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High mobility group A1 (HMGA1) protein functions in the nucleus as a gene 

regulatory transcription factor.  During restricted parts of the normal cell cycle, a sub-

fraction of HMGA1 reversibly translocates to mitochondria.  However, HMGA1 is found 

in both the nucleus and mitochondria throughout the cell cycle of cancerous cells, which 

almost universally over-express this protein.  The exact activities of HMGA1 in 

mitochondria are currently unknown, but the protein has been demonstrated to bind to 

the regulatory D-loop region of the mitochondrial DNA (mtDNA) and its over-expression 

is associated with overall mitochondrial dysfunction.  Mitochondrial transcription factor A 

(TFAM) is a multi-functional high mobility group “B-box” (HMGB) type protein that plays 

an essential role in a number of routine mitochondrial processes by binding to mtDNA.  

Because previous findings have shown HMGA1 can out-compete HMGB proteins for 

DNA binding, it was hypothesized that a competition exists between HMGA1 and TFAM 

for binding to mtDNA.  The ability of HMGA1a to bind to mtDNA and compete with 

TFAM for mtDNA binding was evaluated using electrophoretic mobility shift assays with 
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B-form mtDNA probes and with synthetic multi-way junctions that mimic proposed D-

loop structures.  Our findings indicate that HMGA1a has a higher binding affinity for both 

B-form mtDNA and multi-way junctions as compared to TFAM and that low molar ratios 

of HMGA1 displace TFAM from these DNA substrates.  Chromatin immunoprecipita-

tions verify HMGA1 binding to multiple regions of mtDNA, suggesting this competition 

likely occurs in vivo.  These findings demonstrate for the first time that HMGA1 is able to 

competitively bind throughout mtDNA, and also suggest a dynamic competition between 

DNA binding proteins occurs in mitochondria.  These data have also led to the proposal 

of a testable model in which over-expression of HMGA1 leads to its accumulation in 

mitochondria and allows HMGA1 to out-compete TFAM for binding to mtDNA.  Because 

TFAM binding to mtDNA is essential for a number of routine mitochondrial processes, 

its displacement by HMGA1 would then lead to overall mitochondrial dysfunction, a 

phenotype that has long been associated with cancer.    
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CHAPTER 1 

INTRODUCTION 



Mitochondria 

Mitochondria are involved in a number of cellular functions in addition to ATP 

production, including an involvement in amino acid biosynthesis, fatty acid oxidation and 

apoptosis.  These double membrane bound organelles house multiple copies of a 16.5 

Kb circular genome that codes for 13 essential proteins, 22 tRNAs and 2 rRNAs (Fig. 

1.1).  The two strands of the mitochondrial DNA (mtDNA) are differentiated as the light 

(L) strand and the heavy (H) strand, due to their relative guanine content and density in 

CsCl gradients.  Nearly the entire mitochondrial genome is made up of gene sequences 

comprised mainly of protein coding regions that are punctuated by tRNA sequences.  

Only a 1.1 Kb regulatory region, which contains both H-strand promoters, the L-strand 

promoter and the H-strand origin of replication, is non-coding.  This region is referred to 

as the Displacement-loop (D-loop), owing to its triple stranded D-shaped structure, 

which results from premature termination of DNA synthesis about 700 bp downstream 

of the H-strand origin (Fig. 1.2) [1,2].   

Replication of mtDNA is coupled with its transcription, as it is dependent on 

priming by short mRNAs [3].  Replication has been described to proceed via two 

different mechanisms.  In the strand-asynchronous (or strand-displacement) model, 

replication begins at the heavy strand origin and proceeds unidirectionally to a point two 

thirds of the way around the genome where the light strand origin is exposed and 

lagging strand synthesis can then be initiated in the opposite direction [4].   Replication 

in the strand-synchronous (or strand-coupled) model proceeds bidirectionally, 

employing classic leading and lagging replication forks that form Y-arcs between both 
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the heavy and light strand origins [5]. Despite fervent discussion over these two models, 

a consensus in the field has yet to be reached.  

Mitochondrial transcription initiates on both strands of mtDNA in the D-loop and 

produces pre-cursor mRNAs of varying lengths from several hundred base pairs, to 

nearly full genome length polycistronic transcripts.  These pre-cursor mRNAs are then 

processed by excision of interspersed tRNAs to give rise to mature mRNAs.  

Mitochondrial transcription factor A (TFAM), which is described in greater detail below,  

is required to initiate transcription and is able to recognize promoter sequences in 

conjunction with a second regulatory protein, either mitochondrial transcription factor B1 

or B2 (TFBM1 or TFBM2) [6,7]. 

The location of mtDNA inside the mitochondrial matrix causes it to be 

dangerously close to the oxidative phosphorylation machinery on the inner 

mitochondrial membrane.  Mitochondria consume the majority of total cellular oxygen, 

and as a result are the major source of harmful reactive oxygen species (ROS) [8-11].  

This potentially leaves mtDNA exposed to a relatively large mutagen dose which can 

threaten faithful expression of the essential oxidative phosphorylation proteins 

themselves.  Historically, mtDNA has been thought to be more susceptible to mutation 

than nuclear DNA due to lack of protection mechanisms such as repair enzymes and 

chromatin structure.  However, it is now generally accepted that mitochondria are 

indeed able to repair damage using enzymes involved in base excision repair [12-14], 

non-homologous end joining [15], homologous recombination [16] mismatch repair [17] 

and alkylation removal [18]. 
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Despite these various repair mechanisms, elevated ROS levels pose a significant 

problem given that further accumulation of mtDNA mutations perpetuates the cycle of 

ROS production.  Increased ROS levels directly resulting from mtDNA mutations have 

been demonstrated to contribute to tumor progression and increased metastatic 

potential [19].  Failure in mitochondrial function resulting from mtDNA mutation has 

consistently been observed in association with cancers since Otto Warburg’s initial 

findings that mitochondria of cancer cells show reduced capacity for oxidative 

phosphorylation [20].  Since then, a multitude of studies have demonstrated that 

mitochondria of various types of cancer tissue suffer from phenotypic changes 

associated with dysfunction including reduced mitochondrial mass [21], altered 

membrane potential [22], increased mtDNA transcription [23,24], reduced ATP 

synthesis [25], and aberrant calcium-dependent apoptotic signaling [25].  Discovery of 

these types of phenotypic changes have led to an evolving field of study related to the 

implications of mitochondrial mutation and dysfunction in diseases such as cancer, 

aging and neurodegenerative disorders [26-30]. 

 

High Mobility Group Proteins 

 High mobility group proteins (HMG) encompass a family of non-histone 

chromatin proteins that alter chromatin structure.  These proteins recognize DNA 

structure and bind with little or no DNA sequence specificity.  Typically, HMG proteins 

do not necessarily perform a particular function alone, but instead facilitate interactions 

between other proteins and target DNA.  This allows HMG proteins to be involved in a 

great range of activities with a diverse array of partners.  There are three subgroups of 
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HMG proteins, namely HMGA, HMGB and HMGN, which are categorized mainly 

according to their distinct DNA binding motifs.  Because the work contained in this 

thesis focuses on HMGA and HMGB proteins, further characteristics of these proteins 

are described below. 

Mitochondrial Transcription Factor A: a High Mobility Group B Protein  

 TFAM is a mitochondrial DNA binding protein that is a member of the HMGB 

family of proteins.  HMGB proteins, originally characterized in the nucleus, bind DNA by 

employing B-box peptide domains which insert into the minor groove of B-form DNA 

(Fig. 1.3).  B-box domains feature the hydrophobic aromatic amino acids, tyrosine, 

tryptophan, and phenylalanine, which are signature residues of this highly conserved 

motif [31].  TFAM has two of these B-box domains as well as a basic C-terminal tail 

domain that helps it mediate binding to both DNA and other proteins [32].   In addition to 

B-form DNA, HMGB proteins prefer to bind bent or distorted DNA structures such as 

four-way junctions, cisplatin adducts, and DNA bulges [33-36].  Once bound, TFAM and 

other HMGB proteins are able to induce structural changes in DNA like bends, kinks, 

and loops that aid in various functional regulations [35-37].  In both the nucleus and 

mitochondrion, HMGB and TFAM proteins are sufficiently abundant to cover a large 

portion of their respective genomes [33,38].  

Although first identified because of its activity as a mitochondrial transcription 

factor, TFAM has been found to have many distinct functions (for review see [39]).  

Because mtDNA replication is dependent on transcription, TFAM plays a role in both of 

these processes [40].  TFAM is also thought to orchestrate the histone-like organization 

of mtDNA into a nucleoid structure [41-43].  This aspect of TFAM activity is 
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advantageous not only because it coordinates overall mtDNA arrangement but also 

because such packaging protects the mtDNA from potential mutagens.  Additionally, 

TFAM has been shown to be involved in DNA repair mechanisms in mitochondria by 

preferentially binding oxidative lesions and cisplatin damaged DNA [44].  It’s unclear 

what TFAM’s exact role in mtDNA repair is, but it has been postulated to facilitate repair 

by recruiting mitochondrially targeted repair enzymes, like mtOGG1 and mtMYH, to the 

sites of mtDNA damage [44].  TFAM’s involvement in these different aspects of 

mitochondrial biology is consistent with it being an essential component required for the 

normal function and maintenance of the mitochondria.  Accordingly, reduced expression 

of TFAM through heterozygous knockout or RNAi causes reductions in mtDNA copy 

number, mtDNA transcription activity and overall respiratory function [42,45,46]. Total 

knockout of TFAM in mice is an embryonic lethal mutation [45]. 

High Mobility Group A Proteins 

HMGA proteins are comprised of two functional members, HMGA1 and HMGA2.  

There are three isoforms of HMGA1 (HMGA1a, HMGA1b, and HMGA1c) that represent 

mRNA splice variants. HMGA1a is an 11.5 kDa peptide and is the focus of this thesis.   

HMGA1a, referred to hereafter referred to as HMGA1, is an architectural transcription 

factor that both negatively and positively regulates a large number of genes by 

recognizing and binding to promoter elements in a structure-specific manner.  

In solution, HMGA1 is quite flexible and lacks a well-defined higher order 

structure, but upon binding to target DNA, it is able to form three crescent shaped A/T 

hook peptide domains (Fig. 1.4) [47,48].  The A/T hook peptides contain a conserved 

palindromic amino acid motif of proline-arginine-glycine-arginine-proline (PRGRP), in 
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which the RGRP is invariant.  One, two or all three of these A/T hooks can bind to target 

DNA, depending on the affinity of HMGA1 for the particular DNA substrate.  As their 

name would suggest, these A/T hooks can interact with short 4-6 base pair stretches of 

A/T-rich sequences in the minor groove of B-form DNA.  Distorted and other non-

traditional DNA substrates including supercoiled DNA, certain DNA lesions, and 

cruciform structures are also readily bound by HMGA1 [49-51].  HMGA1 binds relatively 

tightly to four-way junctions in vitro and has been demonstrated to out-compete more 

abundant nuclear proteins, specifically HMGB and histone H1, for binding to this type of 

structure [52].  This competition is typical of the dynamic flux in chromatin transcription 

factor binding that is characteristic of nuclear protein-DNA interactions. 

In normal, differentiated cells, HMGA1 expression is very low, nearly 

undetectable.  Cancer cells exhibiting uncontrolled growth, however, reliably express 

significantly elevated levels of HMGA1.  HMGA1 is an oncogene, and accordingly, its 

over-expression consistently leads to neoplastic tumor formation and increasing 

metastatic potential [53,54]. In fact, characteristic over-expression of HMGA1 has been 

proposed to be a potential diagnostic indicator of progression in multiple types of 

cancers including (but not limited to) colon, prostate, pancreatic and breast cancers 

[53,55-59].  HMGA1 likely contributes to cancer formation and progression through 

multiple distinct pathways.  Previous studies have indicated that HMGA1 over-

expression inhibits DNA nucleotide excision repair mechanisms [49,60,61], alters 

transcription of genes involved in cell growth and proliferation [62], and induces 

mitochondrial dysfunction associated with cancer [63].  All of these findings suggest 

potential mechanisms by which HMGA1 might contribute to cancer. 
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HMGA1 in Mitochondria 

Although HMGA1 has been extensively characterized in the nucleus, it has more 

recently been found to reversibly translocate into mitochondria in a cell cycle-specific 

manner [64].  It is not yet clear what HMGA1’s exact function is in mitochondria, but 

chromatin immunoprecipitation (ChIP) assays have indicated that it binds to the 

regulatory D-loop region of the mtDNA [63]. In non-tumor cells expressing low levels of 

HMGA1 (e.g. NIH3T3 cells), HMGA1 translocation appears to be controlled and 

predictable, shuttling in and out of mitochondria in the late S/G2 phase of the cell cycle. 

However, in cells that transgenically over-express HMGA1, its translocation appears to 

become aberrant and unregulated, directly resulting in dysfunction of several 

mitochondrial processes including mitochondrial mass, ATP and ROS production, 

membrane potential and sensitivity to glycolytic inhibition [63].  These findings are also 

substantiated by similar findings in naturally occurring tumor cells [65].  

In genetically engineered cells in which the expression of transgenic HMGA1 

protein can be reversibly controlled, several indicators of mitochondrial dysfunction have 

been shown to be correlated with changing levels of HMGA1 protein [65].  As HMGA1 

expression increases, overall mitochondrial mass is reduced, ROS production 

increases, and the ability to repair oxidative mtDNA damage is reduced.  In contrast, 

after subsequently reducing HMGA1 expression in these cells, the mitochondria begin 

to recover and show improved functioning of these parameters [65].  It is evident that 

excess HMGA1 protein is directly related to mitochondrial dysfunction, but the precise 

mechanism for this dysfunction remains to be elucidated. 

 8  



The subsequent chapter aims to provide novel insight into the means by which 

HMGA1 over-expression leads to mitochondrial dysfunction and ultimately contributes 

to tumor progression.  A series of experiments are described that demonstrate three 

main findings: HMGA1 protein accumulates in the mitochondria of cells in which it is 

over-expressed; HMGA1binds to multiple regions throughout mtDNA both in vitro and in 

vivo; and HMGA1 is able to out-compete TFAM for binding to B-form and non-traditional 

mtDNA structures.  These findings have led to the development of a model proposing 

that a shift in the expression of HMGA1 can sufficiently alter the ability of TFAM to bind 

to mtDNA and carry out its many functions.  Consequently, compromised TFAM binding 

of mtDNA leads to decline in mitochondrial function, which ultimately contributes to 

disease.  This model also implies that a competitive and dynamic binding of 

transcription factor proteins (namely HMGA1 and TFAM) occurs in mitochondria.  

Although this idea has been widely accepted in the context of nuclear DNA, it has not 

yet been demonstrated in mitochondria. 
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Figure 1.1: The Mitochondrial Genome [66].  This detailed map illustrates the genetic 

and regulatory features of the mitochondrial genome. 
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Figure 1.1 
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Figure 1.2: Map of the mitochondrial D-loop region [67].  Heavy and light strands of 

the mtDNA are shown as heavy and thin lines.  The nascent heavy strand is depicted 

initiating at the heavy strand origin of replication (OH) which forms the displaced 

structure of the D-loop.  The relative locations of the heavy strand promoter (HSP) and 

light strand promoter (LSP) are indicated with bent arrows.  The light strand origin of 

replication (OL) is the only major regulatory element not located in the D-loop region. 
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Figure 1.2 
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Figure 1.3: HMGB B-box peptide domain [68].  This structure, as determined by NMR 

illustrates the B-box peptide, indicating the long arm, or extended segment, which binds 

to the minor groove of the DNA helix. 
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Figure 1.3 
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Figure 1.4: HMGA1 A/T-hook peptide domain [69].  The ball and stick representation 

of HMGA1 is shown in yellow and green binding in the minor groove of A/T-rich DNA, 

shown in white. 
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Figure 1.4 
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CHAPTER 2: 

HIGH MOBILITY GROUP A1 AND MITOCHODNRIAL TRANSCRIPTION 

FACTOR A COMPETE FOR BINDING TO MITOCHONDRIAL DNA 



Abstract 

During restricted parts of the normal cell cycle, a sub-fraction of the nuclear 

transcription factor high mobility group A1 (HMGA1) reversibly translocates to 

mitochondria.  In cancerous cells, which almost universally over-express HMGA1, the 

protein is found in both the nucleus and mitochondria throughout the cell cycle.  In 

mitochondria, HMGA1 binds to the regulatory D-loop region of the mitochondrial DNA 

(mtDNA), but the exact functions of HMGA1a in this organelle are currently unknown.  

Mitochondrial transcription factor A (TFAM) is a multi-functional high mobility group “B-

box” (HMGB) protein that binds to mtDNA to perform a number of routine mitochondrial 

processes.  Because previous findings have shown HMGA1a can out-compete HMGB-

type proteins for DNA binding, we hypothesized that a competition exists between 

HMGA1a and TFAM for binding to mtDNA.  The ability of HMGA1a to bind to mtDNA 

and compete with TFAM for mtDNA binding was evaluated using electrophoretic 

mobility shift assays with B-form mtDNA probes and with synthetic multi-way junctions 

that mimic proposed D-loop structures.  Our findings indicated that HMGA1a had a 

higher binding affinity for both B-form mtDNA and multi-way junctions as compared to 

TFAM and that low molar ratios of HMGA1a displaced TFAM from these DNA 

substrates.   Chromatin immunoprecipitation verified HMGA1a binding to multiple 

regions of mtDNA, suggesting that this competition likely occurs in vivo.  These findings 

demonstrated for the first time that HMGA1a was able to competitively bind throughout 

mtDNA, and also suggested a dynamic competition between DNA binding proteins 

occurs in mitochondria. 
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Introduction 

 Mitochondria house a 16.5 Kb circular genome that codes for 13 essential 

proteins, 22 tRNAs and 2 rRNAs.  Only a 1.1 Kb regulatory region of mtDNA is non-

coding, containing transcription promoter sites and an origin of replication.  This region 

is referred to as the displacement- or D-loop, owing to its triple stranded D-shaped 

structure resulting from premature termination of DNA strand synthesis [1,2].  

Replication of mtDNA is coupled with its transcription, as it is dependent on priming by 

short mRNAs [3].  Transcription initiation requires mitochondrial transcription factor A 

(TFAM) [4,5] and can occur on either strand of mitochondrial DNA (mtDNA) in the D-

loop, producing mRNAs of varying lengths from several hundred base pairs to nearly full 

genome length polycistronic transcripts .   

 Although first identified because of its activity as a mitochondrial transcription 

factor, TFAM has been found to have many distinct functions (for review see [6]).  

TFAM is regarded as a member of the High Mobility Group B (HMGB) family of proteins 

because it contains two DNA binding domains called “B-boxes” that mediate its binding 

to mtDNA [7].  B-box peptide domains, which were originally described in the nuclear 

HMGB family of proteins, recognize DNA structure rather than specific nucleotide 

sequence and prefer to bind distorted structures such as four-way junctions [8-11].  

Once bound, HMGB proteins, including TFAM, are able to induce structural changes in 

DNA like bends, kinks, and loops that aid in transcriptional regulation [7,10,11].  In 

mitochondria, TFAM is not only an essential component of transcription initiation [12], 

but has also been shown to play a role in formation of nucleoid structure through 

histone-like organization of the mtDNA [13-15].  Furthermore, TFAM is thought to be 

 27  



involved in DNA repair mechanisms in mitochondria by binding preferentially to 

oxidative lesions and cisplatin damaged DNA [16].   

Recently, it was found that a member of a different high mobility group family, 

HMGA1, is able to translocate into the mitochondria from the nucleus at a specific point 

in the normal cell cycle [17].  This non-histone chromatin protein—specifically HMGA1a, 

or more simply referred to here as HMGA1—commonly acts as a transcription factor in 

the nucleus, regulating a large number of genes, both positively and negatively (for 

review see [18]).  In normal somatic cells, the expression level of HMGA1 is often nearly 

undetectable.  In tumor cells, however, HMGA1 is frequently very highly expressed, 

consistent with it being the only bona fide chromatin protein so far demonstrated to be 

an oncogene.  In fact, increasing levels of HMGA1 proteins have been used as an 

indicator of neoplastic cell transformation and tumor progression in a number of different 

human cancer types, and have been proposed as a clinical diagnostic marker for 

metastatic potential [18-25]. 

While much is known about HMGA1 in the nucleus, its exact role is in 

mitochondria is not clear.  In non-tumor cells, HMGA1 translocation appears to be 

controlled and predictable, shuttling in and out of mitochondria in the late S/G2 phase of 

the cell cycle [17]. However, when over-expressed, HMGA1 translocation becomes 

aberrant and unregulated, directly resulting in dysfunction of several mitochondrial 

processes [26].  In transgenic cells induced to over-express HMGA1, multiple indicators 

of mitochondrial dysfunction have been observed [26,27].  When HMGA1 protein 

expression is reduced to minimal levels in these same cells, mitochondrial function 
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returns to normal parameters [27].  These findings imply that changing levels of HMGA1 

protein have a direct role in mitochondrial function. 

 HMGA1 binds to DNA via three peptide domains, called A/T hooks, that confer a 

particular affinity for the minor groove of short stretches of A/T rich B-form DNA and 

also bind tightly to other non-traditional forms of DNA such as supercoiled substrates, 

certain DNA lesions, and four-way junctions [28-30].  Additionally, HMGA1 has been 

demonstrated to displace other nuclear proteins (including histone H1 and HMGB 

proteins) when binding to synthetic four-way junctions in vitro [31].  Considering that 

mtDNA has a substantial amount of A/T rich sequence, is supercoiled, possesses a D-

loop with a non-traditional structure and that many of its routine functions involve the 

HMGB-type protein TFAM, the entire mitochondrial genome appears to be a particularly 

attractive target for HMGA1 binding. 

Here we take a closer look at how and where HMGA1 interacts with mtDNA.   

Our working hypothesis is that in HMGA1 over-expressing cells, aberrant binding of 

HMGA1 throughout the nucleoid partially displaces TFAM and contributes to 

mitochondrial dysfunction which, in turn, is ultimately linked to tumorgenesis and 

metastasis.  Our experimental results are the first to report that HMGA1 bound regions 

of mtDNA other than the D-loop in vivo.  Also, mobility shift assays demonstrated that in 

vitro, HMGA1 could out-compete (and/or) displace TFAM binding to various mtDNA 

regions and to synthetic three- and four-way junctions (3WJ, 4WJ) that mimic dynamic 

in vivo D-loop structures.  Together, the results from these studies provided significant 

support for our working hypothesis.  
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Material and Methods 

Cell Culture 

MCF7 breast adenocarcinoma cells and 7C “On” cells derived from MCF7 were 

developed and maintained as described in Reeves et al. 2001 [21]. Briefly, MCF7 cells 

were stably transfected with a tetracycline regulated hemagglutinin (HA)-tagged 

HMGA1a cDNA transgene to generate the 7C “On” cell line.  This cDNA codes for the 

human HMGA1a (a.k.a. HMG-I) isoform protein which throughout this report will simply 

be referred to as HMGA1.  In the absence of tetracycline, 7C “On” cells produce greatly 

elevated levels (up to ~40 fold) of recombinant HMGA1 protein, whereas parental MCF7 

cells express very low basal levels of endogenous HMGA1 regardless of the presence 

of tetracycline.  Both cell lines were grown in Dulbecco’s modified Eagle’s medium 

(DMEM) supplemented with 10 % fetal bovine serum, 10 mM HEPES, penicillin (100 µg 

/ml), streptomycin (100 µg /ml) and G418 (100 µg/ml).  7C “On” cell medium was 

additionally supplemented with hygromycin (100 µg/ml) to select for the HA-HMGA1a 

transgene. 

Recombinant Proteins 

 Recombinant HMGA1 protein was produced and purified by previously described 

methods [32].  Full length recombinant TFAM protein was produced and purified as 

previously described [33]. Briefly, a DNA fragment encoding mature full length TFAM 

(43-246 amino acids residues) was inserted between BamHI and EcoRI sites of the 

pPRO-EX-HTb (Invitrogen, Carlsbad, CA, USA). The recombinant TFAM protein was 

expressed in Escherichia coli BL21 cells. The recombinant protein was recovered from 

a soluble fraction after disruption of the cells by sonication. Then the recombinant 
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protein was purified sequentially with three columns: Ni+-bound chelating Sepharose 

resins, Heparin Sepharose, and SP Sepharose (Amersham Biosciences, Piscataway, 

NJ, USA). The recombinant proteins was dialyzed in phosphate buffered saline (PBS) 

containing 20% glycerol and stored at –80o C.  

Mobility Shift Assays 

B form mtDNA probes for electrophoretic mobility shift assays were generated by 

PCR amplification using primer sets designed to multiple regions throughout the 

mitochondrial genome (Table 2.1). After PCR amplification, DNA fragments were gel 

purified and 32P end labeled using PNK enzyme (New England Biolabs, Ipswich, MA).  

Synthetic junctions were formed by annealing oligonucleotide legs 1, 2, 3, and 4 (4WJ) 

or legs 1, 4, and 5 (3WJ) after 32P end-labeling of leg 4.  The oligonucleotide sequences 

used were:  

Leg 1- CCCTATAACCCCTGCATTGAATTCCAG TCTGATAA;  

Leg 2- GTAGTCGTGATAGGTGCAGGGGTTATAGG; 

Leg 3- AACAGTAGCTCTTATTCGAGCTCGCGC CCTATCACGACTA;  

Leg 4- TTTATCAGACTGGAATTCAA GCGCGAGCTCGAATAAGAGCTACTGT; and  

Leg 5- AACAGTAGCTCTTATTCGAGCT CGCGCACGTCCCCAATATCCC. 

Radiolabeled probes were mixed with increasing amounts of purified protein in binding 

buffer containing 10 mM Tris-HCl, pH 8, 1 mM EDTA, 100 nM NaCl, 0.1 ug/ul BSA, 1 

mM DTT and poly dG-poly dC oligo added to one half molar equivalent of the DNA 

probe.  Reaction mixes were incubated at room temperature for 20 minutes before 

adding 1X GE buffer and loading onto a 0.25X TBE,  6.5 % native acrylamide gel.  Gels 

containing duplex, B form DNA probes were run at 50 V for approximately 2.5 hours at 
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room temperature and 3WJ or 4WJ probes were run for approximately 4.5 hours at 4° 

C.  After electrophoresis, gels were dried and exposed to a phosophoimaging screen. 

Visualization was carried out with a PhosphorImager 445 SI machine (Molecular 

Dynamics, Sunnyvale, CA) using ImageQuant software. 

Competitive Protein Mobility Shift Assays 

EMSAs performed with competing proteins were performed as described above, 

with the exception of adding a second protein after incubation of the initial protein.  The 

initial protein was incubated with the reaction mixture for 20 min at room temperature, 

after which the second protein was added to the reaction and allowed to incubate for an 

additional 20 min at room temperature before electrophoresis. 

Chromatin Immunoprecipitations 

ChIP assays were performed using 7C “On” cells transgenically over-expressing 

HMGA1. Approximately 107 cells were cross linked with 1% formaldehyde for 10 min, 

quenched with 0.125 M glycine, harvested, and lysed.  Cell lysates were then sonicated 

to produce 200-400 bp DNA fragments confirmed by gel electrophoresis.  Lysates were 

pre-cleared by incubating for 3 hr with goat polyclonal IgG, poly dG-poly dC competitor 

DNA, and protein A-sepharose beads.  These non-specific complexes were then 

separated by centrifugation and the supernatants were reserved for specific HMGA1 

immunoprecipitation.  Pre-cleared lysates were incubated with either total rabbit serum 

or rabbit α-HMGA1 polyclonal antibody at 4° C overnight.  Protein-antibody complexes 

were then isolated by incubation with protein A sepharose beads in the presence of poly 

dG-poly dC competitor DNA for 1 hr and collected by centrifugation.  

Immunoprecipitations were washed and eluted off the protein A sepharose beads.  
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Formaldehyde cross links were reversed using 300 mM NaCl with  65°C overnight 

incubation and remaining RNA contaminants and released proteins were degraded with 

RNAse and proteinase K treatment.  Immunoprecipitated DNAs were then purified by 

phenol-chloroform extraction and ethanol precipitation.  DNAs were quantified by 

ultraviolet absorption assay with a NanoDrop 1000 (Thermo Scientific, Waltham, MA).  

PCR was performed by using either the COXI or ND2 primer sets (Table 2.1).  PCR 

reactions contained 1X Taq polymerase buffer, 5 mM MgCl2, 0.4 mM dNTPs, 0.4 µM of 

each primer, 100 ng template DNA, and 1 unit of Taq polymerase.  Thermalcycler 

parameters consisted of 94° C for 60 seconds, followed by 29 (ND2) or 32 (COXI) 

cycles of 30 seconds at 94° C, 50 seconds at 58° C, and 60 seconds at 72° C with a 

final 60 second elongation at 72° C.  PCR products were then visualized on a 2% 

agarose gel and imaged with a GelDoc XR system (BioRad, Hercules, CA) 

Western Blot 

 Mitochondria from MCF7 and 7C “On” cells were isolated using the Mitochondrial 

Isolation Kit for Mammalian Cells (Pierce, Rockford, IL) following the manufacturer’s 

suggestion.  Control Western blot and real-time PCR experiments demonstrated that 

mitochondrial preparations isolated by this method were over 90% pure with very low 

protein or DNA contaminants derived from either the cytoplasm or the nucleus (data not 

shown).  Isolated mitochondria were lysed using an SDS buffer and denatured lysates 

were electrophoresed using SDS-PAGE before transfer to a PVDF membrane.  Rabbit 

anti-HMGA1 polyclonal immunoglobulins were used as a primary probe of the blot, 

followed by a secondary probe of HRP-conjugated goat anti-rabbit IgG. SuperSignal 
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West Pico chemiluminescent substrate (Pierce, Rockford, IL) was used to visualize the 

bands.  

 

Results 
 

Based on previous findings in our laboratory [17,26,27,31] and the abundance of 

A/T rich sequence in mtDNA, we hypothesized that HMGA1 would be able to bind 

throughout mtDNA and potentially compete with the structural HMGB-type protein, 

TFAM.  To evaluate this, we first confirmed that over-expressed HMGA1 protein 

accumulated in mitochondria.   MCF7 breast adenocarcinoma cells expressing basal 

levels of endogenous HMGA1 were compared with 7C “On” cells over-expressing 

transgenic HMGA1 protein.   Western blot analysis was performed on purified 

mitochondria isolated from these cell lines (Fig. 2.1).  While large amounts of HMGA1 

remained in the nuclei of 7C “On” cells (data not shown), there was also a marked 

accumulation of transgenic HMGA1 protein in the mitochondria of these cells.  MCF7 

cells, however, had considerably lower levels of HMGA1 in both their nuclei and 

mitochondria as expected.  It is interesting to note that MCF7 mitochondria did appear 

to contain a low level of endogenous HMGA1, which was unlikely to be due to cross-

contamination from either the nucleus or cytoplasm (see Materials and Methods).  The 

appearance of low levels of endogenous HMGA1 in the mitochondria of these parental 

cells may reflect either a functional role for the protein in this organelle or, alternately, 

may be attributable to the adenocarcinoma nature of the MCF7 cells themselves. 
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HMGA1a and TFAM readily bind throughout mtDNA in vitro. 

In order to improve our understanding of how increased amounts of HMGA1a 

interacted with mitochondria, we investigated the protein’s ability to bind to mtDNA in 

vitro.  The sequence of mtDNA is exceedingly A/T rich, providing a multitude of potential 

binding sites for HMGA1 proteins.  The relative abundance of A/T sequence in the COXI 

coding region is representative of A/T sequence throughout mtDNA (Fig. 2.2). HMGA1 

binding to mtDNA was evaluated in vitro using B-form DNA probes corresponding to 

several regions throughout the mitochondrial genome (Fig. 2.2) and 4WJ and 3WJ 

probes which mimicked proposed structures (but not the sequence) of the regulatory D-

loop region [1,34,35]. 

Electrophoretic mobility shift assays (EMSAs) performed with these B-form 

mtDNA regions and multi-way junctions titrated with increasing concentrations of 

HMGA1 protein demonstrated that HMGA1 readily bound to all of these DNA probes 

(Fig. 2.3).  As additional proteins bind, DNA probe mobility was reduced.  The first shift 

in band mobility between free DNA and HMGA1-complexed DNA indicates the tightest 

DNA:protein binding, as the protein will bind to the site of greatest affinity first.  

Additional proteins successively bind to sites of decreasing affinity as the concentration 

of protein increases.  Appearance of multiple bands within a given lane represent 

different species of protein:DNA complexes where the lowest band typically indicates 

one protein bound, the second indicates two proteins bound and so forth.  In all of the 

mtDNA regions analyzed, it was apparent that multiple HMGA1 proteins were capable 

of complexing with the DNA simultaneously, as reflected by banding patterns of 

decreasing mobility.  This was not surprising, given that the A/T hooks of HMGA1 prefer 
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to bind A/T rich sequences stretching five or more nucleotides and that our probed 

regions—in addition to mtDNA in general—contain long stretches of A/T rich sequence, 

providing numerous potential binding sites (c.f. Fig. 2.2). 

As expected, Figures 2.3A and 2.3B show HMGA1 bound to both 4WJ and 3WJ 

synthetic probes that represent proposed D-loop structures in vivo.  B-form DNA 

structures were also bound by HMGA1, including regions containing sequence from the 

D-loop (Fig. 2.3C) and regions throughout the mitochondrial genome (Figs. 2.3D-I).  

Overall, the mobility shifts presented in Fig. 2.3 provided evidence that HMGA1 was 

capable of binding mtDNA in relatively low protein to DNA molar ratios.  These findings 

were also consistent with previous reports of dissociation constants between 1-3 nM for 

HMGA1 binding to both stretches of A/T rich B-form DNA substrates [36,37] and 4WJ 

[29] substrates in vitro.  

Multiple lines of evidence have established that TFAM plays a role in the 

packaging of mtDNA into a nucleoid [13-15].   As a result, the structural binding of 

TFAM throughout mtDNA would be essential for overall mitochondrial genome 

maintenance.  We performed additional mobility shift assays to evaluate the binding 

ability of TFAM to our B-form and junctional DNA probes.  Predictably, the mobility shifts 

presented in Fig. 2.4 indicated that TFAM readily bound to our 4WJ probe (Fig. 2.4A) at 

ratios consistent with those previously reported [9] as well as with our 3WJ probe (Fig. 

2.4B), B-form D-loop mtDNA (Fig. 2.4C) and B-form mtDNA outside the D-loop (Fig 

2.4D).  It is noteworthy, however, that significantly greater molar ratios of TFAM were 

required to shift our mtDNA probes than were necessary for HMGA1, suggesting that 
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HMGA1 may be able to outcompete TFAM for binding to these types of DNAs in the 

mitochondrion. 

HMGA1 out-competes TFAM for binding to mtDNA and irregular DNA structures. 

The question of the relative DNA binding affinities of HMGA1 and TFAM was 

addressed more directly by performing competitive protein mobility shifts in which the 

two proteins were allowed to bind to the DNA probes sequentially.  After the first protein 

was allowed to bind to the DNA probe at a fixed protein:DNA ratio (e.g. 9:1, or 9X), the 

second protein was added at increasing molar ratios of protein to DNA (e.g. 0.5X -5X).  

Conveniently, the molecular weight of TFAM is approximately twice that of HMGA1, 

which allowed the differences in the shifting profiles of each specific protein to be more 

easily visualized.   

Figure 2.5A illustrates the competitive binding profile of 4WJ DNA with a fixed 

concentration of TFAM (allowed to bind first) followed by addition of increasing 

concentrations of HMGA1 to pre-formed TFAM-4WJ complexes.  In the absence of 

HMGA1 competition, up to four molecules of TFAM protein readily bound the 4WJ 

probe (lane 3).  However, when HMGA1 was added to these TFAM-4WJ complexes, 

new bands formed that indicated a disruption of the original banding pattern.  In Figure 

2.5 and all subsequent competitive protein EMSAs (Figs 2.6-2.8) solid arrowheads (►) 

indicate bands representing only TFAM binding, open arrowheads (>) indicate bands 

representing only HMGA1 binding, and arrows ( ) indicate DNA bands bound by both 

HMGA1 and TFAM simultaneously.  Lane 4 of Figure 2.5A shows pre-formed TFAM-

4WJ complexes were disrupted at relatively low molar ratios of HMGA1.  Because 

HMGA1 is less than half the molecular weight of TFAM, DNA bound by increasing 
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amounts of HMGA1 rather than TFAM will migrate more rapidly through, or further down 

the gel. This was seen by the gradual disappearance of the slowest migrating DNA 

bands (bound exclusively by multiple TFAM proteins, marked with a solid arrowhead) as 

HMGA1 displaces TFAM.  It was also apparent that HMGA1 could simultaneously bind 

to DNA already bound to TFAM.  This was indicated in bands corresponding to TFAM 

complexes that showed slightly reduced mobility after addition of HMGA1 (marked by 

arrows).  The relative molar amounts of HMGA1 needed to completely displace TFAM 

from the 4WJ appeared to be remarkably low, suggesting that HMGA1 was able to bind 

tighter to 4WJ DNA.   

When a reverse experiment was performed (Fig. 2.5B) HMGA1 was allowed to 

bind the DNA probe first at a fixed ratio, followed by addition of TFAM protein at 

increasing concentrations to the pre-formed HMGA1-4WJ complexes.  The addition of 

TFAM appeared to have little effect on HMGA1-bound complexes until the molar 

equivalent of TFAM was three to four times that of the DNA probe.  Even when TFAM 

was titrated to a molar ratio seven fold greater than DNA, complexes representing 

bound HMGA1 (open arrowheads) were still not completely displaced.  Taken together, 

these results provided evidence that HMGA1 strongly out-competed TFAM for binding 

to cruciform DNA structures. 

The mitochondrial D-loop structure can also be mimicked by synthetic 3WJ type 

DNA structures.  Therefore, binding competitions were also performed using a 3WJ 

DNA probe (Fig. 2.6).  In such competitions, it was evident that HMGA1 was able to 

displace TFAM from 3WJs at relatively low molar ratios (Fig. 2.6A), while TFAM 

required much higher concentrations of protein to disturb HMGA1 binding (Fig. 2.6B).  
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In addition to 4WJ DNA, these experiments indicated that HMGA1 was able to out-

compete TFAM for binding to 3WJ DNA formations. 

Although both HMGA1 and TFAM tended to recognize and bind DNA structure 

rather than nucleotide sequence, TFAM did seem to exhibit some degree of sequence 

specificity in the D-loop region where it activates transcription [5,38].   In this case, 

TFAM might be expected to bind more strongly to this mtDNA site and would be less 

likely to be displaced by HMGA1.  To address this possibility, D-loop mtDNA 

encompassing known TFAM binding sites was used as a B-form DNA probe in further 

competitive mobility shifts.  Figure 2.7A shows that pre-formed TFAM-D-loop 

complexes were also disrupted by addition of HMGA1.  It is evident that the higher 

molecular weight bands representing exclusive binding of multiple TFAM proteins 

(indicated by solid arrowheads in lane 3) decreased in intensity as increasing 

concentrations of HMGA1 were titrated into the reaction as a competitor (lanes 4-9).  

This reduced intensity and changing banding pattern was interpreted to represent 

HMGA1 preferentially binding and partially displacing TFAM from the DNA complexes.  

It is important to note that this apparent displacement occurred when the relative molar 

ratios of HMGA1 were lower than the relative molar ratio of TFAM.  This suggests that 

HMGA1 protein bound more tightly to D-loop DNA than did TFAM under these 

conditions.  Also consistent with this interpretation was the observation that as 

increasing ratios of HMGA1 were added to the TFAM-D-loop complexes, new bands 

appeared (indicated by arrows) that represented both HMGA1 and TFAM bound 

simultaneously to probe DNA, as also seen in Figs. 2.5 and 2.6.  As HMGA1 ratios 

increased, these heterogeneous complexes were shifted slightly upward, indicating 
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multiple HMGA1 proteins were able to bind to a given pre-established TFAM:probe 

complex.    

The results of the reverse experiment, shown in Fig. 2.7B, also demonstrated 

that TFAM was able to simultaneously bind with HMGA1 to D-loop DNA at a relatively 

low molar ratio (1X, lane 4).   In this competition, however, TFAM was required at a ratio 

of approximately 6-fold molar excess (lane 7) before bands appeared that indicated 

exclusive TFAM:probe binding (solid arrowhead).  While it appears TFAM was more 

competitive when D-loop probe DNA was used, HMGA1 was, however, still able to 

displace TFAM at lower molar ratios than were required for TFAM to displace HMGA1.  

These results provided further evidence that HMGA1 was able to out-compete TFAM for 

binding to D-loop DNA even when it was in duplex form.   

 Although competition between HMGA1 and TFAM for binding to mtDNA was of 

great consequence in the D-loop, it was also significant outside of the control region in 

the protein coding sequence.  We selected a sequence within the NADH 

dehydrogenase subunit 2 (ND2) gene to evaluate TFAM-HMGA1 binding and observed 

competitions similar to those seen in the 3WJ, 4WJ, and B-form D-loop DNA 

experiments (Figs. 2.5-2.7).  When TFAM was allowed to bind ND2 DNA alone at 8-fold 

molar excess, it formed bands representing binding of 0 to 4 molecules of TFAM (Fig. 

2.8A, lane 3).  When HMGA1 at just half the molar equivalent of DNA was allowed to 

bind to these pre-formed complexes, it bound to both DNA unbound by TFAM (indicated 

by an open arrowhead) as well as DNA already bound by multiple TFAM molecules 

(indicated by arrows).  As observed with 3WJ, 4WJ and D-loop DNA probes, complexes 
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bound exclusively by TFAM (marked with solid arrowheads) become fainter with 

increased titration of HMGA1, indicating displacement of TFAM by HMGA1.  

In the reverse experiment, TFAM was added to pre-formed HMGA1-ND2 

complexes (Fig. 2.8B) and TFAM began to displace HMGA1 when molar ratios of 

TFAM to DNA were 2:1.  At 8-fold excess TFAM to DNA (lane 8), HMGA1 was almost 

completely displaced.  These ratios would imply that TFAM had subtly tighter binding to 

this region of ND2 DNA than to our B-form D-loop and multi-way junction DNAs.  

However, because HMGA1 was able to disrupt TFAM binding at significantly lower 

molar ratios than was required for TFAM to displace HMGA1, it can be concluded that 

HMGA1 was also able to out-compete TFAM for binding to mtDNA in this protein-coding 

region of the mitochondrial genome. 

HMGA1 binds to mtDNA in vivo. 

Previous experiments employing chromatin immunoprecipitation (ChIP) assays 

demonstrated that over-expressed HMGA1 binds to the D-loop region of mtDNA in vivo 

[17].  Given the amount of in vitro evidence that HMGA1 was able to bind to mtDNA 

described above, we selected regions outside the D-loop to test binding by HMGA1 in 

vivo employing ChIP analyses.  Fig. 2.9 shows the ChIP results for the ND2 and cyclo-

oxygenase subunit I (COXI) protein coding regions in 7C “On” cells.  PCR amplification 

of these regions indicated that over-expressed HMGA1 in the mitochondria was indeed 

associated with mtDNA outside the D-loop in vivo.  This suggested that the type of 

interactions between HMGA1, TFAM, and mtDNA that we have observed in our 

competitive EMSA experiments were likely occurring inside mitochondria. 
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Discussion

The data presented here provide novel evidence establishing that HMGA1 could 

bind to several representative positions throughout mtDNA, including protein coding 

regions and the D-loop.  Although the structure of the D-loop is somewhat dynamic, we 

have shown that HMGA1 was able to bind to B-form DNA in addition to 3WJ and 4WJ, 

which simulate the potential structures of replication initiation thought to exist in the D-

loop region [34,35].  Moreover, we have demonstrated that the important multi-

functional TFAM protein could be displaced from mtDNA in the presence of low molar 

ratios of HMGA1.  ChIP assays and Western blot experiments have provided in vivo 

evidence that HMGA1 was located in mitochondria and was bound to mtDNA. 

Considering that HMGA1 bound with greater affinity than TFAM to various 

mtDNA substrates in vitro (Figs. 3-8), if similar competitions occur in vivo, even a minor 

shift in the ratio of HMGA1 to TFAM could potentially cause appreciable interference 

with TFAM-mtDNA binding.  In differentiated cells expressing basal levels of HMGA1, 

any binding competition would likely be minimal since the relative ratios of HMGA1 to 

TFAM inside mitochondria should theoretically be quite low.  The typical amount of 

TFAM protein in the mitochondrion is sufficient to cover the entire mitochondrial genome 

[39] and HMGA1 levels are nearly undetectable in normal cells with only a minor 

fraction of it entering the mitochondria during a restricted part of the cell cycle.  

However, when HMGA1 is over-expressed, either transgenically or as a result of 

advanced tumor progression, the protein aberrantly accumulates in mitochondria (Fig. 1 

and unpublished results), which could plausibly alter the normal balance of 

mitochondrial HMGA1 and TFAM.  The likelihood that cells over-expressing HMGA1 
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undergo this type of shift in mitochondrial ratios of HMGA1 to TFAM is supported by 

previous experiments performed in our laboratory using high-stringency analysis of 

Affymetrix arrays [40].  These experiments have indicated that expression levels of the 

nuclear-encoded TFAM gene remain unchanged between MCF7 cells with low amounts 

of HMGA1 protein and 7C ”On” cells that express an approximately 40-fold increase of 

HMGA1 protein  (unpublished data).  These data suggest that increased presence of 

HMGA1 has little or no effect on TFAM expression at the level of transcription. 

 TFAM plays a part in many important processes in mitochondria, including 

transcription, replication, recombination, mtDNA repair, nucleoid formation and ROS 

protection [6].  TFAM must be able to bind to mtDNA in order to carry out its specific 

function in each of these processes. If the competitions we have demonstrated in vitro 

indeed occur in vivo, the elevated presence of HMGA1 would potentially impede the 

ability of TFAM to bind to mtDNA, and thus be expected to affect all of these 

mitochondrial functions to some degree.  Indeed, we have previously demonstrated a 

strong correlation between the level of mitochondrial HMGA1 and reversible changes in 

overall mitochondrial function using both transgenic cell lines and cells derived from 

human tumors [26,27].   Interestingly, we have also observed a marked increase in 

HMGA1 in the mitochondria of naturally occurring cancers, which typically display 

overall mitochondrial dysfunction (manuscript in preparation).   

In contrast to the mitochondrial accumulation of HMGA1 in cancer cells, non-

malignant cells that contain only very low endogenous levels of HMGA1 and exhibit 

contact inhibition of growth (e.g. NIH 3T3 cells) appear to have the ability to regulate 

both the timing and quantity of HMGA1 protein that is translocated into mitochondria 
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[17].   This control of HMGA1 movement would allow non-malignant cells to maintain 

mitochondrial HMGA1:TFAM ratios at levels which preserve global TFAM binding.  

Controlled translocation of limited amounts of HMGA1 into the mitochondria of normal 

cells would allow HMGA1 to bind only to sites of the highest affinity, where it likely 

carries out a specific function.  In this case, TFAM would remain associated with its 

many binding sites on mtDNA, potentially including those that it may share with 

HMGA1, thereby permitting TFAM to faithfully perform its many essential organellar 

functions. 

In conjunction with previous findings, the data presented here has lead us to 

propose a model in which aberrant and excessive translocation of HMGA1 into 

mitochondria displaces TFAM from mtDNA and upsets the numerous functions 

governed by TFAM, thereby contributing to the mitochondrial dysfunction typically 

observed in cancer cells.  Because non-malignant cells are able to regulate HMGA1 

translocation and levels inside mitochondria, TFAM and HMGA1 undergo a controlled 

competition which is compatible with overall mitochondrial function. The idea of 

competition between transcription factors for DNA binding is a concept that has been 

well recognized within the nuclear genome, but has thus far been unidentified in 

mitochondria.  The competitions between TFAM and HMGA1 for mtDNA illustrated in 

this work provide the first evidence that mitochondria might also be governed by 

dynamic and competitive transcription factor binding.   

Taken together with previously published findings [17,26,27], these results 

provide direct evidence that HMGA1 proteins are indeed present in mitochondria and 

influence its biological function.  Additional work evaluating HMGA1-TFAM interaction in 

 44  



mitochondria would undoubtedly provide interesting insight into the in vivo relationship 

of these two proteins. 
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Table 2.1:  PCR primer data.  Primer sequences used to amplify mtDNA probes are 

listed as shown.  The 5 prime nucleotide start site of each primer is denoted with ‘L’ 

indicating the light strand or ‘H’ indicating the heavy strand.  Nucleotide numbering 

corresponds to mtDNA sequence as referenced from www.mitomap.org. 
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Figure 2.1: Isolated mitochondria contain HMGA1 protein.  (A) Mitochondria were 

isolated from MCF7 and 7C “On” cell lines and proteins were used to perform Western 

blot analysis with anti-HMGA1 antibody.  (B) Coomassie stained blot shows equal 

loading of total protein. 
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Figure 2.1 
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Figure 2.2: Functional regions of mtDNA and locations of EMSA probes.  The 

mtDNA light strand sequence is represented by the outer circle and the heavy strand 

sequence is represented by the inner circle.  The D-loop region is shown in white at the 

12 o’clock position; tRNAs are interspersed throughout the genome in white with their 

corresponding one-letter abbreviations; rRNAs are shown purple; NADH 

dehydrogenase subunit genes are in blue, abbreviated as ND1-6; cytochrome c oxidase 

subunit genes are in green, abbreviated as COXI-III; ATP synthase subunit genes are in 

yellow, abbreviated as ATPase6 and 8; and cytochrome b is in red, abbreviated as Cyt 

b.  Selected probe locations are marked inside the heavy strand DNA with black arcs 

and their exact positions are listed in Table 1.  The COXI coding region inset illustrates 

the representative occurrence of A/T rich sequence throughout the mtDNA.   
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Figure 2.2  
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Figure 2.3: HMGA1 binds to mtDNA and synthetic D-loop mimics.  mtDNA probes 

are shifted by increasing molar ratios of HMGA1 protein.  Molar ratios of protein to DNA 

are shown as fold excess (i.e. 0.25X indicates a molar ratio of 0.25:1 HMGA1 protein to 

DNA and 2X indicates 2:1 protein to DNA molar ratio, etc.)  DNA probes correspond to 

synthetic multi-way junctions or to the mtDNA coding regions in which they reside (see 

Fig. 2.2).  (A) four-way junction (4WJ). (B) three-way junction (3WJ). (C) D-loop. (D) 

NADH dehydrogenase subunit 2 (ND2). (E) Cytochrome c oxidase subunit I (COXI). (F) 

cytochrome c oxidase subunit II (COXII). (G) F0 ATPase subunit 6 (ATPase6). (H) 

Cytochrome c oxidase subunit III (COXIII). (I) NADH dehydrogenase subunit 6 (ND6). 
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Figure 2.3 
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Figure 2.4: TFAM binds to mtDNA and synthetic D-loop mimics.  mtDNA probes are 

shifted by increasing molar ratios of TFAM protein.  Molar ratios of protein to DNA are 

shown as fold excess (i.e. 3X indicates a molar ratio of 3:1 TFAM protein to DNA).  DNA 

probes correspond to synthetic multi-way junctions or to the mtDNA coding regions in 

which they reside (see Fig. 2.2): (A) four-way junction (4WJ). (B) three-way junction 

(3WJ). (C) D-loop. (D) NADH dehydrogenase subunit 2 (ND2). 
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Figure 2.4 
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Figure 2.5: HMGA1 and TFAM compete for binding with 4WJ.  (A) TFAM protein 

was allowed to bind with 4WJ DNA at a protein to DNA molar ratio of 9:1 for 20 minutes.  

After TFAM binding, HMGA1 was added at increasing molar ratios from 0.5 fold to 5 fold 

excess HMGA1 to DNA (lanes 4-9) and allowed to bind for an additional 20 min.  Lane 1 

contains free DNA only.  Lanes 2 and 3 contain only HMGA1 and TFAM respectively.  

(B)  HMGA1 was allowed to bind with 4WJ DNA at equal molar ratios prior to addition of 

TFAM at increasing molar ratios from 1-7 fold excess TFAM to DNA (lanes 4-10). Lanes 

1-3 contain free DNA, only TFAM, and only HMGA1 respectively. 
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Figure 2.5 
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Figure 2.6: HMGA1 and TFAM compete for binding with 3WJ. (A) TFAM protein was 

allowed to bind with 3WJ DNA at a protein to DNA molar ratio of 10:1.  After TFAM 

binding, HMGA1 was added at increasing molar ratios from 0.5 fold to 10 fold excess 

HMGA1 to DNA (lanes 4-10).  Lanes 1-3 contain free DNA only, only HMGA1 and only 

TFAM respectively.  (B)  HMGA1 was allowed to bind with 3WJ DNA at a molar ratio of 

3:1 prior to addition of TFAM at increasing molar ratios of 3-21 fold excess TFAM to 

DNA (lanes 4-10). Lanes 1-3 contain free DNA, only TFAM, and only HMGA1 

respectively. 
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Figure 2.6 
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Figure 2.7: HMGA1 and TFAM compete for binding with B-form D-loop DNA.  (A) 

TFAM protein was allowed to bind with B-form D-loop mtDNA at a protein to DNA molar 

ratio of 12:1.  HMGA1 was then added at increasing molar ratios of 1 to 10 fold excess 

HMGA1 to DNA (lanes 4-9).  Lanes 1-3 contained free DNA only, HMGA1 only, and 

TFAM only respectively.  (B)  HMGA1 was allowed to bind with the same D-loop mtDNA 

at 2:1 molar ratio HMGA1 to DNA prior to addition of TFAM at increasing molar ratios of 

1-12 fold excess TFAM to DNA (lanes 4-10). Lanes 1-3 contained free DNA, only 

TFAM, and only HMGA1 respectively. 
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Figure 2.7 
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Figure 2.8: HMGA1 and TFAM compete for binding with ND2 DNA. (A) TFAM 

protein was allowed to bind with B-form ND2 mtDNA at a protein to DNA molar ratio of 

8:1.  After TFAM binding, HMGA1 was added at increasing molar ratios of 0.5 fold to 8 

fold excess HMGA1 to DNA (lanes 4-9).  Lanes 1-3 contained free DNA only, HMGA1 

only, and TFAM only respectively.  (B)  HMGA1 was allowed to bind with the same ND2  

mtDNA at an equal molar ratio of 1:1 prior to addition of TFAM at increasing molar ratios 

of 1-12 fold excess TFAM to DNA (lanes 4-10). Lanes 1-3 contained free DNA, only 

TFAM, and only HMGA1 respectively. 
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Figure 2.8 

 

 

ND2:HMGA1, TFAM
B

12X10X8X6X4X2X1X0X6X0XTFAM
1X1X1X1X1X1X1X1X0X0XHMGA1
10987654321Lane

>

8X6X4X2X1X0.5X0X2X0XHMGA1

8X8X8X8X8X8X8X0X0XTFAM

987654321Lane

A
ND2:TFAM, HMGA1

>

TFAM:ND2 TFAM/HMGA1:ND2 > HMGA1:ND2

ND2:HMGA1, TFAM
B

12X10X8X6X4X2X1X0X6X0XTFAM
1X1X1X1X1X1X1X1X0X0XHMGA1
10987654321Lane

12X10X8X6X4X2X1X0X6X0XTFAM
1X1X1X1X1X1X1X1X0X0XHMGA1
10987654321Lane

>

8X6X4X2X1X0.5X0X2X0XHMGA1

8X8X8X8X8X8X8X0X0XTFAM

987654321Lane

8X6X4X2X1X0.5X0X2X0XHMGA1

8X8X8X8X8X8X8X0X0XTFAM

987654321Lane

A
ND2:TFAM, HMGA1

>

TFAM:ND2 TFAM/HMGA1:ND2 > HMGA1:ND2TFAM:ND2 TFAM/HMGA1:ND2 > HMGA1:ND2
 

 63  



Figure 2.9: ChIP analysis demonstrates HMGA1 localizes to mtDNA in vivo.   

7C “On” cell DNA was cross-linked and harvested for HMGA1 chromatin 

immunoprecipitation.  Control samples were taken immediately prior to HMGA1 

immunoprecipitation (Input).  Non-specific rabbit serum was used in parallel with 

HMGA1 immunoprecipitations to verify specificity of pull-downs.  Resulting DNAs were 

PCR amplified using primers corresponding to the ND2 and COXI mtDNA regions.  

Specific amplification of these two regions indicated the presence of HMGA1 at mtDNA 

within these primer regions. 
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CHAPTER 3 

CONCLUSIONS AND FUTURE DIRECTIONS 



Conclusions
 
 The work presented in this thesis contains original research that improves current 

knowledge concerning the mitochondrial activities of HMGA1 protein.  These 

experiments have clearly established several lines of evidence: that nuclear over-

expression of HMGA1 causes the protein to accumulate at elevated levels in 

mitochondria; that HMGA1 interacted with multiple regions throughout the mitochondrial 

genome in vitro and in vivo; and that HMGA1 was able to out-compete TFAM protein for 

binding to both B-form and D-loop mimicking mtDNA substrates in vitro.   

Previous studies have demonstrated that increased levels of HMGA1 in 

mitochondria have been associated with mitochondrial dysfunction [1,2], and that 

mtDNA binding of TFAM protein is necessary for a number of routine mitochondrial 

processes [3].  Given the evidence presented in this work, in conjunction with these 

previous findings, a potential model for HMGA1-mediated mitochondrial dysfunction has 

been developed in which HMGA1 and TFAM compete for functional binding to mtDNA.   

This model, described in Chapter 2, maintains that in healthy mitochondria, 

HMGA1 is translocated in small, controlled quantities, which allows the protein to 

specifically bind mtDNA only at sites of highest affinity and perform a given function.  

TFAM, in contrast, is present in great abundance and is thus able to bind to many sites 

throughout mtDNA to carry out its various functions. On the other hand, in cancer cells, 

which routinely express elevated levels of HMGA1, the mitochondrial ratio of HMGA1 

and TFAM is altered.  We propose that this change in ratio is sufficient for HMGA1 to 

partially out-compete and displace TFAM from key sites on the mtDNA.  Due to the 

large number of activities that TFAM carries out by means of mtDNA binding, its 
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displacement by HMGA1 is proposed to bring about mitochondrial dysfunction which 

may include altered gene expression and increased mutation caused by reactive 

oxygen species.  Both increased mtDNA mutation and reduced mitochondrial 

functioning are features of cancer cells and seem to play a role disease progression.  

This model provides a potential premise for how HMGA1 over-expression contributes to 

neoplastic transformation and is associated with increasing metastatic potential of 

established cancers. 

 

Future Directions 

 Although the work presented here has provided new insights into HMGA1 

interaction with mtDNA and mitochondrial proteins, additional studies are necessary to 

further elucidate HMGA1 activity in mitochondria.  The model derived from this evidence 

represents a testable hypothesis that can be evaluated through a number of additional 

experiments.  Described below are four groups of experiments that would be the next 

logical steps to continue this work and yield data to either to support or refute this 

proposed model. 

EMSAs using oxidatively damaged DNA probes   

TFAM has been shown to bind preferentially to oxidatively damaged DNA and 

other types of lesions, potentially to facilitate recruitment of repair proteins [4].  HMGA1 

has also been shown to bind to various types of DNA lesions in the nucleus, but over-

expression of HMGA1 sterically hinders access of repair proteins, and thus contributes 

to inhibition of nucleotide excision repair [5].  Although mtDNA is mainly threatened by 

oxidative damage, which is generally addressed by base excision repair (BER), it is 
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possible that HMGA1 may carry out a similar inhibitory role in mitochondria, particularly 

taking into account that over-expression of HMGA1 leads to reduced mtDNA repair 

rates [1].   

To address the question of HMGA1 and TFAM competition for binding to 

oxidative lesions, additional EMSA experiments should be performed using either or 

both of these proteins with a synthetic DNA probe containing an oxidative lesion site(s).  

The resulting relative affinities of TFAM and HMGA for this type of DNA probe would 

provide further insight into the mechanism by which HMGA1 may reduce mtDNA repair 

rates.  If HMGA1 is found to out-compete TFAM for oxidatively damaged DNA, as it did 

with other mtDNA probes, it would imply that HMGA1 might block BER and contribute to 

accumulation of mtDNA mutations.  Alternately, the lack of significant competition 

between HMGA1 and TFAM for binding to this probe would indicate that HMGA1 

contributes to reduced mitochondrial repair by a different mechanism. 

The effect of HMGA1 on mtDNA superhelicity 

One of the inherent features of HMGA1 binding is that it can bend DNA 

substrates.  In fact, HMGA1 has been found to induce positive supercoiling in A/T-rich 

plasmids at low molar ratios, and induce negative supercoiling at high molar ratios [6].  

Considering that mtDNA is essentially a plasmid with a considerable amount of A/T rich 

sequence, it is likely that HMGA1 introduces topological changes in mtDNA.  This idea 

could be evaluated by performing studies on isolated supercoiled mtDNAs to examine 

their topology in the presence of increasing levels HMGA1.  The use of Topoisomerase 

I assays and 2D chloroquine gel electrophoresis would indicate the direct effect of 

HMGA1 over-expression on mtDNA.   

 73  



If the results of these experiments were consistent with those that have been 

previously observed in other plasmids, low levels of HMGA1 would introduce positive 

supercoiling, possibly suggesting a functional role for HMGA1 in altering mtDNA 

structure.  Additionally, if these experiments are consistent with previous studies, 

excess HMGA1 would cause negative supercoiling.  This might potentially reflect a 

threshold accumulation of HMGA1 at which the protein ceases to carry out its normal 

function, and begins to contribute to the harmful changes in mitochondrial function that 

have been observed in HMGA1 over-expressing cells. 

To take this idea one step further, manipulating the ratio of TFAM and HMGA1 

could be used to evaluate their combined effects on mtDNA superhelicity.  While 

HMGA1 may well be able to induce noticeable topological changes in mtDNA, TFAM 

may buffer, counteract, or have no effect on HMGA1’s ability to change mtDNA 

topology.  However, because TFAM is an abundant mtDNA packaging protein, it would 

be telling to include it in these types of studies.  Whatever the result of these potential 

superhelical experiments, they would undoubtedly provide greater insight into the 

topological effects of varying levels of HMGA1 on mtDNA. 

Comparative ChIP and re-ChIP of HMGA1 and TFAM 

While in vitro experiments often provide useful answers to a given question, it is 

often necessary to confirm findings with an in vivo model.  In Chapter 2, ChIP assays 

were presented, confirming that HMGA1 bound to two other mtDNA locations in addition 

to the D-loop region.  While these data provide a convincing foundation that HMGA1 

binds to mtDNA in vivo, it would be beneficial to perform further assays to evaluate 

HMGA1 binding to a number of regions throughout the mtDNA.  Of particular interest 
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would be to evaluate binding of HMGA1 at locations that have been previously identified 

by ChIP TFAM.  Ohgaki and colleagues [7] have described over 30 regions on mtDNA 

in HeLa cells (a cell line that over-expresses HMGA1) in which TFAM was found to 

immunoprecipitate, none of which have been evaluated for HMGA1.  Thus, comparison 

of ChIP profiles for HMGA1 and TFAM generated from identical primer sets would allow 

a more thorough evaluation of HMGA1-TFAM competition for mtDNA binding in vivo.  

Such comparison would be particularly intriguing in multiple cells lines that express both 

basal and elevated levels of mitochondrial HMGA1 (i.e. normal cells and cancer cells).   

In addition to single antibody ChIPs, it would be revealing to perform ChIP/re-

ChIP experiments in which a second pull-down was performed on previously 

immunoprecipitated complexes.  DNA fragments that immunoprecipitated with HMGA1 

antibody, for example, would be assayed again (re-ChIP) for the presence of TFAM 

using a second immunoprecipitation step with TFAM antibody.  Comparing this type of 

ChIP/re-ChIP, using both combinations of successive antibody pull-downs, would 

indicate if HGMA1 and TFAM are able to bind to similar locations of mtDNA in vivo.  As 

a result, it would establish or challenge the notion that these two proteins are able to 

simultaneously bind short stretches of mtDNA in vivo. 

In Vivo Animal Studies 

 After in vitro studies and in vivo cell culture studies are performed, it is valuable 

to confirm findings in the context of whole organisms.  Although convincing evidence 

has been observed that over-expressed HMGA1 in transgenic or tumor cell culture 

aberrantly translocates to mitochondria [8], validation of these findings in mice or 

harvested human cancer tissue would likely strengthen these results.  In fact, both of 
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these types of in vivo materials are presently available for study, given that Resar and 

colleagues [9] have developed a transgenic mouse line that over-expresses HMGA1, 

and that various types of matched set cancer samples can be made available from 

hospital tissue banks. 

Mitochondria isolated from cancerous and healthy tissues could be used in 

multiple experiments that further evaluate the model proposed in Chapter 2.  Western 

blots can be employed to evaluate the levels of HMGA and TFAM in mitochondria 

isolated from these tissues.  In accordance with the proposed model, it would be 

predicted that HMGA1 levels in cancerous mitochondria would be greatly elevated as 

compared to HMGA1 levels in healthy mitochondria, while TFAM levels would remain 

unchanged.  Transgenic mice and human tumor tissues could also be used to review 

the various ChIP experiments performed in cell culture.  These potential in vivo animal 

studies would either refute or lend significant credibility to previous findings presented 

here and to proposed future ChIP experiments. 

 

Performing the four types of experiments outlined above would be a valuable 

way to proceed with the findings presented in Chapter 2.  The tools needed to conduct 

all of these experiments are currently available, making them a convenient place to 

begin future studies.  In fact, work has already been initiated with matched set 

tumor/healthy human tissue to examine mitochondrial HMGA1 and the results thus far 

appear to confirm previous findings.  Because there is still much to be discovered 

concerning the role of HMGA1 in mitochondria, and mitochondrial biology in general, it 

is important that this work is followed up with further investigation.   
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The work presented in this thesis establishes that HMGA1 binds to mtDNA in 

vivo and is able to out-compete TFAM for binding to multiple types of mtDNA structures.  

This evidence, in conjunction with previous findings that HMGA1 seems to undergo 

regulated mitochondrial translocation, suggests that HMGA1 carries out some particular 

function in mitochondria.  However, when translocation of HMGA1 is irregular or in 

excess, mitochondria exhibit multiple types of dysfunction that are associated with 

cancer and other disease.  While it is possible that this dysfunction may be related to 

HMGA1 binding to mtDNA, the exact activities of HMGA1 remain to be elucidated.  It is 

also unclear as to whether HMGA1 plays a causal or contributory role in the progression 

of mitochondrial dysfunction and cancer.  What is apparent, however, is that a greater 

understanding of how HMGA1 interacts with mtDNA and other mitochondrial proteins 

will provide significant insight into mitochondrial biology and potentially mitigation of 

cancer progression. 
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APPENDIX A 

HIGH-MOBILITY GROUP A1 PROTEINS INHIBIT EXPRESSION OF 

NUCLEOTIDE EXCISION REPARI FACTOR XERODERMA 

PIGMENTOSUM GROUP A 



Summary 

 The work of Adair et al. entitled High-Mobility Group A1 (HMGA1) Proteins Inhibit 

Expression of Nucleotide Excision Repair (NER) Factor Xeroderma Pigmentosum 

Group A (XPA) was published in Cancer Research, July 1, 2007, vol. 67, pp. 6044-52.  

The research described in this article illustrates that HMGA1 protein is able to bind to a 

repressor region of the XPA gene, preventing its expression and subsequently inhibiting 

effective NER of cells that over-express HMGA1.  Multiple distinct methods are 

employed to demonstrate the repressive interaction of HMGA1 with the XPA promoter.  

One particular method examined an A/T-rich region of the XPA promoter which 

appeared to be the potential HMGA1 binding site for negative regulation.  Site-directed 

mutagenesis was used to alter the A/T-rich region of the XPA promoter to random 

sequence not associated with any known transcription factors.  The mutated promoter 

and wild type promoters were then fused to luciferase reporter genes and the constructs 

were transfected into MCF7 and 7C ”On” cells.  Figure 3 demonstrates that mutating the 

promoter’s A/T rich region yields increased levels of luciferase activity.  This indicates 

that the loss of the HMGA1 binding site allow for increased gene expression.   

 My contribution to this work was to determine the appropriate sequence for the 

mutated promoter and perform the site-directed mutagenesis to form the constructs for 

transfection.  This experiment indicated the A/T-rich region of the XPA promoter was the 

negative regulatory element bound by HMGA1. 
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APPENDIX B 

THE HIGH-MOBILITY GROUP A1a/SIGNAL TRANSDUCER AND 

ACTIVATOR OF TRANSCRIPTION-3 AXIS: AN ACHILLES HEEL FOR 

HEMATOPOIETIC MALIGNANCIES? 



Summary 

 Hillion et al. published The High Mobility Group A1a (HMGA1a)/Signal 

Transducer and Activator of Transcription-3 (STAT-3) Axis: An Achilles Heel for 

Hematopoietic Malignancies in Cancer Research in 2008, Vol. 68, pp. 10121-27.  

STAT-3 is a signaling molecule that plays a prominent role in human malignancy and 

has been found to be up-regulated in HMGA1 over-expressing cells.  The research 

presented in this article evaluates the interaction of HMGA1a on STAT-3 expression 

and demonstrates that blocking STAT-3 function leads to apoptosis, decreased cellular 

motility and foci formation in HMGA1 over-expressing cells.  As a result, STAT-3 is 

proposed as a potential target for therapeutic treatment of cancers that over-express 

HMGA1a.  

Fig. 1 shows a series of experiments that illustrate that HMGA1a binds to the 

STAT-3 promoter to drive its expression.  My contribution to this work was specifically 

Fig. 1Ci, in which electrophoretic mobility shift assays demonstrate that HMGA1a is able 

to bind to a consensus site on the STAT-3 promoter.  When the consensus site it 

mutated, HMGA1a no longer binds, thus suggesting that this particular sequence is the 

target of HMGA1a regulation of STAT-3. 
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APPENDIX C 

HMGA1 DIRECTLY INFLUENCES MITOCHONDRIAL LEVELS AND 

mtDNA REPAIR EFFICIENCY 



SUMMARY 

 The manuscript by Mao et al. entitled HMGA1 Directly Influences Mitochondrial 

Levels and mtDNA Repair Efficiency has been submitted for review and is presently 

undergoing revisions with anticipation of its pending acceptance.  The work described in 

this manuscript evaluates mitochondrial function in the context of HMGA1 over-

expression in both transgenic and naturally occurring cancer cell lines.  Multiple 

parameters of mitochondrial function were assessed in cells expressing normal and 

elevated levels of HMGA1, including mitochondrial mass, generation of reactive oxygen 

species, and ability to repair oxidative DNA damage.  The results of these investigations 

have indicated that mitochondrial dysfunction tracks with levels of HMGA1, suggesting 

that this protein has an important effect on mitochondrial function. 

 While much of the work in this paper was performed in transgenic cell lines, my 

contribution was to confirm that these results were reflected in naturally occurring 

human tumor cells and their matched set normal cells (both harvested from the same 

individual).  Figure 5 shows that the types of observations made in transgenic cells are 

also seen in actual tumor cells.  These experiments are important because they provide 

additional strength and support for the transgenic evidence. 

 The following manuscript is formatted according to the guidelines of the journal to 

which it has been submitted. 
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