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Abstract 

Title of the thesis: An oncogenic role for RUNX2 in breast cancer progression and 
glucose metabolism through regulation of SIRT6 

 
Moran Choe: Doctor of Philosophy, 2013 

Thesis directed by: Dr. Antonino Passaniti, Associate Professor, Department of 
Pathology; Department of Biochemistry & Molecular Biology 

 

Breast cancer (BC) progression is characterized by silencing of differentiation-

specific genes and activation of genes promoting a switch from oxidative 

phosphorylation to aerobic glycolysis – the Warburg effect.  Although the RUNX2 

transcription factor promotes BC metastasis to bone, the mechanisms through which it 

regulates oncogenesis are not clear.  We find that RUNX2 induction in MCF7 cells is 

associated with reduction in differentiation-specific estrogen receptor-α (ERα), increased 

expression of several glycolytic genes, increased glucose uptake (GLUT1), sensitivity to 

glucose starvation, and resistance to mitochondrial oxidative phosphorylation (OXPHOS) 

inhibitors.  Conversely, endogenous RUNX2 knockdown in Hs578t triple-negative BC 

cells reduced cellular glucose addiction and expression of several glycolytic genes.  

Interestingly, these cells maintained high levels of PDHA1, which promotes OXPHOS by 

converting pyruvate to acetyl CoA to enter TCA cycle.  In addition, RUNX2 knockdown 

resulted in a significant increase in oxygen consumption rate (OCR), indicative of 

enhanced mitochondrial OXPHOS.   

Mechanistically, the NAD-dependent histone deacetylase SIRT6, a known tumor 

suppressor, was a critical regulator of the RUNX2-mediated metabolic switch.  SIRT6 

levels were reduced in malignant BC tissues or cell lines that expressed high levels of 
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RUNX2.  This repression was regulated at both the transcriptional and post-translational 

levels and may account for the glycolytic phenotype and reduced mitochondrial 

OXPHOS in RUNX2 positive BC cells.  Moreover, the expression of pyruvate 

dehydrogenase kinase 1 (PDHK1), which phosphorylates and inactivates PDH, was 

significantly higher in RUNX2 positive cells relative to RUNX2 negative cells.  This 

reduction of PDHK1 was also observed in SIRT6 overexpressing cells, which suggests a 

potential role for SIRT6 as a repressor of this oncogenic kinase.  Finally, ectopic 

expression of SIRT6 in RUNX2 positive cells increased, while specific knockdown of 

SIRT6 in RUNX2 negative cells decreased, respiration.  In summary, these results 

suggest that RUNX2-mediated repression of the SIRT6 tumor suppressor may be a key 

pathway that promotes the Warburg effect and BC tumor progression.  

 

 

 

 

 

 

 

 

 

 



 

 

 

An oncogenic role for RUNX2 in breast cancer progression and 
glucose metabolism through regulation of SIRT6 

 

 

 

by 
Moran Choe 

 

 

 

 

 

 

 

 

 

 
 

Dissertation submitted to the faculty of the Graduate School of the 
University of Maryland, Baltimore in partial fulfillment 

of the requirements for the degree of 
Doctor of Philosophy 2013 

 



 

 

 

 

 

 

© Copyright 2013 by Moran Choe 
All rights reserved 

 

 

 

 

 

 

 

 

 

 

 

 

 



iii 

 

Acknowledgements 

None of this would be possible without the support from my Mentor, Dr. Antonino 

Passaniti. He has guided me through along every step of my way and has provided so 

much support and encouragements to strengthen my ability as a scientist. Thanks to my 

committee members, Dr. Geoffrey Girnun, Dr. Sara Chumsri, Dr. Qun Zhou, Dr. Chen-

Yong Lin, Dr. Suzanne Rosenberg and Dr. Amy Fulton, for all the advices and feedbacks. 

Very special thanks to my family who has supported and loved me in every way over the 

6 years.  And of course my “labmates”, Jessica, Adam, Mia, Karen and David for all the 

helps and memories of fun times which have filled my lab life full of laughter. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv 

 

TABLE OF CONTENTS 

I. INTRODUCTION 

A) Breast Cancer 

1. Development of endocrine resistance in breast cancer........................................6 

2. Therapeutic strategies for breast cancer patients.................................................8 

 

B) Runt-related transcription factor 2...........................................................................11 

     1. Runx gene structure, expression and function...................................................11 

     2. RUNX2 in breast cancer……………………………….........................................13 

C) Cancer Metabolism 

     1. Metabolic Reprogramming of cancer cells.......................................................16 

     2. SIRT6 and glucose metabolism.........................................................................26 

     3. NAD, Sirtuins and cancer metabolism..............................................................32 

 

II. METHODS AND MATERIALS ...............................................................................34 

 

III. RUNX2 regulation of Breast Cancer Cell Metabolism…….................................49 

A) Abstract....................................................................................................................50 

B) Introduction..............................................................................................................52 

C) Results......................................................................................................................55 

    1. RUNX2 and metabolic BC function....................................................................55 

            2. RUNX2-regulated metabolic response and SIRT6 expression..........................61 

            3. Post-translational and transcriptional regulation of SIRT6 by RUNX2...........66 

            4. RUNX2 inhibits mitochondrial respiration through SIRT6 repression.............73 

            5. RUNX2, SIRT6, and clinical BC………………………………………............81 

D) Discussion................................................................................................................89 

 

IV. CONCLUSIONS AND FUTURE STUDIES ..........................................................96 

 



v 

 

Statement on Published Materials 

 

This dissertation contains materials that will be published in a scientific journal.  

Chapter III, RUNX2 regulation of Breast Cancer Cell Metabolism, has recently been 

accepted with revision in journal of Oncogene. The title of submitted manuscript is: The 

RUNX2 oncogene promotes breast cancer progression through regulation of SIRT6 expression 

and cellular glucose metabolism. Moran Choe has performed all the experiments in the study with 

the help of other co-authors. The study was supervised under Dr. Antonino Passaniti. 

 

 

 

 

 

 

 

 

 

 

 

 

 



vi 

 

List of Figures 
 
Figure 1.1 – Leading New Cancer Cases & Death Rates– 2012 Estimates……………….3 

Figure 1.2 – Anatomy of the Female Breast…………………………………..…….…….4 

Figure 1.3 – Mechanism of endocrine resistance in breast cancer………………………..8 

Figure 1.4 – Structure and regulated expression of mammalian RUNX gene…………...11 

Figure 1.5 – Scaffolding nuclear proteins………………………………………………..13 

Figure 1.6 – Model for cell–environment interactions in carcinogenesis……………......17 

Figure 1.7 – Warburg Effect……………………………………………………………..19 

Figure 1.8 – Detailed metabolic Pathways of actively proliferating cells…………...…..24 

Figure 1.9 – Mammalian sirtuins and energy metabolism……………………………….29 

Figure 1.10 – Schematic diagram of glycolysis………………………………………….31 

Figure 1.11 – The Warburg effect and NAD metabolome………………………………33 

Figure 2.1 – Mitochondrial energy production and inhibitors …………………………..39 

Figure 2.2 – Common protocols for assessing mitochondrial function in intact cells…...40 

Figure 2.3 – Measuring Mitochondrial respiration and glycolytic function in cells with  

        using Seahorse Technology…………………………...……………………41 

Figure 2.4 – Box and Whisker plot…………………………………...………………….48 

Figure 3.1 – Tetracycline (Tet) – Off system ………………………….……………..…55 

Figure 3.2 – MCF7.RUNX2 or control MCF7.tTA tumor cell growth in athymic  

        mice.………………………………………………………………………...56 

Figure 3.3 – MCF7.RUNX2 or control MCF7.tTA tumor cell growth in athymic  

        mice.………………………………………………………………………...57 

Figure 3.4A-B – Modulation of RUNX2 expression in MCF7 and Hs578t breast cancer 

   cells…………………………………………………………………….58 

Figure 3.5A-B – RUNX2 positive cells exhibit glycolytic phenotype………………..…59 

Figure 3.6A-B – RUNX2 positive cells exhibit increased dependence on glucose and  

                decreased dependence on mitochondrial oxidative metabolism……….60 

Figure 3.7– RUNX2 positive cells are more dependent on glucose………………..……61 

Figure 3.8A-C – Expression of SIRT6 after inducible RUNX2 expression or knockdown   

                           of endogenous RUNX2…………………………………..……..……...62 



vii 

 

Figure 3.9A-B – A natural selection of low endogenous RUNX2 cells under low glucose   

                           condition…………………………………………………..…………...64 

Figure 3.10A-B – RUNX2 knockdown or SIRT6 overexpressing cells reflects a reduced   

                             glycolytic phenotype…………………..……………………………...65 

Figure 3.11A-B – RUNX2 and SIRT6 association in a binding complex ………………66 

Figure 3.12A-B – Post-translational regulation of SIRT6………………………….........67 

Figure 3.13A-B – RUNX2 expression leads to SIRT6 ubiquitination….……………….68 

Figure 3.14A-B – SIRT6 mRNA: transcriptional regulation and association of RUNX2                     

                             with SIRT6 promoter…………………………………...…………….69 

Figure 3.15A-C – SIRT6 mRNA: transcriptional regulation and association of RUNX2                     

                             with SIRT6 promoter………………………….…..………………….71 

Figure 3.16A-B – Expression of glycolytic or mitochondrial oxidative phosphorylation    

                             genes in response to RUNX2……………………….………..……….74 

Figure 3.17 – Measurement of basal OCR…………………………………..….………..75 

Figure 3.18 – Measurement of ECAR in timecourse…………………...………………..76 

Figure 3.19 – Enhanced mitochondrial oxygen consumption rates (OCR) in RUNX2  

                       knockdown cells…………………………………………………..………77 

Figure 3.20A-B – SIRT6 overepxression in RUNX2-positive cells increases    

                             mitochondrial oxygen consumption rates(OCR)………….…….........79 

Figure 3.21A-B – SIRT6 Knockdown in RUNX2 negative cells decreass mitochondrial  

                             OCR…………………………………………………………………..80 

Figure 3.22 – Expression of RUNX2, GLUT1, ERα in primary patient IDC samples:  

          analysis of TMAs…………………………………………..…….…….81-82 

Figure 3.23 – Runx2 expression in Brca1 mutant mice…………….……………………83 

Figure 3.24 – Correlation of RUNX2, GLUT1 in different tumor stages: analysis of  

                      TMAs…………………………………………………………..………85-86 

Figure 3.25 – Expression of RUNX2 and ERα, and their correlation in different   

                       tumor stages: analysis of TMAs……………………………….…………87 

Figure 3.26 – Expression of RUNX2 and SIRT6, and their correlation in different   

                       tumor stages: analysis of TMAs………………………………………….88 



viii 

 

Figure 3.27 – Proposed model for RUNX2-mediated metabolic switch via SIRT6…….90 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ix 

 

LIST OF TABLES 

Table 1.1 – Medications Used in the Treatment of Breast Cancer………………………10 

Table 1.2 – RUNX2 expressing breast cancer cell lines…………………………………16 

Table 1.3 – Properties and Functions of mammalian sirtuins……………………………27 

Table 3.1 – Tumor profiling for patients in Figure 3.22…………………………………82 

Supplementary Table 1– Summary Statistics on Biomax TMA (n=150)……………….101 

Supplementary Table 2 – Biomax TMA analysis………………………………..…102-106 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



x 

 

LIST OF ABBREVIATIONS 

2-DG – 2-deoxy-glucose 
2-NBDG – fluorescently-labeled D-glucose analog 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-
yl) amino]-2-deoxy-D-glucose 
AIs – aromatase inhibitors 
AML  – acute myeloid leukemia 
AMPK  – AMP (adenosine monophosphate) - activated kinase 
ATP – adenosine triphosphate 
BER – base excision DNA repair 
BMP – bone morphogenic protein 
BRCA – breast cancer type 
CHX  – cycloheximide  
CK  – cytokeratin 
CR – calorie restriction 
CYP2D6 – cytochrome 450 2D6 
DCIS – ductal carcinoma in situ 
ECAR – extracellular acidification rate 
EGF/HER2 – epidermal growth factor/human epidermal growth factor 2 
EMT  – epithelial-mesenchymal transition 
ERα – Estrogen receptor α 
ER+ – Estrogen receptor 
FCCP – trifluorocarbonylcyanide phenylhydrazone 
GLUT-1  – glucose transporter-1 
HDACs – histone deacetylases 
Hif1 α – hypoxia inducible factor 1 α 
HK2 – hexokinase2 
IDC  – intraductal carcinoma 
IDC  – onvasive ductal carcinoma 
IGF  – insulin growth factor 
IHC  – immunohistochemistry analysis 
ILC  – invasive lobular carcinoma 
LCIS  – lobular carcinoma in situ 
LDHA  – lactate dehydrogenase A 
MAPK – mitogen-activated protein kinase 
MMPs – matrix metalloproteinases 13 and 9 
MYC – myelocytomatosis  
NAD  – nicotinamide adenine dinucleotide 
NADH – nicotinamide adenine dinucleotide (reduced form) 
NADPH – nicotinamide adenine dinucleotide phosphate 
NADPH – nicotinamide adenine dinucleotide phosphate (reduced form)  
OCR – oxygen consumption rate 
OPN – osteopontin 
OXPHOS – oxidative phosphorylation 
PDH – pyruvate dehydrogenase 



xi 

 

PDHK-1 – pyruvate dehydrogenase kinase-1 
PDK1 – pyruvate dehydrogenase kinase isozyme 1 
PEP – phosphoenol-pyruvate 
PET – position-emission tomography 
PFK-1 – phosphofructokinase-1 
PGK-1 – phosphoglycerate kinase-1 
PI3K/Akt - phosphotidylinositol-3-kinase/Akt 
PK – pyruvate kinase 
PKM2 – pyruvate kinase muscle isozyme 2 
PPP – pentose phosphate pathway 
PR- progesterone receptor 
PR+ – progesterone receptor positive 
qRT-PCR –  quantitative real time- polymerase chain reaction  
ROS – reactive oxygen species 
RUNX2 – Runt-related transcription factor-2, human 
Runx2 – Runt-related transcription factor-2, rodent 
SCO2 – synthesis cytochrome c oxides protein 
SERM – selective ER modulator 
sir2 – silent information regulator 2 
SIRT1-7 – sirtuin homologos 
SUV – standard uptake values 
TCA  – tricarboxylic acid cycle 
TIGAR  – TP53-induced glycolysis and apoptosis regulator 
TMA  – tissue microarrays 
TNM  – tumor, lymph node involvement, metastasis 
tTa – Tc-controlled transactivator 
VEGF – vascular emdothelial growth factor 
YAP – Yes-associated protein 
 

 



1 

 

 

 

 

I.  INTRODUCTION 

 

 

 

 

 

 

 

 

 

 

 



2 

 

Breast Cancer 

Breast cancer (BC) is the second leading cause of cancer-associated deaths after 

lung cancer and the most commonly diagnosed malignancy among women in North 

America and Western Europe1.  According to the American Cancer Society, 

approximately 226,870 new cases of invasive breast cancer and 39,920 deaths were 

expected among US women last year (Figure 1.1)2.  Among the newly diagnosed cases, 

about 2,190 were expected to occur in men.  In addition to invasive breast cancer, 63,300 

new cases of in situ breast cancer were expected to occur.  Of these numbers, 

approximately 85% will be ductal carcinoma in situ (DCIS)1.   

 Breast cancer incidences vary among age and race/ethnicity groups.  Certain risk 

factors are associated with breast cancer including age, hormones, family history, 

susceptibility genes (including BRCA1/2), diabetes, race, and breast density.  Like all 

other cancer types, early detection is critical to a high recovery rate when treatment is still 

more effective and a cure is more likely.  Breast self-examination and regular clinical 

breast evaluations such as mammography, are good practice for early detection of breast 

cancer.  Despite the improvements in early detection and accelerated research that has led 

to better understanding of the disease, about 30% of breast cancer patients still suffer 

from recurrence3.  
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               Figure 1.1 – Leading New Cancer Cases & Deaths – 2012 Estimates2 
                                 Source: ACS, 2012 cancer stats and figures 
 

  

Each breast contains about 15 to 20 lobes radiating from the nipple and each lobe 

is composed of lobules, which is the basic structural unit of the breast (Figure 1.2).  Each 

lobule is further divided into 10 to 100 alveoli that can produce milk, which flows from 

the alveoli through thin tubular ducts to the nipple.  About 85% of breast carcinomas 

originate within the cells of the ducts and the remaining 15% of the breast cancers 

originate from the cells within the lobules. Breast cancer is classified according to the 

location of origination and termed ductal or lobular carcinoma in situ4.  There are also 

non-carcinomatous breast cancers which are very rare and originate from the connective 

tissues of the breast.   
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Figure 1.2 – Anatomy of the Female Breast 
Source: National Cancer Institute (2011) 

http://www.cancer.gov/cancertopics/pdq/treatment/breast/Patient/page1 
 
 

 

Breast cancers can also be classified into two categories: non-invasive or invasive.  

Non-invasive breast cancer cells grow within the area in which they originated (in situ) 

and they include DCIS (ductal carcinoma in situ) and LCIS (lobular carcinoma in situ)4,5.  

On the other hand, invasive breast cancer cells disseminate from their tissue of origin, 

invade surrounding breast tissues, and become metastatic.  Invasive breast cancers are 

associated with more aggressive clinical features and poorer prognosis.  They are 

classified as either IDC (invasive ductal carcinoma) or ILC (invasive lobular carcinoma).  

Less common types of breast cancers include medullary, mucinous, tubular, papillary 
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breast cancer and inflammatory breast cancer.  Breast tumors are graded based on 

histologic features of the tumor from the lowest and well-differentiated tumor grade 1 to 

the highest and most poorly-differentiated tumor grade 35.  They can also be staged in 4 

numerical stages according to the tumor size and metastatic status, which is defined by 

the TNM (Tumor, lymph Node involvement, Metastasis) staging system5. 

 Breast cancer is a heterogeneous disease exhibiting numerous unique phenotypes 

arising from specific genetic lesions and resulting in the need for targeted therapeutics.  

An important clinical indicator of tumor behavior and prognostic marker is steroid 

hormone receptor status.  Tumors are categorized as either estrogen receptor (ER+) and 

progesterone receptor-positive (PR+)4 or negative (ER–/PR–) .  At least 70% of breast 

cancers are ER+ and confer better survival advantage relative to ER– tumors as a result of 

their ability to respond to endocrine therapy.  The epidermal growth factor receptor-2, 

Her-2/neu/EGFR-2, which is an indication of poorer prognosis, is also a determinant of 

breast tumor subtypes and known to be over-expressed in 20-30% of all breast cancers3,6,7.  

Tamoxifen, an anti-estrogen drug that binds and antagonizes ER, has been the mainstay 

of endocrine therapy for breast cancer patients.  Unfortunately, approximately 50% of 

patients develop resistance and many tumors relapse or progress6.  When the tumors 

relapse, they present as triple-negative tumors (ER/PR/HER2-), which are often 

associated with poorer prognosis3.  Currently, there is no available targeted therapy for 

these types of tumors since the most common therapeutic targets are no longer expressed 

in these tumors.  The only treatment option for patients with triple negative tumors is 

radiation, surgery, chemotherapy, or a combination of the above.  The mechanisms for 
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endocrine resistance are still poorly understood and ongoing investigations are trying to 

deal with this major challenge to improve disease management.  

 

1. Development of endocrine resistance in breast cancer 

 Most early breast tumors are deeply influenced by the steroid hormone estrogen 

and these effects are mediated by estrogen receptor-α (ERα), which promotes cell 

proliferation and survival5,6,8.  Hormone receptor status is also an important prognostic 

factor that determines the response to endocrine therapy for breast cancer patients.  As a 

genomic regulator, ER functions as a ligand-activated transcription factor that binds to 

specific DNA sequences within the promoter of its target genes8,9 (Figure 1.3).  In non-

classical mechanisms, ERα functions in response to other transcriptional factors as a co-

regulatory factor at non-estrogen receptor element (non-ERE) DNA sequences6.  

Intriguingly, ER has non-transcriptional (non-genomic) functions as well.  ER located 

outside of the nucleus interacts with key components of signal transduction pathways 

such as MAPK and PI3K/AKT, which leads to mitogenic and anti-apoptotic signaling 

effects3,9 (Figure 1.3). 

 Despite the initial response to endocrine therapies, such as tamoxifen, that target 

ER, substantial number of tumors become resistant to these therapies.  The mechanism of 

resistance to endocrine therapy, either intrinsic or acquired, is still poorly understood and 

a major challenge in disease management.   Tumors with intrinsic resistance do not 

respond to the therapy from the onset of the disease.  One potential mechanism is a 

genetic polymorphism in the enzyme pathway involved in metabolizing tamoxifen.  
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Studies have revealed that certain polymorphisms of the cytochrome P-450-2D6 

(CYP2D6) gene lead to a lower level of active metabolite of tamoxifen resulting in 

insensitivity to treatment3.  ER-independent growth of tumor cells, ERα activation by 

estrogen antagonist, loss of ERα functions, and up-regulation of growth factor signaling 

pathways such as IGF (insulin growth factor) or EGF/HER2 (epidermal growth factor)  

may also act as compensatory survival stimuli and are potential mechanisms for systemic 

hormonal resistance3,8.   

 
 

Figure 1.3 Mechanism of endocrine resistance in breast cancer9. 
Osborne CK., Schiff R., Annu. Rev. Med. 62:233-47, 2011 
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2. Therapeutic strategies for breast cancer patients 

 Breast cancer is a heterogeneous disease exhibiting many different biological 

features resulting in the requirement for specific therapeutic strategies.  There are two 

different types of treatment to manage breast cancer: local treatments and systemic 

treatments.  As local treatment, surgical removal, either mastectomy or lumpectomy of 

the tumor remains the first-line treatment and is generally followed by radiation therapy5,7.  

Systemic treatment of breast cancer is provided to eliminate any cancer cells that may 

have disseminated from the primary tumor before or after the local treatment.  Systemic 

therapy may be used in an adjuvant (given in addition to the primary treatment) and/or 

neoadjuvant (before the main treatment) setting.  Systemic therapies encompass the use 

of chemotherapy, hormonal therapy, targeted immunotherapeutic agents or a combination 

of these treatments, based on the patient and tumor types, to optimize the efficacy of the 

treatment5,7.  Investigations have shown that adjuvant or neoadjuvant chemotherapy helps 

to reduce the chance of systemic recurrence of breast cancer.  Hormone-receptor positive 

breast cancer patients benefit from hormonal therapy which includes two classes of 

agents: selective ER modulator (SERM) to inhibit actions of estrogen and aromatase 

inhibitors (AIs) to prevent synthesis of estrogen.  Tamoxifen is a nonsteroidal SERM 

which has been a mainstay of endocrine therapy for ER+ breast cancer patients for over 

20 years3,5.  It is standard care for pre-menopausal patients in comparison to the AI such 

as letrozole, which is shown to be relatively more effective for post-menopausal patients.  

Targeted immunotherapeutic agents such as Trastuzumab, which is a humanized 

monoclonal antibody that targets cancer cells with overexpressed HER25, are used for 

advanced breast cancers.  Despite the fact that patients with HER2-negative tumors are 
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expected to have better prognosis, paradoxically these patients lack the benefit of 

available targeted therapies.  While most of these systemic therapies are given under the 

adjuvant setting, neoadjuvant therapy is also used as standard care for patients with 

locally advanced and inflammatory breast cancers6.  Neoadjuvant therapy is treatment 

given before the primary therapy to reduce the tumor volume to an operable state and 

increase the chance of breast conservation.   Table 1.1 summarizes some of the 

therapeutic options with typical course of treatments according to the tumor stage. 
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Table 1.1 Medications Used in the Treatment of Breast Cancer5 

Karen L. Maughan, Am Fam Physician 81 (11), 201 
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Runt-related transcription factor 2   

1.  Runx gene structure, expression and function. 

 

 

Figure 1.4 Structure and regulated expression of mammalian RUNX gene10 
Levanon D., Groner Y., Oncogene 23, 2004 

 

 

RUNX2, also known as AML3/PEBP2αA/CBFA1, is one of three members of the 

mammalian runt-related family of transcription factors.  The Runt family of transcription 

factors is composed of RUNX1, RUNX2 and RUNX3 in mammals11,12 (Figure 1.4).  

These proteins play essential roles in development of blood, bone, and neurologic 

systems, respectively, by regulating genes involved in cellular growth and differentiation 

of distinct tissues12-14.  The RUNX transcription factors bind to DNA through an 

evolutionarily conserved binding domain, the runt domain. For all three RUNX proteins, 

DNA binding is mediated by a heterodimeric cofactor, CBFβ.  An association of this 



12 

 

cofactor with RUNX protein enhances RUNX DNA-binding and protects RUNX from 

proteasomal degradation15. The RUNX heterodimer can act either as an activator or 

repressor of target gene transcription in a cell context-dependent manner.   As shown in 

Figure 1.5, a large number of coactivators and corepressors have been shown to interact 

with RUNX proteins.  These include HDACs (histone deacetylases), Smad1, Stat1 and 

YAP (yes- associated protein)11,12,16.  The unique lineage-specific functions of the three 

different RUNX proteins have been studied.   RUNX1/AML1 has important roles in 

hematopoiesis and angiogenesis and its dysregulation is associated with AML (acute 

myeloid leukemia)11,12.  It is the most frequent target for chromosomal translocation 

t(8:21) in more than 30% of all human leukemias.  RUNX3/AML3 is expressed in 

epithelial cells of the glandular stomach and it is shown to be a major tumor suppressor in 

gastric cancers11,13,17.  

 RUNX2 was found to be a master transcription factor regulating osteogenesis.  

Targeted disruption of RUNX2 in mice results in failure of osteoblast differentiation, 

leading to loss of proper bone formation and perinatal lethality14,18.  RUNX2 

haploinsufficiency in human causes a skeletal disorder, cleidocranial dysplasia, which is 

similarly observed in RUNX2 heterozygote mice14.  Recent studies have supported an 

oncogenic role for RUNX2 in cancer progression, specifically in hormone-responsive 

cancers such as prostate and breast cancer. 
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. 

 

 

Figure 1.5 Scaffolding nuclear proteins19: 
A mechanism of specificity in gene regulation of RUNX2 (Modified) 

Stein G., Pardee A,. Biomolecular Regulation and Cancer. Second 
Edition. New Jersey: John Wiley & Sons, Inc., 2004. Print. 

 

 

RUNX2 and Breast Cancer 

RUNX proteins have been shown to function in cancers in a context-specific 

manner as either tumor suppressors or oncogenes.  Inactivation of RUNX1 via 

chromosomal translocation and epigenetic silencing of RUNX3 via DNA methylation 

were found to be associated with hematological and gastric cancer, respectively11,12,17.  
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Among the RUNX family members, an increasing number of studies have revealed an 

oncogenic role for RUNX2 in breast cancer progression where amplification or aberrant 

expression of RUNX2 promotes tumorigenesis.   Studies have documented that RUNX2 

regulates expression of OPN (osteopontin), BMP (bone morphogenic protein) and MMPs 

(matrix metalloproteinases 13 and 9) which confers osteomimetic features upon breast 

cancer cells thus promoting bone metastasis18,20-23.  For instance, an overexpression of 

RUNX2 in several breast cancer cells lines (MCF7, MDA-MB-231) significantly 

increases MMP9 expression; whereas, the knockdown of RUNX2 results in a decrease in 

MMP9 expression, indicating that RUNX2 has a role in migration and invasion, which 

are necessary for cancer metastasis23,24.  In addition, RUNX2 promotes expression of 

vascular endothelial growth factor (VEGF) to activate angiogenesis necessary for bone 

formation and for promoting cancer progression in cancer cells23,25,26.  RUNX2 

expression has also been implicated in driving lymphoma development by collaborating 

with MYC to suppress apoptosis and promote growth27,28. 

 A number of studies have revealed a complex interaction between RUNX2 and 

ERα with implications for breast cancer development.  A direct interaction between 

RUNX2 and estradiol-bound ERα results in an inhibition of RUNX2 transcriptional 

activity of its target genes suggesting a potential mechanism to explain pro- or anti-

oncogenic consequences of RUNX2 protein21,29,30.  One potential explanation was that in 

the initial stages of breast cancer, RUNX2 plays a suppressive role and thus inhibition of 

this effect by ERα promotes cancer progression.  In advanced stages, RUNX2 has an 

oncogenic role and inhibition of RUNX2 may be beneficial, which could explain why the 

ERα-positive breast cancers are less aggressive compared to the ERα-negative cancers.  
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In the metastatic stage, RUNX2 promotes bone metastasis without any opposition from 

ERα.  Clinical studies have been performed to reveal a correlation between RUNX2 and 

breast cancer progression by immunohistochemical (IHC) analysis22.   RUNX2 

expression was significantly associated with breast cancer stage and histological grade of 

the samples examined and the patients with high RUNX2 expression had worse clinical 

outcome especially in ER-negative cases.  In addition, from the analysis of 24 breast 

cancer cell lines, RUNX2 expression was high in 9 out of 11 of the cell lines that were 

characterized as triple negative (ER-/PR-/HER2-) cells17 (Table 1.2).  Triple negative 

breast cancer is a subtype of breast tumors that display a highly aggressive phenotype and 

lack of effective therapies, which indicates a possible role of RUNX2 in acquisition of 

advanced tumorigenic properties.  Taken together, these findings support a possible role 

for RUNX2 in promoting breast cancer progression.   
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Cancer Metabolism 

1.  Metabolic reprogramming of cancer cells 

Development of carcinoma and its progression arises from the transformation of 

normal to hyperplastic epithelium, which results in unlimited proliferation of cancer cells 

leading to tissue invasion and metastasis.  As depicted in the diagram below (Figure 1.6), 

this progression is the result of a continuous optimization process which confers a 

selective advantage on the cancer cells31.  The phenotypic advantages of cancer cells 

include evasion of apoptosis, self-sufficiency in growth signals, insensitivity to anti-

growth signals, tissue invasion and metastasis and aerobic glycolysis31-33.  All these 

phenotypes are ‘hallmarks of cancers’ and define the tissue barriers in the 

Table 1.2 - RUNX2 
expressing breast cancer 
cell lines. RUNX2 expression 
in a collection of 51 breast 
cancer cell lines (analyzed by 
Neve et.al 96) is summarized. 
Of the 13 RUNX2 positive 
cell lines, 10 (77%) were triple 
negative.  
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microenvironment that cancer cells overcome for survival and unlimited proliferation 

during cancer progression.   

 

 

 

 

Figure 1.6 Model for cell–environment interactions in carcinogenesis31 
Robert Gatenby, Nat Rev Cancer 11, 2004 

 

  

Cellular metabolism is a series of biochemical processes in living organisms 

responsible either to produce or consume energy.  Defining and understanding the 

biological roles of these processes have been critical in the fields of biochemistry, 

resulting in the identification of more than 8,700 reactions in metabolic networks34.  Core 
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metabolism can be simplified with those pathways involved in nutrient utilization and 

energy production like glycolysis, tricarboxylic acic cycle (TCA) and urea cycle, 

oxidative phosphorylation, glycogen catabolism, and the production of ATP in energy 

transfer reactions in the mitochondria.  The study of biochemistry and the physiological 

roles of metabolism has dominated basic and medical research for decades and peaked 

with the realization of interrelationships between human disease and perturbed metabolic 

states.  However, the introduction of the genetic and molecular basis of cancer in research 

gradually displaced the metabolic views of human disease.  Recently, ongoing 

investigations in cancer research have revived an interest in the mechanisms of cellular 

metabolism that regulate tumor cell proliferation and survival because of the inevitable 

impact that metabolism has on all of the fundamental aspects of cellular biology and 

adaptation of tumor cells following oncogenic activation or tumor suppressor gene 

silencing. 

 Aerobic glycolysis, also known as the ‘Warburg effect’, was first discovered by a 

German biochemist Otto Warburg in the 1920s32,35,36.   It states that unlike most normal 

cells, cancer cells exhibit greater glucose uptake and utilize glycolysis to generate energy 

regardless of oxygen availability35,37.  As a result, cancer cells convert a high flux of 

glucose into lactate rather than metabolizing it through mitochondrial oxidative 

phosphorylation (OXPHOS) to produce energy required for cellular function (Figure 1.7).   

The basis of this phenomenon had led to development of Positron-Emission Tomography 

(PET) and gained widespread use as an imaging technique to demonstrate abnormally 

high rates of glucose uptake for primary and metastatic lesions of most human cancers38.  

The inefficiency of glycolysis producing only 2 ATP (adenosine triphosphate) per 
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glucose versus 36 ATP for respiration (OXPHOS) has raised the question of why tumor 

cells prefer glycolysis.  Initially, Warburg predicted that aerobic glycolysis was caused by 

a defective mitochondrial OXPHOS, and was the result of a metabolic switch from 

OXPHOS to aerobic glycolysis.  However, ongoing investigations have revealed that 

most tumors retain their mitochondrial capacity to varying degrees, which provoked great 

interest from researchers and led to uncovering the causes and consequences of the 

Warburg effect.   

 

 

Figure 1.7 Warburg Effect39 
Vander Heiden M., Thompson C., Science 324, 2009 

 
  

A number of ideas have been proposed to explain the causes and the 

consequences of the Warburg effect.  Many studies suggest an intimate link between 
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cancer metabolism and signaling pathways to directly regulate and orchestrate 

tumorigenesis.  For example, activation of specific oncogenes such as, Hif1α (hypoxia 

inducible factor 1 α), Myc, and the PI3K/Akt/mTOR pathway, drive and promote a 

metabolic switch in cancer cells40-43.  Hif1α is a major transcription factor that is 

responsible for regulation and adaptation under nutrient stress such as oxygen and 

glucose deprivation.  It is known to be upregulated in many cancers and directly 

promotes target gene expression that regulates glycolysis, glucose transporters and 

inhibitors of mitochondrial metabolism41,43.  The transcription factor Myc also directly 

targets and upregulates the expression of metabolic genes.  Studies have shown that Myc 

and Hif1α collaborate to regulate and drive altered cancer metabolism44,45.  In other 

studies, activation of Akt signaling, a well characterized downsteam effector of insulin 

signalling, has been shown to directly upregulate glycolysis in breast cancer tissues 

relative to normal breast tissues46.   In addition to the activation of oncogenes to drive 

cancer metabolism, an involvement of tumor suppressors has also been described.  A loss 

of tumor suppressor protein p53, the most frequently mutated gene in human cancers, has 

been shown to downregulate the expression of SCO2 (the synthesis cytochrome c oxidase 

protein), leading to suppression of mitochondrial OXPHOS.  TIGAR (TP53-induced 

glycolysis and apoptosis regulator) is a second effector of p53 that decreases the levels of 

fructose-2,6-bisphosphate, a potent stimulator of glycolysis47,48.  The loss of p53 leads to 

repression of TIGAR, causing a release of repression of glycolysis.  Other explanations 

have also been proposed.  Because glycolysis has a capacity to generate ATP at higher 

rates than mitochondrial respiration, this could potentially benefit the cancer cells to meet 

their high demands of ATP production as long as the glucose supply is not limited31,38.  
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Moreover, other studies have shown that excess production of lactate from pyruvate by 

LDHA (lactate dehydrogenase A) in different cancer cells can create acidic and toxic 

environments that support the evolution of glycolytic phenotypes.  To support this idea, it 

has been described that the abnormal tumor microenvironmental conditions, such as lack 

of sufficient nutrients, altered pH and levels of metabolites, have a major role in the 

selection process of tumor cells33,38 to induce cellular stress response and lead to an 

altered metabolic phenotype.  Finally in addition to all these, it has been recently 

highlighted that aerobic glycolysis provides substrates for biosynthetic pathways 

necessary for cell survival and proliferation. 

The hydrolysis of ATP provides the energy for the biosynthetic reactions required 

to replicate cellular contents in proliferating cells.  Rapidly proliferating cells require not 

only ATP, but also various other metabolites including ribose sugars for nucleotides, 

glycerol and citrate for lipids, nonessential amino acids and NADPH.  The Pentose 

Phosphate Pathway (PPP) is an important pathway for these biosynthetic processes as 

well as a defense mechanism for oxidative stress.   It generates ribose-5-phospate as well 

as NADPH, molecules which are used to reduce fatty acid synthase and glutathione for 

antioxidant defense, respectively.  This explains the rationale for high-flux metabolic 

pathways to increase production of biomolecules essential for cellular proliferation.  In 

fact in many cancers, such as colorectal and breast cancer cells, an upregulation of PPP 

has been observed49-51.  Furthermore, recent studies have demonstrated that some cancer 

cells express a different isoform of pyruvate kinase (PK), PKM240,52.  PK catalyzes the 

third irreversible reaction of glycolysis, converting phosphoenol-pyruvate (PEP) to 

pyruvate.  While active form of tetramer complex of PKM2 directs glucose towards 
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oxidative metabolism, less active form of dimeric complex consequently produces less 

pyruvate and ATP, meanwhile generating accumulation of glycolytic intermediates 

upstream of PEP that are shunted into PPP53.  In addition, PKM2 in its less active form 

displays tyrosine kinase activity in nucleus, which is shown to promote transcriptional 

activity of HIF1α, leading to aerobic glycolysis52,53.   Effects of unique tumor 

microenvironment during cancer progression have also been proposed to play a role in 

metabolic reprogramming as a part of tumor evolution, as briefly explained in the 

beginning of this chapter.  In issue of Nature perspective (2012), Dr. Robert Gatenby has 

stated, “one important lesson physicist can teach us is the explicit separation of 

experimental observation and system principles.  Whether analyzing planetary motion, 

atomic spectra or subatomic particles, physicists do not define a system by empirical data.  

Rather, they use data to support or refute a postulated theoretical framework that defines 

the system’s governing principles.  In building a framework for cancer biology, I propose 

that cancer, like all biology, only makes sense in the light of evolution54.”  He emphasizes 

the importance of understanding the evolutionary and ecological dynamics of cancer and 

the fundamental principles governing complex biological and environmental selection 

force.  As a tumor expands, forming a multi-layer growth, it creates a gradient for 

delivery of nutrients, such as glucose, stromal-derived growth factors, and oxygen.  As a 

consequence, the oxygen-deprived tumor microenvironment will stabilize Hif1α and 

directly activate glycolytic genes and at the same time repress mitochondrial respiration.  

It enhances glycolytic flux by upregulating expression of many glycolytic genes 

including glucose transporter-1 (GLUT-1), GLUT-3, lactate dehydrogenase-A (LDHA), 

phophoglycerate kinase-1 (PGK-1), and phosphofructokinase-1 (PFK-1)32,41,43,45.  On the 
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other side, mitochondrial OXPHOS is repressed by various pathways including an 

upregulation of pyruvate dehydrogenase kinase-1 (PDHK-1)55.  Pyruvate dehydrogenase 

(PDH) catalyzes the conversion of pyruvate into acetyl-CoA to fuel the TCA cycle.  

PDHK-1 phosphorylates and inactivates PDH, thereby shunting pyruvate for lactic acid 

conversion and inhibiting pyruvate entry into the mitochondria.  In addition, recent 

studies have revealed that Hif1α represses mitochondrial respiration by inhibiting the 

cytochrome oxidase subunit Cox-1 (cytochrom c oxidase), a final complex in electron 

transport chain that utilize O2 as the terminal electron acceptor55.  One of the first 

observed prominent phenomena of the Warburg effect was the activation of LDHA, an 

enzyme that converts pyruvate to lactate, consequently creating an acidic tumor 

environment and preventing pyruvate from entering TCA cycle.  Acidosis has been 

proposed to be selectively toxic to normal surrounding tissues of the tumors.  Studies 

have shown that increased lactic acid production also leads to degradation of extraceullar 

matrix (ECM), leading to an increased capacity for survival, invasion and metastasis of 

cancer cells31,33,56,57 .  Under these circumstances, it is therefore reasonable to state that 

the dynamics of both individual organisms and their communities are initially governed 

by phenotypic interaction with environmental selection forces which will eventually lead 

to genotypic changes of the tumor cells, as stated by Dr. Robert Gatenby54.    
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Figure 1.8 Detailed metabolic Pathways of actively proliferating cells39  
Vander Heiden M., Thompson, C., Science 324, 2009 

 

 

 Despite these observations, the complex metabolic networks of glycolytic 

regulation and their significance for tumorigenesis still remain to be elucidated.  Growing 

numbers of studies have challenged the significance of the Warburg effect in tumor 

progression since not all tumors rely on glycolysis and glycolytic activity may depend on 

the growth rate of the tumors.  Highly proliferating tumor cells rely more on glycolysis 

than slow growing tumors and this is why some of the glycolysis targeting drugs such as 

bromopyruvate, are only effective in certain cancer types.  The initial thought of Otto 

Warburg regarding inactive mitochondria has already been invalidated by a number of 
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studies because the Warburg effect itself does not explain the persistence of 

mitochondrial respiration or the high demand of macromolecular biosynthesis.  In fact, 

studies have shown that mitochondrial respiration supplies most of the ATP for cancer 

cells58.  In some studies, it has been observed that glutamine, rather than glucose, is used 

as a major energy source which preferentially utilizes OXPHOS in cervical, breast, 

hepatic and pancreatic cancer cells52,58.  In very early studies, Kalburn et al. (1969)59 

documented that the amount of ATP required to produce a new cell is not much different 

from a resting cell, stating that it is really the accumulation of biomass, DNA and other 

metabolites, needed for cell division60.  In fact, the oncogenic factor Myc was shown to 

target genes involved in glycolysis and glucose transport as well as genes involved in 

glutaminolysis and fatty acid synthesis42,60.  Moreover, it was also shown to promote 

mitochondrial biosynthesis and function.  Other oncogenic factors, such as ras, are also 

known to participate in parallel with glycolysis and mitochondrial respiration.  Their 

functions and activities varied according to their tumor microenvironments, which 

constantly modulated the energy metabolism suitable for their survival.  It is still 

controversial whether altered metabolism is a cause or a consequence of the cellular 

transformation process.  From the bioenergetic point of view, it is abnormal cancer 

metabolism that triggers the instability and selection of genetic mutations, whereas it is 

believed that a disease of genes contributes to metabolic changes.  More studies on the 

dynamic complex of this multi-step pathogenesis between cancer gene mutation, 

metabolic reprogramming and tumor-induced microenvironment will be crucial in order 

to improve targeted therapeutic intervention.  It is difficult to define the temporal 

specificity of what seem like concurrent events.  However, it is likely that the nature of 
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cancer cells is not a stable system, but rather a constant flux and switching of regulatory 

systems according to the temporal and spatial factors of the microenvironment. 

 

2. SIRT6 and glucose metabolism 

 Sirtuins are NAD+-dependent histone deaceylases categorized as class III histone 

deacetylases and subsequent studies have revealed that another enzymatic function 

depends on NAD+-dependent ADP-ribosyltransferase activity 61,62.  They are 

evolutionarily conserved in all organisms from yeast to human.  The sir2 (silent 

information regulator 2) gene was first discovered in yeast as a key determinant of 

cellular life-span.  It was demonstrated that an extra copy of the sir2 gene extended 

lifespan while the deletion of sir2 shortened it61.  In addition, the functions of sirtuins 

were demonstrated to mediate the beneficial effects of caloric restriction (CR) with 

respect to cellular longevity.  Caloric restriction is an intervention known to prevent and 

retard cellular aging and extend the life-span of most organisms.  The implications of 

sirtuins as mediators of these effects have increased the interest to study these molecules 

as potential targets for metabolic stress regulation in organisms.  To date, seven 

mammalian sirtuin homologs (SIRT1-7) have been identified62,63.  Each sirtuin localizes 

to several distinct subcellular compartments and their association in cellular stress 

resistance, genomic stability, tumorigenesis, aging and energy metabolism has been 

documented as shown in Table 1.2 below64. 
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Table 1.3 Properties and functions of mammalian sirtuins65 
Baur, J.A., Nat Rev Drug Discovery 11, 2012 

 

 

Sirtuins have both oncogenic and tumor suppressor activity in a cell and context- 

dependent manner.  To date, SIRT1 has been best characterized and shown to play a role 

in both oncogenic and tumor suppressing functions.  These results are based on a number 

of studies supporting both scenarios as SIRT1 performs multi-faceted roles under 

different conditions in a cell-specific manner.  As an oncogenic factor, upregulation of 

SIRT1 level has been found in various cancer types including prostate, colon, leukemia 

and lymphoma66,67.  Moreover, it promotes cell survival through DNA repair functions 
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and prevents apoptosis and cellular senescence via chromatin structural modulation and 

deacetylation of non-histone proteins including p53, FOXO, Rb and Ku7063,66,67.  On the 

other hand, contradictory findings reveal that SIRT1 may be a tumor suppressing factor.  

For instance, SIRT1 was shown to maintain genomic stability through chromatin 

regulation and DNA repair68.  Specifically, SIRT1-/- embryos showed higher levels of 

chromosomal aberrations and impaired DNA repair functions than wild-type 

embryos61,64,69.  In addition, both genetic and drug-induced SIRT1 activation inhibits 

tumor growth and induces apoptosis and senescence in certain tumors including breast 

and colon cancers70.  Similar to SIRT1, increased expression of SIRT3 has been shown in 

several cancer types, supporting its role as a tumor promoting factor62,64,67,68.  However, 

recent studies also show that it regulates mitochondrial cellular metabolism and 

suppresses ROS (reactive oxygen species) levels and, thus, function as a tumor 

suppressor71.  Tumor suppressor roles for SIRT2 and SIRT6 have also been described.  

SIRT2 is downregulated in human gliomas and is shown to be involved in DNA repair 

systems and control of cell cycle progression67.  SIRT7 was shown to have an oncogenic 

effect with upregulation in various cancers including breast and thyroid.  It also activates 

RNA polymerase I and promotes cell proliferation, supporting tumor growth66. 

 SIRT6 has also gained great interest in the field of cancer metabolism due to the 

severe hypoglycemic phenotype of SIRT6-deficient mice.  To date, our knowledge of 

SIRT6 function is very limited.  Recent work has shown that it is a nuclear protein and 

bound to chromatin and has histone deacetylase activity, deacetylaing histone H3 lysine 9 

(H3K9)72,73.  New studies have demonstrated that SIRT6 functions as a corepressor of 

NF-κB at H9K9 of its target promoters, thereby attenuating NF-κB-dependent apoptosis 
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and senescence74,75.  SIRT6-deficient mice die before 4 weeks of age, displaying 

profound lymphopenia, loss of subcutaneous fat, lordokyphosis, premature aging, 

hypoinsulinemia and osteopenia76,77.  Similar to SIRT1, SIRT6 is also involved in 

resistance to DNA damage and oxidative stress, specifically associated with base excision 

DNA repair (BER), and SIRT6 knockout mice demonstrate high levels of genomic 

instability and aging-like phenotypes73.  The most striking phenotype was an acute 

hypoglycemia caused by a remarkable increase in glucose uptake levels in both muscle 

and brown adipose tissue, suggesting a potential role for SIRT6 in regulating glucose 

homeostasis.  

 

 

 

Figure 1.9 Mammalian sirtuins and energy metabolism62 
Li X., Kazgan N., Int J Biol Sci 7(5), 2011 
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Recent work from Mostoslavsky et al. shows that SIRT6 functions as a 

corepressor of Hif1α transcriptional activity by deacetylating H3K9 at Hif1α target gene 

promoters under nutrient deprivation conditions.  Because Hif1α is known to increase 

glycolytic capacity and repress OXPHOS, its repression leads to efficient glucose flux 

into the TCA cycle to enhance mitochondrial respiration, which at the same time inhibits 

glycolysis.  Although a detailed molecular mechanism is still under active investigation, 

in this context, it suggests that SIRT6 functions as a tumor suppressor to counteract a 

Hif1α-dependent Warburg effect.  Figure 1.10 shows the schematic regulation of some 

glycolytic pathway genes by SIRT6 and Hif1α at a transcriptional level78.  As shown, 

some of the glycolytic genes are regulated by both SIRT6 and Hif1α, whereas other genes 

are regulated independently. 

 The role of sirtuins in the regulation of cellular life-span in a calorie-restricted 

manner has intrigued many investigators to uncover the underlying molecular 

mechanisms.  These studies have shown that the deletion of sir2 in yeast and worm can 

interfere with the beneficial effects of CR61,62,68. Rats fed a CR diet or cells cultured 

under nutrient-deprived conditions significantly induced the expression levels of SIRT1 

and SIRT6, suggesting the association of these genes with a CR response.  Recently, 

attempts have been made to mimic CR conditions by inducing SIRT1 activity with 

natural compouns, such as Resveratrol, as a therapeutic intervention to protect against 

metabolic stresses and possibly cancer63,64.  However, as discussed earlier, the Janus-like 

roles of SIRT1 could result in unpredictable effects. 
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Figure 1.10 Schematic diagram of glycolysis76. 
Regulation of glycolysis by SIRT6 and Hif1α 
Zhong, L., Mostoslavsky, R., Transcription 1, 2010 
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3.  NAD, sirtuins, and cancer metabolism 

 NAD (Nicotinamide Adenine Dinucleotide) is an important molecule involved in 

cellular signaling pathways and regulates fundamental processes, including DNA repair, 

cell cycle progression, apoptosis, and metabolism66.  Because sirtuins are NAD+-

dependent enzymes, they constitute a direct link between metabolic homeostasis and gene 

regulation.  Sirtuin activity is dependent on the levels of NAD+ or the redox ratio of 

NAD+/NADH, which is a critical sensor of the cellular metabolic state.  As discussed 

earlier, the Warburg effect is a hallmark of cancer cells, which supports malignant 

transformation in order for cancer cells to adapt to and survive in the tumor 

microenvironment.  Figure 1.11 demonstrates the major metabolic differences between 

normal and cancer cells, depicting the ratio of NAD+/NADH levels and how they affect 

the function of sirtuins66.  As depicted in the figure, normal cells have low glycolytic 

rates and the majority of pyruvate enters the mitochondria for OXPHOS, which results in 

a high NAD+/NADH redox ratio.  Conversely, in cancer cells, high rates of glycolysis 

and constant regeneration of NAD+ by LDHA to support glycolysis leads to a rebalance 

of the redox ratio in favor of NADH.  Based on these differences in cellular NAD+ 

availability, the activities of sirtuins are regulated accordingly.  For example, in normal 

cells, high levels of NAD+ increase the activity of SIRT6 and SIRT1 and directly 

antagonize glycolysis and Hif1α activity to maintain glucose homeostasis.  On the other 

hand, in cancer cells, the switch in redox ratio decreases these antagonizing effects of 

aerobic glycolysi, and further support glycolytic switching of cancer cell metabolism.  

Based on this hypothesis, the functions and activities of metabolic enzymes, including 

sirtuins, could result in mediating and amplifying cellular effectors to alter NAD+/NADH 
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redox states, which leads to regulation of various cellular signaling pathways and to 

altered glucose metabolism within tumors. 

 

 

           

 

Figure 1.11 The Warburg effect and the NAD metabolome66 
Alberto Chiarugi, Naure Review 3340, 2012 
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II. Materials and Methods 
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Cell culture and clonal selection 

RUNX2 negative MCF7 cells are ER+ and express wild type p53, PTEN, c-myc, and ras, 

but do not express p16.  MCF7 cells containing tTA (Tetracycline-controlled 

transactivator) regulatory vector were purchased from Clontech (Takara Bio, Mountain 

View, CA).  Derivation of inducible RUNX2 expression in ER-positive MCF7 cells using 

the BD™ Tet-Off System was described79. Cells were frozen within three passages and 

maintained in DMEM containing 10% FBS and the antibiotics G418 (100 ng/ml), 

hygromycin (50ug.ml), and doxycycline (2ug/ml) for selection. Cells were subcloned and 

grown under similar conditions in the presence or absence of doxycycline for 72 hours to 

induce RUNX2 expression.  RUNX2 positive Hs578t cells were obtained from ATCC 

(Manassas, VA).  These cells are ER-negative, express wild type PTEN, overexpress c-

myc, and have mutant p53 and ras.  Hs578t parental cells were infected with lentiviral 

shRNA expressing viruses targeting 5 different regions of the RUNX2 coding sequence 

(Sigma-Aldrich, St Louis MO).  Stable knockdown clones were selected as recommended 

by the manufacturer (Sigma-Aldrich; Mission in vivo shRNA system) and were frozen 

within three passages.   Cells were maintained in media containing DMEM + 10% FBS 

with 1ug/ml puromycin.  In separate protocols, low-RUNX2 expressing, glucose 

deprivation-resistant clones of Hs578t cells (Hs578t.LG) were generated by replacing 

culture medium with low-glucose (0.5mM) +  5%FBS for 4 days.  Standard culture 

medium was added back to the surviving cells.  After 10 days, expanded cells were 

characterized for RUNX2 expression. SIRT6 overexpressing cells were selected after 

transfection of parental Hs578t tumor cells with a Flag-tag SIRT6 cDNA expression 

plasmid (Genecopoeia, Inc., Rockville, MD) and selection with G418. SIRT6 protein 



36 

 

expression was confirmed by Western blot. For measurement of SIRT6 and Hif1α 

expression, cells were either starved in the absence of glucose for the indicated time or 

different concentrations of glucose were added.  Treatment with pyruvate (0, 0.1mM, 1 

mM) or cycloheximide (10µg/µl) was performed in 5% or 2% FBS, respectively. The 

proteasomal inhibitor MG132 (20uM; Sigma/Aldrich, St Louis, MO) was used to treat 

MCF7 cells cultured in the absence (RUNX2 positive) or presence (RUNX2 negative) of 

doxycycline (2ug/ml) after 24 hours of glucose starvation.     

 

Western blot and immunohistochemistry (IHC) analysis 

Briefly, cells were washed with PBS and cytoplasmic and nuclear lysates were extracted 

using NucBuster (Novagen/EMD4 Biosciences) (Pierce et al, 2012).  Lysates were 

fractionated by SDS-PAGE with 4-12% gradient gels purchased from Invitrogen.  

Western analysis was carried out using antibodies recognizing the following specific 

peptides or proteins: Flag (Sigma), RUNX2 (MBL), Hif1 α, GLUT1 (Abcam), SIRT6 

(Cell Signaling), Akt (Cell Signaling), ERα (Santa Cruz), and β-actin (Sigma/Aldrich). 

ERα protein levels were quantified by scanning gels (n=3) using the generic gray gamma 

2.2 profiler in the Apple ColorSync Utility (version 4.6.2) program.  MCF7 cells grown 

in the presence or absence of doxycycline were starved for 24 hours.  5mM glucose was 

then added for 4 hours and protein levels of GLUT1 and pAkt, were analyzed using 

cytoplasmic extracts.  For SIRT6 expression, cells were starved in the absence of glucose 

for 16hr followed by glucose treatment at the indicated concentrations (0.5 – 25mM).  

Cells were also treated with pyruvate (0, 0.1mM, 1 mM) and SIRT6 levels were 

measured by Western blot. IHC was performed with tissue samples from breast cancer 
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patients according to a protocol approved by the Institutional Review Board of the 

University of Maryland, Baltimore.  Archival and fresh breast tumor specimens were 

prepared as formalin-fixed, paraffin-embedded tissue sections.  Expression of RUNX2 

was detected using RUNX2-specific antibody (1:500 dilution, Santa Cruz, CA).  To 

confirm the specificity of the antibody, each specimen was also stained with only 

secondary antibody.   

 

Measurement of glucose uptake 

For the assessment of glucose uptake values, MCF7 cells cultured in the presence 

(RUNX2 negative) or absence (RUNX2 positive) of doxycycline were plated and grown 

in DMEM containing 10% FBS for 24 hours.  Cells were then starved for 24 hours 

followed by incubation with 100µM of 2-NBDG (fluorescently-labeled D-glucose analog 

2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino]-2-deoxy-D-glucose) for 30min as 

recommended by the manufacturer (Invitrogen/Life Technologies Corporation).  Cells 

were harvested and fluorescence intensity was measured by FACS analysis using 

excitation/emission maxima of 465/540nm and fluorescein optical filters. Results were 

expressed as relative fluorescence intensity. 

 

Mitochondrial oxygen consumption rate 

Respiration was measured in live cells in a physiologically intact system (Clerc & Polster, 

2012; Schuh et al, 2011) using the Seahorse XF24 system system (Seahorse Bioscience, 

North Billerica, MA), which allows for simultaneous measurement of OCR (O2-
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consumption rate), a result of oxidative phosphorylation, and ECAR (extracellular 

acidification rate), largely due to glycolytic lactic acid production. Several established 

protocols were employed to assess oxygen consumption in response to glucose or 

pyruvate (Dranka et al, 2010). These protocols yield data comparable to those obtained 

with the Clark electrode (Dranka et al, 2011). Protocol 1: Basal OCR was determined 

before adding mitochondrial oxidative phosphorylation inhibitors and changes in OCR 

were monitored over time relative to untreated cells. Protocol 2:  Basal OCR was 

determined in 5mM glucose followed by oligomycin treatment (to inhibit the ATP 

synthase), allowing measurement of residual OCR due to proton leak. Injection of up to 

1.0uM FCCP (to uncouple electron transport from oxidative phosphorylation and allow 

maximum electron flux through the ETC) was used to measure maximum OCR.  Finally, 

injection of antimycin (to inhibit complex III) allowed subtraction of the residual non-

mitochondrial O2 consumption.  Protocol 3: Cells were pretreated with glucose-free 

media.  Basal OCR was measured, followed by pyruvate (10mM) treatment and 

sequential oligomycin, FCCP, and antimycin A treatment as in protocol 2.  The 

difference between basal OCR and oligomycin-insensitive OCR estimates the amount of 

O2 consumption that is linked to ATP synthesis (Dranka et al, 2011). 
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Figure 2.1 Mitochondrial energy production and inhibitors1. The mitochondrial 
electron transport chain is composed of five multimeric complexes. Electron transport 
between complexes I to IV is coupled to extrusion of protons from complexes I, III and 
IV into the intermembrane space, creating an electrochemical gradient (∆ψ) across the 
inner mitochondrial membrane. Protons then flow through complex V (ATP synthase), 
which utilizes the energy to synthesize ATP from ADP. Some common mitochondrial 
respiratory chain inhibitors are shown. C, cytochrome c; Q, ubiquinone.  Bayir H., Kagan 
VE. Crit Care 12(1), 2008 
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Figure 2.2 Common protocols for assessing mitochondrial function in intact cells1 
Brian P. Dranka, Free Radical Biology and Medicine 51(9), 2011 

(Protocol 3 was used in our experimental setting) 
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Figure 2.3 Measuring mitochondrial respiration and glycolytic function in cells 
using Seahorse Technology. 

Source: Seahorse Biotechnology 
(http://www.seahorsebio.com) 
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Cell viability and proliferation assays 

MCF7 cells were plated on 24-well plates (250,000 cells/well) for 24 hours to allow 

recovery from trypsinization.  Cells were treated with either 2-deoxy-glucose (2-DG) 

(2mM), oligomycin (2.5uM) or rotenone (0.2 µM) to inhibit glycolysis (2-DG) or 

OXPHOS (oligomycin or rotenone) for 2 days.  For 2-DG treatment, the cell media 

contained 5% serum + 2mM glucose and for oligomycin and rotenone, 5% serum + 5mM 

glucose was used. A crystal violet assay was performed as previously described (D'Souza 

et al, 2009).  Hs578t parental and Hs578t/55.5 RUNX2 knockdown cells were plated and 

treated with different glucose concentrations (25, 5, 0.5mM) and cell growth was 

monitored.   

 

Co-immunoprecipitation assay (Co-IP) 

MCF7 cells cultured in the presence or absence of 2ug/ml doxycycline were processed 

for nuclear extract isolation.  Briefly, cell extracts were precleared with Protein G-

Sepharose (GE Healthcare) for 1 hour in 4 0C and the supernatant was incubated with 

anti-RUNX2 (MBL monoclonal antibody) overnight.  Protein-G-Sepharose was added 

for 1 hour and the precipitated complexes were washed with 50mM Tris-HCL, 150mM 

NaCl, 1mM EDTA, 1mM EGTA, 1% Triton X-100, 0.5% NP-40.  Immunoblots were 

developed with anti- SIRT6 (polyclonal rabbit; Cell Signaling) and anti-FLAG 

(monoclonal; Sigma) antibodies followed by enhanced ECL (Millipore).  Anti-mouse 

IgG was used as a control antibody.  
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Real-time quantitative RT-PCR 

Total RNA was extracted using TRIzol (Invitrogen).  1 µg of total RNA was reverse 

transcribed with oligo(dT) primer using the SuperScript first-strand synthesis system 

(Invitrogen) to synthesize cDNA. RT-PCR was performed using gene-specific primers. 

PCR primers used to examine expression of each gene are listed as forward (F) or reverse 

(R) primers.  

hHK2 : F- GAGCCACCACTCACCCTACT,   

R- ACCCAAAGCACACGGAAGTT;  

hLDHA1 : F- CAGCCCGAACTGCAAGTTGCTTAT,   

R- TCAGGTAACGGAATCGGGCTGAAT;  

hSIRT6: F- AAGTTCGACACCACCTTTGAGAGC,   

R- ACGTACTGCGTCTTACACTTGGCA;  

hGLUT1 : F- AAGGTGATCGAGGAGTTCTACA,   

R- ATGCCCCCAACAGAAAAGATG;    

hPDHA1: F- ATGCAGACTGTACGCCGAATG,  

 R- GGGTGAAAGTAAAGCCGTGAG  

 

Small-interefering (Si) RNA targeting SIRT6 

SIRT6 knockdown was performed in Hs578t/55.5 cells (low RUNX2 expression) using 

the Trilencer-27 Human siRNA oligonucleotides (Origene, Inc., Rockville, MD) 

containing a Universal Scrambled Negative Control siRNA Duplex and 3 unique 27mer 

siRNA duplexes (Catalog No. SR309840):  
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siRNA A: rCrGrArGrGrArUrGrUrCrGrGrUrGrArArUrUrArCrGrCrGGC;   

siRNA B: rCrGrGrArA rGrCrGrGrCrCrUrCrArArCrArArGrGrGrArAAC;   

siRNA C: rArGrCrGrGrArArGrGrUrGrUrGrGrG rArArCrUrGrGrCrGAG.  

 

Chromatin immunoprecipitation (ChIP) 

Chromatin immunoprecipitation (ChIP) assays were performed as previously described.  

Cells were cross-linked with 1% formaldehyde for 10 min at 37oC. After two washes 

with cold PBS, cells were collected and lysed with warm SDS lysis buffer (1% SDS, 

10 mM EDTA pH 8, 50 mM Tris-HCl pH 8) containing with protease inhibitors followed 

by sonication (5  pulses of 10 min, 30 sec.,Branson Sonifier). The DNA fragmentation 

was confirmed by agarose gel electrophoresis. After 10 min. of centrifugation at 

13,000 rpm at 4°C, supernatants were diluted to 1/10 in dilution buffer (0.01% SDS,1.1% 

Triton X-100, 1.2 mM EDTA, 167 mM NaCl) followed by pre-clearing with magnetic 

beads (Dynabeads, Invitrogen).  The antibodies were added, SIRT6 (Abcam) and IgG 

non-specific control, overnight at 4oC in rotation. The magnetic beads were added and 

incubated for 1 hour at 4oC in rotation then the beads were collected and washed 

sequentially 20 min each with high salt buffer (0.1% SDS, 1% Triton X-100, 2 mM 

EDTA, and 20 mM Tris-HCl pH 8.1, 500 mM NaCl), low salt buffer (0.1% SDS, 1% 

Triton X-100, 2 mM EDTA, and 20 mM Tris-HCl pH 8.1, 150 mM NaCl), LiCl wash 

buffer (0.25M LiCl, 1% IGEPAL-CA630, 1% deoxycholate, 1 mM EDTA, and 10 mM 

Tris-HCl pH 8.1), TE buffer (10mM Tris-HCL, 1mM EDTA).  The beads were eluted 
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with elution buffer (1% SDS , 0.1 M NaHCO3) and 5M NaCl were added and incubated 

for 6 hours in 65oC to reverse cross-link.  DNA was recovered using PCI 

(phenol/chloroform/isoamyl alcohol) extraction method and real-time PCR was 

performed for analysis. 

AML 1 site a:  

Forward 5’-CATCCCCTCCTCCAGGAAGCCCT-3’;  

 Reverse 5’-AATGGGGCTGGTGGCCTGGAGGA-3’.  

AML 1 sites a and b:  

Forward 5’-CATCCCCTCCTCCAGGAAGCCCT-3’;  

 Reverse 5’-TTGCCCAGGCTGGAGTGCAGTGG-3’.   

 

Tumor xenografts and spontaneous mammary tumors 

The research was conducted in accordance with the Guide for the Care and Use of 

Laboratory Animals (NIH) under IACUC-approved protocols. The RUNX2 inducible 

breast tumor cells (MCF7.RUNX2 Tet.OFF) were mixed with an equal volume of 

matrigel and injected orthotopically in two sites per mouse (5X106/mouse/site) in the 

mammary fat pads of female athymic mice that had been treated with a 0.05ml 

intramuscular 17-beta-estradiol valerate suspension (1mg/ml) in olive oil as described 

(Shafie & Grantham, 1981). Experimental groups were provided with drinking water ad 

libitum while other groups were provided with drinking water containing 200ug/ml 

doxycycline to repress RUNX2 expression in the implanted tumor cells (Hruska et al, 

2002).  Tumor volume was measured in three dimensions and estimated from the 
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ellipsoid formula 1/2 x L x W x H (r = 0.93).  Tumors were processed for IHC using 

established protocols with Masson’s Trichrome staining used to visualize tumor cells and 

surrounding tissue.  Brca1 conditional knockout mice with two floxed Brca1 alleles 

(Brca1f/f) carrying the mouse mammary tumor virus (MMTV)-Cre recombinase gene 

(Brca1f/f; MMTV-Cre) were bred on a C57Bl/6 genetic background (Xu et al, 1999). Non-

transgenic C57Bl/6 mice were used as controls.  Mice were maintained under 

temperature and light-controlled conditions at the University of Maryland, Baltimore 

animal facility in accordance with institutional guidelines approved by the University of 

Maryland, Baltimore Animal Care and Use Committee. The presence or absence of the 

floxed Brca1 alleles, of wild-type Brca1 alleles, and of the MMTV-Cre were identified 

using polymerase chain reaction (PCR) on tail snip DNA as described previously (Jones 

et al, 2008; Xu et al, 1999). Fourth mammary glands were surgically removed at 

necropsy, fixed for IHC in 10% buffered formalin (Fisher Scientific, Pittsburgh, PA) 

overnight at 4ºC, and embedded in paraffin using standard techniques.  IHC was 

performed on five-micron sections using a RUNX2-specific antibody Ab (Santa Cruz; 

1:200). 

 

Tissue microarrays (TMA) and statistical analysis 

Intraductal carcinoma (IDC) samples from the University of Maryland Greenebaum 

Cancer Center were obtained under IRB approval and processed for histological analysis 

using a standard protocol with H&E staining.  Specific antibodies recognizing RUNX2 or 

GLUT1 were used to analyze serial sections (5um) for evaluating protein expression.  
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The Biomax BR1503 Breast cancer tissue array (http://www.biomax.us/tissue-

arrays/Breast/BR1503), including TNM staging, pathology grade, and ER/PR/Her-2/P53 

IHC results from 150 breast carcinoma tissue microarray cores was evaluated by two 

independent pathologists (XFZ and SL) (Sup Table 2).  Each core was 1mm in diameter 

with a thickness of 5um.  Immunostaining for cytokeratin (CK) confirmed the epithelial 

origin of the tumors.  To estimate whether RUNX2, ERα, or GLUT1 were elevated in BC 

patient TMA, tumor specimens were dichotomized (RUNX2 high versus low staining).  

A Fisher's exact test with a 0.05 two-sided significance level was used, which exhibited 

above 90% power to detect the difference between a proportion of tissues with high 

RUNX2 level of 0.78 and a proportion of 0.27 in ERα  positive tissue, when the number 

of samples was 18 and 37, respectively.  The intensity scoring of the samples analyzed by 

pathologists were converted into a range by a statistician for the boxplots and statistical 

analysis (Sup Table 1).  A zero-inflated Poisson model was used to analyze the BR1503 

data set.    Results for the overall test of differences in marker expression was expressed 

as boxplots displaying the distribution of each gene (GLUT1 cytoplasmic, GLUT1 

membrane, RUNX2 cytosol, RUNX2 nuclear) across 5 groups (Normal, Stage I 

(fibroadenoma/ductal carcinoma in situ – FA/DCIS), Stage II, Stage II/III, and stage IV).  The 

Spearman correlation coefficient was used to estimate relationships in each group of 

patients.  For all other analyses, results from culture assays were calculated from at least 

three replicate samples and expressed as the mean (± SD).  To determine statistical 

significance, comparison of measurements relative to control used the Student’s t-test.  

For comparison of multiple measurements, Tukey’s post-hoc adjustment for 2-by-2 
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comparisons following ANOVA was used for data analysis. p-values < 0.05 were 

considered significant. 

 

                                                 

 

Figure 2.4 Box and Whisker plot 
Source: Statistical visualization 

http://flowingdata.com/2009/02/15/how-to-read-and-use-a-box-and-whisker-plot/ 
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III. RUNX2 regulation of breast cancer cell metabolism 
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(A) Abstract 

 Breast cancer (BC) progression is characterized by silencing of differentiation-

specific genes and activation of genes promoting a switch from oxidative 

phosphorylation to aerobic glycolysis – the Warburg effect.  Although the RUNX2 

transcription factor promotes BC metastasis to bone, the mechanisms through which it 

regulates oncogenesis are not clear.  We find that RUNX2 induction in MCF7 cells is 

associated with reduction in differentiation-specific estrogen receptor-α (ERα), increased 

expression of several glycolytic genes, increased glucose uptake (GLUT1), sensitivity to 

glucose starvation resistance to mitochondrial oxidative phosphorylation (OXPHOS) 

inhibitors.  Conversely, endogenous RUNX2 knockdown in Hs578t BC cells released 

cellular glucose addiction and reduced expression of the glycolytic genes.  Interestingly, 

they maintained high levels of PDHA1, which promotes OXPHOS by converting 

pyruvate to acetyl CoA to enter TCA cycle.  In addition, RUNX2 knockdown resulted in 

a significant increase in oxygen consumption rate (OCR), indicative of enhanced 

mitochondrial OXPHOS.  Mechanistically, the NAD-dependent histone deacetylase 

SIRT6, a known tumor suppressor, was a critical regulator of RUNX2-mediated 

metabolic switch.  SIRT6 levels were reduced in malignant BC tissues or cell lines that 

expressed high levels of RUNX2.  This repression was regulated at both the 

transcriptional and post-translational levels and may account for the glycolytic phenotype 

and reduced mitochondrial OXPHOS in RUNX2 positive BC cells.  Moreover, the 

expression of pyruvate dehydrogenase kinase 1 (PDHK1), which phosphorylates and 

inactivates PDH, was significantly higher in RUNX2 positive cells relative to RUNX2 

negative cells.  This reduction of PDHK1 was also observed in SIRT6 overexpressing 
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cells, which suggests a potential role for SIRT6 as a repressor of this oncogenic kinase.  

Finally, ectopic expression of SIRT6 in RUNX2 positive cells increased, while specific 

knockdown of SIRT6 in RUNX2 negative cells decreased, respiration.  In summary, 

these results suggest that RUNX2-mediated repression of SIRT6 may be a key pathway 

that promotes the Warburg effect and BC tumor progression.  
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(B)  Introduction  

Breast cancer (BC) is the leading cause of cancer deaths among women in North 

America and Western Europe.  Despite the improvements in early detection and 

accelerated research that has led to better understanding of the disease, about 30% of the 

breast cancer patients suffer from recurrence6.  Therefore, it is crucial to understand the 

molecular basis of the evolution of tumorigenesis and develop new targeted therapy for 

cancer prevention and treatment.  Breast cancer progression is the result of a complex 

interplay within the tumor microenvironmental events that promote tumor heterogeneity 

and progression.  The tumor microenvironmental stress results in selection of specific 

genes that allows tumor cells to adapt and survive in a harsh condition. Some of these 

genes regulate the response to oxygen or nutritional requirements and mediate complex 

metabolic pathways.  Hif1α is a crucial transcriptional factor which mediates the cellular 

adaptation responses under hypoxic or glycemic conditions.  It activates number of 

glycolytic gene expression such as GLUT1, LDHA and PFK1, while inhibiting the 

mitochondrial respiration by enhancing expression of pyruvate dehydrogenase kinase-1 

(PDHK1)55,76,80.  These changes in gene expression promote angiogenesis, enhance 

glycolysis, and repress mitochondrial respiration, thereby promoting a metabolic switch 

in tumors.  

Sirtuins are NAD+-dependent histone deacetylases categorized as class III histone 

deacetylases.  They are evolutionarily conserved in all organisms from yeast to human.  

The sir2 (silent information regulator 2) gene was first discovered in yeast as a key 

determinant of longevity61,62,64.  Seven mammalian sirtuins that function in cellular stress 
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resistance, genomic stability, aging, and energy metabolism have been identified, with 

each sirtuin expressed in specific subcellular compartments.  SIRT6-deficient mice 

exhibit profound phenotypes including osteoporosis, loss of subcutaneous fat and severe 

metabolic hypoglycemia causing death after 1 month of age73.  Recent works has shown 

that SIRT6 prevents these defects by acting as a negative regulator of Hif1α and 

deacetylating histone H3K9 on Hif1α target glycolytic genes77.  SIRT6 also affects the 

balance of glycolysis and oxidative phosphorylation by acting as a transcriptional 

repressor to inhibit expression of PDHK1, which phosphorylates pyruvate dehydrogenase 

(PDH) and inhibits its activity76,77.  Pyruvate dehydrogenase is the rate-limiting step in 

conversion of pyruvate to acetyl-CoA, which enters the tricarboxylic acid (TCA) cycle 

and increases oxygen consumption and ATP production in the mitochondria.  Repression 

of PDHK1 by SIRT6 will enhance the activity PDH, which leads to an activation of 

mitochondrial oxygen utilization.  Interestingly, SIRT6 also exhibits non-transcriptional 

functions, which include a role in DNA repair through its ADP ribosylation activity and 

protein processing through the proteasome pathway in response to cell stress64,81-83. 

The RUNX2 gene is overexpressed in many solid tumors such as breast and 

prostate cancers, is amplified in melanoma and osteosarcomas, and promotes acute 

myeloid leukemia in cooperation with the Cbfß/SMMHC oncogene11,12,20,27.  RUNX2 is a 

DNA-binding transcription factor that increases the formation of osteolytic metastatic 

lesions in mouse models of breast cancer.  RUNX2 regulates the expression of genes 

associated with tumor growth, migration, and invasion such as metalloproteinases 

(MMPs) and extracellular matrix molecules (bone sialoprotein, collagen I)24.  Previous 

studies found a negative correlation between RUNX2 expression and ERα status in BC 
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specimens, with a subset of cancers expressing both RUNX2 and ERα21,84.  RUNX2 also 

promotes cell transformation through its interactions with the WW-domain coactivator 

yes-associated protein, Yap1 and a recent report also suggests that RUNX2 expression is 

associated with ERα negative BC84,85.  However, the mechanisms through which RUNX2 

might promote dedifferentiation and BC progression are not completely clear.  

Transcription factors respond to environmental nutrients and mediate cellular survival 

and adaptation.  We found recently that glucose metabolism regulates RUNX2 DNA-

binding and transcriptional activity through phosphorylation of a specific cdk 

phosphorylation site on RUNX286.  Since many genes that are the target of glucose 

metabolism regulate glucose utilization, we reasoned that RUNX2 might be involved in 

altering the energy balance in BC cells to favor glycolysis.  To test this hypothesis, we 

generated an inducible RUNX2 breast cancer model in MCF7 cells that do not express 

RUNX2 and used shRNA-targeted RUNX2 knockdown in RUNX2 positive Hs578t BC 

cells.  We found that RUNX2 increased glucose uptake and utilization by repressing the 

levels of SIRT6 protein at both the transcriptional and post-translational level.  Moreover, 

the absence of RUNX2 increased the mitochondrial oxygen consumption rate, indicative 

of enhanced mitochondrial function, which was in part reversed by an exogenous 

expression of SIRT6.  These results reveal for the first time new mechanisms through 

which the RUNX2 promotes the Warburg effect and BC progression: regulation of 

SIRT6 expression and cancer cell metabolism.   The results may have therapeutic and 

clinical relevance for the design of inhibitors of RUNX2 that could reverse the glycolytic 

phenotype or favor oxidative phosphorylation to delay or prevent tumor progression.  
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(C) Results 

1. RUNX2 and metabolic BC function 

The ERα-positive BC cell line MCF7, which does not express RUNX2 protein, 

was chosen to determine the effect of RUNX2 expression on BC progression. This is a 

relevant model of breast cancer progression since acquisition of RUNX2 expression in 

breast cancer is an early event and occurs in ERα-positive tumors.  In this system (tet-

OFF), the absence of doxycyline allows the tTA to activate the expression of RUNX2, 

while the presence of doxycycline represses RUNX2 expression (Figure 3.1).  . Stable 

clones were isolated and expression of RUNX2 was verified by Western blotting using 

RUNX2-specific antibodies.  

 

 

Figure 3.1 - Tetracycline (Tet) – Off system in human breast cancer cells. Derivation of 
inducible RUNX2 expression in ER-positive MCF7 cells using the BD™ Tet-Off System.  The 
tetracycline-responsive element (TRE) located upstream of the minimal immediate early 



56 

 

promoter of cytomegalovirus (PminCMV), which is silent in the absence of activation, was used.  
Tetracycline transactivator (tTA) binds the TRE and activates transcription of RUNX2 in the 
absence of tetracycline or doxycycline. Upon addition of doxycycline, the tTA is released from 
the TRE and transcription is halted 

 

 

In order to study the role of RUNX2 in tumor growth in vivo, RUNX2+ or control 

MCF7.tTA cells were injected into the mammary fat pads of athymic nude mice and 

tumor growth and morphology were examined after 3 weeks.  Although there was 

variation in tumor growth rates, a trend for larger tumors was evident in RUNX2 positive 

tumors though not as significant (Figure 3.2).  MCF7.tTA or MCF7.RUNX2 tumors 

from mice exhibited similar morphology with regions of fibrosis and few tumor cells 

(Figure 3.3). However, MCF7.RUNX2 tumors in mice were more cellular and less 

fibrotic with prevalent blood vessels, suggesting a higher metabolic requirement.     

 

Figure 3.2 MCF7.RUNX2 or 
control MCF7.tTA tumor cell 
growth in athymic mice.  Tumors 
from orthotopic injections of 5X106 
cells/mouse were measured in three 
dimensions. Because of limited 
animals (n=5 for RUNX2; n=3 for 
tTA), tumor volume for individual 
tumors is shown. Solid bars 
indicate mean volumes for each 
time point. RUNX2 positive tumor 
sizes (solid squares) were, on 
average, larger than RUNX2 
negative tTA tumors (open 
squares).   
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Figure 3.3 MCF7.RUNX2 or control MCF7.tTA tumor cell growth in athymic mice.  
Histology: H&E staining of representative tumor tissue at the end of the experiment (30 days). 
RUNX2 positive tumors (–doxy) exhibit a higher density of epithelial cells (dark blue) and more 
intra-tumoral blood vessels (arrows) relative to extracellular matrix (pink) than tTA control 
tumors or RUNX2 negative tumors grown in mice fed doxycycline (+dox) in the drinking water. 
Scale bar = 100um for all panels.  

  

 

 To characterize the role of RUNX2 in breast cancer cell differentiation and 

metabolism, ERα levels in MCF7 cells with inducible RUNX2 expression were 

measured by Western blot.   In the absence of RUNX2 expression, three different clonal 

variants of MCF7 cells expressed high levels of ERα, however induction of RUNX2 

resulted in lower ERα protein expression (Figure 3.4A). Endogenous RUNX2 levels 

were reduced in Hs578t triple negative BC cells by stable knockdown with two 

independent lentiviral vectors expressing shRNA targeting RUNX2.  Clones expressing 
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90% lower (Hs578t/53.5) or >99% lower (Hs578t/55.5) levels of RUNX2 protein were 

isolated (Figure 3.4B). 

 

                
 

 

 

Induction of RUNX2 in MCF7 cells exhibited increased GLUT1 expression and 

pAkt activation, which are involved in promoting glycolysis in tumor cells (Figure 3.5A).  

Consistent with increased GLUT1 expression, about two-fold higher glucose uptake was 

observed in RUNX2 positive cells (Figure 3.5B).  Next, we analyzed the effect of 2DG, 

a glucose analog 2-deoxy-d-glucose on cell survival.  This molecule is a competitive 

 
Figure 3.4 Modulation of RUNX2 expression in MCF7 and Hs578t breast cancer cells. 
(A) Inducible RUNX2 expression in ERα-positive MCF7 cells was established using the 
BD™-Tet-Off System. MCF7 cells were transduced with the Tet-regulatable Flag.tag vector 
expressing RUNX2. After clonal selection with hygromycin, RUNX2 expression was induced 
by removal of doxycycline. RUNX2 and ERα expression were measured with specific 
antibodies.  RUNX2 positive MCF7 cells express lower levels of ERα (mean = 0.56 ± 0.04) 
relative to RUNX2 negative cells (mean = 0.74 ± 0.01; p-value < 0.018; t-test).  (B) Lentiviral 
shRNA targeting was used to knockdown endogenous RUNX2 expression in the triple 
negative BC cell line Hs578t.  After stable clonal selection, two clones with variable 
expression were analyzed (Hs578t/53.5; Hs578t/55.5). 
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inhibitor of glucose which enters cells via glucose transporters and trapped as 2-

deoxyglucose-6-phosphate after phosphorylation by hexokinase and cannot be further 

metabolized.  Induction of RUNX2 in MCF7 cells were also more sensitive to 2DG 

treatment, indicating that RUNX2 positive cells are more dependent on glucose as 

compare to the RUNX2 negative cells (Figure 3.6A).  In parallel, cells were treated with 

mitochondrial OXPHOS inhibitors, oligomycin and rotenone, which inhibit the complex I 

and ATP synthase of electron transport chain, respectively and observed the effects.  

About 60% or 70% of the RUNX2 negative cells survived exposure to oligomycin or 

rotenone respectively, while >90% of the RUNX2 positive cells were resistant to these 

drugs, indicating that RUNX2 negative cells are more dependent on mitochondrial 

OXPHOS (Figure 3.6B).  

 

 

Figure 3.5 RUNX2 positive cells exhibit glycolytic phenotype (A) MCF7 cells were starved for 
16hr and treated with 25mM glucose for 0 or 4hr, as shown. Increased GLUT1 glucose 
transporter expression in RUNX2 positive cells and activation of pAkt were determined by 
Western blot.  (B) Glucose uptake in MCF7 +/- RUNX2 cells was measured after starvation for 
24 hours followed by the addition of 100 µM of 2-NBDG (fluorescently labeled  D-glucose 
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analog 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino]-2-deoxy-D-glucose) for 30min.  
Fluorescence was measured by FACS analysis (control, no 2NBDG (light gray); +2NBDG (dark 
gray).  

 

 

 

Figure 3.6 RUNX2 positive cells exhibit increased dependence on glucose and decreased 
dependence on mitochondrial oxidative metabolism. (A) Dependence on glucose for survival.  
MCF7 cells were glucose starved (none) or treated with 2mM non-metabolizable 2-deoxy-
glucose (2DG) in the presence of 2mM glucose. (* indicates p < 0.05 relative to RUNX2 negative 
cell). The % survival was calculated and normalized to RUNX2-negative cells grown under full 
media condition (B) Relative resistance to inhibitors of oxidative phosphorylation.  Oligomycin 
(ATP synthase inhibitor) or rotenone (complex I inhibitor) was used to treat RUNX2 positive or 
negative MCF7 cells.  Percentage of surviving cells was determined by crystal violet staining and 
normalized to the RUNX2-negative cells in full media.   

 

 

RUNX2 knockdown in Hs578t cells also resulted in considerably higher cell 

growth under glucose restricted conditions relative to parental cells (Figure 3.7).  The 

apparent requirement for glucose, or “glucose addiction” of Hs578t parental cells was 

dose dependent with cell growth increasing by 80%, 20%, or 5% in 25mM, 5mM, or 



61 

 

0.5mM glucose, respectively. For Hs578t/55.5 RUNX2 knockdown cells, cell growth 

was not as dependent on glucose. Therefore, knockdown of RUNX2 expression was 

associated with reduced glucose utilization and glucose dependence.         

    

                           

Figure 3.7 RUNX2 positive cells are more dependent on glucose. Percent cell growth in 
response to glucose availability was determined using Hs578t Parental (RUNX2+) and 
Hs578t/55.5 (RUNX2-) cells after 3 days in culture.  Culture media contained 10%FBS, full 
media (25mM), or low glucose (5mM, 0.5mM). Cell growth was assessed by crystal violet assay 
and the % cell growth was calculated and normalized to the cells grown under full media 
condition. 

 

 

RUNX2-regulated metabolic response and SIRT6 expression 

Recent work has shown that SIRT6 acts as a histone deacetylase to repress Hif1α 

target genes and glycolysis77.  Because SIRT6 controls glucose homeostasis and is 

responsive to nutrient conditions, we examined the levels of SIRT6 expressing different 
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levels of RUNX2.  Most BC tumor cells have a requirement for high glucose in the 

growth media to supply the energy and anabolic needs of elevated glycolysis.  Therefore, 

cells were grown in low glucose conditions to elevate and mimic metabolic stress.  

Induction of RUNX2 in MCF7 cells expressed lower levels of SIRT6 after 24hr glucose 

starvation relative to RUNX2- cells (Figure 3.8A).  To examine the effect of endogenous 

RUNX2 on SIRT6 levels, the Hs578t parental and the two shRNA knockdown clones, 

53.5 and 55.5 cells, were cultured in low glucose for various periods of time and SIRT6 

expression levels were monitored by Western blotting.  Because Hs578t and MCF7 cells 

exhibit different metabolic requirements, we used different concentration and time for 

glucose restriction condition.  Glucose restriction increased the levels of SIRT6 in 

RUNX2 negative cells (clones 53.5, 55.5) relative to parental cells, with high pre-

starvation levels in the knockdown cells that declined after 16hr starvation (Figure 3.8B).  
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Figure 3.8 Expression of SIRT6 after inducible RUNX2 expression or knockdown of 
endogenous RUNX2.  (A) MCF7 cells were treated with 0.5mM glucose in media containing 5% 
serum for up to 24 hours. Cells were harvested, nuclear extracts were prepared, and SIRT6 levels 
were analyzed by immunobloting. SIRT6 levels were lower in RUNX2 positive cells after 24hr.  
Data were normalized with β-Actin as a loading control. (B) Glucose starvation time course. 
Hs578t cells were cultured in full media for 24hr and media was replaced with 0.5mM glucose 
for 0, 4, 8, or 16hr.  SIRT6 levels were highest in RUNX2 knockdown cells (Cl. 55.5 and Cl. 
53.5). (C) Glycolysis bypass with pyruvate. Hs578t cells were cultured for 24hr and the media 
was replaced with conditioned media containing pyruvate (0, 0.1, 1mM) + 10% FBS for 4hr.  Full 
media (FM) = 25mM glucose.  SIRT6 levels were detected by Western blot. All samples were 
nuclear extracts.  Levels of SIRT6 were higher in pyruvate-treated RUNX2 negative cells (55.5) 
relative to parental cells. 

 

 

Next, we examined whether bypassing the glycolysis by treating the cells with 

pyruvate, an end product of glycolysis and a substrate for TCA cycle, will still affect 

SIRT6 levels as it is with glucose treatment.  After starvation, treatment of increasing 

dosage of pyruvate for Hs578t parental cells did not have much effect on SIRT6 levels 

(Figure 3.8C).  In comparison, Hs578t/55.5 cells exhibited high levels of SIRT6 after 

starvation which increased gradually after pyruvate treatment in dosage-dependent 

manner. This indicates a potential role of SIRT6 in mitochondrial function and as we 

have observed in the data, only the RUNX2 negative cells are responsive to the treatment 

by increasing SIRT6 levels.  We then went on to examine the effect of low glucose on 

Hs578t cells in order to select for cells resistant to low glucose among the heterogeneous 

breast cancer cell population by competing out the low glucose sensitive cells.  Hs578t 

parental cells were cultured in low glucose (0.5mM) for 4 days and surviving cells were 

rescued by switching to full culture media.  After two weeks, low glucose (LG)-surviving 

clones were isolated and expanded.  Interestingly, these Hs578t.LG cells (LG1, LG2, 

LG3) expressed lower endogenous RUNX2 than parental cells and slightly lower levels 
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of GLUT1, consistent with a reduced glycolytic requirement (Figure 3.9A).  We 

reasoned that because the surviving cells are less sensitive to the low glucose condition, 

they are less dependent on glucose as we have observed in RUNX2 negative cells.  In 

order to observe whether these low glucose resistant cells exhibit similar phenotype as 

RUNX2 negative cells, one of the clone Hs578t.LG2 was selected and performed for 

similar experiment to examine the changes in SIRT6 levels.  Hs578t.LG2 cells also 

exhibited higher SIRT6 levels than parental cells with decreasing glucose levels, 

consistent with the inverse relationship between RUNX2 and SIRT6 levels observed in 

MCF7 cells (Figure 3.9B).   

 

 

Figure 3.9 A natural selection of low endogenous RUNX2 cells under low glucose condition. 
(A) Selection of glucose starvation-resistant cells (Hs578t.LG).  Hs578t cells were cultured in 
low glucose (0.5mM with 5% FBS) for 4 days. Surviving cells were expanded in standard cell 
culture medium (DMEM+10% FBS) for 10-14 days.  Cells were analyzed for RUNX2 and 
GLUT1 expression. Lower GLUT1 expression was evident in LG cell clones (LG1, LG2, LG3). 
(B) Hs578t parental and LG2 clone cells were treated with different concentrations of glucose as 
indicated and analyzed for SIRT6 expression after 16hr.  LG2 cells with lower RUNX2 
expression exhibited higher levels of SIRT6 protein under starvation conditions (5mM, 0.5mM 
Glucose).  

 

 



65 

 

In order to study the role of RUNX2 in regulation of different metabolic genes we 

compared the levels in Hs578t parental and RUNX2 knockdown Hs578t/55.5 cells.  We 

observed the repression of these genes, pAKT, HKII and PDHK1 with RUNX2 

knockdown Hs578t cells relative to parental cells (Figure 3.10B).   Because PDHK1 is 

an important determinant at the divergence of glycolysis and mitochondrial OXPHOS, 

we speculated that PDHK1 may play a role in RUNX2-mediated BC metabolism.  We 

then generated cells with an overexpression of SIRT6 using Hs578t parental cells to 

examine whether the SIRT6 alone could reverse the phenotype of RUNX2 positive to 

RUNX2 negative cells (Figure 3.10A).  As expected, SIRT6 overexpressing Hs578t cells 

significantly lowered the levels of the same set of genes, exhibiting similar phenotypes as 

RUNX2 knockdown cells indicating that RUNX2-induced glycolytic phenotype is 

potentially mediated through SIRT6 (Figure 3.10B).  It was particularly interesting to 

observe a complete repression of PDHK1 expression level, which is indicative of a 

crucial role of SIRT6 in BC metabolic regulation.  Overall, these results indicate a role of 

SIRT6 in regulation of RUNX2-mediated BC metabolism and also suggest an important 

regulatory role of PDHK1, which needs further studies. 
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Figure 3.10 RUNX2 knockdown or SIRT6 overexpressing cells reflects a reduced glycolytic 
phenotype.  (A) Hs578t parental cells were transfected with control, empty vector (Vector) or 
cDNA expression vector encoding human SIRT6 (SIRT6).  After a brief selection (1 week), 
nuclear extracts were isolated from surviving cells and analyzed for SIRT6 expression by 
Western blotting.  (B) Expression of pAkt, HK2, and PDHK1 in Hs578t, RUNX2 knockdown 
(Hs578t/55.5), or Hs578t overexpressing SIRT6 (Hs578t/SIRT6).  Cells were cultured in full 
media (FM, 25mM glucose) or starvation media (S, 5mM glucose).  Either RUNX2 knockdown 
or SIRT6 overexpression resulted in lower expression of pAkt, HK2, and PDHK1. 

 

 

Post-translational and transcriptional regulation of SIRT6 by RUNX2 

Both RUNX2 and SIRT6 levels are regulated through post-transcriptional 

mechanisms involving nutrient availability, cell cycle kinases, and proteasomal 

degradation64,86,87.  To determine whether SIRT6 and RUNX2 were associated in a 

binding complex, protein interactions were examined by co-immunoprecipitation.  SIRT6 

was found to be associated with RUNX2 immune complexes in MCF7 cells (Figure 

3.11A).  Similarly, reciprocal co-IP result confirmed the data (Figure 3.11B).  
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Figure 3.11 RUNX2 and SIRT6 association in a binding complex. (A) RUNX2 and SIRT6 
interactions were measured by co-IP from MCF7 cell nuclear extracts. Cells were cultured with 
doxycycline to repress RUNX2 expression or in the absence of doxycycline to induce RUNX2.  
IP with RUNX2 antibody resulted in SIRT6 pull-down only from RUNX2 positive (RUNX2+) 
cells. Three separate determinations are shown.  (B) MCF7 cells expressing Flag.RUNX2 and 
endogenous SIRT6.  Nuclear extracts were used for reciprocal co-IP.  SIRT6 antibody pulled 
down RUNX2 only from RUNX2 positive (RUNX2+) cells. 

 

 

 

We also examined the levels of SIRT6 in starved Hs578t cells treated with the 

proteasomal inhibitor MG132.  Both parental and knockdown Hs578t (Hs578t/55.5) cells 

exhibited increased SIRT6 levels when treated with MG132 (Figure 3.12A).  When new 

protein synthesis was inhibited with cycloheximide (CHX), SIRT6 protein levels 

declined in both cells after 6 hrs. of treatment.  This indicates that the protein stability of 

SIRT6 is unchanged and it is degraded at the post-translational level regardless of 

RUNX2 expression (Figure 3.12B).   
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Figure 3.12 Post-translational regulation of SIRT6 protein (A) Parental Hs578t or RUNX2 
knockdown (Hs578t/55.5) cells were grown in media containing the proteasomal inhibitor 
MG132 (20uM) for 16hr.  Expression of SIRT6 and RUNX2 were normalized with β-actin.  
SIRT6 and RUNX2 protein were protected from proteasomal degradation.   (B) Translational 
inhibitor (cycloheximide, CHX) was used to determine whether RUNX2 regulated SIRT6 protein 
stability under starvation conditions. Hs578t parental and Hs578t/55.5 cells were plated and 
grown in DMEM (25mM glucose) + 10%FBS.  After 24hr, media was replaced with 5% FBS and 
0.5mM glucose and cells were treated with CHX (10 µg/ml) for 0, 2, 4 or 6 hr.  Nuclear extracts 
were analyzed for SIRT6 expression and normalized with β-actin.   

 

 

We reasoned that if SIRT6 levels depend on proteasomal processing in RUNX2 

dependent manner, then the levels of ubiquitinated SIRT6 should be higher in RUNX2 

positive cells.  In fact, overexpression of SIRT6 in HEK293T cells resulted in high levels 

of Ubiquitin/SIRT6 only when RUNX2 was co-expressed in the same cells (Figure 

3.13A).  Further, same result was confirmed in Hs578t cells with endogenous SIRT6 and 

RUNX2.  Hs578t parental cells with high RUNX2 expression showed high level of 

ubiquitinated SIRT6 protein whereas the RUNX2 knockdown Hs578t cells (Hs578t/55.5) 

did not express any Ubiquitin/SIRT6 complexes even in the presence of MG132, 

consistent with higher levels of SIRT6 protein in the immuneprecipitates (Figure 3.13B).  



69 

 

 

Figure 3.13 RUNX2 expression leads to SIRT6 ubiquitination. (A) HEK293T cells were 
transfected with SIRT6 and/or RUNX2 expression vectors for 24hr and treated with MG132 for 
4hr.  Nuclear extracts were isolated and immunoprecipitated with SIRT6-specific antibody 
followed by Western blotting using anti-Ubiquitin or SIRT6 antibodies.  Co-expression of SIRT6 
and RUNX2 resulted in SIRT6 ubiquitination after MG132 treatment.  (B) Hs578t cells 
expressing endogenous RUNX2 or cells in which RUNX2 had been reduced by shRNA 
(Hs578t/55.5) were treated with MG132 for 4hr prior to IP with SIRT6 antibody.  Western 
blotting for ubiquitin or SIRT6 showed ubiquitin-labeled SIRT6 in RUNX2 positive cells treated 
with MG132.  

 

 

We next asked whether the level of SIRT6 is also regulated at the transcriptional 

level by RUNX2.  We found that the SIRT6 mRNA in Hs578t parental cells was 

significantly lower than RUNX2 knockdown cell.  This was observed in the cells cultured 

under glucose-limiting conditions, resulting in dramatic (>90%) inhibition of SIRT6 

expression in Hs578t parental cells (Figure 3.14A).  However, RUNX2 knockdown cells 

(Hs578t/55.5) showed only a 50% decrease in SIRT6 mRNA levels, suggesting that 

RUNX2 might be responsible for the repression of SIRT6 gene expression.  Taken 
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together, these data indicate that RUNX2 may regulate the expression of SIRT6 mRNA 

transcriptionally in response to glucose levels.  

 

 
 

                         
 
Figure 3.14 SIRT6 mRNA: transcriptional regulation and association of RUNX2 with the 
SIRT6 promoter. (A) SIRT6 gene expression in Hs578t BC cells or after RUNX2 knockdown 
(Hs578t/55.5).  Cells were cultured in either full media (FM; 25mM glucose) or low glucose (LG; 
5mM glucose) for 4hr. Levels of mRNA in RUNX2 positive (Parental, P) or RUNX2 knockdown 
(55.5) cells were determined by Q-RTPCR with specific primers.  Levels of SIRT6 were 
significantly higher in RUNX2 knockdown cells relative to parental cells grown in low glucose 
(*p < 0.05).   (B) Location of putative RUNX-binding (AML1a, AML1b) sites in the human 
SIRT6 promoter88. 
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RUNX2 is a known transcriptional repressor when associated with histone 

deacetylases.  Because we the human SIRT6 promoter contains two consensus RUNX-

binding sites (Figure 3.14B)16,72,88, we performed chromatin immunoprecipitation (ChIP) 

assay to determine if this is the case.  Indeed, we observed that RUNX2 binds to a 

promoter region containing both sites, “a and b” (Figure 3.15A).  This binding was more 

profound in cells cultured in low glucose compared to high glucose which confirms our 

previous data for repression of SIRR6 by RUNX2 under glucose-dependent manner.  

This was further demonstrated quantitatively by using qPCR (Figure 3.15B,C), which 

showed a 20-fold higher association of RUNX2 with “sites a-b” in high glucose (relative 

to IgG control) and a 90-fold increase under low glucose conditions.  On the other hand, 

the SIRT6 promoter “site a” showed negligible association with RUNX2, suggesting that 

only “site b” is a RUNX2-interacting site.  These data indicate that RUNX2 binds to the 

SIRT6 promoter and can transcriptionally regulate it in response to caloric restricted (CR) 

condition. 
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Figure 3.15 SIRT6 mRNA: transcriptional regulation and association of RUNX2 with the 
SIRT6 promoter. (A) Chromatin immunoprecipitation, ChIP, assays were performed with 
Hs578t cells as described. Protein-DNA complexes from Hs578t cells cultured in FM or 
starvation media were immuneprecipitated with RUNX2-specific (MBL) antibody.  Agarose gels 
were used to visualize PCR products specific for sites “a + b” or site “a” alone.  H2O lane = no 
DNA template; input = prior to immuneprecipitation; IgG = non-specific, isotype-matched IgG 
control; FM = full media (25mM glucose) + RUNX2 Ab; LG = low glucose (5mM) + RUNX2 
Ab. (B, C) ChIP analysis using quantitative PCR was performed with separate samples, as in (A).  
After immunoprecipitation of protein/DNA complexes with non-specific IgG or RUNX2-specific 
antibody in cells cultured in full media (FM) or low glucose (LG), specific PCR primers were 
used to ampify sites “a + b” (B) or site “a” (C).   
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RUNX2 inhibits mitochondrial respiration through SIRT6 repression 

Increased dependence on glycolysis by tumor cells is often associated with 

reduced dependence on mitochondrial oxidative phosphorylation (OXPHOS).  We have 

shown that RUNX2 may be involved in enhancing glycolytic phenotype.  To determine 

whether RUNX2 is also involved in repression of mitochondrial OXPHOS, we first 

performed qPCR with number of metabolic genes to determine whether changes in 

glucose utilization in response to RUNX2 reflected changes in expression of genes 

regulating glycolysis or mitochondrial OXPHOS.  Induction of RUNX2 in MCF7 cells 

was associated with an increase in the pro-glycolytic genes PDHK1, LDHA, and HK2 

under either full media or glucose-limiting conditions (Figure 3.16A).  Hs578t parental 

and Hs578t/55.5 cells were also examined and glucose-limiting conditions resulted in 

dramatic inhibition of LDHA, HK2, GLUT1 and PDHA1 expression (Figure 3.16B).  

However, in high glucose, RUNX2+ cells showed significantly higher expression of HK2 

and GLUT1 relative to RUNX2- cells. PDHA1 expression, which is essential for 

pyruvate utilization and generation of Acetyl-CoA for mitochondrial OXPHOS was only 

reduced dramatically in RUNX2 positive cells under glucose restricted conditions.  
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Figure 3.16 Expression of glycolytic or mitochondrial oxidative phosphorylation genes in 
response to RUNX2. Gene expression was measured in (A) MCF7 (RUNX2- or RUNX2+) or 
(B) Hs578t or RUNX2 knockdown (Hs578t shRNA RUNX2) cells.  Cells were cultured in either 
full media (FM; 25mM glucose) or low glucose media (LG; 5mM glucose) for 4hr.  Levels of 
mRNA were determined by Q-RTPCR with specific primers to detect PDHK1, LDHA1, HK2, 
GLUT1, or PDHA1.  Levels of PDHK1, LDHA, and HK2 increased were significantly elevated 
upon RUNX2 induction in MCF7 cells (p < 0.05).  Levels of GLUT1 and HK2 were significantly 
higher in RUNX2 positive cells relative to knockdown cells (p < 0.05) while levels of PDHA1 
were significantly higher in RUNX2 knockdown cells relative to parental cells cultured in low 
glucose (p < 0.05). 
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Reduction in PDHA1 expression in RUNX2-positive cells may indicate that these 

cells cannot utilize pyruvate for OXPHOS very efficiently.  Given this, we next 

determined whether RUNX2 is involved in repression of mitochondrial respiration 

(OCR) which was performed with the Seahorse metabolic flux analyzer in real-time in 

live cells.  Under glucose-restricted conditions, we observed that RUNX2 knockdown 

Hs578t/55.5 cells exhibited 60% higher basal OCR than parental cells (Figure 3.17).  

Interestingly, extracellular acidification rates (ECAR) were not significantly affected by 

RUNX2 expression (Figure 3.18).   

 

              

Figure 3.17 Measurement of basal OCR. Basal OCR and ECAR were measured at t=0 using 
Hs578t Parental (RUNX2 positive) and Hs578t/55.5 RUNX2 knockdown cells.  Results are mean 
± SD from n=11 wells for each cell type (*p < 0.05 relative to Hs578t P).  
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Figure 3.18 Measurement of ECAR in timecourse. Measurement of changes in ECAR 
(mpH/min) in Hs578t parental (RUNX2+) and Hs578t/55.5 (RUNX2-) cells in real-time.  FCCP 
= 0.75uM; Pyruvate = 10mM; Antimycin A = 1uM. Mean ± SD from n = 2-3 wells/cell (*p > 
0.05 relative to Hs578t P). ECAR was not significantly different for parental vs RUNX2 
knockdown (Hs578t 55.5) cells (p > 0.05).  

  

 

To test whether maximal electron flux through the electron transport chain was 

also altered by RUNX2 expression, FCCP was used to uncouple electron transport from 

OXPHOS and allow the maximum amount of oxygen consumption.  With FCCP 

treatment, Hs578t/55.5 cells showed 3-fold higher maximal OCR compared to parental 

cells (Figure 3.19), suggesting RUNX2 expression may alter the maximal capacity of 

mitochondrial function.  When pyruvate was added as a mitochondrial substrate to ensure 

the substrate availability, Hs578t parental cells exhibited about 40% increased OCR from 
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their basal level whereas RUNX2 knockdown cells exhibited a dramatic increase in OCR 

(4-fold higher than parental cells).  This suggests that in RUNX2 knockdown cells, 

pyruvate is predominantly metabolized through PDH and the mitochondrial TCA cycle 

rather than by LDH.  These observations are consistent with the higher SIRT6 levels 

observed after pyruvate treatment in RUNX2 knockdown cells (Figure 3.10B) and with a 

preference for oxidative phosphorylation in cells expressing low RUNX2.  Non-

mitochondrial oxygen consumption after antimycin A treatment (inhibitor of complex III) 

was low in both cell types.   

 

                           
 
                                                                             
 

Figure 3.19 Enhanced mitochondrial oxygen consumption rates (OCR) in RUNX2 
knockdown cells. OCR in Hs578tP parental (RUNX2+) and Hs578t/55.5 knockdown 
(RUNX2-) cells were measured in real-time.  FCCP = 0.75uM; Pyruvate = 10mM; Antimycin 
= 1uM. Mean ± SD from n = 2-3 wells/cell type.  RUNX2 knockdown (shRNA) increased 
OCR (p < 0.05 from 0-60min) relative to Hs578tP cells.   
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SIRT6-deficient cells display an increased glycolysis and tumor growth and the 

expression of SIRT6 is known to be significantly repressed in number of human 

cancers77,89.  This suggests a potential role of SIRT6 as a tumor suppressor associated 

with cancer cell metabolism.  Given that we have consistently observed downregulation 

of SIRT6 with RUNX2 expression, we next determined whether RUNX2 was repressing 

OCR through lower SIRT6 protein levels.  Hs578t parental cells (expressing high 

RUNX2, but low SIRT6) were transfected with a cDNA vector encoding SIRT6 (Figure 

3.20A) and the transfectants were selected and analyzed for OCR and ECAR by Seahorse 

metabolic analyzer.  We found that SIRT6-transfected cells exhibited higher OCR than 

vector controls, especially after the addition of pyruvate (Figure 3.20B).  Basal OCR and 

ECAR rates were similar for both cell lines.  These data indicate that the ability of 

RUNX2 to repress mitochondrial oxygen consumption is in part due to its regulation of 

SIRT6.   
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Figure 3.20 SIRT6 overepxression in RUNX2-positive cells increases mitochondrial oxygen 
consumption rates (OCR). (A) Hs578t cells (RUNX2 positive) were transfected with control, 
empty vector (Vector) or cDNA expression vector encoding human SIRT6 (SIRT6).  After a brief 
selection (1 week), nuclear extracts were isolated from surviving cells and analyzed for SIRT6 
expression by Western blotting.   (B) OCR were measured in Hs578t parental or Hs578t/SIRT6 
overexpressing cells in real-time.  FCCP = 0.75uM; Pyruvate = 10mM; Antimycin A = 1uM. 
Mean ± SD from n = 2-3 wells/cell type. SIRT6 overexpression increased OCR in response to 
pyruvate added after FCCP (p < 0.05 from 30-60min) relative to Hs578t parental cells. 

 

 

Similarly, we then performed the same experiment to determine whether the 

enhanced mitochondrial capacity can be reversed by absence of SIRT6 expression in 

RUNX2 knockdown cells.  siRNA was used to knockdown SIRT6 in Hs578t/55.5 cells 

and it was achieved using two different oligonucleotides (siRNA B, siRNA C) (Figure 

3.21A).  siRNA-mediated knockdown of SIRT6 in Hs578t/55.5 cells resulted in reduced 
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OCR relative to scrambled siRNA control (Figure 3.21B), suggesting that SIRT6 is in 

part responsible for mediating the increased OCR in RUNX2 knockdown cells.   

 

 
                                                              
 
Figure 3.21 SIRT6 Knockdown in RUNX2 negative cells decreases mitochondrial OCR. (A) 
Hs578t/55.5 (low RUNX2 expression) cells were transfected with scrambled (Control) siRNA or 
three different SIRT6-specific siRNA oligonucleotides (siRNA A, siRNA B, siRNA C) from 
Origene.  Levels of SIRT6 were determined by Western blot with specific SIRT6 antibody. (B) 
OCR were measured in RUNX2 knockdown Hs578t/55.5 cells (siRNA CTRL; low RUNX2) or 
Hs578t/55.5 cells in which SIRT6 levels were also reduced (siRNA SIRT6) using siRNA C. 
FCCP = 1.0uM; Pyruvate = 10mM; Antimycin A = 1uM.  Mean ± range from n = 2 wells/cell 
type. OCR was lower in SIRT6 knockdown relative to control cells in response to pyruvate added 
after FCCP (p < 0.05 from 30-60min). 
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RUNX2, SIRT6, and clinical BC  

To determine whether the increased glycolysis and repressed mitochondrial 

respiration in RUNX2 positive cells might be related to the altered glucose metabolism of 

breast tumors, we examined the expression of RUNX2 in BC tissues from a limited 

number of patients admitted to the University of Maryland Greenebaum Cancer Center 

for surgical removal of primary invasive ductal carcinoma (IDC) lesions.  In these 

specimens, RUNX2 expression was inversely associated with ER/PR status (Figure 3.22; 

Table 3.1).  RUNX2 directly correlated with increased proliferative index (Ki67) and 

standard uptake values (SUV; estimated from FDG-PET scans), which are indicative of 

increased glucose metabolism.  The glucose transporter, GLUT1, was highly expressed in 

more proliferative, ERα-negative and RUNX2-positive tumors (Figure 3.22; Table 3.1).  

 

 
                                      
Figure 3.22 Expression of RUNX2, GLUT1, and ERαααα in primary patient IDC samples: 
analysis of TMAs.  Expression of RUNX2 and GLUT1 in primary breast cancer tissue after 
resection is shown.  Tissues from patients admitted to the University of MD Greenebaum Cancer 
Center with invasive ductal carcinoma were analyzed for GLUT1 and RUNX2 expression by 
immunohistochemistry (IHC). Scale bar = 400µm for all pane 
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Table 3.1 Tumor profiling for patients in Figure 3.22 was performed by the 
Department of Anatomic Pathology (University of Maryland School of Medicine) and 
included ER/PR status, proliferative index (Ki67), and standard uptake values (SUV) 
from 18F-DG positron emission tomography (FDG-PET) scans. 

 

 

To determine whether expression of RUNX2 was also an early event in mouse 

models of breast cancer, the spontaneous Brca1f/f; MMTV-Cre mouse genetic model of BC, 

which contains a targeted deletion of Brca1 full-length gene90, was analyzed.  These mice 

do not develop palpable tumors until 10-12 months of age.  However, Runx2 expression 

within the ductal epithelial cells of premalignant lesions was evident at 6-months of age 

(Figure 3.23).  Some blood vessel endothelial cells surrounding these glands were also 

Runx2 positive.  Wild type mice exhibited very low Runx2 expression and no evidence 

of blood vessel reactivity, suggesting that deregulation of Runx2 expression is an early 

event in BC tumorigenesis. 
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Figure 3.23 Runx2 expression in Brca1 mutant mice. Breast tissue from wild type and 
Brca1∆/∆ mice expressing a truncated Brca1 gene resulting in disruption of Brca1 tumor 
suppressor function, were dissected at 6 months of age, prior to tumor development (10-12 
months of age).  Tissue was fixed and embedded in paraffin prior to RUNX2 antibody staining by 
immunohistochemistry. Ductal epithelial staining was observed in Brca1∆/∆ mice and in blood 
vessels.  No immunoreactivity was observed in vessels from wild type mice.  Ductal eipthelia 
from wild type mice also exhibited minimal staining. Scale bar = 100µm for all panels.  

 

 

ERα is a marker of differentiated mammary epithelia, which is lost during the 

epithelial-mesenchymal transition (EMT)4.  RUNX2 expression has been found to 

inversely correlate with ERα expression and to promote BC progression30,84.  Therefore, 

we examined RUNX2 and GLUT1 expression in commercially available BC specimens 

of different tumor. Tissues included normal (FA/DCIS (stage I), stage II, stage II/III, and 

stage III cancers, which were validated for ERα, Ki67, and p53 status.  The GLUT1 gene 



84 

 

was used as a marker of glycolysis and ERα as a marker of the differentiated phenotype.  

Immunohistochemical (IHC) staining was assessed blindly by two independent clinical 

and anatomical pathologists.   
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Figure 3.24 Correlation of RUNX2, GLUT1 in different tumor stages: analysis of TMAs. 
Results from BioMax BR tissue microarray (TMA) of normal, stage I (fibroadenoma/ductal 
carcinoma in situ – FA/DCIS), stage II, stage II/III, and stage III patients.  Panels show IHC 
representative photos of tissue expressing RUNX2 or GLUT1 vs stage: cytoplasmic GLUT1 
(GLUT1C), membrane-localized GLUT1 (GLUT1M), cytoplasmic RUNX2 (Runx2C), and 
nuclear RUNX2 (Runx2N).  The Spearman correlation coefficient was used to determine whether 
total RUNX2 expression is different across the five groups (normal, FA/DCIS, stage II, stage 
II/III, and stage III).  The levels of RUNX2 and GLUT1 were dramatically different across these 
groups, p < 0.0001.  There was a negative correlation between RUNX2 and cytosolic GLUT1 in 
normal tissues (r = –0.75) and a possible positive correlation between RUNX2 and membrane-
bound GLUT1 in stage III cancers (r = 0.42).  The raw data used for this graph is shown in 
Supplementary table 1 and boxplot was used to graph the data, which is shown in Materials and 
Methods figure 2.4.  Scale bar = 100µm.  
 
 

 

Breast cancers have been shown to have increased level of glucose transporter, 

particularly GLUT1, and its expression is known to correlate with higher grade, 

proliferative activity and poor clinical outcome91.  Because GLUT1 is a receptor 

responsible for uptake of glucose, it is active when translocated and associated with 

cellular plasma membrane.  Therefore, we analyzed the expression of GLUT1 with two 

different categories: cytoplasmic and plasma membrane-localized.  Cytoplasmic GLUT1 

was detected in normal, stage II/III, and stage III tumors (Figure 13.24).  Plasma 

membrane-bound GLUT1 was not found in normal tissue, but increased with tumor grade.  

RUNX2 was not expressed in normal tissue, but cytoplasmic RUNX2 increased with 

higher tumor grade and nucleus RUNX2 was only expressed in stage III tumors.  

Cytoplasmic GLUT1 expression was different across all groups (p < 0.0001) as was 

plasma membrane bound GLUT1 (p < 0.008) and total RUNX2 (p < 0.0001) (Figure 

13.24).  There was also a negative correlation (r = -0.48) between total RUNX2 and ERα 
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both in normal tissue (high ER; low RUNX2) and in stage III tumors (low ER; high 

RUNX2) (Figure 13.25).  ERα expression was generally high (40-80% of all tissues 

were positive) at all stages except stage III (12% positive).  RUNX2 expression was high 

(40-80% of all tissues were positive) at all stages, except normal tissue (12.5% positive).  

Generally, RUNX2 and ERα were co-expressed in all tumor grades, except stage III. 

Interestingly, there was a possible negative correlation between RUNX2 (low) and 

cytosolic GLUT1 (high) in normal tissues (r = -0.75).  However, there was a possible 

positive correlation between RUNX2 and membrane-bound GLUT1 in stage III cancers 

(r = +0.42).  Furthermore, examination of primary breast tumor specimens from the same 

 

                  

Figure 3.25 Expression of RUNX2 and ERα, and their correlation in different tumor stages: 
analysis of TMAs.  An association between total RUNX2 and ERα.  Using the Spearman 
correlation coefficient, RUNX2 total and ERα were assessed for each group:  Normal (n = 16); 
FA/DCIS (n = 7); Stage II (n = 88); Stage II/III (n = 14); Stage III (n = 16).  There was a negative 
correlation between RUNX2 and ERα in normal tissue and in stage III tumor (r = –0.48).  ERα 
expression was high (40-80% positive) at all stages except stage III (12% positive).  RUNX2 
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expression was high (40-80% positive) at all stages, except normal tissue (12.5% positive). 
RUNX2 and ERα were co-expressed in all tumor grades except stage III.   

 

tumor microarray showed that the incidence of SIRT6 expression was high in FA/DCIS 

tissue (86% of tissue were positive) while stage II or III malignant tissue (high RUNX2, 

Ki67 positive, low ERα) exhibited lower incidence of SIRT6 expression (27% or 34%, 

respectively, were positive), thus further confirms the inverse relationship of RUNX2 and 

SIRT6 expression (Figure 13.26). 

 

               

Figure 3.26 Expression of RUNX2 and SIRT6 and their correlation in different tumor 
stages: analysis of TMAs Expression of SIRT6 in breast tumor TMAs was detected using 
specific antibody. Fibroadenoma/ductal carcinoma in situ (FA/DCIS) tissue expressed higher 
levels and exhibited higher incidence of SIRT6 (86%) relative to stage II (27%) or stage III (34%) 
cancers. 
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(D) DISCUSSION 

Changes in metabolism during BC progression may regulate the ability of tumor 

cells to generate energy, support the added biosynthetic burdens of proliferation, and 

adapt to hypoxia and oxidative stress31,40,49.  Our study describes a novel oncogenic 

function for the RUNX2 transcription factor that promotes BC progression through the 

regulation of SIRT6-mediated mitochondrial respiration and glycolytic switching.  These 

effects were mediated by the ability of RUNX2 to interact with and reduce the protein 

levels of SIRT6, a negative modulator of glycolysis and a positive regulator of 

mitochondrial oxidative phosphorylation.  RUNX2 may also exhibit transcriptional 

control over SIRT6 expression since mRNA levels of SIRT6 were lower in RUNX2-

positive BC cells and RUNX2 was associated with the SIRT6 promoter under glucose-

restrictive conditions. RUNX2-mediated inhibition of mitochondrial respiration and 

promotion of glycolysis were partially reversed by overexpression of SIRT6, suggesting 

that RUNX2 inhibits oxidative phosphorylation through modulation of SIRT6 levels.  

Moreover, we observed an upregulation of oncogenic kinase PDHK1 in RUNX2 positive 

cells which was completely reversed by SIRT6 overexpression.  Taken together, our 

studies have revealed for the first time a role for RUNX2 in promoting metabolic switch 

and tumor progression in BC cells by regulating the glycolytic phenotype and 

mitochondrial respiration (Figure 3.27).  
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Figure 3.27 A proposed model for RUNX2-mediated metabolic switch via SIRT6. Tumor 
growth occurs in RUNX2 positive cells when glycolysis is used to generate ATP and lactate.  
When RUNX2 is expressed, SIRT6 levels decline, which in turn increases PDHK1 to inhibit 
PDH.  Low PDH levels result in reduced conversion of pyruvate to acetyl CoA (low OCR and 
mitochondrial respiration).  Conversely, when RUNX2 levels are low, SIRT6 levels are high and 
so PDHK1 expression is repressed.  This results in an activation of PDH (TCA cycle and ETC), 
which is consistent with higher OCR and cell differentiation. (PPP, pentose-phosphate pathway; 
LDH, lactate dehydrogenase; PDH, pyruvate dehydrogenase; PDHK1, pyruvate dehydrogenase 
kinase-1; TCA, tricarboxylic acid; ETC, electron transport chain) 

 
 

 

It is now well accepted that the tumor microenvironment and the supply of 

oxygen and nutrients can provide a tumor with a growth advantage32,33,55.  RUNX2 

positive MCF7 and Hs578t cells exhibited increased glucose uptake and dependence on 

glucose for survival (Figure 3.5, 6, 7).  This connection between RUNX2 expression and 
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glycolytic addiction was even observed in Hs578t cells selected for survival in the 

absence of glucose.  Subjecting Hs578t parental cells to glucose starvation resulted in the 

clonal expansion of cells expressing low RUNX2 and GLUT1 and phenotypes similar to 

the Hs578t/55.5 cells.  These results reveal an association between glucose environmental 

conditions and RUNX2 expression.  We showed previously that glucose can activate 

RUNX2 DNA-binding86.  It is possible that during tumor initiation RUNX2 expression is 

low because of poor vascularization and low glucose concentrations.  However, after 

prolonged environmental stress in low glucose conditions, increased vascularization and 

tumor progression favors RUNX2 expression, increased GLUT1, and glucose 

dependence.  SIRT6 and RUNX2 play important roles in several common biological 

processes: metabolism, senescence, aging, bone formation, and insulin secretion.  

However, so far, no link between these transcriptional regulators has been reported.  

RUNX2 expression was consistently associated with lower SIRT6 protein expression in 

BC cells (Figures 3.8, 3.9).  This difference was especially evident under starvation 

conditions and when pyruvate was used as an energy source.  An association between 

RUNX2 and SIRT6 (Figure 3.11A,B) suggests that this interaction may contribute to 

ubiquitination and proteasomal degradation of SIRT6 (Figure 3.12A,B).   How RUNX2 

association with SIRT6 promotes proteasomal degradation of SIRT6 will require further 

investigation.    

As observed with tumor tissue, ERα expression was downregulated in RUNX2-

induced MCF7 cells consistent with reduced differentiation.  RUNX2 expression was 

also associated with elevated mRNA levels for PDHK1, HK2, GLUT1, and lower 

PDHA1, which would promote glycolysis (Figure 3.16B).  PDHA1 was high in RUNX2 
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negative cells relative to RUNX2 positive cells, indicating a capacity of RUNX2 negative 

cells to divert towards mitochondrial OXPHOS under glucose restriction condition while 

RUNX2 positive cells remain metabolically inflexible.  Under low glucose, SIRT6 

mRNA expression was abolished in RUNX2 positive cells but still intact in RUNX2 

negative Hs578t cells (Figure 3.14A).  Therefore, we then examined whether RUNX2 

was associated with SIRT6 promoter as a response to CR (Figure 3.14, 3.15).  These 

results suggest for the first time that RUNX2 was actively recruited to SIRT6 promoter 

sites in low glucose and that it may be a regulatory factor that could repress SIRT6 gene 

expression in BC cells.  Although association at SIRT6 promoter site “a” alone was ruled 

out, it is possible that site “a” may enhance the association of RUNX2 with site “b”.  

Further studies will be necessary to resolve this question.   

The increased glucose uptake observed in BC cells expressing RUNX2 is 

consistent with depletion of NAD+ and reduction in SIRT6 activity.  SIRT6 KO mice are 

deficient in bone formation and exhibit a lethal hypoglycemia77,92,93.  SIRT6 KO MEFs 

exhibited reduced OCR relative to wild type MEFs and SIRT6 was shown to control 

glycolysis by promoting glucose utilization through mitochondrial oxidative 

phosphorylation77.   We find that RUNX2 suppresses OCR and mitochondrial respiration 

in Hs578t BC cells (Figure 3.19).  Pyruvate was preferentially used by RUNX2 negative 

cells (Hs578t/55.5 cells) to increase oxygen consumption, thus revealing for the first time 

that the switch from OXPHOS to glycolysis involves active repression of oxygen 

utilization by RUNX2.  Although Hs578t/55.5 cells exhibited 60% higher basal OCR 

than wild type cells expressing RUNX2, ECAR rates were not significantly affected.  

This could be because glycolysis is used for other anabolic processes in tumor cells 
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(pentose phosphate pathway for nucleic acids; lipid synthesis).  SIRT6 is a positive 

regulator of PDH and negative regulator of PDHK1.  We showed overexpression of 

SIRT6 in RUNX2 positive Hs578t parental cells increased oxygen consumption (Figure 

3.20) and inhibited pAkt, HK2, and PDHK1 expression (Figure 3.10), supporting a role 

for SIRT6 in promoting mitochondrial respiration and inhibiting glycolysis.  Since SIRT6 

alone (Figure 3.20; maximal OCR = 200pmole O2/min) was not able to increase OCR as 

much as RUNX2 knockdown (Figure 3.19; maximal OCR = 400pmole O2/min), it is 

likely that RUNX2 may also regulate other mitochondrial factors that control oxygen 

consumption.  Knockdown of endogenous SIRT6 in RUNX2 negative Hs578t/55.5 cells 

inhibited mitochondrial respiration (Figure 3.21), suggesting that the increased OCR 

observed upon absence of RUNX2 levels was due to SIRT6 expression.   RUNX2 could 

be involved in Hif1α-independent pathways regulating the metabolic switch, possibly 

through alterations in the levels of specific metabolites such as acetyl-CoA as a result of 

upregulation of PDHK1 (Figure 3.10).  Our results also have implication for the 

maintenance of differentiated and quiescent mammary epithelial cells since with reduced 

RUNX2 expression and increased ERα these cells may exhibit higher OCR and higher 

expression of differentiation-specific genes, in contrast to the low respiration rates 

observed in undifferentiated stem cells relative to terminally differentiated cells94,95.    

Glucose uptake as measured by 18F-2DG PET scans has been used clinically for 

many years to detect primary tumors and metastatic lesions35,36.  A negative correlation 

between RUNX2 and ERα expression and a high level of RUNX2 in tumors with higher 

18F-2DG uptake values (Figure 3.22; Table 3.1) were confirmed in a comparison of 150 
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commercially available human normal and BC specimens (Figure 3.25).  Expression of 

both RUNX2 and ERα in intermediate stage tumors (FA/DCIS, stage I; stage II), and loss 

of ERα expression in advanced tumors that express high RUNX2 has been reported 

before.  A positive association between RUNX2 and ERα status has also been found to 

characterize a biological subtype of BC and may be a prognostic factor in human colon 

carcinoma84.  These data suggest that a positive correlation between ERα and RUNX2 in 

certain tumors may define a transition state in tumor progression.  Therefore, the 

observations in BC may reflect the ability of RUNX2 and ERα to coregulate BC cell 

proliferation and differentiation.  Our data also revealed that membrane bound GLUT1 

increased with tumor grade and was associated with RUNX2 expression (Figure 3.24), 

which is consistent with higher glucose uptake values (Table S1) and a glycolytic 

phenotype in poorly-differentiated tumor cells.  We found that almost no SIRT6 staining 

was observed in late stage II-III BC tissue, but Ki67 (proliferative index) and RUNX2 

nuclear expression were very high while there was almost no ERα expression (Figure 

3.26).  A recent study also showed that SIRT6 acts as a tumor suppressor in gastro-

intestinal cancers89.  Therefore, our results support a tumor suppressor role for SIRT6 in 

BC.   

Overall, we have shown that RUNX2 reduces BC cell differentiation and 

attenuates SIRT6 expression, which is a critical regulator of glucose homeostasis. These 

results were evident under caloric restriction (CR) conditions which mimic the tumor 

microenvironment due to the diffuse gradient of nutrients as the tumor expands.  These 

results reveal for the first time that the actions of RUNX2 are closely associated with its 
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ability to induce a metabolic shift favoring glycolysis and at the same time repress 

mitochondrial respiration. It is possible that the upregulation of SIRT6 by high 

NAD/NADH ratios under CR maintains glucose homeostasis, which in the presence of 

RUNX2, is suppressed and thereby promotes tumor glycolysis.  Thus, the use of agents 

that prevent or reverse loss of differentiation (such as retinoids or vitamin D) could be 

useful anti-tumor agents to inhibit RUNX279.  These findings provide a novel oncogenic 

role of RUNX2 in breast cancer metabolism and open up new possibilities for potential 

therapeutic approaches. 
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IV. CONCLUSIONS AND FUTURE STUDIES 
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In cellular systems, all regulatory pathways are integrated and interdependent in 

order to coordinate and maintain cellular function and integrity.  New studies focusing on 

cancer metabolism and oncogenic signaling pathways have revealed that these two events 

are tightly connected and are reciprocally regulated.  Oncogenic Myc, a major regulator 

of cell proliferation and survival, is a well-known example of this relationship.  C-myc 

promotes glyocolytic metabolism by stimulating the uptake of glucose and glutamine and 

at the same time, increasing mitochondrial biogenesis to meet the bioenergetic needs of 

the proliferating cells.  In parallel, metabolic pathways are also shown to regulate 

signaling pathways.  For example, AMP-activated kinase (AMPK) is a critical metabolic 

sensor in response to nutrient and energy deprivation by triggering anabolic processes 

and increasing mitochondrial respiration.  Hif1 α is another good example of this 

particular interrelationship.  It is a master regulator of tumorigenesis and the hypoxic 

response, which is intertwined with both signaling and metabolic networks as it regulates 

a spectrum of target genes involving both pathways under hypoxic and nutrient deprived 

conditions.   

Our work has demonstrated an intriguing link between oncogenic signaling and 

metabolic pathways in breast cancer cells.  We have also shown and emphasized that 

cancer metabolism is not a static phenotype that can be altered by any one signaling or 

transcriptional activity.  Rather, it is a dynamic and flexible feature and it is a question of 

how well the cells respond to the changes within signaling pathways, transcriptional and 

environmental changes, and especially the nutrient status, which then allows them to 

adapt and survive.  Our findings emphasize a fundamental question of what is cancer, in 

terms of cellular proliferation, differentiation and the complex array of molecular details 
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regulating metabolism.  If linkage between the controlled events of proliferation and 

differentiation is a fundamental feature of tumorigenesis, our finding of a cellular 

metabolic switch within breast cancer cells may be one regulator of cancer promotion, 

among many others, which can be defined as a loss of the differentiated phenotype. i.e. 

de-differentiation.  Thus, a defined knowledge of cellular control of multi-step processes 

involving cellular growth, differentiation, growth arrest, cell death, and oncogenic 

potential may be relevant in designing future cancer therapies.  Our focus on increased 

understanding of the causes, advantages, and consequences of the metabolic shift in 

cancer cells will facilitate the identification of new therapeutic approaches targeting these 

pathways.    Our studies on the role of RUNX2 in BC cell metabolism will potentially 

have a significant impact on clinical management and on designing future breast cancer 

therapy that can selectively target highly glycolytic RUNX2-activated cells.   

Here we showed that regulation of SIRT6 expression levels by RUNX2 affects 

breast cancer cell metabolism.  Further in-depth studies are necessary to gain a better 

understanding of the mechanisms behind these observations.  In the short-term, because 

we showed that RUNX2 associates with the SIRT6 promoter region, one can perform 

SIRT6 promoter luciferase assays to test the functional role of RUNX2 in regulating 

SIRT6 expression.  Since we observed repression of SIRT6 mRNA levels with RUNX2 

expression under caloric restricted condition, we expect to see repression of SIRT6 

promoter luciferase activity in the presence of RUNX2.   In addition, in order to extend 

our Seahorse assay results, one could extend the results using MCF7 cells with variable 

RUNX2 expression, as we have done with Hs578t cells.  In the long term, more detailed 

mechanisms of how RUNX2 may regulate SIRT6 proteins can be further explored.  We 
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showed that RUNX2 and SIRT6 associate and interact by using co-IP assays and that the 

levels of SIRT6 protein are regulated post-translationally by ubiquitination.  To assess 

how RUNX2 promotes the ubiquitination of SIRT6, one could carry out experiments to 

discover associated Ubiquitin-ligases.  This can be performed using co-IP assays to 

discover whether RUNX2 interacts with any of the proteasome-related ligases such as the 

osteolast-associated ubiquitin E3 ligase Wwp1 or the Smad-related ligase, Smurf1, which 

has been reported to associate with RUNX2.  We observed upregulation of PDHK1 in 

RUNX2 positive Hs578t cells, which was associated with low SIRT6 levels.  Conversely, 

cells expressing SIRT6 exhibited low PDHK1 expression.  Because SIRT6 is a 

deacetylase, one could further evaluate whether SIRT6 mediates deacetylation of PDHK1 

leading to its ubiquitination and degradation at the protein level.  One could also explore 

whether SIRT6 regulates PDHK1 levels at the transcriptional level.  In vivo analysis 

could be performed in athymic nude mice in order to monitor tumor growth with 

modulation of RUNX2 and SIRT6 expression levels.  Finally, because sirtuins have such 

a broad spectrum of functions and activities, one could further explore additional roles of 

SIRT6 with regard to metabolic regulations.  For example, SIRT6 may be involved in 

direct repression of enzymes involved in mitochondrial respiration, TCA cycle, electron 

transport chain, and lipid synthesis, and whether this occurs in a RUNX2-dependent 

manner.  
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Supplementary Table 1: Summary Statistics on Biomax TMAs (n=150) 

Group  Marker  N  Median  Range  Mean  StDev 

Benign  GLUT 1C 14 0.0 0.0-20.0 2.9 7.3 

GLUT 1M 14 5.0 0.0-30.0 8.6 10.3 

RX2 C 14 5.0 0.0-70.0 18.6 23.8 

RX2 N 14 0.0 0.0 0.0 0.0 

Normal GLUT 1C 23 40.0 0.0-100.0 37.2 31.4 

GLUT 1M 23 0.0 0.0-30.0 1.7 7.1 

RX2 C 23 0.0 0.0-50.0 6.1 14.6 

RX2 N 23 0.0 0.0-30.0 3.3 9.7 

Stage II GLUT 1C 90 0.0 0.0-50.0 3.8 10.1 

GLUT 1M 90 0.0 0.0-50.0 10.2 17.2 

RX2 C 90 30.0 0.0-90.0 35.6 24.0 

RX2 N 90 0.0 0.0-70.0 8.4 18.0 

Stage II/III GLUT 1C 7 20.0 0.0-80.0 31.4 30.0 

GLUT 1M 7 40.0 0.0-70.0 30.0 29.4 

RX2 C 7 0.0 0.0-50.0 14.3 20.0 

RX2 N 7 0.0 0.0-50.0 7.1 18.9 

Stage III GLUT 1C 16 15.0 0.0-80.0 21.9 24.0 

GLUT 1M 16 5.0 0.0-70.0 19.4 25.7 

RX2 C 16 30.0 0.0-80.0 32.5 26.5 

RX2 N 16 0.0 0.0-80.0 17.5 25.7 

 

*Zero-inflated Poisson model was used to analyze the data. Results for the overall test of 
differences in markers’ expression across 5 groups (table 1) are listed in table 1.1. 
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Supplementary Table 2: Biomax TMA Analysis 

Pat. 
Id 

Sta 
ge 

ER  ER 
% 

PR 
% 

RX2 
% C 

RX2 
% N 

GLUT1 
% C 

GLUT1 
% M 

Ki67 
% 

HER
2  

p53 SIRT
6  

A1 - 1-2 50 70 0 0 100 0 0 0-1 0 2 

A2 - 2-3 70 20 0 0 70 0 0 0-1 0 1 

A3 - 3 95 60 X X X X 0 0-1 0 1 

A4 - 3 90 60 0 0 70 0 0 0-1 0 0 

A5 - 3 30 40 0 0 40 0 0 0-1 0 0 

A6 - 3 30 30 30 30 40 0 0 0-1 0 0 

A7 - 3 30 40 0 0 70 0 1 0-1 0.5 0 

A8 - 1 2 30 0 0 70 0 3 0-1 0.5 0 

A9 - 1 1 90 0 0 50 0 10 0-1 0.5 0 

A10 - 3 99 80 0 0 60 0 5 0-1 0.5 0 

A11 - 0 0 0.5 0 0 X X 0 0 0 0 

A12 - 0 0 10 30 30 0 0 0 0 0 1 

A13 - 3 1 0.5 0 0 20 0 1 1 1 0 

A14 - 3 1 10 0 0 20 0 0.5 2 0.5 0 

A15 - 0 0 0 X X X X 0 0 0 0 

B1 - 0 0 0 0 0 0 0 0 0 0 1 

B2 0 0 0 0 0 0 0 10 80 0 80 2 

B3 0 0 0 0 0 0 0 20 90 0 90 3 

B4 0 2-3 95 99 20 0 0 0 0.5 1 0.5 1 

B5 0 2-3 100 99 30 0 0 0 0.1 1 0.1 0 

B6 0 0 0 0 0 0 20 0 1 3 1 1 

B7 0 0 0 0 0 0 20 0 20 3 20 3 

B8 0 0 0 90 0 0 0 20 0.5 2 0.5 4 

B9 0 0 0 98 30 0 0 30 0.5 2 0.5 4 

B10 0 1 50 0 0 0 0 20 0 2 0 3 

B11 0 3 99 1 0 0 0 0 0.5 1 0.5 3 

B12 0 3 99 40 50 0 0 0 0.5 2 0.5 2 

B13 0 3 100 70 10 0 0 0 0.5 2 0.5 0 

B14 0 0 0 0 50 0 0 10 40 3 40 2 

B15 0 0 0 0 70 0 0 10 35 3 35 2 

C1 2 3 99 40 20 0 20 0 0.5 2 50 4 

C2 2 3 99 5 40 0 10 0 30 2 5 1 

C3 2 0 0 0 30 0 0 50 80 2 0.5 1 

C4 2 0 0 0 20 0 0 50 80 2 0.5 0 

C5 2 0 0 0 0 0 0 30 70 2 0 1 
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C6 2 0 0 0 50 0 0 0 50 2 0 3 

C7 2 3 99 70 30 0 0 0 10 2 1 0 

C8 2 3 99 70 30 0 0 0 3 2 1 0 

C9 2 0 0 0 0 50 0 30 5 3 70 2 

C10 2 0 0 0 0 50 0 0 0.5 3 80 1 

C11 2 1 1 0 50 50 0 0 1 2 1 0 

C12 2 1 1 0 50 50 0 50 1 2 0.5 0 

C13 - 3 1 0 50 0 20 0 10 2 1 0 

C14 2 3 80 0.5 50 0 10 0 20 3 50 0 

C15 2 0 0 0 70 0 0 20 0 3 30 0 

D1 - 0 0 0 0 0 0 0 0 0 0 0 

D2 2 0 0 0 40 20 0 0 80 0 95 0 

D3 2 0 0 0 40 20 0 0 70 0 80 0 

D4 2 3 100 99 20 0 0 0 8 2 0.5 0 

D5 2 3 100 100 40 0 0 0 0.5 2 0.5 0 

D6 - 0 0 0 X X 0 0 0.1 0 0 1 

D7 2 1 60 0 0 0 0 0 15 3 0 0 

D8 2 3 100 99 30 0 0 20 60 2 0.5 0 

D9 2 3 99 99 30 0 0 20 60 2 0.5 0 

D10 2 0 0 0 40 0 0 0 1 3 70 0 

D11 2 0 0 0 40 0 0 0 8 3 80 0 

D12 2 2 90 0 70 0 0 0 10 2 50 0 

D13 2 0 0 0 70 0 0 0 0.1 1 0 0 

D14 2 3 90 0 70 0 0 20 20 3 0 0 

D15 2 3 80 0 90 0 0 30 20 3 0 1 

E1 2 3 40 8 50 30 0 0 10 1 10 0 

E2 2 3 50 0.5 50 30 0 0 10 1 10 0 

E3 2 3 50 5 0 0 0 0 0.1 1 0 0 

E4 2 3 40 5 0 0 0 0 0 0 0 0 

E5 2 0 0 0 0 0 0 0 40 3 5 1 

E6 2 0 0 0 0 0 0 0 80 3 5 0 

E7 2 3 90 60 0 0 0 30 30 3 0 0 

E8 2 3 90 50 0 0 0 50 60 3 0 0 

E9 2 0 0 0 40 0 0 30 90 2 100 0 

E10 2 0 0 0 50 0 0 50 90 2 100 0 

E11 2 3 99 0 40 0 0 0 50 2 0 0 

E12 2 3 90 0 40 0 0 0 40 1 10 0 

E13 2 3 90 40 50 30 0 0 2 3 20 4 
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E14 2 3 99 5 50 30 0 0 10 3 0 4 

E15 2 2 90 1 60 0 0 0 10 3 90 0 

F1 2 2 80 40 30 10 0 0 20 3 80 1 

F2 2 0 0 0 20 0 0 0 90 3 100 0 

F3 2 0 0 0 50 30 0 0 90 3 100 0 

F4 2 0 0 0 0 0 0 0 0.1 3 5 1 

F5 2 0 0 0 0 0 0 0 5 3 5 1 

F6 3 0 0 40 20 20 0 10 40 2 0 0 

F7 2 0 0 40 20 0 0 20 45 2 0 1 

F8 2 0 0 30 70 0 10 0 1 3 0 1 

F9 2 0 0 20 60 0 20 0 20 3 1 1 

F10 2 3 10 0 60 0 10 0 10 2 80 0 

F11 2 3 70 0 70 0 10 0 20 2 5 0 

F12 2 0 0 0 30 0 50 30 90 2 99 0 

F13 -       0 0 0 0     
N/
A 

1 

F14 2 3 90 0 50 0 20 0 1 2 0 0 

F15 2 2 99 25 50 0 50 0 25 2 0 0 

G1 2-3 1 10 0 30 0 0 0 95 2 40 1 

G2 2-3 2 50 0 0 0 0 40 40 2 50 1 

G3 2 0 0 0 10 0 0 0 10 2 50 0 

G4 2 0 0 0 20 0 0 0 10 2 50 0 

G5 2-3 1 1 0 0 0 50 50 70 3 70 0 

G6 2-3 1 1 0 20 0 50 50 70 3 60 0 

G7 2 0 0 0 70 70 0 0 50 1 0 1 

G8 2 0 0 0 70 70 0 0 40 1 0 1 

G9 2-3 1 2 5 0 0 20 0 95 3 70 0 

G10 2-3 1 10 10 0 0 20 0 30 3 50 0 

G11 2 0 0 0 0 0 0 0 1 0 90 0 

G12 2 0 0 0 30 0 0 0 1 0 20 0 

G13 2 0 0 60 50 0 0 20 1 1 0.5 0 

G14 2 0 0 50 50 0 0 50 1 1 0 0 

G15 2 2 90 50 60 0 0 50 1 2 0.5 3 

H1 2 3 90 90 0 0 0 0 0 3 100 1 

H2 2 0 0 0 30 0 0 30 5 2 99 0 

H3 2 0 0 0 30 0 0 30 10 2 0 0 

H4 2 0 0 0 70 0 0 0 0 0 0 0 

H5 2 0 0 0 70 0 0 0 1 0 99 0 

H6 2 0 0 0 60 0 40 0 1 1 99 0 



104 

 

H7 2 0 0 0 70 0 40 0 1 1 20 0 

H8 3 0 0 0 30 0 30 0 90 0 20 0 

H9 3 0 0 0 0 0 30 0 50 1 0 0 

H10 2 3 100 100 0 0 0 0 10 2 0 0 

H11 2 3 100 100 0 0 0 0 20 2 0 0 

H12 2 0 0 100 50 50 0 0 10 0 0 0 

H13 2 0 0 99 40 40 0 0 10 0 0 0 

H14 2 2 90 98 0 0 0 40 85 3 0 0 

H15 2 2 80 90 30 30 0 40 85 3 40 0 

I1 2 0 0 0 20 0 0 0 20 3 10 1 

I2 2 0 0 0 20 0 0 10 20 3 5 0 

I3 - 0 0 0 0 0 40 30 0 0 10 0 

I4 - 0 0 0 X X X X 0 0 0 0 

I5 3 3 90 90 0 30 40 0 25 2 0 0 

I6 3 3 80 60 0 0 30 0 0.5 2 0 0 

I7 3 0 0 0 30 0 50 60 20 3 0 0 

I8 3 0 0 0 60 0 50 60 30 3 10 1 

I9 2 0 0 5 20 0 0 0 30 2 0 0 

I10 2 0 0 30 20 0 0 0 50 2 50 1 

I11 2 0 0 0 20 0 0 50 40 0 70 0 

I12 2 0 0 0 20 0 0 50 50 0 0 0 

I13 2 0 0 0 0 50 10 0 1 0 0 0 

I14 2 0 0 0 0 50 10 0 1 0 0 0 

I15 2-3 0 0 0 50 50 80 70 90 3 0 1 

J1 3 0 0 0 80 0 80 70 90 2 60 1 

J2 3 0 0 0 20 0 10 0 90 0 99 1 

J3 3 0 0 0 20 0 10 0 80 1 99 1 

J4 2 0 0 0 0 0 10 0 40 2 50 1 

J5 - 0 0 0 X X X X 60 0 0 1 

J6 2 0 0 10 30 0 10 0 10 1 0 0 

J7 2 0 0 0 30 0 10 0 10 1 0 0 

J8 3 0 0 0 70 70 0 20 30 0 10 0 

J9 3 0 0 0 80 80 0 20 10 0 30 0 

J10 2 0 0 0 40 0 0 20 80 2 0 0 

J11 2 0 0 0 30 0 0 0 70 2 0 0 

J12 3 0 0 0 30 20 0 20 100 2 1 0 

J13 3 0 0 0 20 0 0 50 100 2 1 0 
J14 3 0 0 0 30 30 0 0 20 2 0 0 
J15 3 0 0 0 30 30 20 0 60 1 0 1 
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Description of samples: grading and staining from Biomax. 
 
**The grade 1-3 (or I-III) in Pathology Diagnosis is equivalent to well-differentiated, 
moderately-differentiated or poorly differentiated, respectively, by IHC. 
 
Grade 1 or well-differentiated: Cells appear normal and are not growing rapidly. 
Grade 2 or moderately-differentiated: Cells appear slightly different than normal. 
Grade 3 or poorly differentiated: Cells appear abnormal and tend to grow and spread 
more aggressively. 
Grade 4 or undifferentiated: *(for certain tumors), features are not significantly 
distinguishing to make it look any different from undifferentiated cancers which occur in 
other organs. 
Staining Scoring: "0" - no staining; "0-1" - borderline staining; "1" - weak staining; "2" - 
moderate staining; "3" - strong staining; "%" - percentage of positive cells. 
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