth and 5) to determine the effect of anti-diabetic drugs 

on estradiol-induced growth.  
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3.1.2. Insulin Priming is Important for Estradiol-induced Growth in MCF-7 

Type II diabetes is characterized by hyperinsulinemia.and insulin has been shown to 

exert mitogenic effects on cells. It is however not clear if high levels of circulating 

insulin exert mitogenic effects on breast cancer cells. To mimic hyperinsulinemia in 

our study and to determine if insulin priming has any mitogenic effects on MCF-7 

breast cancer cell lines, we maintained MCF-7 cells in the presence of insulin and 

then compared the effect of ER activation of these insulin primed cells to cells 

maintained in the absence of insulin. Interestingly, we observed that only insulin 

primed cells exhibited significant growth response to ER activation by estradiol, 

indicating that insulin priming is important for estradiol-induced growth in our system 

(Fig. 2A). To confirm if this estradiol-induced growth was mediated through estrogen 

receptor, we treated estradiol in the presence of pure ERantagonist, ICI182780. The 

ERantagonist inhibited estradiol-induced growth indicating that estradiol-induced 

growth was mediated through ER (Fig. 2B). Since ERis important for estradiol-

induced growth, we wondered if lack of ERexpression could explain the lack of 

estradiol-induced growth in MCF-7 cells maintained in media without insulin. 

However, protein expression analysis revealed that ERexpression levels were 

comparable between insulin primed and unprimed cells suggesting that ER alone 

does not account for estradiol-induced growth  and an additional factor may be 

required for this growth effect (Fig. 2C). Analysis of the mRNA levels of 

progesterone receptor (PR), a direct ER target, show that the ER in unprimed 

cells is functional since its activation induces expression of PR(Fig. 2D). Analysis of 
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insulin receptor expression level showed that insulin-primed cells had a higher 

expression than the unprimed cells, which could be a compensatory increase of the 

insulin receptor due to the chronic exposure to insulin in the insulin-primed cells (Fig. 

2C).  
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Fig. 2. Insulin Priming is Important for Estradiol-induced Growth and is 

Mediated through ER 

(A) MCF-7 cells were maintained in media with insulin (MCF-7 insulin-primed) and 

media without insulin (MCF-7 parental) and then MTT assay was performed after 

treatment with 1 nM estradiol or 10 nM insulin alone or in combination. (B) MTT 

assay was performed after treating estradiol alone or in the presence of 

ERantagonist, ICI182780 (1 M). (C) The expression of ERand insulin receptor 

were assayed using immunoblot assays after treatment of cells with estradiol and 

insulin. ER (estrogen receptor alpha), IR (insulin receptor beta). (D) QPCR 

analysis of progesterone receptor (PR) expression after treatment with 1nM estradiol 
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alone or in combination with 1 M ICI182780.  Values are mean ± SEM. 
*
p < 0.05; 

#
p < 0.001.  
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3.1.3. Estradiol-induced Growth is Dependent on Akt and Erk Signaling 

Pathways 

Estrogen growth effects are believed to be mediated through its non-genomic 

pathway where ER signaling cross talks with other signaling pathways in the cytosol
94

. 

PI3K/Akt and MAPK pathways are the main pathways involved in cellular growth. 

To determine if PI3K/Akt and Erk are involved in estradiol-induced growth, we 

treated MCF-7 insulin primed cells with estradiol together with PI3K inhibitor, 

LY294002, or MEK inhibitor, U0126. We observed that LY294002 and U0126 

inhibited estradiol-induced growth suggesting that PI3K/Akt and Erk pathways are 

important for estradiol-induced growth (Fig. 3A). To determine if estradiol directly 

activates PI3K/Akt and Erk pathways, we performed immunoblot analysis for 

phospho-Akt and phospho-Erk after time-dependent treatment with estradiol. 

Estradiol induced the phosphorylation of Akt and Erk in a time dependent manner 

(Fig. 3B), giving a possible point of cross talk between ER signaling and PI3K/Akt 

and Erk signaling pathways. Estradiol was able to induce phosphorylation of Akt and 

Erk in both insulin primed and unprimed cells indicating that activation of these 

pathways does not account for the difference in growth response to estradiol between 

the two cells. Further experiments are required to determine the mechanism by which 

estradiol induces phosphorylation of Akt and Erk and if this action is mediated 

through estrogen receptor. 

  



45 
 

 

 

Fig. 3. PI3K/Akt and Erk Signaling Pathways are Important for Estradiol-

induced Growth. 

(A) MTT assay was performed in MCF-7 insulin primed cells after treatment with 1 

nM estradiol alone or together with Mek inhibitor, U0126 (10 M) or PI3K inhibitor, 

LY294002 (20 M). (B) Analysis of Akt and Erk phosphorylation status after time 

dependent treatment with 1 nM estradiol using immunoblot analysis. Values are mean 

± SEM. 
#
p < 0.001.  
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 3.1.4. Estradiol Modulates the Expression of Cell Cycle Factors 

Cell growth is observed when the rate of cell division exceeds the rate of cell death. 

This suggests that substances that induce growth either directly or indirectly 

accelerate cell cycle progression, reduce rate of cell death or induce both effects in 

cells. In this study we determined if estradiol accelerates cell cycle progression by 

analyzing the expression of cell cycle factors cyclin A, cyclin B and cyclin D1, which 

are involved in the regulation of cell cycle. Estradiol induced the expression of cyclin 

A and Cyclin B but had no significant effect on cyclin D1 in insulin primed and 

unprimed cells (Fig. 4 lane 2 and 5).  The degree of protein induction was greater in 

insulin primed cells than in unprimed cells, though it remains unclear if this 

difference can account for the lack of estradiol-induced growth in the unprimed cells. 

The estradiol-induced protein induction was reversed in the presence of ER 

antagonist, ICI182780, suggesting that induction of cyclin A and cyclin B by estradiol 

is mediated through estrogen receptor (Fig. 4 lane 3 and 6). Estradiol and ICI182780 

induce degradation of ER


  justifying the lack of ER band in lane 3 and 6 of blot 4 

in Fig. 4.  
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Fig. 4. Estradiol Modulates the Expression of Cell Cycle Factors. 

Immunoblot analysis of cyclin A, cyclin B and cyclin D1 after 24 hr treatment with 1 

nM estradiol alone or in the presence of ER antagonist, ICI182780 (1 M). 

 



48 
 

3.1.5. Insulin Priming has no Effect on Estradiol-induced Growth in Other 

Batches of MCF-7 and HTB23 

Genetic heterogeneity is a characteristic of tumors that has significant implications 

in diagnosis, prognosis and cancer therapy
47, 53

. With this in mind, we were curious to 

find out if insulin priming effect was universal for all ER positive cells lines. 

Although MCF-7 cells were initially obtained from the same patient, differences in 

culture conditions and number of passages can introduce genetic changes that 

determine cell characteristics. We therefore obtained MCF-7 cells from other 

laboratories, which for the sake of this study we designated MCF-7 #1 and MCF-7 #2, 

and determined growth response to estradiol with or without insulin priming. 

Estradiol did not induce any significant growth response in both MCF-7 #1 and MCF-

7 #2 even after insulin priming (Fig. 5A and B). We also determined effect of 

estradiol on the growth of HTB23, another ER positive breast cancer cell line, and 

found that estradiol failed to induce growth of this cells as well even after insulin 

priming (Fig. 5C). These results suggest that insulin priming may not be universal for 

all ER positive cells, though more ER positive cells should be tested before a definite 

conclusion can be made.   
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Fig.  5. Effect of Estradiol on Growth of Other Batches of MCF-7 and HTB23 

Cell Line. 

MTT assay was performed after treatment of MCF-7 #1 (A), MCF-7 # 2 (B) and 

HTB23 (C) with 1 nM estradiol alone or in combination with 30 nM insulin. The 

three cells were maintained in media without insulin (parental) or media with insulin 

(insulin primed) prior to the MTT assay. MCF-7 #1 and MCF-7 # 2 represent 

different batches of MCF-7 obtained from other laboratories. HTB23 is an ER 

positive breast cancer cell line.  
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3.1.6. Insulin Priming has no Effect on DHT Growth Effects 

ERbelongs to the class of steroid hormone receptors and is important for the 

development of secondary female characteristics, hence its link to breast cancer 

progression. Androgen receptor (AR) is the corresponding receptor in males 

important for development of secondary male characteristics and which has been 

implicated in prostate cancer progression. Since ERand AR belong to the same 

class of hormone receptors and they have similar functions, our next step was to 

determine if insulin priming is also important for androgen growth effects. For this 

experiment, we used prostate cancer cell line, LnCap, which is AR positive. In a 

similar manner to MCF-7 cell lines, we maintained LnCap cells in media with insulin 

(insulin-primed) and media without insulin (parental) and then performed MTT assay 

after treatment with AR agonist dihydrotestosterone (DHT). Contrary to the results 

observed with MCF-7, LnCap cells did not show any significant growth induction 

effects after insulin priming (Fig. 6A). The next question we wanted to address was if 

insulin priming effects on ER- and AR-induced growth were only restricted to MCF-7 

cells. Since MCF-7 cells express AR (Fig. 6B), we repeated MTT assay after treating 

MCF-7 cells with DHT alone or in the presence of DHT antagonist, bicalutamide. 

DHT failed to induce growth of MCF-7 cells even after insulin priming, suggesting 

that insulin priming effect was unique to ER(Fig. 6C). 
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Fig. 6. Evaluation of Insulin Priming Effect on DHT Growth Effects. 

(A) AR positive cells, LnCap, were maintained in media with insulin (insulin primed) 

or media without insulin (parental) and then MTT assay was performed after 

treatment with 1 nM of AR agonist, DHT, alone or in combination with 30 nM insulin. 

(B) Protein expression analysis using immunoblot assay. (C) MTT assay was 

performed after treatment of MCF-7 cells maintained in media without insulin 

(parental) or media with insulin (insulin primed) with 1 nM DHT, 10 nM insulin or 1 

M bicalutamide (AR antagonist) alone or in the indicated combinations.  
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3.1.6. Differences in Glucose Levels have no Effect on Estradiol-induced Growth 

The principal action of insulin is blood glucose clearance through induction of 

glucose uptake by cells, while deregulation of glucose metabolism has been shown to 

be a driver of carcinogenesis. With this connection between insulin effect on glucose 

and glucose-induced carcinogenesis, we wondered if insulin priming effect in our 

system would be affected by different glucose levels. There are several media 

available for cell culture with differing concentrations of glucose including RPMI 

with a glucose concentration of 2000 mg/L, DMEM high glucose (DMEMH) media 

with a glucose concentration of 4500 mg/L and DMEM low glucose (DMEML) 

media with a glucose concentration of 1000 mg/L. To compare the effect of glucose 

concentration on insulin priming and estradiol-induced growth, we maintained MCF-

7 cells in DMEML, DMEML supplemented with 19.5mM glucose to mimic DMEMH 

media, DMEML supplemented with 19.5mM mannitol as an osmolarity control and 

DMEML supplemented with 9.5mM glucose and 9.5mM mannitol to mimic RPMI 

media and then compared growth response to estradiol. Each media condition was 

tested for both insulin primed and unprimed cells. Results from MTT assay show that 

glucose concentration had no effect on insulin priming as well as estradiol-induced 

growth (Fig. 6A-C).   
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Fig. 7. Effect of Glucose Concentration on Insulin Priming Effect and Estradiol-

induced Growth in MCF-7 Cells. 

MCF-7 cells were maintained in DMEML, DMEML supplemented with 19.5 mM 

glucose to mimic DMEMH media (A), DMEML supplemented with 19.5 mM 

mannitol as an osmolarity control (B) and DMEML supplemented with 9.5 mM 

glucose and 9.5 mM mannitol to mimic RPMI media (C) with or without insulin 

priming prior to MTT assay.  
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3.1.7. Estradiol Regulates the Expression of Glycolytic Genes 

For cells to sustain a high proliferation rate, they need to increase the synthesis of 

biomolecules such as proteins, lipids, amino acids and nucleotides, which are 

important for cell division. One strategy employed by cancer cells to ensure the 

availability of biomolecules is to increase glycolytic flux, which in turn allows 

shunting of carbon into other biosynthetic pathways. To determine if estradiol-

induced growth is accompanied by an increase in glycolysis, we profiled the 

expression of genes involved in glycolysis using QPCR. Out of the 12 genes profiled, 

10 genes showed significant difference in expression after either ER agonist or ER 

antagonist treatment (Fig. 8). Estradiol induced the expression of GLUT1, a key 

glucose transporter molecule, in insulin primed cells but down regulated the 

expression of hexokinase 2 (HK2), an enzyme involved in the initial step of 

glycolysis, while having no significant effect in the expression of the same genes in 

the unprimed cells (Fig. 8A) . Phosphofructokinase, muscle isoform (PFKM), another 

rate limiting enzyme of glycolysis, was down regulated by estradiol treatment in 

unprimed cells (Fig. 8A). Estradiol treatment did not have significant effect on the 

expressions of pyruvate kinase, muscle isoform 1 and 2 (PKM1 and PKM2), though 

ER antagonism significantly down regulated the expression of the two genes in the 

unprimed cells. The relative ratio between PKM1 and PKM2 is important in 

determining glycolytic flux, with PKM2 being associated with cancers since it slows 

the conversion of phosphoenolpyruvate to pyruvate thus allowing shunting of carbon. 

Other genes had similar response to estradiol between MCF-7 insulin primed and 

unprimed cells. These include lactate dehydrogenase A (LDHA) and pyruvate 
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dehydrogenase kinase 1 (PDK1) whose expression was induced by estradiol treatment 

(Fig. 8B), and HER2 and insulin receptor (INSR) whose expression was down 

regulated in both cell lines (Fig. 8C). Hypoxia inducible factor 1 alpha (HIF-1) and 

GLUT4 did not show significant response to estradiol treatment in both cells (Fig. 8A 

and B). These results indicate that estradiol treatment modulates the expression of 

glycolytic genes.  
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Fig. 8. Estradiol effect on Genes Involved in Glucose Metabolism. 

Quantitative PCR was performed for Glucose metabolic genes after treatment of 

MCF-7 insulin primed and unprimed cells with 1 nM estradiol alone or in the 

presence of 1 M ICI182780. (A) Genes with different response to estradiol treatment 

between insulin primed and unprimed cells. (B) Genes that were induced after 
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estradiol treatment in both cells. (C) Genes that were down regulated after estradiol 

treatment in both cells. Values are mean ± SEM. 
*
p < 0.05; 


p < 0.01; 

#
p < 0.001.  
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3.1.8. Metformin but not TZDs Inhibit Estradiol-induced Growth in MCF-7 

Cells 

Apart from insulin, there are other drugs used for the management of diabetes 

including metformin and TZDs. While clinical reports show that insulin use is 

associated with poor outcome in breast cancer patients, metformin and TZDs have 

been associated with better prognosis in breast cancer patients
14

. Therefore, our next 

experiment was to determine the effect of metformin and TZDs on estradiol-induced 

growth. MCF-7 growth analysis showed that metformin not only inhibited estradiol-

induced growth, but it also inhibited the overall growth of the MCF-7 cells even in the 

absence of exogenous ER activation in both insulin primed and unprimed cells (Fig. 

9A). Overall growth inhibition in the absence of ER activation was greater in MCF-7 

unprimed cells. This finding could be significant for breast cancer cells that do not 

depend on ER for survival. On the other hand, pioglitazone and troglitazone, two 

examples of TZDs, did not have any effect on estradiol-induced growth and overall 

growth of the insulin primed and unprimed MCF-7 cells (Fig. 9B). Metformin has 

several mechanisms of action which include the inhibition of complex I of the 

mitochondrial respiratory chain which causes a decrease in ATP/ADP ratio 

consequently activating AMPK signaling pathway.  To determine if AMPK activation 

inhibits estradiol-induced growth, insulin primed and unprimed cells were treated 

with AMPK specific activator, AICAR, alone or in combination with estradiol. In a 

similar manner to metformin, AICAR was able to inhibit the overall growth of MCF-
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7 as well as abolish estradiol-induced growth, suggesting that suppression of AMPK 

signaling is critical for estradiol-induced growth (Fig. 9C). 
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Fig. 9. Effect of Metformin and TZDs on Estradiol-induced Growth in MCF-7 

Cells. 

(A) MTT assay was performed after treatment of MCF-7 insulin primed and 

unprimed cells with metformin in a dose-dependent manner in the presence or 

absence of 1 nM estradiol. (B) MTT assay was carried out after treatment of MCF-7 

insulin primed and unprimed cells with 1 nM estradiol or 3 M TZDs (pioglitazone 

and troglitazone) alone or in the indicated combinations. (C) MTT assay was 
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performed after treatment of MCF-7 insulin primed and unprimed cells with AICAR 

in a dose-dependent manner in the presence or absence of 1nM estradiol.  
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3.1.9. Metformin Inhibits Expression of Cyclin D1 

In our system, metformin inhibited both the overall growth and estradiol-induced 

growth of insulin primed and unprimed MCF-7 cells. This growth inhibition could be 

due to the inhibition of ER signaling or the inhibition of another pathway whose 

influence on the growth of MCF-7 cells in our system is stronger that estradiol-

induced growth. To determine if metformin inhibits growth of cells by inhibiting ER 

signaling, we analyzed the effect of metformin on estradiol-induced modulation of 

cell cycle factors. Estradiol induced expression of cyclin A and cyclin B (Fig. 10 blot 

1 and 2, lane 3 and 7) as discussed previously (Fig. 4) and this effect was not affected 

by metformin treatment (Fig. 10 blot 1 and 2, lane 4 and 8). Metformin on its own did 

not have any significant effect on the expression of cyclin A and cyclin B (Fig. 10 

blot 1 and 2, lane 2 and 6).  Interestingly, metformin inhibited expression of cyclin D1, 

with the effect being greater in unprimed MCF-7 cells (Fig. 10 blot 3, lane 2 and 6). 

Estradiol treatment failed to reverse metformin-induced down regulation of cyclin D1 

(Fig. 10 blot 3, lane 4 and 8). In addition, metformin had no effect on estradiol-

induced phosphorylation and estradiol-induced degradation of ER(Fig. 10 blot 4 

and 5, lane 4 and 8), suggesting that metformin does not cross talk with ER signaling 

at the level of estrogen receptor. 
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Fig. 10. Effect of Metformin on Estradiol-induced Modulation of Cell Cycle 

Factors. 

Immunoblot analysis of the expression of cell cycle factors along with phospho-ER 

and ER after 24 hr treatment with 1 nM estradiol or 3 mM metformin alone or in 

combination.
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3.1.10. Discussion 

In this study we show that insulin priming is important for estradiol-induced growth 

of the MCF-7 cell used in our system. Although this insulin priming effect is not 

universal among batches of MCF-7 cells and other ER positive cells lines, the insulin 

primed and unprimed MCF-7 cells give a unique system for the molecular dissection 

of estradiol-induced growth.  

Blood insulin levels fluctuate, with normal levels ranging from 0.057 to 0.079 nM 

between meals and can rise up to 0.43 nM after meals
96

. Thus, an insulin 

concentration of 10nM represents a supra-physiological concentration and was used 

to mimic hyperinsulinemia in this study. In our system, we established that insulin 

priming is important for estradiol-induced growth of MCF-7 cells. This suggests that 

pre-existing high levels of insulin such as those found in diabetic patients can be a 

risk factor for development of breast cancer. This is consistent with clinical studies 

that have reported that women with Type II diabetes have an increased risk of 

developing breast cancer
12

. In contrast, similar clinical studies investigating a possible 

association between diabetes and prostate cancer have produced conflicting results
97-

102
. However, a meta-analysis study by Bansal et al, whose main strength was the 

inclusion of data of large cohorts, gave strong evidence of an inverse relationship 

between Type II diabetes and prostate cancer
103

.  This is consistent with observation 

from our study where insulin priming had no effect on prostate cancer cell lines as 

well as MCF-7 cells, which also express AR. This could indicate that, although ER 
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and AR are hormone receptors with similar functions, the interaction with insulin 

signaling is unique to ER.  

Another interesting finding from our study was that expression of ER is not the only 

prerequisite for estradiol-induced growth, yet it is indispensable since its antagonism 

completely abolishes estradiol-induced growth. Despite insulin primed and unprimed 

MCF-7 cells having similar expression level of ER, the unprimed cells failed to show 

growth response to estradiol. The ability of ER in the unprimed cells to induce PR 

expression ruled out the possibility of ER being dysfunctional in these cells and could 

indicate that insulin priming introduces the additional factor required for estradiol-

induced growth.  

The lack of estradiol growth induction in the presence of PI3K and Erk inhibitors 

coupled with the estradiol-induced phosphorylation of Akt and Erk proteins indicates 

a cross talk between ER signaling and PI3K/Akt and Erk signaling pathways. Since 

downstream signaling of insulin also involves the same pathways, this could be one 

point of convergence for ER and insulin signaling, though the exact link needs to be 

investigated further. 

A possible mechanism of estradiol-induced growth is promotion of cell cycle 

progression and several reports have linked ER signaling to cell cycle regulation
104, 105

. 

Indeed in our system we observed induction of cyclin A and cyclin B by estradiol 

which was ER-dependent since the ER antagonist abolished this protein induction. 

Further studies need to be done to establish if this is a direct or indirect effect of ER 

signaling.  
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Deregulation of glucose metabolism has been shown to be a driver of carcinogenesis 

with the Warburg effect, the preferential breakdown of glucose to lactate even in the 

presence of oxygen, being a common feature in cancer cells. The Warburg effect, also 

known as aerobic glycolysis, is a very inefficient way of generating energy for the cell 

and this inefficiency is compensated for in part by a high glycolytic flux
23

. 

Consequently, for cancer cells to sustain aerobic glycolysis, there has to be a constant 

supply of glucose in the tumor microenvironment. The impact glucose levels have in 

driving glycolytic flux led us to investigate the effect of glucose levels on insulin 

priming and estradiol-induced growth in our system. In this experiment, we were 

trying to determine if insulin priming or estradiol treatment increase glucose uptake 

by MCF-7 cells, leading to acceleration of the glycolytic flux which eventually 

induces cell growth of insulin primed cells. We observed that although estradiol was 

able to induce the mRNA expression of glucose transporter 1 (GLUT1) in insulin 

primed cells, a key transporter protein involved in glucose uptake, maintenance of 

MCF-7 in differing concentrations of glucose did not have any significant effect on 

insulin priming or estradiol-induced growth. These findings could either indicate that 

an up regulation of GLUT 1 by estradiol is not necessarily accompanied by an 

increase in glucose uptake, or that an increase in glucose uptake and the resulting 

increase in glycolytic flux, if any, have no effect on insulin-primed-estradiol-induced 

cell growth.   

Finally, we observed that metformin but not TZDs inhibited estradiol-induced 

growth in insulin primed cells. Although the endpoint result of these two groups of 
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drugs is to induce hypoglycemia, they employ differing mechanisms to achieve this 

which could account for the difference in their effect on estradiol-induced growth. 

Metformin acts by inhibiting hepatic glucose production and inhibiting complex I of 

the respiratory chain which leads to activation of AMPK eventually increasing 

glucose utilization by cells
106, 107

. On the other hand, TZDs mainly work to improve 

insulin sensitivity by counteracting TNF--induced insulin resistance through 

restoration of insulin receptor and IRS-1 phosphorylation in adipocytes
108

. TZDs also 

prevent -cell dysfunction through inhibiting production of pro-inflammatory 

cytokines
109

. Activated AMPK can phosphorylate key enzymes involved metabolism 

leading to the inhibition of glucose, lipid and protein synthesis
106

. This indirect 

inhibition of macromolecule synthesis by metformin could explain the ability of 

metformin to inhibit estradiol-induced growth. A dissection of the impact of anti-

diabetic treatment on breast cancer is significant for guiding therapy for diabetic 

patients with breast cancer.  

In conclusion, insulin has the ability to exert mitogenic effects on cancer, though 

this effect may be cancer-type specific depending on the effect insulin has on the 

factor driving carcinogenesis.   
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3.2. Nuclear Receptors in Drug Metabolism 

3.2.1. Purpose 

Combinational therapy has become  a good  therapeutic strategy to curb drug 

resistance caused by tumor heterogeneity
110

. The rationale of combinational therapy is 

to target several molecules involved in multiple independent and essential pathways 

in cancer. This strategy widens the therapeutic window and raises the threshold 

required by any particular tumor clone to acquire resistance. However, the challenge 

lies in identifying and validating molecular candidates for combinational therapy. 

Fortunately, the improved tools to detect gene expression and thus screen more drugs 

have led to significant advances in this field.  

In this study, we investigated the potential of NR ligands as combinational partners 

with other anti-cancer drugs in the treatment of lung cancer. The specific aims of this 

study were 1) to profile the mRNA expression the NRs and biological anti-cancer 

targets in the pair-matched lung cell lines, 2) to determine if the expression profile can 

be used to predict response to receptor-specific drugs, 3) to determine the 

combinational potential of NRs with other anti-cancer drugs and 4) to investigate 

possible mechanisms underlying any combinational effect.  
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3.2.2. Characteristics of Paired Cell lines 

In this study we used six pairs of lung cell lines, where each pair was obtained from 

the same patient. Two pairs consist of normal versus tumor cell lines, another two 

pairs consist of primary tumor versus metastatic tumor cell lines and the last two pairs 

consist of two metastatic cell lines (Table 5). This panel of cells represents different 

stages of tumorigenesis making them ideal for genotype-based therapeutic testing. 

 

  



70 
 

Table 5. Characteristics of Paired Lung Cell Lines 

Cell Line Clinical Features Genetic features Treatment 

HBEC30KT Normal 

HCC4017 Tumor 

 

HBEC34KT Normal 

HCC4018 Tumor 

 

H2073  Primary   EGFR high  VP16/CDDP 

H1993  Metastasis  cMET high 

 

H2085  Primary 

H2086  Metastasis  p53 mutation 

 

H1693  Metastasis 

H1819  Metastasis 

  

H1770  Metastasis 

H2106  Metastasis 

 

Abbreviations: VP16- etoposide; CDDP- cisplatin 
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3.2.3. Nuclear Receptor Expression 

To explore the expression of the NR super family in the pair-matched normal versus 

tumor cell lines, primary versus metastatic tumor cell lines and the two pairs of 

metastatic cell lines, quantitative real-time PCR for the 48 NRs was performed as 

described previously. Analysis of the expression profile revealed that subsets of NRs 

showed distinct patterns of expression in the pair-matched panel of cell lines, normal 

versus tumor and primary versus metastatic cell lines. We found that 37 NRs (normal 

versus tumor cell lines) and 39 NRs (primary versus metastatic cell lines) did not 

exhibit any common difference between the two groups of pair-matched cell lines in 

each set (Fig. 12 and 13). By contrast, 11 NRs (normal versus tumor cell lines) and 9 

NRs (primary versus metastatic cell lines) showed distinct expression patterns in each 

set of pair-matched cell lines (Fig. 11).  Germ cell nuclear factor (GCNF), 

mineralocorticoid receptor (MR), nur-related factor 1(NURR1), reverse-erb beta 

(REV-ERB), retinoic acid-related orphan receptor beta (ROR), retinoic X receptor 

beta (RXR) and thyroid hormone receptor alpha (TRshowed higher expression 

in the tumor cell lines compared to the normal counterpart (Fig. 11A first panel), 

while PPAR, TR and vitamin D receptor (VDR)  showed higher expression in the 

normal cell lines compared to the corresponding tumors cell lines (Fig. 11A second 

panel). On the other hand, chicken ovalbumin upstream promoter-transcription factor 

beta (Coup-TF), Coup-TF, GCNF, hepatocyte nuclear factor 4 gamma (HNF4), 

PPAR, retinoic acid receptor alpha (RAR)RXR, TR and RXR expression 

levels were higher in the metastatic tumor cell lines compared to the pair-matched 

primary tumor cell lines (Fig. 11B). Analysis of the NR expression profile in the two 
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pairs of metastatic cell lines showed that some genes were differently expressed in 

pair-matched metastatic cell lines, indicating heterogeneity of gene expression even 

from tumors at the same stage of tumorigenesis (Fig. 14). These results suggest that 

subsets of NRs are differentially expressed upon tumorigenesis or tumor progression.  
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Fig. 11. NRs with Distinct Expression Profile in Normal versus Tumor Cell Lines 

and Primary Tumor versus Metastatic Tumor Cell Lines.  

Quantitative PCR was performed for the 48 NRs in the four pairs of lung cell lines (A) 

NRs with similar patterns of expression between pair-matched normal and the 

corresponding tumor cell lines. The upper panel shows receptors whose expression is 

higher in the tumor cell lines than in the normal cell lines, while the lower panel 

shows higher expression of the NRs in the normal cells compared to the tumor 

counterpart. (B) NRs with similar patterns of expression between pair-matched 

primary and the corresponding metastatic tumor cell lines. The upper panel shows 

receptors whose expression is higher in the metastatic cell lines than in the primary 

tumor cell lines while the lower panel shows higher expression of the NRs in the 
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metastatic tumor cell lines. Values are mean ± SEM. 
*
P < 0.05; 


P < 0.01; 

#
P < 0.001 

HCC4017 vs. HBEC30KT; HCC4018 vs. HBEC34KT; H1993 vs. H2073 and H2086 

vs. H2085. 
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Fig. 12. NRs with no Distinct Pattern of Expression in the Pair-Matched Normal 

versus Tumor Cell Lines.  

Quantitative PCR was carried out as in Fig. 11. The figure shows NRs which showed 

different patterns of expression between the pair-matched normal versus tumor cell 

lines.   
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Fig. 13. NRs with no Distinct Pattern of Expression in the Pair-matched Primary 

Tumor versus Metastatic Tumor Cell Lines.  

Quantitative PCR was carried out as in Fig. 11. The figure shows NRs with different 

patterns of expression between the pair-matched primary tumor versus metastatic 

tumor cell lines. 
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Fig. 14. NR Expression Profile in Pair-matched Metastatic Tumor Cell Lines. 

QPCR was carried out as in Fig. 11. The figure shows the expression profile of the 48 

NRs in the two pairs of metastatic cell lines. 
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3.2.4. Expression Profile of Molecular Targets for Anti-cancer Drugs 

Molecular targeted therapy has become a popular strategy to treat cancer in the 

clinic since it is considered to be more selective thus increasing therapeutic efficacy 

while keeping toxicity at the minimum
53

. Thus, we wondered if the expression profile 

of molecular targets for federal drug administration (FDA)-approved anti-cancer 

drugs can be utilized to develop a strategy for patient- or tumor stage- tailored anti-

cancer therapy. We first selected 48 biological targets from the FDA-approved anti-

cancer drug list in which the corresponding anti-cancer drugs have been developed for 

and utilized in the cancer clinics (Table 2)
111-113

. Using the same QPCR approach as 

the NR profiling, we completed the mRNA expression profile of the 48 molecular 

targets in the same pair-matched lung cancer cell panel as described in table 1. Note 

that some NRs were excluded from the analysis of the molecular target profile since 

they are overlapped in the NR profile data. The NRs are androgen receptor (AR), 

estrogen receptor (ER) , ER, RXR, RXR, and RXR. From the analysis of the 

profile, we found that 27 genes (normal vs. pair-matched tumor line) and 33 genes 

(primary vs. pair-matched metastatic tumor line) exhibit no difference between the 

pairs or the pair-specific difference for the expression (Fig. 16 and 17). By contrast, 

subsets of genes showed distinct expression pattern between the pairs; 15 molecular 

targets in the first panel of normal vs. pair-matched tumor lines and 9 molecular 

targets in the second panel of primary vs. metastatic cell lines. Eight of the 14 genes 

from the first panel showed tumor specific increased expression compared to the pair-

matched normal cell lines. Included in this subgroup were aminolevulinate 

dehydratase (ALAD),  colony stimulating factor 1 receptor (CSF1R), dihydrofolate 
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reductase (DHFR), DNA methyltransferase 1 (DNMT1), fms-related tyrosine kinase 1 

(FLT1), lymphocyte-specific protein tyrosine kinase (LCK), ribonucleotide reductase 

M2 (RRM2), DNA topoisomerase 2-alpha (TOP2A), and thymidylate synthetase 

(TYMS), whereas 6 of the 14 genes are EGFR, EPH receptor A2 (EPHA2), FYN 

oncogene related to SRC, FGR, YES (FYN), histone deacetylase 6 (HDAC6), v-src 

avian sarcoma viral oncogene homolog (SRC), and v-yes-1 Yamaguchi sarcoma viral 

oncogene homolog 1 (YES1) that showed decreased expression in the tumor vs. 

normal cell lines (Fig. 15A).The 9 genes from the second panel include 6 genes – 

chromodomain helicase DNA binding protein 1 (CHD1), DHFR, DNMT1, 

glycinamide ribonucleotide formyltransferase (GARFT), proteasome subunit beta 

type 5 (PSMB5), and YES1- with increased expression in the metastatic pair, and 3 

genes – c-KIT, CSFR1, and fms-related tyrosine kinase 4 (FLT4)- with decreased 

expression in the metastatic tumor line compared to the matched primary tumor line 

(Fig. 15B).  
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Fig. 15. Drug Target Genes with Distinct Expression Profile in Normal versus 

Tumor Cell Line and Primary Tumor versus Metastatic Tumor Cell Lines. 

Quantitative PCR was performed for the 48 drug target genes in the paired lung cell 

lines. Figures show drug targets with similar expression profiles between pair-

matched normal and the corresponding tumor cell lines (A) or between pair-matched 

primary tumor and metastatic tumor cell lines (B). (A) The upper two panels show 

genes with higher expression in the tumor cell lines compared to the normal 

counterpart while the third panel shows genes with lower expression in the tumor cell 

lines compared to the normal cell lines. (B) The first panel shows genes with higher 
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expression in the metastatic cell lines while the second panel shows genes with higher 

expression in the primary cell lines. Values are mean ± SEM. 
*
P < 0.05; 


P < 0.01; 

#
P 

< 0.001 HCC4017 vs. HBEC30KT; HCC4018 vs. HBEC34KT; H1993 vs. H2073 and 

H2086 vs. H2085. 
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Fig. 16. Drug Targets with no Distinct Pattern of Expression between Pair-

matched Normal versus Corresponding Tumor Cell Lines. 

Quantitative PCR was carried out as in Fig. 15. Figures show drug targets with 

different patterns of expression between pair-matched normal and the corresponding 

tumor cell lines. 
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Fig. 17. Drug Targets with no Distinct Pattern of Expression between Pair-

matched Primary Tumor versus Metastatic Tumor Cell Lines. 

Quantitative PCR was carried out as in Fig. 15. Figures show drug targets with 

different patterns of expression between pair-matched primary tumor cell lines and 

their metastatic counterparts.  
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Fig. 18. Drug Target Gene Profiling in Pair-matched Metastatic Cell Lines. 

Quantitative PCR was carried out as in Fig. 15. Figures show the gene profiles of the 

anti-cancer drug targets in the two pairs of metastatic cell lines. 
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3.2.5. Functional Evaluation of Nuclear Receptors and Anti-cancer Targets in 

the Primary and Pair-matched Metastatic Tumor Line 

We next investigated whether the expression profiles of NRs and anti-cancer drug 

targets could be utilized to treat lung cancer. As a proof-of-principle approach, we 

first chose LXR and PPAR as NR targets and EGFR and cMET as anti-cancer drug 

targets since these NRs are well-known for their biological functions with 

pharmacological ligands available 
114-117

. For functional evaluation of the NRs and 

anti-cancer drug targets, we used H2073 (primary tumor cell line) and H1993 (pair-

matched metastatic tumor cell line) cells which had been derived from the same 

patient.  As discussed previously, the NRs showed distinct expression patterns of 

mRNA and protein between the primary and the secondary lung cancer cells. The 

mRNA expression of PPAR, LXR and LXR was dramatically increased in H1993 

compared to H2073 and the corresponding protein expression was confirmed in the 

same cell panel (Fig.19A and 19B). In growth response assays, treatment of both cell 

lines with LXR ligand T0901317 revealed that there was growth inhibition in the 

metastatic H1993 cells but not in the primary H2073 tumor cells (Fig. 19C, bottom). 

By contrast and interestingly, treatment with a PPAR ligand pioglitazone exhibited 

minor growth inhibitory response in H1993 cells that showed very high PPAR 

expression, suggesting that other factors might be involved in determining growth 

response to PPAR activation in H2073 and H1993 (Fig. 19C, top). Note that 

fluorobexarotene was co-treated with pioglitazone or T0901317 since its cognate 

receptor, RXR, forms heterodimers with PPAR and LXR. For the anti-cancer drug 
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targets, the H2073 cells showed higher EGFR expression, whereas H1993 cells 

showed higher cMET expression for both mRNA and protein (Fig. 20A and 20 ). 

Treatment of receptor tyrosine kinase inhibitors, gefitinib for EGFR or PHA665752 

for cMET, showed growth inhibitory response in a target gene expression-dependent 

manner, suggesting the therapeutic potential of the drug target expression profile as a 

patient-tailored cancer therapeutic strategy (Fig. 20C). 
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Fig. 19. Therapeutic Evaluation of Pioglitazone and T0901317 in H2073 and 

H1993. 

The mRNA expression levels of PPAR, LXR and LXR were measured using 

QPCR in the primary H2073 and the pair-matched metastatic H1993 tumor cell lines. 

The corresponding protein expressions were assayed using western blot analysis in 

the same panel of cells (B). Both cell lines were treated or non-treated with 3 M of 

pioglitazone or T0901317. (C) Growth response of H2073 and H1993 cells to the 

treatment with cognate receptor ligands. MTT assay was performed after treatment 

with pioglitazone (Pio) and T0901317 (Tcpd) in a dose-dependent manner. 

Fluorobexarotene (F. bex, 100 nM), a RXR ligand, was co-treated with pioglitazone 
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and T0901317. Values are mean ± SEM. A: *P < 0.05 and 

P < 0.01 H1993 vs. 

H2073. C: 
*
P < 0.05;


P < 0.01; 

#
P < 0.001 vs. control. 
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Fig. 20. Therapeutic Evaluation of Gefitinib and PHA665752 in H2073 and 

H1993. 

(A) The mRNA expression levels of EGFR and cMET were measured using QPCR in 

the primary H2073 and the pair-matched metastatic H1993 tumor cell lines. The 

corresponding protein expressions were assayed using western blot analysis in the 

same panel of cells (B). (C) Growth response of H2073 and H1993 cells to the 

treatment with cognate receptor inhibitors. MTT assay was performed after treatment 

with gefitinib and PHA665752 in a dose-dependent manner. Values are mean ± SEM. 

A: 
*
P < 0.05 and 


P < 0.01 H1993 vs. H2073. C: 

*
P < 0.05; 


P < 0.01; 

#
P < 0.001 vs. 

control.. 
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3.2.6. Effect of Combined Treatment of T0901317 and Pioglitazone with 

Classical Anti-cancer Drugs. 

Classical anti-cancer drugs are non-specific in their targets, mainly target cell cycle 

and apoptosis pathways and they are common in first line  cancer treatment. In this 

study, we first explored the efficacy of classical anti-cancer drugs, paclitaxel, 

docetaxel, vinorelbine and etoposide, in inhibiting growth of H2073 and H1993.  

Paclitaxel, docetaxel and vinorelbine showed greater than 50% growth inhibition in 

H1993 at 3nM, 1nM and 3nM, respectively, but with no significant effect on H2073 

growth at the same concentrations (Fig. 21A). Paclitaxel, docetaxel and vinorelbine 

are mitotic inhibitors  that target rapidly proliferating cells, making them more 

effective against H1993 that has a shorter doubling time compared to H2073 as 

observed in cell culture. On the other hand, etoposide only showed approximately 20% 

growth inhibition in H1993 with no significant effect on H2073  at 3M (Fig. 21A). 

Recently, combined therapeutics has been developed in the clinic as a strategy to 

overcome potential side effects or drug resistance due to drug toxicity as well as 

cancer heterogeneity. Thus, in this study, we also explored the combinational 

therapeutic potential of PPAR or LXR ligands and classical anti-cancer drug, 

etoposide, in the primary H2073 and the secondary metastatic H1993 tumor cell lines.  

In H1993, combination of etoposide and pioglitazone or T0901317, increased growth 

inhibitory action to approximately 50% in H1993, while in H2073, only the 

combination of T0901317 and etoposide had additional growth inhibition 

(approximately 20%) (Fig. 21B).   
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Fig. 21. Therapeutic Evaluation of Combined Treatment of Classical Anti-cancer 

Drugs with Pioglitazone or T0901317. 

(A) MTT assay was performed after treatment of H2073 and H1993 with paclitaxel, 

docetaxel, vinorelbine and etoposide at 3 nM, 1 nM, 3 nM and 3 M, respectively. (B) 

MTT assay was performed after treatment of H2073 and H1993 with 3 M etoposide 

(Eto) and 3 M pioglitazone (Pio) or 3 M T0901317 (Tcpd).  
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3.2.7. Effect of Combined Treatment of T0901317 and Pioglitazone with Anti-

cancer Drugs. 

In a similar way to the classical anti-cancer drugs, we also explored the 

combinational therapeutic potential of PPAR or LXR ligands and molecular targeted 

drugs, gefitinib and PHA665752, in the primary H2073 and the secondary metastatic 

H1993 tumor cell lines.  In H2073 cells, the combined treatment of T0901317 or 

pioglitazone with gefitinib showed more than additive growth inhibitory response 

when compared to either drug alone (Fig. 22A and C, left panel),while in H1993, only 

the combined treatment of T0901317 and gefitinib showed additive growth inhibition 

(Fig. 22B and C, right panel). In a similar manner, PHA66572 treatment with 

pioglitazone or T0901317 also showed additive growth inhibitory effect in 

H2073cells (Fig. 23A and C, left panel), while H1993 cells did not show any additive 

effect after combined treatment of PHA665752 and the NR ligands (Fig. 23B and C, 

right panel). In the molecular analysis of cell cycle factors, cyclinD1 expression was 

down regulated by combined treatment of T0901317 and gefitinib or PHA66572 in 

H2073, while the combined treatment of gefitinib and T0901317 suppressed cyclinB 

expression in H1993 (Fig. 24A and B). 
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Fig. 22. Therapeutic Evaluation of Combined Treatment of Pioglitazone or 

T0901317 with Gefitinib. 

MTT assay was performed after treatment of H2073 cells (A) and H1993 cells (B) 

with 3 M pioglitazone (Pio) or 3 M T0901317 (Tcpd) alone or with gefitinib (Gef; 

30 nM for H2073 and 3M for H1993). (C) Colony formation assay was used to 

validate MTT assay results in (A) and (B). Values are mean ± SEM. 

p < 0.01 and 

#
p 

< 0.001. 
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Fig. 23. Therapeutic Evaluation of Combined Treatment of Pioglitazone or 

T0901317 with PHA665752. 

MTT assay was performed after treatment of H2073 cells (A) and H1993 cells (B) 

with 3 M pioglitazone (Pio) or 3 M T0901317 (Tcpd) alone or with PHA665752 

(PHA; 1 M for H2073 and 0.1 M for H1993). (C) Colony formation assay was 

used to validate MTT assay results in (A) and (B). Values are mean ± SEM. 
*
p < 0.05; 


p < 0.01; and  

#
p < 0.001. 
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Fig. 24. Molecular Analysis of Cell Cycle Factors after Combined Treatment of 

Pioglitazone or T0901317 with Gefitinib or PHA665752. 

The expressions of cell cyclins were assayed using immunoblot analysis. Cells were 

treated with T0901317 (Tcpd; 3 M), pioglitazone (Pio; 3 M), gefitinib (30 nM for 

H2073; 3 M for H1993) and PHA665752 (1 M for H2073; 0.1 M for H1993) for 

48 hrs before isolating protein.   
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3.2.8. Discussion 

In this study, we showed that tumor cell lines derived from the same patient have 

different gene expressions which cause different response to single-drug regimens 

underscoring the impact of tumor heterogeneity on cancer therapy. Since no tumor is 

exactly the same, patient-specific genotype-based predictions would be ideal for 

designing cancer therapy. However, this would not be economically viable and the 

process would be time consuming. An alternative is to build representative sample 

sets that can be used for genetic and therapeutic testing and which can be used to 

build prediction models for the general population
53

. The panel of pair-matched cell 

lines used in this study provides a sample set of cell components that are important in 

understanding tumor progression. The inclusion of normal versus tumor set, primary 

versus metastatic tumor and two pairs of metastatic cell lines gives representative 

cells for studying tumor stage- or patient-specific therapy. Using this panel of cells 1) 

we analyzed the mRNA expression of the 48 members of the NR super family and 48 

biological anti-cancer drug targets during the different stages of tumor progression; 

and 2) we investigated the potential of NR ligands as combinational partners with 

classical anti-cancer drugs or biological anti-cancer drugs in the treatment of cancer.  

The mRNA expression profiling revealed that the level of NR gene expression and 

anti-cancer target gene expression is dynamic during tumorigenesis or tumor 

progression.  Some of these genes showed distinct expression patterns in the two pairs 

of cell lines in a given set, which could indicate that these genes have specific roles in 

tumorigenesis. Other genes lacked specific patterns of expression between the two 
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pairs of cells in each set, indicating the presence of intra- and inter-patient 

heterogeneity.  

The FDA has approved more than 260 anti-cancer drugs to treat various types of 

cancers. Among these, we found 48 biological targets that have been utilized for 

molecular targeted therapy in the cancer clinic. In this study we completed the mRNA 

expression of the 48 biological anti-cancer targets in our panel of pair-matched cell 

lines. From the expression profile, we demonstrate that, although targeted therapy was 

initially tailored to address driver mutations in specific cancer types, the same drugs 

can be used to treat other cancers which show the appropriate gene expression of the 

target receptor. However, cancer patients mostly relapse with drug resistance to 

single-targeted regimens. In this regard, a last approach in this work was to evaluate 

the combinational therapeutics of NR ligands with anti-cancer drugs. To this end, the 

primary H2073 tumor cell and its pair-matched metastatic H1993 tumor cell line were 

employed in growth inhibition assays. We showed that these two cell lines exhibited 

sensitivity to growth inhibition by PPAR, LXR, EGFR and cMET ligands in a 

receptor expression-dependent manner. We also tested the sensitivity of these two cell 

lines to classical anti-cancer drugs and showed that H1993, which has a higher 

proliferation rate than H2073, was more sensitive to mitotic inhibitors, paclitaxel, 

docetaxel and vinorelbine, than H2073.  In addition, the combination of  PPAR 

ligand, pioglitazone, or  LXR ligand, T0901317 with etoposide or the TKIs showed 

additive growth inhibition when compared to either drug alone, suggesting that NR 

ligands can be used in combined therapeutics with other anti-cancer drugs. 
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 Collectively, our studies improve the idea of cancer type- or patient-tailored 

therapeutic strategy by expanding the use of single biological targeted drugs that were 

originally developed for treating the corresponding tumor types in other tumor types, 

and further multiple combinations of the targeted drugs to overcome potential drug 

resistance. Our work provides a new strategy to develop oncotherapeutics in cancer 

clinics.  
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IV. CONCLUSION 

The dependence of estradiol-induced growth on insulin priming, together with the 

ability of estradiol to modulate the expression of genes involved in glycolysis indicate 

that ER signaling associates with glucose metabolism. In addition, NRs have the 

potential to be used as combinational partners with other anti-cancer drugs to improve 

cancer type- or patient-specific therapy and overcome drug resistance. Collectively, 

this study gives consolidating evidence of the impact of NR signaling on cancer 

metabolism and further gives possible targets for cancer therapy.   
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VI. ABSTRACT IN KOREAN 

 

종양 대사에서 핵수용체의 기능 

페니나 와이라구 

연세대학교 대학원 글로벌의생명학과 

<지도교수:정양식> 

 

종양대사의 조절완화는 암을 발생 시킬 수 있는 생물학적 특성 중 하나이다. 

본 연구는, 종양세포의 영양물질과 약물대사에서 핵수용체 역할을 조사하였다. 

여러 연구에서는 유방암과 당뇨병 사이의 연관성을 보여주었으며, 본 

연구에서는 에스트로겐과 인슐린 신호 간의 상호작용을 알아보하고자 하였다. 

에스트라디올은 인슐린 primed MCF-7 세포의 성장을 유도하였으나, 인슐린 

unprimed MCF-7 세포에는 효과가 없었다. 에스트라디올에 의한 세포성장이 

에스트로겐 수용체 (ER)를 통해 매개되지만, 인슐린 primed 세포와 인슐린 

unprimed 세포간 에스트로겐 수용체  발현정도가 유사한 것으로 보아, 

에스트로겐 수용체  단독작용으로 설명할 수 없으며, 추가적인 요소가 관여 될 

것으로 예상된다. 에스트라디올에 의해 Akt 와 Erk 단백질의 인산화가 증가되고, 
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PI3K 및 Erk 억제제가 에스트라디올에 의해 증가된 세포성장을 억제한 것은, 

에스트로겐 신호와 PI3K/Akt, Erk 신호 과정이 연결되어 있음을 보여주는 

결과이다. 에스트라디올에 의해 증가된 cyclin A 와 cyclin B 의 증가는 

에스트라디올이 세포주기 진행을 촉진한다는 것을 시사한다. 당뇨병치료제로 

잘 알려진 thiazolidinedione 와 metformin 중, metformin 만이 에스트라디올에 

의해 유도된 세포성장을 억제하였으며, 당뇨병을 가진 유방암환자에 

치료제로써 metformin 을 사용하는 것이 환자의 예후를 향상시킬 수 있을 

것으로 기대된다. 

또한, 본 연구에서는 항암제와 결합파트너로 잠재성을 가지는 핵수용체의 

역할에 대해 조사 하였다. 폐암 세포주 여섯 쌍(각 쌍은 같은 환자로부터 

얻음)에서 48 개 핵수용체와 48 개 생물학적 항암 표적을 프로파일 하였다. 발현 

프로파일의 분석결과, 몇몇 핵수용체와 항암 표적들은 정상세포주와 

종양세포주간, 원발성 암세포주와 전이된 암세포주간에 서로 다른 발현 양상을 

보였다. H2073 과 H1993 세포에서 liver X 수용체 (LXR)의 리간드 (TO901317)가 

cMET 억제제 (PHA665752) 또는 상피세포증식인자 (EGFR) 억제제 
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(gefitinib)과의 결합 잠재성을 가진다는 것이다. 이들의 병용처치는 CyclinD1 과 

cyclinB 를 억제함으로써 세포주기의 진행을 제한하였다. 

이를 통해, 본 연구는 다른 항암제와 병용 할 수 있는 핵수용체 리간드의 

잠재적 사용 가능성 뿐만 아니라, 당뇨병과 유방암간의 관련성을 보여주고 있다. 

 

 

 

 

 

 

 

핵심 되는 말: 인슐린 priming, 당뇨병, 유방암, 에스트로겐 수용체, 인슐린, 

Metformin, Thiazolidinediones, 암 대사, 병용 요법, PPAR, LXR, 폐암, 

Tyrosine kinase inhibitors. 
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