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High mobility group A1 (HMGAT1) 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



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 mMRNAs [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



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].



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



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



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 mMtDNA 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 HMGAZ2.
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 HMGAA1, 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



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]. HMGAA1 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.



HMGAL 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 (ChlP) 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.



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.



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 1.2: 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 (Oy) 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 (O.) is the only major regulatory element not located in the D-loop region.
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Figure 1.2

D-loop
HSP / N\
H-strand 3
J nascent H-strand DNA (D-loop strand)
5 D 3
r FLECCEEEETE TR E R R R r e R e et
L-strand | 5
LSP
c‘)H

vertebrate mtDNA
(D-loop form)

13



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 mMRNAs [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 mMRNAs 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
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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 pg
/ml), streptomycin (100 ug /ml) and G418 (100 pg/ml). 7C “On” cell medium was
additionally supplemented with hygromycin (100 pg/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 —80° 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 **P end labeled using PNK enzyme (New England Biolabs, Ipswich, MA).
Synthetic junctions were formed by annealing oligonucleotide legs 1, 2, 3, and 4 (4WJ)
orlegs 1, 4, and 5 (3WJ) after *°P 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-HCI, pH 8, 1 mM EDTA, 100 nM NacCl, 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 S| 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 10’ 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 a-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 MgCl,, 0.4 mM dNTPs, 0.4 uM 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

33



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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HMGA1la 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). ltis 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.
HMGAL1 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 HMGAA1,
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 HMGAT1 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

40



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 HMGAA1, 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.

HMGAL1 binds to mtDNA in vivo.

Previous experiments employing chromatin immunoprecipitation (ChlP) 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 ChlIP results for the ND2 and cyclo-
oxygenase subunit | (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
mMtDNA 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
HMGAA1, 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
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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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Table 2.1

. . \ . Fragment
Coding Region 5 nt Primer sequence Length
86 L tt t
D-loop cattgecgagacgectggage 305 bp
390H |tetggttaggetggtgttag
4711 L |ccggacaatgaaccataace
ND2 265 bp
4975 H |ccacctcaactgcectgetat
6229 L |tcctactectgetegeatet
COXl 286 bp
6515 H |gecagectaggactgggagaga
8113 L |cggacgtctaaaccaaacca
COXll 185 bp
8297 H |gtgggctctagagggggtag
8612L |tattgatcceccacectecaaa
ATPaseb 297 bp
8909 H |taaggggatggccatggcta
9572L |tte tttttet
COXlil gcag9e c-gagc 392 bp
9908 H |attagttggecggatgaagea
14357 L |acccacagcaccaatecctac
NDé6 400 bp
14756 H | ttggggtcattggtgttett
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Figure 2.1: Isolated mitochondria contain HMGAL1 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-Ill; 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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ttogeageaccogtatacatalaato taga
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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 ¢ oxidase subunit | (COXI). (F)
cytochrome c oxidase subunit Il (COXII). (G) Fo ATPase subunit 6 (ATPase6). (H)

Cytochrome c oxidase subunit Il (COXIII). (1) 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

(BWJ). (C) D-loop. (D) NADH dehydrogenase subunit 2 (ND2).
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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
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Figure 2.9: ChIP analysis demonstrates HMGAL 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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Figure 2.9
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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,
HMGAT1 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
| assays and 2D chloroquine gel electrophoresis would indicate the direct effect of

HMGA1 over-expression on mtDNA.
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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 HelLa 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 ChlIP 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-ChlP) for the presence of TFAM
using a second immunoprecipitation step with TFAM antibody. Comparing this type of
ChlIP/re-ChlP, 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 HMGAA1,
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 HMGAT1 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 ChlP 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. Itis
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 (HMGAL) 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 HMGAA1.
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High-Mobility Group A1 Proteins Inhibit Expression of Nucleotide
Excision Repair Factor Xeroderma Pigmentosum Group A

Jenniler E. Adair, Scoll C. Maloney, Gregory A, Dement, Kelsey ). Werlzer,

Michael J. Smerdon, and Raymond Reeves

School of Maerular Bioscienoes, Washington State University Pullman, Washington

Abstract

Cells that overexpress high-mobility group Al (HMGAL)
proteins exhibil deficient nucleotide excision repair (NEK)
after exposure o DNA-damaging agents, a condition amelio-
raled by artificially lowering intracellular Jevels of these
nonhistone proteins, One possible mechanism for this NER
tion i down-regulation of proteins involed in NER
such as xeroderma pigmeniosum complimeniation group A

(XPA). Microarray and reverse transcription-PCR data indi-
cale a Lb-fokl decrease in introcellular XPA mEBENA in
transgenic MCF-7 cells overexpressing HMGAL proleins
compared with non-HMGAl-expressing cells. XPA prolein
levels are also ~ 3-fold lower in HMGAL-expressing MCF-7
cells. Moreover, whereas a >2-fold induction of XPA proleins
is observed in normal MCE-7 cells 30 min afler UY exposure,
no apparent induction of XPA protein is observed in MCF-7
ni hoth

cells expressing HMGAL Mechanistically, we pres
chromalin immunoprecipitation and promober sile-s
mulagenesis evidence linking HMGAL (o repression of XPA
transcriplion via binding lo a negative regulalory element
in the endogenous P4 gene promoter. Phenotypically,
HMGAL-expressing cells exhibil compromised removal of
evelobulane pyrimidine dimer lesions, a characteristic of cells
thal express low Jevels of XPA Importantly, we show that
restoring expression of wild-fype XPA in HMGA l-expressing
cells rescoes UV resistance comparable with that of normal
MCF-7 cells, Together, these data provide strong experimental
evidence thal HMGAL proteins are invoelved in inhibiling
XPA expression, resulling in increased UV sensilivity in cells
thal overexpress these proteins, Becanse HMGAL proleins
are overexpressed in most nalurally oceurring cancers, with
inereasing cellular concentrations correlating with increasing
melastatic polential and poor patient prognosis, the current
findings provide new insighls inlo previously unsuspected
mechanisms contribuling to lumor progression. [Cancer Res
200767 ( 13 p6i4-52 |

Introduction

The ability to recognize and respond to DNA damage is a
ubiguitous property of living organisms, from Myeoplasma o
multicellular vertebrates. The tvo pathways of DNA repair thought
to be responsible for a majority of day-today genomic mainte-
nunce are the base excision repair (BER) and nucleotide excision
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Washington State University P. (0 Box 68660, Pullman. WA 991680660, Phone:
S09-335-198 Fax 500-335-9685; E-maik resvesrimmailwaiesdu
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ez 101 158, 0005-547 20 AN-06-1659

repuir (NER) pathways, Whereas BER s known to repair small,
single-base modilications, most of which arise from endogenous
damage, such as oxidation (1), NER is responsible for detecting and
repairing large, helix-distorting  lesions, such as cycobutane
pyrimidine  dimers (CPD) (6-4) photoproducts, and cisplatin
adducts (2]

Deficiencies in proteins invelved in NER result in severe
sensitivity o DNA-damaging agents, such as UV light and cisplatin,
whose lesions are normally repaired via this pathwey (3) IE was
through the identification of patients exhibiting this phenotype
that many of the fcters involved in NER were, in fact, identified. In
particular, patients deficient in functional xeroderma pigmentosum
group A [XPA) protein display the most severe symptoms of the
human disease xeroderma pigmentosum, for which eight of the
NER [actors are named (4).

The XPA protein is a highly conserved, 38 to 42-kDa polypeptide
containing three separate protein-protein interaction domains, a
nuclear localization signal, and a zine finger domain (5). Althowgh
nuclear localization of XPA is observed under many different
experimental conditions, nuclear sequestration of this protein is
not required for functional participation in NER, during which it is
thought to play several different roles (6). Moreover, based on the
discovery of a cancer-predisposing human disease churacterized by
lack of functional XPA, it is apparent that this protein is essentisl
for cellular processes of genome maintenance.

In most normal cells, the XPA gene is constitutively transcribed
at very low levels (7, 8) and is not usually induced in response to
DNA-damaging agents, such as UV light (9). Nevertheless, it has
been convincingly shown that variations in the intracellular
concentrations of XPA have dramatic affects on NER efficiency.
For example, Cleaver et al. have shown that UV sensitivity in
human cells is a linear function of intracellular XPA concentrations
(10) with even modest decreases in XPA levels significantly
reducing overall NER competence (10, 11).

Previous work from our laboratory has shown that transgenic
MCF-7 cells induced to overexpress high-mohility group Al
(HMGAL also known as HMG-LTY; refl 12) proteins, as well as
cancerows cell lines that naturally overexpress these proteins,
exhibit both incressed UV sensitivity as well as compromised NER
of CPD lesions (13). Importantly, HMGAL proteins were dinectly
implicated in mediating both of these cellular phenotypes becanse
artificial reduction of the endo genous levels of HMGAT proteins in
overexpressing cells increased both their shility to repair CPD
lesions and their ability to survive UV exposure (13). Additionally,
recent work by Baldaessaree et ol (14) has shown that embryonic
stem cells overexpressing HMGA proteins are also more sensitive
to treatment with cisplatin, a chemotherapeutic agent that forms
bulky DNA adducts. Furthermore, it has been shown that MCF-7
cells induced to overexpress HMGAL proteins are also more
sensitive to  dimethylsulfate, an alkylating agent whose base
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HMGA{ Proteins Inhiblt Expresslon of NER Factor XPA

modifications are typically repaired via BER.' Finally, Boo et al (15)
have also shown that HMGA proteins potentiste genotoxic stress
induced by exposure of breast cancer cells to either doxoerubicin, a
topoisemerase I inhibitor, or cisplatin a DNA cross-linking agenl.
Given these highly suggestive dats, in combination with results
from our previous microarray analyses indicating  decreased
concentrations of XPA mENA in cells overexpressing HMGAL
(16) we decided to experimentally address whether HMGAL
overexpression negatively regulates intracellular concentrations of
XPA protein and whether XPA deficiency plays a role in the
previously shown NER inefficiency displayed by cells that over-
express HMGAL (13).

Materials and Methods

Cell culture. The human breast adenocarcinoma cell line MCFT-tet (ie.
MCF7/Tet-0FF; BI} Biosciences) was cultured as described previously {121
Clonal cell line MCF7-TC-Cs is a stably transfected dervivative of MCFT/Tet-
OFF cels containing a tetvacycline-regulated pTRE vector encoding
hemaggutinin {HAHagged HMGAla cDNA, maintained in the presence
of 100 pg/mL hygromycin (131 This cel line expresses high levels of
transgenic HA-tagged HMGAla protein when grown in medium lacking
tetracycline (these are referred to as HMGAL “0OK” cellsl To prevent
expmsxiﬂn af  FHMGAL transgenes, MCFT-TC-Ca cells were cultured in
medium containing 2 pg/mlL tetracydine {and are meferred to as HMGAL
“OFF” cells)

Cell transfections and luciferase assays. Transfections of the pGL3
Bazic luciferase rveporter plasmid carrying either the wild-type AP
promoter wegion (P4 wi-luc) or the negative regulatory mutant KP4
promoter construct (KP4 mut-lue) were done wing Invitrogens Lipofedt-
AMINE tmansfection reagent and carried out according to the manufac-
turers recommendations. Briefly, 200 ng of either wild-type or mmitant
reporter plasmid and 50 ng of pHRGE Renillz plasmid (as a transfection
efficiency contml) were mixed with 2 pL of Lipofect AMINE transfection
reagent. Complexes were incubated with 705 confluent cells for 5.5 h in the
absence of serum Trmansfections weve rescued by the addition of medium
containing 2x serum directly to the transfection medium and allowed to
incubate for 48 h. Twelvwe independent tmnsfection experiments were done
with the wild-type AP4 wi-luc construct and at least three independent
experiments with the mutant AP4 mut-lue construct in both the HMGAL
ON and HMGAL OFF cdl lines.

Luciferase reporter assays were done with Promegas Dual-Luciferase
Assay kit according to the manufacturer’s recommendations and vead on a
Berthold Technologies Lumat LB 9507 Relative light units (RLU} were
measured for both the eporter and Renifla plasmids and then caloulated
for RLUs of reporter per one RLLT of Rendla transfection control plasmid

Multiplex reverse transcription-PCR analyis. HMGAL ON and
HMGAL OFF cells were cultured as described above until 90% confluent.
Total BNA was solated fiom cells via Trizal (Invittogen) extraction
according to the manufacturer’s protocol. RN A was resuspended in RNase-
free double-distilled water and quantitated via spectwphotometry. Total
BENA {1 pg) from each sample was then used as template in a firststrand
synthesis reaction using First-Stmand cDNA Synthesis kit for veverse
transcription-PCR (RT-PCR; Roche) according to the manufacturers
protocol. Single-stranded cDNA was quantitated by spectiophatometry
and 50 ng were used as template in a multiplex PCR to amplify either
HMGAL and hypoxanthine phosphoribosylivansferase (HPRT) sequences ar
XPA and HPRT sequences. Primers used for HMGAL amplification were
GADL (sense, 5-agatctatgagtgagtegagetegaag-3) and GAD2 (antisense,
f-g&atcctgctgctcdcdccg—f}: for HPFRT mn]]]iﬁcaﬁon, ]n'imms were HFRT1
and HPRT2 (Clontechk and for XPA primers were XPA mBNA 51 (sense,
f-rutgg.a.gg:mggdutg—f} and XPA mBNA ASL (antisense, f—ocaﬂgrgam-

l_]_'F_ Adair aned B Reeves, impublished data_

gmgrgglmct—ﬂ’]_ PCR amplification products were resolved on 1% agarose
containing ethidium bromide (02 pg/mL) and quantitated using Cuantity
(me software (Bio-Rad) No-template reactions for each primer set were
induded a=s |'ne5&1'n.-'e contmls, and reactions using ether a ocomstruct
encoding full-length, wild-type HMGAL or XPA as template served as
positive contrals for each primer set.

In witro site-specific mutagenesis, A %-bp, suspected HMGA-binding
atretch of A/T-rich DA (5-tattttaaa-3") located between mucleotidea —268
and —276 in the negative regulatory region of the XPA gene promoter
(Fig. 24) was randomly changed to a nonhinding sequence (5-getgegact-3)
by in vitro site-specific mutagenesis using the commercially available
(uikChange I XL Site-Directed kit (Stratagene) following instructions
provided by the supplier. The h-!l.laﬂl1.'s€pe¢:m1'2 program was used to select
randomly mutagenized sequences of DNA that did not contain any known
transcription factor-binding sites. The &7-mucleotide-long PCR primers
used for in wire mutagenesis had the following sequences: 5-geetatactet-
g.n.nrca.ccu.gcga.gm:qcfgrgumgglguca.ggcgrga.gmmgmdcag—f | forward)
and 5-ctgagatcatatcteacgacetggieaccagicgoage getetegett gatgaticagagta-
ata.ggo-ff {mEveme).

The italicized nudeotides indicate those changed from the wild-type
sequence. Both strands of the mutagenized promoter DNA were confirmed
by automated sequencing.

Western blot analysis, Levels of intracellular XPA and HMGAL proteins
were determined by Western hlot analyzis of cell extrmcts prepared with
Trizol according to the mamifacture’s instructions. Total protein (10 pg)
from either HMGAL ON or HMGAL OFF cells was loaded onto a 12%
polyacrylamide gel in the presence of SD& Proteins were separated
electwphoretically at 100 V for 2.5 h before transfewing to Iromohilon-P
membrane (Millipore) via tank transfer in buffer containing 25 mmaol /L Tris
{]JH T5), 02 mol /L g}'_\r-:ine, and 205 methanol at 1060 V for 1 b Before
addition of primary antibodies, membranes were blocked in TBS containing
5% nonfat dry milk. Membranes were probed for XPA HMGAL and total
actin {as a loading control) using either a monoclonal antibody against XPA
(L1530 dilution; Santa Cruz Biotechnologyl, a specific palyelonal antibody
against HMGAT proteins (1: L0 dilutiore ref. 17), or polyclonal anti-actin
rabbit antibody (1:500% Sigmal. Secondary antibodies were either
horseradish peroxidase (HRPj-conjugated goat anti-rabbit | L5000; Santa
Cruz Biotechnology) or HRP-conjugated goat antmouse (1:10.000; Fierce).
Blots were developed using SuperSignal chemiluminescent substrate
(Pierce). Films were scanned and quantitated densitometrically using
ImageQuant software to determine fold differences observed.

For UV induction cells were cultured as desoribed above until %% to
95% confluent. Medium was removed from culture plates and cells were
washed once with 1% PBS. Cells were then irradiated using low-pressure
Hg lamps (model GHTE; Sylvania) at a dose of 20 _I."n'u2 {measured with a
Spedroline I'M-254N shortwave UV meter; Spectronic Corpu. Immediately
after UV exposure, complete medium was replaced, and cells were
incubated for 30 min before protein extraction was done as above.

For XPA overexpression both HMGAL ON and HMGAL OFF cells were
cultured as above until 70% confluent. Cella were either left untreated,
transfected with 1 pg/ml empty pcDRNALL constmct (Invitrogen L, or trans-
fected with 1 or 25 pgimL peDNAZLXPA) (a gift from Dr. Richard Wood,
Hillman Cancer Center, University of Fittshuigh, Pittsburgh, Pennsylvania),
containing the full-length, wild-type AP gene under the control of a
eytomegalovirus (CMV) promaoter, wing Lipofect AMINE 2000 | Invitrogen)
according to the manufachirers protocol. Tatal protein was isolated and
analyzed via Western blot analysis as above 48 h after transfection

Immunocytochemical analyses. HMGAL ON and HMGAL OFF cells
were culturad on sterile glass coverslips measuring 22 mim = 22 mim under
standard culture conditions as described above until 505 to 80% confluent.
Medium was removed and cells were washed once with PBS. Coverlips
were then irradiated at 20 J/m* {as described above) and either fixed
immediately or replaced in culture medium and incubated to allow vepair
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to ocour. At & and 24 h after imadiation. coveslips were fixed in ice-cold
ahsolute methanol for 20min at —20” followed by washing in PBS for 5 min
hefore heing penmeahilized using PBS + 0L1% Triton X-100. Coveslips were
washed thrice in PBS and subjected to 30 min in 2 mol/L HC to depurinate
and denature dsDNA This was followed by a 5-min wash in | mal/L borate
buffer (pH 80} and three washes in PBS for 5 min each. Coveslips were
hlpcked by adding 5% nonfat dry mik in PES and incubating at room
temperature for 3 min. A primary antibody against CPD lesions (18] was
added to blocking solation at a 1:500 dilttion and incubated for 1 h at room
temperature. Coverslips were then washed thrice with PBS + (L1% Tween
20 before addition of anti-mouse Oregon Green—conjugated secondary
antibody { for detection of CPD antibody) was added at a 1200 dilution in
hlpcking solution and incubated at wom temperature in the dark for | h
Coverslips were then washed again for 5 min each in PBS + (L1% Tween
20 before mounting on sterile glass micwscope slides in mounting medium
containing 4’,6—diamidin-‘rZ—]JI'uenf.r]indo]e ({DAPT) as a nuclear stain.
Confocal microscopy was used to visualize cell micled via DA flucrescence
aswell as CPDY lesions. Individual cells were counted for each of five random
fields, and total fidd fluorescence was divided by the number of cells per
fidld to obtain average per cell Quorescence intensities for each treatment
and time after UV irradiation.

Far colocalization analyses, micropore imadiation (19) was used as
opposed to whaole-cell irradiation due to the ubiquitous mclear fluores-
cence of both HMGAL proteins and CPD lesions even a low UV doses. In
these experiments, HMGAL ON cells were cultured on glass coverslips as
above, medium was removed, and a 5um isopore polycathonate filter
{Mi]]i])om], ]n'emaked in PBS, was owr]x'_\red hefore TV EXPOSUTE. Filters
were then removed and coverslips were treated, as above, for detection of
CPFD lesionz, with the following exceptions. First, during primary
incubation, both anti-CPD antibody (mouse origin) and an anti-HMGAL
antibody {rabbit orgin) were added at 1:500 diution. Second, both anti-
mouse Oregon Green-conjugated and anti-mbhit Texas Red-conjugated
secondary antibodies were added during the second incubation period As
above, confocal microscopy was used to visualize DAPT staining as well as
both CPD lesions and HMGAL proteins. Per cell fluorescence intensities for
each of five random fields were caleulated as above.

Chromatin  immunoprecipitation analyses. To determine whether
HMGA] was associated with the endogeno‘us AP promoter, HMGAL ON
cells were cultured as indicated above until complete confluence was
obtained. Approaximately 4 % 10F cells were trypsinized and resuspended in
10 mL serum-free DMEM containing 1% formaldehyde and incubated for
10 min at 37°C. Glycine was added to a final concentration of 125 mmal /T
to quench cross-linking, and cells were pelleted by centrifugation. Nudei
were isolated from the cell pellets and extensively sonicated and the
resulting amall chromatin fragments were processed following our
previously described chromatin immunoprecipitation (ChiP) techniques
(20 using rabbit MR19 anti-HMGAL antibody (17). To evalate whether
HMGA1 was endogenously associated with the APA promoter, PCR of
immunoprecipitated DNA was done using primes specific to a 450-bp
region of the 5" untranslated region (5UTR) of the X0 gene, which
consists of one identified potential HMGAL-binding site and the only
conserved regulatory element described within this promoter, a 100-bp
negative regulatory region (21, 22} Primers used were XPA New Neg 51
(sense, 5-aactgteaagagetcagacttaace-?) and XPA 5-UTR AS1 (antisense
f-ctccgcgggﬂgctﬂu—ﬂ’]. PCR amplification of a portion of the KIT ligand
gene promoter, to which HMGAL is bound in these cells (20) was done
as a positive contral to show effective immunoprecipitation. In addition
amplification of a fragment of the HFRT gene promater, which does not
bind HMGAL in wive (201 was done as a negative control for the ChiP
reactions. Products of the PCRs were maolved by dectrophoresis in 1%
agarose in the presence of ethidium bromide

XPA overexpression and UV survival analyses. HMGAL ON and
HMGAL OFF cell were cultured as above until 70% confluent. Cells were then
transfected with ether empty pecDRALL or pcDNALLXPA) at a concentra-
tion of 1 pg/ml using LipofectAMINE according to the manufachmers
protocol Medium was removed and cells were washed once with PBS 48 h
after transtection. Pates were then either left untweated or imadiated at a

dose of 2, 10 25, 50, or 100 ]/m” as above. Medium was then weplaced and
cells were cultured for % h to allow repair and/or apoptosis to occur.

To determine cell viahility, cells were washed with PBS, trypsinized. and
resuspended in complete medium. Cell swrvival after imadiation was
maonitored via trypan blue {(4%) ecclusion and viahility counting using a
hemacytometer. Briefly, cell suspension was diluted 1:1 in 100 pl trypan
blue dye and incubated at room tempemture for 5 min. Twenty micraliters
were loaded onto a Tﬂ'y Uhra Flane hemx.cf.rrometer, and the number of
viable cells was determined Percentage survival was calculated by
comparison with non-IN-irmadiated contrala

Results

XPA mBNA and profein levels are lowered in HMGAL-
overexpressing cells, Our previous microarray gene expression
analyses indicated that intracellular concentrations of XPA mRENA
were decreased 26-fold in HMGAL ON cells compared with
HMGAL OFF cells (16) To confirm this observation, multiplex
BT-PCR was used (see Fig 14). In these experiments, tolal RNA
was isolated from parental MCF-7 cells as well as from transgenic
MCF-7 cells either induced (HMGAL ON) or not induced (HMGAL
OFF) to overexpress the HMGAL proteins. Equal amounts of total
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Figure 1. ¥PA franscnpt 2nd protein are reduced in HMGA 1-expressing MCF-7
cells. A, multiplex AT-PCR anabysis of total RNA extracted from MCF-F celis
siher noninduced (HMGAY OFF; lanss 1 and 3) or inducad (HMGAT ON; lanss
2 and 4) to express HAGAY proteins. Lanss T and 2, PCR products from
reaction contz ining primers o both AWEA T and HPAT gens ranschpts; lanses 3
and 4, PCR products from reactions contzining primers to XPA and HPART
Qens transonpts. 8, Western blot anzlysis of ol proein isclated from HMGAT
QOFF {lfanss 1 and 2) and HMG AN ON {lanss 3 and 4) cells. Lanss 1 and 3,
total protein from unireated cells; fanss 2 and 4, fotal proteins isolated 30 min
after & 20 Jim* dose of UV radiation. C, graphical representation of Western blot
denstometnc analysis. Whis columns, HMGEAT OFF cell XPA protein; dark gray
colfumnzs, HWGEAT ON cell ¥PA. Columns, mean of fires inds pendsnt
experiments for each cell type and treatment; bars, S0
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BNA were used to prodoce cDNA, which was subsequently used as
template in a multiplex PCR to amplify either HMGAL and HPRT
transcript sequences or XPA and HPRT transcript sequences. As
shown in Fig. 14, these analyses indicated that HMGAL OFF cells
expressed only low levels of both HMGAL (lare ) and XPA (ke 2)
transcripts. In contrast, HMGAT ON cells (after normalization to
levels of “control” HPRT transcripts produced in the same
multiplex reaction) showed =~ 10-fold more HMGAL transeript
(fare 3) and no detectable XPA transcript (lame 4).

As transcript levels are not always indicative of intracellular
protein concentrations, Western blot analysis was used to assess
intracellular concentrations of XPA in both HMGAL OFF and
HMGAL ON cells (Fig. 18). Although both cell lines showed
detectable XPA levels, the amount of XPA detected in HMGAL ON
cells was signi ficantly lower than that observed in HMGAL OFF cells
(Fig. 18, compare fgres | and 3). Moreover, when total proteins
were isolated from cells 30 min after & 20 J/m® dose of UV radiation,
there was a significant increase in intracellular XPA concentrations
in HMGAL OFF cells (Fig 18, compare lames | and 2). In contrast,
XPA levels seemed unchanged in HMGAL ON cells under the same
conditions (Fig. 18, compare lanes 3 and 4). Densitometric analyses
of three independent assessments of intracellular XPA concentra-
tion revealed o basal 5-fold difference between HMGAT OFF and
HMGAL ON cells before UV irradiation and a 6-fold difference after
UV exposure (Fig 10). As indicated in Fig 18, HMGAIT protein levels
were not altered in cells on UV exposure.

HMGAL is associated with the endogenous P4 gene
promoler in living cells, HMGAL proteins have been shown to
participate in both positive and negative regulation of transcription
of a large number of mammalian genes by controlling the
formation of multicomponent protein-DNA complexes on gene
promaoter regions (12, 20, 23 24), Thus, ChIP assays were done to
determine if HMGAL proteins associate with the endogenous
XPA promoter (Fig 2). Briefly, HMGAL ON cells were exposed to
formaldehyde to cross-link proteins to proteing and proteing to
DMNA wherever close intracellular interactions between the two
exist. Isolated chromatin was then sonicated to produce average
DMNA fragments of ~500 bp in size, and immunoprecipitation of
protein and DNA compleces containing HMGAL was sccomplished
by incubation in the presence of an antibody specific to HMGAL
proteins. Immunoprecipitated DNA was then purified and
subjected to PCR analysis. In these experiments, as shown in
Fig 2, a 450bp region of the XPA promoter. known Lo contain a
negative regulatory region of ~ 100 bp that is conserved between
mice and humans, was amplified (21, 22). Importantly, this region
of the promoter also contains several potentiol HMGATL-binding
domains, as defined by a sequence of six or more adenine or
thymine bases (25), one of which is located within the negative
regulatory region al nuclectides —268 to —276 [see Fig. 24). As
shown by the ChIP results in Fig 28 (lane ) preferential
amplification of DNA corresponding to this region of the XPA4
promater strongly suggests that HMGAL proteins either are directly
bound te the DNA itsell or are in very close proximity to this
particular genomic sequence as a result of indirect interactions
with other DNA-bound proteins. As positive and negative controls
for these ChIP reactions, using the same immunoprecipitation
samples, PCR amplifications were also done for the promoters of
genes previously shown [(20] to either bind (e.g, the KTT ligand) or
not (eg., HPRT) HMGAL proteins in vive (Fig. 28). Additional
negative controls (Fig. 28) included immunoprecipitations with
either nonspecific (fame 4) or no (lage 5) antibody in the reactions,

Mulation of an A/T-rich sequence in the XPA promoler

relieves transeriplional repression. These ChIP results provide
strong support for a close association of HMGAL with the negative
regulatory region of the XPA promoter in living cells but do not
directly show that the repressive effects of HMGAL on XPA gene
transcription (Fig. 14) are mediated through the nine-nocleotide-
long stretch of A/T-rich sequence located bebween nucleotides

268 and =276, the only potential binding site for the HMGAIL
protein in this pegative control element. To investigate this
possibility, in vitro site-directed mutagenesis was used to randomly
alter the nine nucleotides in this stretch of DNA so that they would
no longer be a potential binding site for either HMGAL (Fig. 24) or
any other known mammalian transcription factor (see Materials
and Methods). Both the wild-type and mutant XP4 promoter
sequences were ligated inte a lociferase reporter plasmid to
produce  expression vectors XPA wi-lue and XPA mut-lee,
respectively. HMGAL ON and HMGAL OFF cells were individuoally
transfected with either XP4 wi-loc or XP muot-lue, and 48 h after
transfection, the cells were lysed and the amount of lociferase
activity in the extracts was determined. The graph in Fig. 3 shows
the results obtained when HMGAL OFF cells were transfected with
either XP4 wilue (Fig. 3, gray coluwmin) or XPA muot-loe (Fig 3, black
colmn) and shows that the transcriptional activity of the XPA
promaoter significantly increases (by ~508%) when the A/T-rich
streteh in the negative regolatory region is mutated to a sequence
that will not bind HMGA L Similar differential transeription trends
were also observed when the XPd wi-lue and XP4 mut-luc
plasmids were transfected into ON cells that are overexpressing
HMGAL protein (data not shown).

HMGAT proteins do not colocalize with CPD lesions in living
cells. In accordance with phenotypes observed in human cells that
have been experimentally induced to express low levels of
functional XPA protein (10), defective NER of CPD lesions was
ohserved in HMGAT ON cells, but not in HMGAL OFF cells or
normal MCF-7 cells, both of which express low to undetectable
levels of HMGATL proteinsg (13). The immunocytochemical results
shown in Fig. 4 qualitatively verify this phenomenon. In these
experiments, a specific monoclonal antibody was used to detect
cis-gr CPDs in muclel of HMGA L OFF (Fig 44-0') and ON (Fig. 48-
(7 ) cells that had been exposed to UV irradiation (107/m”) and then
either immediately fixed (time 0; Fig. 48 and F) or allowed to
undergo NER for either 6 h (Fig. 4C and &) or 24 h (Fig 40 and 7).
Figure 44 and £ shows control reactions in which non-UV-treated
cells were rencted with the anti-CPD antibody to determine levels
of background fucrescence. From these results two main
observations can be made. First, it is evident that at “time 07 the
nuclei of both the OFF cells and the ON cells that have been TV
irradiated fAuoresce with approcimately equal intensity, indicating
that similar amounts of UViinduced CPDs are present in the global
genomic DNA of both cell types. Thus, overexpression of HMGAL
proteins in the ON cells does nol seem to enhance the overall
amount of UV-induced damage formation. Second, at & h after
irradiation, fuorescence of HMGA 1 ON cell nuclei is much brighter
than is the neclear luorescence of the OFF cells containing very
Low levels of HMGAL proteins (Fig 4C and &), and even at 24 h after
irradiation, a difference in intensity between the ON and OFF cells
is still apparent (Fig. 42 and /), although not to the same extent.
These highly reproducible results qualitatively confirm, by an
independent experimental method, our previously reported
quantitative demonstration that overexpression of HMGAT pro-

teins inhibits global genomic NER of CPD lesions in wive (13).
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We have also previously shown, under in vitro conditions, that
HMGAL proteins exhibit a high binding affinity for non-B-form
DNA (12, 24) and that they are capable of binding to, and altering
the formation of, CPD lesions in a DNA fragment rich in AT
residues (13). These findings, therefore, raised the question of
whether HMGAL proteins can also selectively bind to CPD lesions
in living cells, thus providing a likely explanation for the NER
deflects observed in HMGAL ON cells. To investigate this possibility,
immunocytochemical analyses were done using specific antibodies
te determine whether HMGAL and CPDs are colocalized in ON
cells exposed to 20 [/m® UV irradistion. In these experiments,
HMGA l-expressing cells were micropore irradiated (19) rather than
whole-cell irradisted as described in Materials and Methods.,
Micropore analysis was used to avoid potential spurious colocal-
ization artifacts that could arise from several sources (13 19) In
such analyses, colocalization of molecules is examined in time
course experiments in only subnuclear “foci” of DNA damage
corresponding to small holes in a masking micropore filter placed
over the cells before UV irradiation. Figure 5 shows a represe ntative

example of such an experiment in which ON cells were replaced in
culture mediom following UV irradiation and allowed 30 min to
equilibrate before being fixed in absolute methanol and examimed.
Based on kinetic data showing that HMGAL proteins are
remurksbly mobile in the nuclei of living cells with rapid on/off
rates st most genomic sites (26), this 30-min equilibration period
would allow for HMGAL proteins to diffuse to and/or from DNA
lesions induced within micropore-ircadisbed nuclei, As seen in Fig, 5
(deft ), numerous sites of HMGAL accumulation (Fig. 5, a-FMGAT TR,
red) are seattered throughout the nuclei of cells exposed to TV light
but these localized concentrations of protein are not [ for the most
part) induoced by the irradiation itsell because similar HMGAL
distribution patterns are also observed in the nuclei of normal,
nonirradiated cells (27, 28)." In the case of CPD lesions, direct
support for this conclusion is provided by the results shown in
Fig 5 (middle and right ), which show that, although localized areas
of CPD lesions were readily visualized within micropore-ir rad iated
nuclei (Fig. 5, @-CPD 0G green), no yellow fuorescence, indicative
of HMGAL and CPD colocalization, was observed in any merged
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fields examined. These results indicate that HMGAL proteins ane
nol stably associated with sites of CPD damage in living cells soon
after UV irradiation.

XPA complimentation restores UV resistance. To assess
whether the observed XPA deficiencies associabed with HMGAI
overexpression cansed the NER defects also seen in these cells, XPA
complimentation studies were done. In these experiments, a vector
encoding full-length, wild-type XPA, under control of a constitutive
CMV promoter, was transfected into both HMGAL OFF and
HMGAL ON cells and cell viability after UV irradiation at o variety
of UV doses was examined (Fig. 6). As shown in the Western blots

in Fig. 64, these transient transfections resulted in increased

expression of XPA protein in both ON and OFF cells compared with
control cells transfected with an empty peDNAZ L vector (Fig. 64,
compare fanes 36 with lares § and 2). Importantly, overexpression

Figure 4. Global genomic MER of CRD
lesons is inhibited in MCF-7 cells
oversxpressing HMGAT proteina.
Immunocytochemistry wsing anti-CFD
primary antbody and Oregon Gresn
secondary antibody in MCF-7 cells inducsd
to sither sspress (bofom) or not express
{top) HMGAY 2 proteing. Cells wers
exposed o 10 Jm* and then eifher
immediately foed (fme 0; 8 and F) or
alliowed 1o undsrgo MER for eftner 6 b

{C and G} or 24 h (D and H) and then
probed for the presence of CPOs. 4 and E,
controd reactions in which non-LN-treated
cells are reacted with the anti-CFD
antibody. Representative of the averags
total fluorescence chssrved in five random
fislds for each treatment at =<&00

magn dication.
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of XPA did not alter HMGAL levels in either ON or OFF cells
(Fig. 64, lanes 3-6).

When cell survival after UV irradiation was examined in XPA-
overexpressing cells, no significant difference in survival between
HMGAL OFF and HMGAL ON cells was observed at UV doses
between 2 and 100 J/m® indicating that XPA deficiencies are
responsible for previously described UV sensitivity in these cells
(Fig. 68; ref. 13). This is exemplified by the significant increase in UV
resistance between HMGAL ON cells overexpressing XPA compared
with HMGAL ON cells transfected with empty peDNASD vector
(Fig. 68). Moreover, there were no significant increases in
cell survival between HMGAL OFF and nontransgenic parental
MCF-7 cells before and after induction of XPA' indicating that
the endogenous concentrations of XPA in these cells are sufficient
for normal levels of repair to occur. Likewise, additional control
experiments showed that there was no difference between survival
of parental MCF-7 and transgenic HMGAL OFF cells that
were transfected with an empty peDNAS L vector (data not shown
rell 13

Discussion

Previous work from our laboratory showed that MCF-7 cells
overexpressing HMGAL proteins are as much as 50% less efficient
in their ability to repair UVinduced CPD lesions compared with
non-HMGAL-overexpressing MCF-7 cells (13) These findings, in
combination with other work indicating that HMGAL-expressing
cells are sensitive to cisplatin (14), suggest that cells
expressing HMGA proteins are compromised in their ability to
carry out NER efficiently.

Given the diverse array of protein-protein interactions involving
HMGAL as well as the ahility of HMGA proleins to bind DNA in a

struclure- .‘i[ll‘.l!ll fic man ner, Ore

e

possible mechanism  for  the
ohserved NER deficiency in cells overexpressing these proteins
would be by interference with repair factor binding. In this model,
direct binding of HMGAL proteins to CPDs could inhibit NER
factor access bo lesion sites as o consequence of steric hindrance,
Indeed, our previously published i vitro analyses indicated that
HMGAT could bind to DNA fragments containing CPD lesions and,
moreover, inhibit repair of DNA fragments containing CPD lesions

“QFF" 6 h D “OFF" 24 h

G "ON"6h H “ON" 24 h

F “ON"0h
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by Xenopus cocyte nuclear extracts (13). The results of immuno-
cytochemical studies reported here, however, do not show
colocalization of HMGATL proteins at CPD lesion sites within
MCF-7 cell nuclei after UV irradiation (Fig. 5). These data suggest
that i vive HMGAT proteins do not directly interfere with hinding
of repair factors to CPD lesions and, thereby, directly impede repair
processes at the sites of damage.

Another possible mechanism for the ohserved NER deficke ncy seen
in 0N cells is that HMGAL proteins limit the availability ofone or more
important NER factors, a likely candidate given the wellestablished
role of the HMGAT proteins as both positive and negative regalators
of gene transcription (24). Further evidence supporting this
possibility includes microarray analyses that compared basal tran-
seriptome profiles of HMGAL OFF and ON cells (16). In these
experiments, many gene transcripts were found te be either up-
regulated or down-regulated in the presence of overexpressed
HMGAL proteins. OF those transeripts that were found to be down-
regulated, however, an unexpectedly large number were involved
in DNA damage recognition and repair, inchuding the XPA mBNA.

The work described here indicates that not only are XPA
transeript levels decreased in MCF-7 cells overexpressing HMGAL
proteins but intracellular XPA protein levels are proportionately
decrensed as well in these cells (Fig. 1). Moreover, this decrease in
intracellular XPA protein concentrations is exaggerated even
further following exposure of cells to UV irradiation ab 20 m® a
dose considered to be within the physiologic range of sunlight
exposure (Fig, 18 and C) These data provide convineing evidence
that, in the presence of HMGAL proteins, intracellular concen-
trations of functional XPA protein are decressed, indicating that
XPA deficiency should be explored as 2 cause of the submeimal
NER ohserved in these cells previously (13).

There are several potential mechanisms by which overexpression
of HMGAI proteins could be negatively influencing intracellular
KPA protein levels, including possible effects on transcript splicing
or stubility (29, 30). Nevertheless, given the extensive body of
literature defining a role for HMGAT proteins in controlling gene
transcription via interaction with promoter regolatory regions

(12 24), we initially considered this to be the most likely mechanism
by which HMGA L negatively regulates XPA gene activity. Additional
arguments for transeriptional control of the XP4 gene include
micrearray and multiplex ET-PCR evidence showing that basal
transcript levels are, in fact (as shown in Fig. 1), depleted in FMGAL
ON cells compared with HMGAL OFF cells, indicating regulation
at the level of either transcription or mBENA stability.

Further evidence indicating a direct role for HMGAL in
negatively regulating transcription of the XPA gene in over
expressing cells comes from bwo important experimental observa-
tions, Using ChIP analyses, we showed that in ON cells HMGAT is
associated with an ~450bp region of the XP4 promoter that
contains a previcusly identified negative regulatory region with one
potential HMGA l-binding site of A/T-rich nucleotide residuoes
(Fig. 24) Although these ChIP results provide firm evidence
physically linking HMGAL to the endogenous pegative regulatory
region, they do not, per se, show thal the observed repressive
effects of HMGAL on XPA gene transcription are a consequence of
binding of this protein to the only A/T residues within this region.
Uneguivecal in vive evidence supporting this possibility comes,
however, from experiments in which cells were transfected with
expression plasmids containing & luciferase reporter gene driven
either by the wild-type XPA promoter or by a mutant XPd4
promater in which the nine AT residoes have been replaced by a
non-HMGAL-binding stretch of random  nucleotide sequence
[Fig 24) The graph in Fig. 3 clearly shows that the level of
transcription obtained with the mutant XPA promoter is
significantly higher (by ~50%) than that from the wild4type
promaoter. Becapse great care was toaken while designing this
random replacement sequence to ensure that no binding site for
other known transeription factors was inadvertently introdueed
into the mutant promoter, the most parsi menious interpretation of
these transfection results is that binding of HMGAL protein to
308 to ~276 of the pegative regulatory region
significantly contributes to repression of transeription of the XPA

nucleotides

gene in vive. Together, the results of these ChIP and promoter
mutagenesis experiments provide compelling evidence that the

a-HMGA1 TR

a-CPD OG

X800

X1200

HMGA1 ON Cells

Figure 5 HMGA! proteins do not
cobocalize with CP D lesions after UV
expogure. Immunotytochemistry using
botn ant-HMGAT and ant-CPD prmarny
antipodies and Oregon Green (for CPD
detection) and Texas Hed (for HMGAT
detsction) sscondary antibody in MOF-Y
cells induced o oversapress HMG AR
profeing. Top, fields obsened at <600
magnification; botiomn, fields obsered

at = 1,200 magnification. Left columnm,
HMGAT staining; middle column, CPD
staining 30 min following a 20 Jm* LV
daose frowgh 2 S-um pons sizs fiter.
Representative of the averags total

fluore scence observed infive random fields
for sach meatment at «&00 magnification.

Cancer Res 2007; 67: (13). July 1, 2007

6050

87

www.aacrjournals.org



HMGA1 Proteins Inhibit Expression of NER Factor XPA

A 1pgimL 2.5 poimL
peDMNA3Y  pcDNAY
empty vector = xpa) [XPA)
L)
OFF _ON__OFF _ON_OFF OM
XPA - —-—
HMGA1 - — i
Total Actin — — —
1 0z 3 4 5 [
B
i ] HMGA1 OFF + wt XPA
— W HMGA1 ON + wt XPA
¥ e B2 HMGA1 ON + empty
% vector
s 60
e
20
o
Uv- 2 10 25 50 100
UV Dose [Jim?)

Figure &. XPA complmsantation restorss LIV resstance in HMGAT-sxpressing
MOF-F cells. A, Wesiem blot analyzs of toial protein isolated from both
nonranstecied and transfecied cells, Lanss 1, 5, and 5, proteing isolated from
HMGAT OFF cells; lanes 2, 4, and 6, proteins isolated from HMGA 1 ON cslla,
Lanss | and 2 cells tranafecied wih 1 po'ml of empty vector (controls); lanss 3
and 4, cells transfectsd with 1 ug'mL pcONAS 1(XPA); lanss 5 and 6, celis
tranafected with 2.5 po'ml peDNAS 1(XPA). B, graphical repressntation of
survival as a function of LV dose. White columns, HMGAT OFF call survival;
dark gray columns, HMGAT ON cell survival; hashed columns, cell suneval of
HMGAT ON cells transfected with empty pcDNASY construct 23 2 conmol.
Cofumns, mean of tres indspendant sxpenments for sach cell ing and LWV
dase; bars, 0.

promoter of the XPA gene is a direct cellular target for
transeriptional regulation by HMGAL proteins.

Several groups have previously reported that cells expressing low
intracellular concentrations of functional XPA protein show
compromised NER which, as a consequence, may only function
efficiently in transeriptionally active regions of the genome (10, 11,
31). Consistent with these observations, the immunocytochemical
analyses presented here not only verify deficiencies in CPD removal
in HMGAl-overexpressing, XPA-depleted, cells (Fig 4) but also
show that HMGAI proteins do not bind tightly to CPD lesions in
ON cell nuelei (Fig., 5). These cellular localization studies indicate
that the inhibitery effect of HMGAL on repair of CPD lesions is
indirect and most likely mediated through transeriptional down-
regulation of XPA, a critically important gene involved in both
global genomic and transcription-coupled NER (1)
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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 Ala (HMGA1la)/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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The High-Mobility Group A1a/Signal Transducer and Activator
of Transcription-3 Axis: An Achilles Heel for

Hematopoietic Malignancies?
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Abstract

Although BMGAL ( high-mobility greup Al: formerly HWG-1Y)
is un oncogene thal is widely overexpressed in aggressive
cancers, the molecular mechanisms underlying transforma-
Lion by HMGAD are only beginning lo cmerge, SHGAT encodes
the HMGA Lo and HMGALh protein isoforms, which funclion in
regulaling gene expression. To determine how HWGAL leads 1o
neoplastic transformation, we looked for genes regolated by
HMGAL using gene expression profile analvsis, Here, we show
thal the STATI gene, which encodes the signaling molecule
signal ransducer and activalor of Eranseription 5 (STAT3). is a
critical downstream targel of HMGALa, STAT? mRNA and
protein are up-regulated in fibroblasis overex pressing
HMGALa and activaled STATS recapilulates the transforming
aetivity of HMGALa in fibroblasts. HMGA La also binds directly
toa conserved region of Lhe STARS promoler in wee in human
leukemia cells by chromatin immunoprecipitalion and acti-
vales transeripltion of the STALR? promoler in transfection
experiments. To determine if this pathway contribules 1o
HMGA L-mediated transformation, we investigaled STATI
expression in our AMGAla transgenic mice. all of which
developed aggressive lvimphoid malignancy, STATS expression
was increased in the leukemia cells from our ransgenics bul
nol in control cells. Blocking STATS [unction  induced
apoplosis in the ronsgenic leukemia cells bul nol in controls.
In primary human leukemin samples, there was o positive
corrclution between HMGAla and SFAT3 mBNA. Moreover,
blocking STATS function in homan leukemia or hmphoma
cells led to deereased cellular motility and foei formation. Our
resulls show that the HMGALa-STATS axis is o polential
Achilles heel that could be exploiled therapeatically in
hematopoietic and other malignancies overexpressing
HMGALa, [Cancer Res 200868241 10121-7)

Mot Supplementary data for this articke ane available at Cancer Fesearch Online
{hitpe feanoermes_ sacrjournals.ong’ L
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Introduction

Becanse the AMGAT (formedy AMG-IT) gene s widely overex-
pressed in human cancer and overexpression portends o poor
prognoss in some tumors, understanding the mechanisms that lead
te transformation by SAME should lead to the identification of
therapeutic turgets for these malignancies, The AMGAD gene encodes
the HMGA 1o and HMGA b protein soforms, which were originally
identified as abundant chromatin binding proteins (reviewed in
refs, 1 2} HMGATa and HMGATD also have oncogenic properties in
cultured cells derived lrom different embryologic tissoes (1-6), and
inhibiting AMGA! expression in human cancer cell lines blocks the
transformed phenotype (3, 5 7). Transgenic mice overexpressing
HMGALa develop ageressive lymphoid malignency (8, 9), uterine
cancer (10}, amd pitnitary tumors (9). These [indings show that
HMGALg unctions as an oncogene in v and sugeest that it directly
contributes to oncogenic transformation in human cancer.

Because these proteing function in transeription, it has been
postulated that they promote malignant transformation by altering
expression of specific target genes. JFN-f gene is the best-
characterized gene turget (reviewed in ref. 11), and previous studies
show that HMGAL is essential for its efficient transeription. Other
candidate torgets include genes that function in cell signaling
molility, and inflammation (1, 2 5, 6, 10-13). How these genes
contribute to the role of HMGAT in malignancy is not yel clear,

To define the molecular pathways indoced by HMGAL in
transformation, we looked for genes regulated by HMGAL wsing
gene expression profile analysis. We focosed on the signal
transdocer and activator of transeription-3 (STAT3) gene becanse
of its prominent rele in human malignancy (14-17) Our studies
stgeest that the HMGAIa-STATS axis is a rational therapeuatic
target for hematopoietic malignancies and  potentially other
cuncers with activation of this pathway.

Materials and Methods

Microarray analysis. Microarmy analysis was done with the Clontech
Atlas ¢DNA Rat 12 Array (Clontech PT3564-3) according to  the
manufacturer’s instructions. Brefly, mBRNA (1 pg) from each polyclonal cell
line [Ratla-HMGAla, Ratla-HMGALb, Ratla-pSGs controk ref 3) was
labeled in a rveverse transcriptase reaction in the presence of 35 pCi of
[u-nl"}dATP_ The hybrdization signals were scamned with a Phosphor-
Imager {Malecular Dynamics) and analyzed according to the Clontech
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instruction manual. The intensity of signal for reference genes was adjusted
@ that the mean intensities for each membrane were equal as
recommended in the instructions. All signals were compared with the
contral housekeeping genes, f-actin and myosin, according to the
manfachuers recommendations.

Quantitative reverse ranscription-PCR analysis. Reverse transcrip-
tion-PCR (RT-PCR) was done with SYBR Green PCR Master kit and TagMan
Ome-Step RT-PCR kit (Applied Biosystems) as described (100 The sequences
for the forward and reverse primers that amplify STAT3a are 5-CTGAC-
CCAGGTAGCGCTGCCCCATACE and 5-TCACAATGGGGGAGGTAGCG-
CACTCCG, 1'&5])&1:111-‘&11_\'_ Readion conditions were as 1q101md {8, 100,

Western blot analysis, Western blots were done with an anti-HMGA la
antibody (3) diuted 1200, an anti-5TAT2 antibody diuted 1200 (New
England Biclabs). an anti-pSTAT antibody (Kew England Biolahs) diluted
L1, and an anti-topoisomerase I antibody (BD Biosciences) diluted 1:1.000.

Immunochistochemistry. The commerially awilable antibodies for
STAT3Y were wsed according to the manufacturers instructions (New
England Biolahs). Briefly, slidez from paraffin-embedded tissues were made
as described (100 Slides were heated in antigen retreval solation (DAED)
and immunohistochemically stained for STAT3 following the manufac-
turer’s divections {New England Biolabs, #0132).

Nuclear extract preparation. Nuclear extracts were prepared as
previously described (17).

Chromatin immunoprecipitation experiments. Chromatin immuno-
precipitations were done with HEL-HMGAla or Ramos cells as described
(1. Briefly, proteins cmss-linked to chiomatin were immunoprecipitated
with the following antibodies [ 10k HMGAL palymerase IL histone H2 (both
polymemse [T and histone H3 served as positive controlsl and Igh (as a
negative control). The STATE promoter region with the consensus HMGAla
DNA binding site was amplified by quantitative RT-PCR from the
immunoprecipitated protein-DRA complexes using the forward and reverse
primers 5-GOCAATGGGCTAGCTGGT-3" and 5-CTTCAGTTTCTGOGT-
GAGCA-Y, respectively. The control primers for histone H3 and polymerase
I have been previously described (10). The HPRT! promoter was amplified as
a negative control promater with no HMGAla binding sites as described (12}

Electrophoretic mobility shift assay. Electmphoretic mobility shift
assays were done as previously described (12, 17). To determine if HMGAla
hinds ta the S'TAT'H-]Jmanevm the ]]umr'n-'e HMGA lahindingxite,a ]Jmhe
containing this site was generated by annealing equimolar amounts of two
AT-nucleatide complementary oligonucleotides from the STATI promoter,
CACTCTAGTAATTACTCTATTTCCACGTCATGTTTCC and GGAAA-
CATGACGTGOAAATAGAGTAATTACTAGAGT G, and designated STAT3
wild-type. The probe containing the mutated site has the sequence
CACTCTAGTAAggACT CTAggTCCACGTCATGTTTCC and GGAAACAT-
GACGTOOACTAGAGTee TTACTAGAGTG: the mutations are shown in
lowercase letters. The control probe for the Kit ligand promoter has been
described {12). The double-stmanded probe was end-labeled with h-n'l"‘]ATI"
and purified. Binding wactions were done as described (121

Preparation of splenocytes. Spleens were placed in PBS supplemented
with 5% Etal bovine serum (FBS) on ice and mechanically fragmented with
the Stomacher 80 (Seward] Single-cell suspensions were isolated after
passage through a cell strminer (T0-wm pores) treated with red cell lysis
bufter, and resuspended in RFMI 1640,

Plasmiids, transfections, and lentiviral infections, The pSG5-5TAT3-C
vector was made by excision of constitutively activated STAT3 (STAT3-C)
fram STAT3 peDNAZL vector (14) with Pmel and BamHL. The STAT3-C
fragment was cloned into pSGS after restriction with EcoRl and Klenow
treatment. The PA-HMGALa vector was made by excision of the full-length
murine HWGATz cDNA fram the vector ]JH'EE-nNe-'r'[-Ddl".-'[swiTh HindlIlL,
Klenow treatment, and subsequent Noel digestion. The HMGA La fragment
was subsequently cloned into the EFla expression wvector (18) after
restriction with Bam HI and Klenow treatment. The STAT promoter vectos
were described (kindly provided by K. Eohno, Department of Maolecular
Eio]ogy, Schoal of Medicine, L'niwrsify of'l'h:cupaﬁona.l and Environmental
Health, Kitakyushu, Fukuoka, Japan; ref. 19).

Transfections were done uging Lipofectamine 2000 {Invitrogen) accord-
ing to the manufacturers instructions as we previously described (101 In

the experiments with HEL control or HEL-HMGAL cells, the STAT3
promoter reporter plasmid (1 pg) was cotransfected with the contral pRL-
TE vector (100 ng) containing Renilla liciferaze (Promega) to control for
transfection efficiency (3 = m}ce]la."Wm.]:evtmmhﬂhn]. The DNA was
mixed with Lipofectamine 2000 at a mtio of 1 pg:l5 upl (in Opti-MEM,
Imvitwgen) and incubated with cells for & h. Cells were harvested for
lugiferase activity 24 h after transfection and experiments were done twice
in triplicate. In the titration experiment, reporter plasmid { 100 ng), conirol
Renilla luciferase plasmid (30 ngl and 0 to 150 ng of HMGAla expression
plasmid {pSGS-HMG-T) were comansfected as described above. The pSG5
plasmid was added (0-150 ng) to keep the total DRA constant in the
titration experiments (1 * 107 gells /100 ul per transfection). The DNA was
mixed with Lipofectamine 2000 at a ratio of 1 pg167 pL [in Opti-MEM,
Ivitmgen) and cells were harvested as described above.

The lentiviral construct expressing dominant-negative STAT3 {LentiDIN-
STAT3) was made from the pcDRNAJL-STATADK (provided by J-L Park. the
Johns Hopkins University School of Medicine, Balimore, ML) ref. 14). The
eytomegalovirus promaoter was replaced by the luman EFla promoter from
pPEF1/Myc-His-A (Ivitmogen) and the EF-DN-STAT2 cassette was cloned
into the ¢FUGW lentivirus {provided by D. Baltimore, Division of Biology,
California Instibute of Technology, Pasadena, CA) at the Pacl site and
lentiviral supernatants were made as described (201

Cell lines and cultures. The polywlonal Ratla-HMGALa (HMG-T) and
corntrol cells were deacribed (3, 41 The Ratla-activated STAT3 cells were
made by transfecting with pSG5-STAT3-C as described (3. 4). Polyclonal
stable cell lines were selected in puromycin and expression of activated
STATS was confirmed by Western blot analysis.

The parvental HEL cells are human erythroleukemia cels from the
American Type Culture Collection [ATCC )L HEL-HMGAla cells were made by
transfection of PA-HMGAla with DMRIE-C {Invitrogen) according to the
manufacturers instructiona. Stable clones were selected in GA18 { 800 pg/mL L
The Burkitt’s cells (Ramaos RA 1) were derived from a 3-y-old male Caucasian
patient with Burkitt’s ymphoid malignancy and grown as suggested (ATCCL

Growth curves. Cellular growth rates were determined as previously
described (21) using the CellTiter Cell Prolifevation Assay (Promegal Briefly,
cell proliferation was evaluated at 24-h intervals by measuring the
n'uitochondl'ia]-dq)e ndent conversion of the tetrazolium =alt, 3-(4.5-
dimethyl-thiazol- 2yl 5(3-carbox ymethoxyphenyl }-2-(4-sulfo phenyl)- 25-
tetrazolium, to a colored formazan product wsing a CellTiter 9% AQueous
Non-Radicactive Cell Proliferation Assay (Promega) according to the
manufacturer instructions. Cells were seeded in %6-well plates at a density
of L) per well and grown for 1 wk A volume of 20 ul. of CellTiter 96
Aljueous OneSolution Reagent was pipetted divectly into each well of the 96-
well aszay plate containing cells in 100 pl of culture medium, and cells were
incubated for 2 h at 37°C in a humidified 5% COs ahnoxphere. Ahbzorhance
was vead at 490 nm using & %-well microplate reader (model 680, Bio-Rad L

Migration and soft agar transformation assays. Migration assays were
done in 24-well plates containing (8-um-pore cell culture inserts with
polyethyene tevephthalate membranes according to the manufacturers
instmctions (BioCoat Cell Culture Inserts, BD Binsciences) a8 described {22)
Buiefly, filters were coated on ice with 1) pl of growth factor-reduced
Matrigel at 0.5 to 0.8 mg/mL pmtein. The cells were seeded in 500 pL of 10%
FRS-RPMI at 30,000 per well into the upper chamber. The lower chamber
was filled with 750 ul. of the same medium. After 48 b migmtion was
assessed by counting cells on the underside after fixation with 70% ethanol
and staining with hematcoocyling Soft agar assays were done as described with
minor modifications [‘.i-].ll:d]s{lﬂs- 10™) were mized with 0.4% agar in growth
media and added as a top layer over (8% agar. Growth medium (1 mL) was
added after 1 hat room temperature Colonies were counted after 4 wk.

Results

STATS is up-regulated in cells overexpressing HWGAla. To
identify FIMGAL targel genes, we performed gene expression
profile analysis comparing BNA from Ratla fbroblasts over-
expressing HMGALa or HMGATD to control Ratla cells transfected
with vector alone. From a microarray (Clontech Atlas Rat 1.2 Array)
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with unigue cDNA fragments representing 1,176 genes, we
identified genes that were differentially expressed by st least
2-fold compared with control cells after normalization te both (5
actin and myosin (Supplementary Fig 513 Supplementary Tables S1
and 52). Ninety-seven genes from the total of 1176 genes (8.2%)

were differentially regulated in cells overexpressing HMGA La, and
103 genes (8.8%) were differentially regulated in cells ove rexpress-
ing HMGALb (Supplementary Fig. S1: Supplementary Tables 51
and 52). Fifty-five of these genes were common to both the HMGA 1a
and HMGAIDb cells (Supplementary Fig, S1: Supplementary Tahles
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Figure 1. HMGA1 2 dirsctly up-regulates STATS sxpression. A« RT-FCR shows that Rat 12 fibroblasts oversspressing HMGAT 2 have increased STATS mANA
comparsd with control Ratta cells, A-f, Westem blot analysis shows increzssd STATS protein in e Ratla-HMGAT 2 cells. A<, splenocyies from the HMGATa
transgenic mice also have increased STATS protsin compared wilh splenocytes from control mice by iImmunonisiochemical stining. Sar, 20 pm. A-iv, Westem blot
shows fat splenocytes from the HWGEATS fransgenics have increased phosphorylated STATS (pSTATS) protein comparsd wath control splenooyies. B+ HMGA1a
binds direcily to the S5TATS promoter region containing 2 conserved HMGA12 DNA binding site in HEL-HMGA12 cells. Chromatin immunoprecipitation expsnments
wiith sheared chromatin from HEL-HMGA1a cells after cross-linking proteing bound to DNA with formaldshyds (10). The bar graph shows e percent of otal input
ONA a3 23sesssd by quanttative RT-PCR after mmunoprecipitation with HMGA 12 (12) and posithe control histone H3 or polymerass || {Pol §) antbodiss

{all from Upstate, excluding the HMGAT 2 antibody). The HPAT promoter sequence with the HMGAT2 antbody was used 23 2 negatie confrol because there

are no HMGAT DNA binding sies in e region amplifisd and previous chromatin immunoprecipitation expenments showsd no binding by HMGA T to the amplidied
resgion {12). Additional negative controls includsd no chromatn and no ONA. The total input is considered to be 100% (not shown in the bar graph). Chromatin
immunoprecpitation and quantitative AT-PCH sxpenments wers dons at least twace. Columns, mean from the repseat expenments; bars, S0, G-, HMGA! 2 also binds
dirsctly to the STATS promoter in Burkdtt's lymphoma cells. Chromatin immunopredspitation experiments were done as desoribed above in e HEL-HMGA 12 cells.
The grapn ahows e percent of otal input DMA mmunopre cipitated with e same antibodiss from repeat quantitative RT-PCR expsriments a3 desonbed above.
i, recombinant HWMGA 12 binds dirscty 1o the predicted consensus HMGA T2 sie inthe STATS promaoter by elecopharstic gel snift analysis. Thers was no binding to
the mutated site. Expenments wers done with the following profeinDMNA malar ratios, as indicated in the figure: O, 001, 02, 0.3, and 0.4, For the wild-type probe,
500 nmol’L DA was used wathn 0, 50, 100, 150, or 200 nmolL protein to give the indicated proteinDMA maolar ratios. For the mutated probe, 125 nmoll DMA was used
with 0, 12.5, 25, 375, or 50 nmolL protein to give the indicated protein/DMA molar ratios. O, in transfection expenments, HWMGA 12 activates the STATS promoter
containing e HWGEA 1 binding site (labsled STATS Promotsr; 1 inref. 18) but not the confrol reporter vector without the 5TATS promoter confzining the HMGALa
binding 5= {labsled Control Reporter Conatruct; B2 in ref. 19). Black columns, lucisrass reporter activity in HEL controd cells; haiched columns, lucferass reportsr
activity in HEL-HMGA 12 cells. Expeniments were dons in mplicate at least twace, Thers was >2-fold activation (P = 0000038, Student’s f test) O-i, increasing
HMGAL2 plasmid results in increasing actvation of the STATS promoter in 2 dose-dependent fashion (hatched columns). The lucisrase activity with control plasmid
{0 ng input HMGA 2) was aitranly 23signed a vales of 1. There was no activation of the control plasmed lacking the HMGAT binding site (solid columns ). Expsriments
wiere done in niplicate at keast twice. Activation at 150 ng of input HWGA 1a plaamid was significant (P = 0.028, Student’s f tesi)
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S1 and 52). The following classes of genes involved in cell growth
and transformation were highly represented in this stedy: (a)
general metabolism (HMGA la: 16 genes, HMGATh: 23 genes, bothe
11 genes): (b) ribosomal proteins (HMGAla: 10, HMGAIR 11,
bothe 8): (¢) growth factors, cytokines, and chemokines (HMGA la:
10, HMGAILl: 6, both: 4): and (d) oncogenes and proto-oncogenss
(FIMGALa: 8 HMGAILL: 4, both: 4). Only two genes were down-
regulated by at least 2-fold in this stody (O3 9 spbenid and
ypaminobutyric acid receplor subunit pf ) and both were down-
regulated by HMGALs and HMGALb.

From the group of 53 genes up-regulated in cells overexpressing
HMGAlx and HMGAIb, the gene encoding STATS was studied
further becanse of its prominent role in diverse human malignan-
cies (14-17). Microarray analysis showed that STATT mBNA was
increased 2.5- to 3.0-fold in cells overexpressing HMGAla and 2.9-
to 3.0-fold in fibroblasts overexpressing HMGALb (Supplementary
Tuble 52). This increase was confirmed by ET-PCR from the
fibroblasts overexpressing HMGA la (Fig 14-i ) STATS protein was
also incressed in the cells overexpressing HMGALa (Fig 14-i).

STATH is up-regulated in hmphoid tumors from BMGAla
transgenic mice. To determine if this pathway is dysregulated in
malignancies induced by HMGAla, we first evalusted STATI
expression in lymphoid tumers from our AMGAfa transgenic mice
(8). These mice overexpress AMGATa in lymphoid tissue and
develop ageressive leukemia or lymphoma with complete pene-
trance (8) STATS protein is also increased in the lymphoid tumers
from the transgenics compared with lymphoeid cells from control
mice by immunohistochemical analysis (Fig. 1467 ). Because STAT3
proteing require activation by phosphorylation at T}'rm for
oncogenic function (14=17), we also assessed activated STATS
protein levels by Western blot analysis and found that they are
increased in the transgenic spleens compared with controls
(Fig 14-iv). These studies indicate that HMGAla up-regulates
STATS proteins in vive in the transgenic tumors.

HMGALa binds to the STATI promoter and directly
up-regulates STATI expression in
hematopoietic cells. Next, we sought to determine if HMGAI

malignant human

directly activates expression of the STATI promoter. OF note, the

human, mouse, and rat STATI promoters contain a conserved
consensis DNA binding site for HMGAL (ATTACTCTATTTCCAC)
about 650 bp upstream from the transcription starl site (19). By
chromatin immunoprecipitation, HMGAL binds directly to the
STAT? promoter sequence containing the consensus binding site in
human erythroleukemia cells transfected to overexpress HMGALa
(HEL-HMGAla cells; Fig 18i). To expand our findings to other
human hematopoietic malignancies, we also investigated Burkitls
leukemia/lymphoma cells (Ramos RA 1), In previews studies, we
showed that these Burkitt's cells express high levels of the HMGAL
protein and are dependent on HMGAL for their transformed
phenotype in sofl agar (3). Here, we show that HMGAL alse binds
to the STATI promoter in vive in Burkitt’s cells (Fig. 18-i).

To determine if HMGAL is hinding to the consensus DNA
binding site in the STATI promoter, we performed electrophoretic
mobility shift assays with an oligomuclestide contuining this site.
We found that HMGAla protein binds to this site in the STAT3
promoter in vitrg, but not to an oligonueleotide containing a
mutation in the site that shrogates STATS DNA binding (Fig 1C-7).

To determine ifHMGA 1 activates STATS expression, we performed
transfection experiments. We found that HMGAL activates STAT3
promaoter expression by =2-fold (Fig. 1C-i) in HEL-HMGATa cells
compared with HEL control cells. There was no activation of the
control prometer constroct lacking the HMGA 1 binding site. We also
showed that cotransfection of a plasmid expressing HMGALa led to
transactivation of the $TATI promoter in a dose-dependent fashion
in HEL cells (Fig. 1C<ii). Specifically, there was increasing trans-
activation of the STATI promoter with incressing quantity of
HMGATLa input plasmid (Fig. 10 ). There was no activation of the
control promoeter construct lacking the HMGA 1a binding site. Taken
together, these results indicate that HMGAL binds directly to the
STAT? promoter to activate its transcription.

Activaled STATS transforms like HMGALa in ral fibroblasis,
Becapse STAT3 has oncogenic properties and is constitutively
activated in diverse human malignancies (14=17), we hypothesized
that it plays a role in AMGAIg-mediated transformation. To
compare its transforming activity to that of HMGA La, we gene rated
Ratlacells overexpressing a constitutively activated STAT3 protein

A-ii

Figure 2. Adivated STATS transforms like HMGAT2
in fiobroblasts and blocking STATS function induces
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(STATS-C) and found that STAT3C induces foci formation like Blocking STATS funcltion induces apoplosis in leukemia
HMGALa (Fig. 24-i and A-&). Fibroblasts that overexpress HMGALa cells from the HWGAle mice. To define the role of STATS in
or activated STAT3 exhibit anchorage-independent cell growth in HMGA la-mediated transformation, we blocked STATS funclion in

soft agar with similar colony numbers and size (Fig 24 and A-i). lenkemia cells from our BMGAla transgenic mice with the inhibitor
These results indicate that activeted STATS is sufficient for CPA-7 (17). CPA-7 specifically prevents activated STAT3 from
transformation in the rat fibroblasts. dimerizing and thereby blocks binding to the target DNA (17)
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Because STATS up-regulates its own expression, CPA-T also red uces
activated STATS levels. In gel shift experiments, we found that
STATS binding activity was increased in the splenocytes from the
HMGAIa mice compared with control mice (Fig, 28-i; see also
Supplementary Fig 524 for full gel and probe in repeat experiment).
CPA-7 treatment for 48 hours effectively blocked binding of
activated STATS to an oligonucleotide containing a consensus
STATS binding site in splenocytes from the AMGAIe and control
mice (Fig. 28 Supplementary Fig. 524 ). Moreover, blocking STAT3
activity induces apoptosis in the transformed SAMGATa splenocytes,
but not in control splenocytes (Fig 286, suggesting that STATS is
required for viability in HMGAla transformed lymphocytes

STAT3 and HMGAla expression are positively correlated in
primary human acule lyvmphoblastic leukemia samples. To
determine if STATY is up-regnlated in primary human leukemia, we
measured STATI mBENA in bone marrow samples from 27 patients
with acute lymphoblastic leukemia STATT mENA was increased in 5
0fh T-cell leukemiasamples [range, 1.7« bo 198-fold) and 17 of 21 B cell
leukemia samples (range, 20 to 207-fold) compared with contro
Ilymphocytes (Fig 34). These levkemia samples also owver-
express HMGATa by =2 to 8<fold above that of normal lymphoecyles
as we previously described (8). Spearmans rank correlation
coefficient showed a significant positive correlation (P = 0.049)
between HMGAla and STATT in the leukemia samples, indicating
thatthe HMGA 1a~5TAT 3 axis is up-regulated in these cases (Fig. 38).

The HMGALa-STATS axis is a potential Achilles heel in
human hematopoietic malignancy, Next, we determined if
STATS is required for the transformed phenotype in human
leukemin cells. To this end, we blocked STATS function in HEL-
HMGA la cells and evaluated transformation phenotypes, including
cellular motility and foci formation in soft agar. To block STAT3
function, we infected these cells with a lentiviral construct (20)
expressing a dominant-negative STATS (DN-STAT3; ref. 14) linked
to green fuerescent protein or with a control lentivirus linked to
green fluorescent protein alone. The DN-STATS blocks STATS
hinding (Supplementary Fig. 524-C). We found that HEL-HMGAla
cells with DN-STAT3 had decressed motility (P = 0000645,
Students ¢ test) and foci formation (P = 000139, Student’s ¢ test)
in soft agar compared with controls (Fig. 44-7 to A-idi ) In contrast,
DMN-STATS had a minimal effect on foci formation or moetility in the
control HEL cells (Fig. 441 to A-ii).

To further nssess the role of the EMGALa=STATS axis in human
hematopeietic malignancy, we repeated these studies in a Burkitt's
cell line (RA 1 Ramos ATCC), derived from an aggressive B-cell
childhood lymphomaleukemia, Using an BENA interference ap-
proach, we previously showed that these cells are dependent on
HMGAIa for the transformed phenctype in soft agar (3). Here, we
find that the Burkitts cells with DN-STAT3 exhibited markedly
decreased motility (P = 00000026, Stedents ¢ test) and foci for-
mation (P = 000000546, Student’s ¢ best; Fig, 481 to B-ii). DN-STAT3
did not affect cellular proliferation in cultured HEL-HMGAla or
Burkitt’s cells [Supple mentary Fig. 834 and 8), showing that the DN-
STATS vector was not toxic to cell growth in these cell lines, Taken
together, these lunctional studies indicate that STATS is a critical
downstream target of HMGAL in hematopoietic malignancy.

Discussion

We show that HMGAL directly up-regulates STATI in hemato-
poietic malignancy. This is the first demonstration of an oncogene
(other than STATI) that directly activates STATI expression

Because activated STAT3 plays a pivotal role in malignant
transformation (14-17), identifying the molecular pathways that
lead to increases in STATT expression and protein levels will be
critical to better understand how cancer develops, STATS is a
member of the STAT proteins that communicate signals from the
cell membrane to the ooclens and thereby mediate diverse
biological processes including cell growth, differentiation, apopto-
sis, fetal development, inflammation, and immune responses. Like
HMGAT (1, 2), activated STAT3 is up-regulated in human tumors
arising from diverse tssues (1417

Our studies identify the HMGALa-STATS axis as a potential
Achilles heel that could be targeted therapeatically in hematopoi-
etic malignancies. We show that the STATS inhibitor CPA-7 leads to
apoplosis in lenkemia cells from the AMGATg transgenic mice but
not in normal lymphoid cells. We also show that blocking STATS
function in human leukemia or lymphoma cells overexpressing
HMGAIg interferes with transformation by decreasing both cellular
motility and foci formation. Becase some cancer cells seem to be
dependent on an oncogene for survival (oncogene addiction),
targeting the relevant oncogenic pathways should  preferentially
induce cell death in these cancer cells. Wi found that the IMGA la-
STATS axis is required in some hematopoietic malignancies, and
this dependence could be exploited therapeutically, The results with
primary human leukemia samples also indicate that this pathway is
active in both T-cell and Bell acute lymphoblastic lenkemins,

Cur studies also predict a model for hematopoietic malignancy
whereby overexpression of HMGAla leads to direct induction of
the STAT? mRNA followed by increases in activated STATS protein.
How STAT 3 becomes activated by phosphorylation in this setting is
not yet clear. Because cytokines known to activate T cells also lead
to STATS phosphorylation, T-cell activation in vive should lead to
STAT3 activation in these cells. Activated STAT3 protein could
then contribute to neoplastic transformation. In non=T-cell
levkemia, constitutive tyrosine kinase activity or alternative,
undefined pathways may lead to STATS activation. Results from
other gene expression studies with cells overexpressing HMGATa
also show up-regulation of cytokine receptors, cytokines, and/or
their pathways that can activate STAT3 (5). Similar te other
pivotal signaling molecules, there are likely to be multiple
cellular pathways, including HMGA la-dependent and HMGATLs-
independent signals, that vp-regulate and activate STATS

In summary, we show that STATT is a direct HMGAlLa target
gene that is pecessary for HMGA la-mediated transformation in
hematopoietic cells. These lindings implicate the HMGALa=-STAT3
axis as a rational therapeutic target in hematopoietic malignancy.
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APPENDIX C

HMGA1 DIRECTLY INFLUENCES MITOCHONDRIAL LEVELS AND

mtDNA REPAIR EFFICIENCY



SUMMARY

The manuscript by Mao et al. entitted HMGAL 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 HMGAA1, 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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ABSTRACT

HMGA chromatin proteins are expressed at only low levels in somatic cells but are almost
universally over-expressed in cancer cells. In normal cells HMGA proteins are located primarily
in the nucleus except during the late S/G2 phases of the cell cycle when a sub-population of
proteins reversibly migrates to the mitochondria where they bind to mtDNA . In many cancer
cells this controlled shuttling 1s lost and HMGA remains bound to mtDINA throughout the cell
cvele. To investigate the affects of HMGA on mutochondria we emploved a genetically
engineered line of human MCF-7 cells in which the levels of transgenic HMGA proteimn could
be reversibly controlled. Time-course “Turn ON™ and “Turn OFF” experiments in which
cellular HMGA1 levels were either increased or decreased demonstrated that both mitochondrial
mass and mtDINA inversely parallel changing HMGAT levels, directly implicating HMGA 1 the
regulation of these parameters. The level of reactive oxygen species (ROS) was also
demonstrated to increase, and the efficiency of repair of oxidatively damaged mtDNA to
decrease, as a consequence of HMGA1 over-expression. Increased ROS levels and reduced
repair efficiency in HMGA1 over-expressing cells likely contribute to the increased occurrence

of mutations in mtDNA that 1s frequently observed i cancer cells.
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INTRODUCTION

Aberrant alterations in mitochondrnal function are observed in a wide range of human
conditions and diseases (11,108), including cancer (14,22,50,112,123,133). Because of their
prevalence, mitochondrial abnormalities in cancer cells have been extensively investigated
(19.83). Even in the presence of an adequate oxvgen supply, the mitochondna of cancer cells are
almost universally deficient i therr ability to generate ATP via oxadative phosphorvlation and
therefore rely heavily on glycolvtic metabolism for energy production [the so-called Warburg
effect;: (122)]. Likewise, cancer cells often exhibit electron transport chain deficiencies
(6,91,113), generate lower amounts of ATP and higher levels of reactive oxygen species [ROS;
(44.63.87]]. display calcium signaling defects (95.101) and frequently exhibat alterations in their
mitochondrial transmembrane potential (53,36,101). Many cancers also exhibit reduced levels of
both mitochondrial mass (mtMASS) and DNA (mtDNA) (31.36.79.121.130,131) as well as
significantly altered levels of mtDNA transcription (49,5492 95). It is also well documented
that mtDNA in cancer cells 15 more susceptible to somatic mutation than is nuclear DINA
(mDNA) (8,17.22 64), partially as a consequence of limited repair mechanisms in this organelle
compared to those responsible for repair of nDNA (13.14.39.75.125).

The underlying molecular causes for mitochondrial dysfunction in most individual cancers are
unknown, although available evidence suggests that there are many possible contributing factors
that interact in complex wavs. In a few instances specific mutations in either mtDINA (17,63,94),
or in nDNA that codes for mitochondrial components (22,52 82, 111). have been identified that
lead to mitochondrial dysfunction. But not all tumors have such identifiable mtDNA or nDNA
mutations and yet still exhibit a similar pletotrophic set of abnormal organelle phenotypes,

suggesting that additional. as vet unidentified, factors likely contribute to mitochondrial
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dyvsfunction 1n most cancers. In this regard, we have recently demonstrated that human cells
containing high levels of HMGA] proteins exhibit many of the same mitochondrial
abnormalities found in naturally occurring cancers which, almost universally, over-express these
chromatin proteins (31).

The HMGA (formerly called HMG-17Y) family of nonhistone proteins are architectural
transcription factors that modulate chromatin structure and regulate expression of well over a
hundred different vertebrate nuclear genes involved 1n normal biological processes in different
species (29.81.97 .99, For example, recent studies have implicated HMGA proteins in human
height determination (103,124}, normal heart development in amphibians (84), promotion of
stem cell renswal in the young mouse brains (88), as well as in the control of cellular aging and
senescence of human cells (45,124,132). HMGA proteins have also been mmplicated 1n a number
of human pathological conditions. For example, members of the HMGA fanuly are presently the
only genes coding for dona fide chromatin protems demonstrated to be proto-oncogenes whose
aberrant over-expression is involved in many different aspects of both neoplastic transformation
and tumor progression (33,34,114.127.129). The level of HMGA proteins 1s very low (often
nearly undetectable (97.128)) i differentiated somatic cells but 1s over-expressed 1n most
naturally occurning cancers with mcreasing concentrations being correlated with mcreasing
degrees of malignancy and poor patient prognosis (46.97.115.126). This correlation 1s so
consistent and wide-spread that elevated concentrations of HMGA proteins are being emploved
as diagnostic markers of both neoplastic transformation and metastatic potential for many
different types of tumors (1,7,10,25,42. 89 96,102,109},

Members of the HMGA] protein subfamily (97) are almost exclusively localized 1n the

nucleus of normal cells except for a minor fraction of these proteins thar reversibly migrates,
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during the late S and G2 phases of the cell cyele, out of the nucleus and into the mitochondria
where they transiently bind to the regulatory D-loop of mtDINA (32). In overtly malignant cells,
however, this highly regulated shuttling 1s frequently disrupted with HMGA1 proteins being
detectable in the mitochondria bound to mtDNA throughout the cell cyele (31,32). As
previously noted, the mitochondna of cancerous cells also frequently exhibit many abnormal
phenotypic and metabolic characteristics but whether any of these are causally associated with
the constitutive presence of HMGA] proteins inside these organelles remains to be determined.
Previously. emploving genetically engineered human MCF-7 cells, we investigated changes
in a number of mitochondrial parameters observed in "ON’ cells experimentally induced to
express high levels of transgenic HMGAL protein compared to these same parameters in parental
MCEF-7 cells that express only very low levels of endogenous HMGAT1 protein (31} Although
the results from such “all-or-none™ type experiments were very informative they could not, by
their nature, identify which of the mitochondrnal changes observed in over-expressing cells were
likely to be directly attributable to the HMGA]1 proteins themselves. In the present study we
have again used a transgenic line of MCF-7 cells in which the intracellular concentrations of
HMGAT1 protein can be reversibly controlled by altering the amount of tetracycline in the culture
medmum. In time-course experiments we analyzed changes in mtMASS, mtDNA concentration,
reactive oxvgen species (ROS) levels and the efficiency of base excision repair (BER) of
oxidatively damage mtDNA in cells contain varving amounts of transgenic HMGAT1 protein.
The results of these reversible HMGAT] protem “concentration titration” experiments with
transgenic cells, combined with supporting findings from non-transgenic human cells, are

discussed in terms of the likely molecular mechanisms by which high levels of HMGAIL protein
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aberrantly influence mitochondrial structure/function and promote the accumulation of mutations

i miDNA 1n cancer cells in vivo.

MATERIALS AND METHODS

Cell culture and regulation of transgenic HMGAL protein expression. Details of the
creation, phenotypic characteristics and use of the genetically engineered HAVC line of human
MCF-7 breast adenocarcinoma cells containing a tetracycline regulated hemagglutnin (HA)-
tagged human HMGAla cDNA transgene have been reported (2.3,80.100,119). HATC cells
grown in medium lacking tetracycline expresses very high levels (~40-fold elevated; (120)) of
transgenic HA-tagged HMGA 1a protein (and are referred to as "OIN’ cells). In contrast,
following growth of "ON’ cells for a period of days in medium containing 4 pg/ml of
tetracycline, the concentration of transgenic HMGA 1a protein i1s reduced to nearly undetectable
levels (and the cells are then referred to as "OFF " cells; see Fig. 1). The parental MCF-7 cell line
from which HATC was derived (i.e., M/tet-off; Clontech, Palo Alto, CA), expresses very low
levels of endogenous HMGAT proteins regardless of whether tetracycline 1s present m the
medium. Parental MCF-7 cells exhibit few, 1f any, detectable phenotypic differences from
transgenic ‘OFF" cells (31) and in some experiments are, therefore. employed in place of "OFF"
cells as reference standards. The common growth medium for both the parental MCF-7 and
transgenic ‘ON" and “OFF" cells was DMEM medivm supplemented with 10% fetal bovine
serum, penicillin (100 pg/ml), streptomycin (100 pg/ml), and G418 (100 pg/ml) to maintain
selection of the tetracycline transactivator protein gene. In addition, the growth medium of "ON’
and "OFF" cells was supplemented with hygromycin (100 pug/ml) to maintain constant selection

for the integrated HA-HMGA la transgene. The genetically matched set of human epithelial cell
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lines Hs578Bst (ATCC catalog no. HTB-123) and Hs378T (ATCC catalog no. HTB-126),
originally derived from the same individual, were obtained from the American Type Culmre
Collection (ATCC; Manassas, VA) and maintained as recommended by the supplier.

Western Blot Analyses. The levels of both endogenous and transgenic HA-tagged HMGA1
proteins in all of the cells lines were routinely monitored by western blot analysis prior to, during
and following all experiments using a specific anti-HMGA]1 rabbit polyclonal antibody as
described previously (100). Peroxidase-conjugated goat anti-rabbit IgG was employed as the
secondary antibody in western blots and bound proteins detected using Super Signal West Pico
Chemiluminescent Subtrate Kit (Pierce, Rockford. USA). following the manufacturer’s
instructions.

Isolation of purified mitochondria. Highlv-purified mitochondria preparations {(~95%
pure), essentially free of cross-contamination with protemns or nucleic acids from other cell
compartments were isolated from cells using a Pierce “Mitochondrial Isolation Kit for
Mammalian Cells™ (Pierce Biotechnology, Inc | Rockford, T11) following protocols supplied by

the manufacturer.

Mitochondrial mass analyses. Fluorescence activated cell sorting (FACS; Becton
Dickinsonn{) was used to monitor mtMASS in cells at various times points during HMGAL
“Turn ON7 and “Tum OFF ™ time-course experiments. For these studies cells were grown in
DMEM medium lacking the pH indicator phenol red which interferes with the cytometric
detection method used. Mitochondrial mass was determined by staining cells with 100 nM
nonylacridine orange (NAQ) (Invitrogen: Molecular Probes), a metachromatic dyve that binds to
cardiolipin and accumulates in mitochondria regardless of organelle membrane potential or

energetic state. At each experimental time point cells at ~80% confluence were incubated for
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30 min in the presence of NAO, washed with PBS, trypsinized, pelleted by gentle centrifugation
and then resuspended in 1 ml of PBS containing 100 nM NAO. Mitochondrial mass analysis of
the stained cells was performed on a FACSCalibur instrument (Becton Dickinson:
Immunocytometry Svstems) with an emission wavelength of 488 nm and a 325 nm excitation
detector. Data acquisition and analyses were performed as described previously (31) using
Becton Dickinson Cell Quest Pro Software supplied with the instrument. In order to obtain
consistent and statistically reliable results, a concentration of at least 1x1 08 cells/ml of counting

solution was required for all FACS analvses.

mtDNA analyses. Mitochondrial DNA levels were determined by semi-quantitative PCR
analysis employving mtDINA specific primers that produced a 153 bp amplification product. The

mtDINA primer sequences (based on the nucleotide numbernng system of http://IMatoMap.org )

were: Sense (nt# 7773) 5°-CCG TCT GAA CTA TCC TGC CC-37 and Antisense (nt# T928) 57-
GCC GTA GTC GGT GTA CTC GT-3". Total cellular DNA was 1solated by standard
phenol/chloroform/isoamyl alcohol/EtOH (PCLEtOH) 1solation/precipitation methods

(www.invitrogen.com/iprotocol). All PCR analyses were performed 1n triplicate with 30 ng of

template DINA using a Genius Techne Thermal Cycler. PCR reaction parameters mcluded an
initial 5-min denaturation step at 94°C follow by 20 cycles of: 94 °C (30 second) denaturation,
39 °C (30 second) annealing. 72 °C (30 second) elongation followed by a final 72 °C extension
(10 min) period. Linearity of the PCR reactions were quantitatively confirmed by control 50%
input template DINA reactions. PCER reaction products were electrophoresed through 1% agarose
gels, exposed to a digital image screen, analyzed on a Bie-Rad Geldoc™ EQ system and
quantitatively assessed using Quantity One 1-D analvsis software (Bio-Fad Labs Inc.. Hercules,

CA).
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FACS analysis of mitochondrial Reactive Oxygen Species (ROS) levels. Cells employed
for the ROS time-course studies were grown as described above for mtMASS and mtDNA
analyses. At each experimental time point, freshly prepared ROS indicator dye 2'7"-
dicholoredihydrofluorescein diacetate (H:DCFDA; Tnvitrogen Molecular Probes) was added to
the cell growth medium at a final concentration of 10 pM. The cultures were incubated (at 37°

C; 3% CO4) for 60 min, washed with PBS, trypsinized, the cells pelleted and resuspended in

PBS containing 10 pM H:DCFDA at a concentration of 1x 106 cells /ml. Samples were
immediately analyzed on a FACSCalibur machine utilizing excitation at 488 nm and FITC filter
detection parameters. Cell Quest Pro software was used for both data acquisition and analysis to
produce histogram plots and mean values. "OFF" cells exposed to H;DCFDA (as above) and
then treated with 200 pM H>05 for 30 mun served as positive ROS controls for the FACS
analyses. Untreated ‘OFF " cells. and "OFF" cells exposed to dilute 0.1% EtOH for 60 min.

served as negative ROS FACS controls.

Mitochondrial DNA exidative damage and base excision repair (BER) analyses.
Twenty hours prior to treatment with either menadione sodium bisulfate (water soluble; Sigma-
Aldrich. 5t. Lows, MO) or hydrogen peroxide (H2O1: Sigma-Aldrich). exponentially growing
cells at ~80% confluence were treated with hydroxyurea (HU; 4 mM final concentration) in
order to lower the background level of replicative DNA synthesis and facilitate analvsis of
repair of oxidative damage in mtDNA_. HU treated cells were washed with PBS and then warm
serum-free medivm was added to the culture dishes. In some experiments menadione (40-400
uM: (31,38)) was added to dishes and the cells incubated for 30-60 min at 37 °C and 5 % CO3.
In other expeniments H2O5 at a final concentration of 750 uM was added and the cells imcubated

for 30 muin at 37 °C and 5 % CO; Following exposure to either agent, cells were washed with
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PBS, fresh complete medium added and the dishes returned to the incubator for various lengths
of (0, 1, 2 and 4 hr, etc.) to allow for repair of oxidative lesions before being harvested by
trypsimzation and their DNA isolated. High molecular weight total cellular DNA was isolated
from cells using a modified PCIVEtOH 1solation/precipitation method. DINA concentrations were

determuned by use of a NanoDmpD"i 1000 Spectrophotometer (Thermo Fisher Scientific. Inc).

Mitochondrial DNA repair time-course experiments. Time-course analyses of the rate of
repair of oxidative damage in nearly full-length ({16.2 kb) mtDNA were performed using
modifications of the long-range quantitative PCR (QPCR) methods developed by Van Houten
and his coworkers (1035,106) as previously described (80). Briefly, prior to QPCR amplification,
approximately 2 ug of purified total cellular DINA was digested to completion with the restriction
enzyme Xho I (4 units; 14 hr, 37° C; New England Biolabs) to linearize human mtDNA
(GenBank Accession # J01413), the digested DINA isolated by PCI/EtOH precipitation and then
re-dissolved in ddH>O. pH 8 4 The Xho I digested DNA was then digested (2 units: 4 hr 37° C)
with the damage-specific enzyvme FPG (formamidopyrimidine [fapy]-DINA glvcosylase: also
known as 8-oxoguanine DNA glvecosylase: New England Biolabs) which cleaves at sites of
oxidized purine bases. The double-digested DNA was then accurately quantified and used as a

concentrated working stock solution.

The GeneAmp XL PCR kit (Applied Biosystems) was used for QPCR amplifications
following manufacturer-supplied protocols. Twenty five ul amplification reactions were
performed 1n 0.5 ml thin-wall PCE tubes (Phemix, Hayward, CA) on a Techne Genms thermal
cycler (Techne, Cambridge, UK). QPCE. conditions were as follows: 40 ng total cellular DINA.

1 X Buffer XL II (Applied Biosystems), 100 ng/pl. bovine serum albumin (BSA), 200 pM (each)
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of the four deoxvnucleotides, 400nM (each) forward and reverse mtDNA primers, 0.7 mM Mg_‘)'.

and 0.5 unit 1 7th DNA polymerase XL (Applied Biosystems). The human mtDNA primer set
used for amplification was: Sense (#15149) 5°-TGA GGC CAA ATA TCA TTC TGA GGG
GC-3" and Antisense (#14841) 5°-TTT CAT CAT GCG GAG ATG TTG GAT GG-37 (105).
The unique Xho I cut site emploved to lineanize mtDNA i situated between the two primers at
nt #14.955 and hence the expected QPCE amplification fragment 15 16.2 kb in length (rather than
full-length 16.6 kb mtDNA: GenBank REFSEQ No. AC_000021.2). Controls for the QPCR.
amplification reactions followed the recommendations of Santos et &/ (103). A half-template
(50%) reaction was run for first set of QPCR experiments to determine the linear amplification
range of template DNA. A small fragment amplification reaction was run for each set of QPCR
experiments and used for the normalization of mtDINA levels. Sequences of the small (135 bp)
fragment amplification primer set are given above. The 50% control reactions contamed the
same long-fragment {16.2 kb) and short (~135 bp) gene primer sets as above, but only half the
concentration of template DNA (1.e., 5-20 ng for total cell DNA). Amplification parameters
included a PCR “hot start’, in which samples were heated to 73°C for 5 minutes prior to addition
of tTth DNA polymerase. DNA samples were then denatured by heating at 94°C for 1 minute,
followed by 20 cvcles of denaturation at 94°C for 30 seconds and annealing and extension at
64°C for 12 muinutes. Samples were then heated to 72°C for 10 minutes for final elongation and

stored at 4°C until electrophoretic separation and repair analyses could be completed.

Mitochondrial DNA repair analyses. Methods for quantitative evaluation of DNA repair
efficiency following initial damage using results from long-range QPCE. have previously been
described 1n detail (80,103). Briefly, 25 ul of each QPCR. reaction were loaded onto a standard

0.7% agarose gel containing 2 uM ethidium bromide and amplified DNA products separated by
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electrophoresis. Stained mtDNA bands resulting from QPCR reactions in the linear range of
amplification (103) were visualized and digitally captured and quantified as described above.
Band mtensities were first corrected for gel background (average above and below each band)
and then normalized to 100% control template reactions to measure variances observed between
repair samples. When total cellular DNA was emploved as template, a small fragment (155 bp)
of mtDNA was PCR. amplified in independent reactions (see above) as a measure of the actual
concentration of mtDNA per sample and these results used for normalization purposes. The
small mtDNA fragment normalization control was only required when whole cell DNA was used
as template becanse previous experiments demonstrated that cells over-expressing HMGA
protein have reduced levels of mtDNA compared to non-expressing control cells (31). The
normalized value of each menadione- or HyOs-treated sample was then divided by the
normalized band intensity of the non-treated control sample to give the fraction of non-damaged
templates at a given dose of oxidizing agent and/or repair time (105,106). Assuming a Poisson
distribution of oxidative lesions between amplified strands (e's. where 5 = average lesion
frequency), the lesion frequency per strand was calculated using the equation S = -In(4p/dg),
where 4= mtensity of the normalized full length (undamaged) mtDNA band from untreated
cells and Ap = the mntensity of the normalized full length band mtensity from either menadione-
or H:0Os-treated samples at a given time after DNA damage. Repair efficiencies at each time
point were measured from the difference in average lesion frequency of the repair time and that
of the un-repaired DNA (0 hours). The mean value and standard deviation for lesion incidence
and efficiency of lesion repair were calculated for at least 3 independent experiments for each
gene amplification i each of the different cell lines. Best fit curve plots of the data were denved

emploving the PivotChart Wizard function of Microsoft Excel®.
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RESULTS

HMGAI proteins levels can be reversibly controlled in transgenic cells. The western blot
(WB) results shown in Fig. 1A demonstrate that the intracellular concentration of HA-tagged
HMGALI protein inside transgenic cells can be reversibly controlled by addition of tetracycline
to. or removal from, the cell culture medium. In “Turm OFF experiments, addition of
tetracycline to the medium of "ON" cells that mnitially contain high levels of HMGA] completely
inhibits expression of this protein within about 3 days of drug exposure and thereafter the level
remains at extremely low levels for extended periods of time (Fig. 1A, top row). The reverse 1s
true mn “Turn ON” experiments: within 24 hr of removal of the drug from the medium of non-
expressing "OFF” cells, low levels of transgenic HMGAT protein can be detected and the
intracellular concentration continues to gradually increase with time until it finally reaches the
maximum level found in “ON" cells after about 9 days (Fig. 1A, bottom row). Panels 1B and 1C
graph the results of quantitative analyses of the western blot results shown in Fig. 1A, Two
additional significant observations are evident from these WB results. First, based on its rate of
disappearance in ~Turn OFF” experiments (Fig. 1B), the half-life of the HMGA]1 protein is
estimated to be about 30-353 hr, a value consistent with previously reports (Ty7 = 30 hr; (9.60)).
Second, and consistent with the protein’s half-life it takes much longer (—3.7-times) to
accumulate maximal levels of HMGA 1 protein inside cells in “Turn ON™ experiments (11
days; Fig. 1C) than 1t does to deplete the mitially high levels of protemn present in "ON’ cells
“Turn OFF experiments (—3 days). Furthermore, and of particular importance for the present
study, the WB show 1n the lower part of Fig. 1D demonstrates that HMGA protein 1s present in
highly purified mitochondria preparations 1solated from “ON’ cells but not in mitochondria

1solated from "OFF " cells. These findings that are consistent with previous reports of
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mitochondrial localized of HMGA proteins from both our laboratory (31.32) and those of others
(24.70).

Mitochondria change in response to altered cellular HMGAI protein levels. Significant
changes 1n mitochondnal structure, function and metabolism have been demonstrated to occur in
transgenic HMGA] over-expressing "ON’ cells compared to non-transgenic parental MCF-7
cells (31). For example, mtDNA content and cellular ATP levels are substantially reduced in
over-expressing ON’ cells compared to parental MCFEF-7 cells. In contrast, "ON" cells exhibat
elevated ROS levels and have a more glycolvtic metabolism than parental MCF-7 cells.
Likewise, changes in mitochondrial membrane potential (AFm), as well as significant
modulations in the levels of organelle RNA transcripts from both the heavy and light strands of
mtDINA. are also observed in "ON’ cells compared to MCF-7 controls. A limitation of these
earlier experiments, however, is that the results were obtained by comparing maximally HMGAL
over-expressing transgenic -ON’ cells with non-transgenic parental MCF-7 cells that only
express very low levels of endogenous HMGAL protein (31). Thus, from these findings alone,
it 1s not possible to assess which, if any. of the observed mitochondrial changes are likely to be
causally influenced by the HMGA]1 protein itself The ability to reversibly alter intracellular
HMGAI proteins levels in “Turn OFF” and “Turn ON™ expeniments (Fig. 1) allows for an
alternative approach to address this important question. It 1s reasonable to suspect, for example,
that any mitochondrial changes that clearly “track™ with both increasing and decreasing
intracellular concentrations of HMGA protein are more likely to be causally related to some
direct function of the protein than are those organellar changes that don’t follow such a

reciprocal expression pattern.
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Changes in mtMASS track with variations in HMGA] protein levels. To experimentally
test this idea, ™ Turn OFF™ time-course experiments were performed in which tetracycline was
added to the culture medium of "ON’ cells and FACS analysis was employed to monitor changes
in mtMASS as a funcrion of time (days) following transgene “turn off” and declining
intracellular HMGA] protein levels. Previous work has suggested that "ON’ cells contain less
than 70% of the mtMASS of parental MCFE-7 cells (31). If mtMASS is directly influenced by
HMGATI levels then the predicted results of these “Turn OFF” experiments are that, over time,
mitochondrial mass will increase in cells as a consequence of dropping HMGAT protein levels.
And, as shown in Figs. 2, this 1s indeed what 15 observed. Fig. 2A shows the overlay of FACS
histograms of the mtMASS distributions found in cells at various times (0, 4, 7 and 18 days)
following drug-induced transgene “turnoff’. The shift of the peak of mitochondrial mass
intensity in the "ON cells (at day 0) toward the peak intensity level found in non-expressing
MCEF-7 control cells as a function of time (days) following drug addition demonstrates that
mthASS increases as the intracellular concentration of HMGA] protein decreases.
Additionally, Kolmogorov-Smirnov (K-5) test analysis (insert in Fig. 2A) of the FACS scans
from “ON" and parental MCF-7 cells statistically confirms that the mtMASS in HMGAT1L over-
expressing cells 1s significantly reduced relative to that found in the "OFF” cells. The graph in
Fig. 2B shows the results “Turn OFF experiments in which the mtMASS is monitored as a
function of time following dmg addition to the media of "ON cells and demonstrates that by 70
days the mtMASS has risen to levels comparable to those found in parental MCF-7 cells. The
graph in Fig. 2C shows the results of a reciprocal “Turn ON™ time-course experiment and
demonstrates that following removal of tetracycline from the culture medium of “OFF™ cells,

mitochondrial mass decreases by =30% over a period of about a month and a half Together, the
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results of these complementary time-course experiments provide strong and compelling evidence

that HMGA proteins are causally associated with regulating mtMASS levels in vivo.

Changes in mtDNA track with variations in HMGAL protein levels. Previous work has
demonstrated that *ON’ cells contain only about half the amount of mtDINA of parental MCF-7
cells (31). To determine whether changes in the levels of mtDNA also track with variations in
cellular HMGALI1 protein levels, time-course “Turn OFF” and “Turn ON™ experiments similar to
those described in Fig. 2 were performed and changes in mtDNA levels monitored at various
times using semi-quantitative PCE. techniques. The graphs in Fig. 3 plot the results of these
experiments and demonstrate that mtDNA levels are also influenced by changes in the
mtracellular concentration of HMGAT] protein. Specifically, mtDNA levels increase in cells as a
function of time durmg “Tumn OFF” expeniments (Fig. 3A) and, reciprocally, mtDNA levels
decrease with time during “Tum ON" expeniments (Fig. 3B). Thus, both mtMASS and mtDINA
vary with changes in mtracellular HMGA] concentrations, strongly suggesting that this protein

has a direct unpact on both of these mitochondnal features.

Reactive Oxygen Species (ROS) concentrations track with HVMIGA] protein levels.
Consistent with their overtly cancerous phenotype (100}, HMGA1 over-expressing "‘ON’ cells
contain elevated levels of reactive oxygen species (31). FACS analyses were employed to
moenitor ROS levels in cells duning “Tum OFF” experiments to determine whether they would
drop as HMGALI levels decrease, as would be expected if cellular ROS levels are directly
influenced by this protein.  The results of these time-course experiments are shown in Fig. 4
and demonstrate that ROS levels do indeed decline as predicted. The results of both positive

control experiments (in which H20, was added to "OFF" cells to artificially increase ROS levels)
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and negative control experiments (in which "“OFF’ cells were exposed to 0.1% EtOH) validated

the sensitivity of FACS analyses for detecting changes in cellular ROS levels (data not shown).

Mitochondria in native human cells are similar to those in transgenic “‘ON’ and ‘OFF’
cells . Although the level of HMGA1 protein over-expression in the transgenic “ON’ cells 1s well
within the range of over-expression of this protein found in naturally occurring human cancers
(120), a potential concern with the above findings is that they were obtamed with an artificial
experimental system and thus might not faithfully reflect the situation with mitochondria in non-
transgenic, naturally occurning cells. If the results shown in Figs. 1- 4 are generally applicable to
non-transgenic cells, a number of biologically relevant and testable predictions can be made.
Among these, for example, 1s the expectation that HMGA] protein concentration in naturally
occurring cancers will be significantly higher than in normal cells. Likewise, both mtMASS and
mtDNA in naturally occurring cancers are predicted to be noticeably lower than that 1n normal
cells whereas ROS levels are expected to be higher. To test these predictions we determined
HMGA lprotemn, mtMASS, miDNA and ROS levels in a matched set of human mammary cells
(Hs378 Bst and Hs5378T) derived by fresh tissue biopsies from the same individual but with
markedly different tumorigenic phenotypes (33). The aneuploid Hs578T cell line originated
from an epithelial carcinoma and causes aggressive, highly metastatic tumors when injected into
nude mice. In contrast, the diploid Hs378Bst myoepithelial cell line is both phenotypically and
biochemically normal in all respects (53.76) including undergoing natural senescence in culture
(65). From the results of western blots for HMGA]1 protemn (Fig. 5A), from FACS analyses
monitoring both ROS levels (Fig. SB) and mtMASS (Fig. 5D). as well as from quantitative PCR

determination of mtDINA levels (Fig. 5C). it i1s evident that all of these predictions are
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confirmed: the highly malignant Hs378T cancer cells have a much higher level of HMGAL
protemn, lower mtMASS and mtDNA levels and elevated amounts of EOS compared to the
normal Hs578 Bst cells. Interestingly, the differences in all of these mutochondnal parameters
between the Hs378 Bst and Hs378T cells are equal to. or greater than, the differences observed
between the transgenic "OFF and "ON’ cells emploved in the present studies. These results,
obtained with naturally occurring cells dernived from the same patient lend considerable credenc

to biological relevance of the findings obtamned with transgenic “ON" and "OFF " cells.

HMGAI over-expression inhibits BER repair of oxidatively damaged mtDNA. We have
previously demonstrated that nucleotide excision repair (INER) of bulky DNA lesions induced b
ultraviolet (UV) light 15 severely compromised in cancer cells that over-express HMGATL
protemns (2.80). Two molecular mechanisms are believed to contribute to this NER deficiency:
(1) inhibition by HMGA] of transcription of DNA repair genes (e.g.. Xeroderma pigmentosum »
APA) whose encoded protein products are essential for NEER to occur (2); and (1) direct binding
of HMGA1 to UV-induced DNA lesions (e.g.. cyclobutane pyrimidine dimers (CPDs) and 6-4
photo-products) thereby preventing access of repair enzymes to the lesions by steric hindrance
(2.

Mitochondrnia, however, lack the NEER. enzymes required for repairing bulky lesions in mtDN
(16.26.43). Rather, the mechanisms of repair of lesions 1n mtDNA are complex and highly
dependent on both the type and extent of damage involved (43,71). with base excision repair
(BER) playing a primary role i removing oxidatively damaged bases (33,77.83). Preliminary
cell survival studies using the base alkylating agent dimethylsulfate suggested that BER of

nDNA, like NER. 1s reduced in HMGA] over-expressing cells (unpublished data). We
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therefore decided to examine whether BER. of oxidatively damaged mtDNA is also compromised
in over-expressing ‘ON cells. For these experiments both “"ON" and parental MCF-7 control
cells were briefly treated with the vitamin K(3) analog menadione, a redox-cycler that selectively
induces excess superoxide radicals in mitochondria. Following menadione treatment, removal of
oxidative lesions from mtDNA was followed as a function of time emploving long-range QPCR
to monitor the ttme-course of repair in nearly full-length (16.2 kb) mtDNA. In these analyses
oxidatively damaged bases interfere with elongation during the PCR amplification reaction and
hence reduce the yield of the 16.2 kb product. Thus. the amount of QPCE. amplified productis a
quantitative measure of amount of damage/repair that has occurred in mtDNA templates as a
function of time. Figure 6A shows the results of such an experiment in which the percentage of
adjusted volume of amplified mtDNA products (1.e | a direct measure of the extent of lesion
removal) is plotted as a funcrion of time post-treatment. It is evident from this graph that
HMGAI over-expression significantly reduces the efficiency of BER. as evidenced by the fact
that ~60% of the lesions in mtDINA in the parental MCF-7 control cells have been removed by
2.5 hr post-damage whereas little, if any, repair has occurred in the mtDNA from over-
expressing ‘ON cells. By 4 hr post-damage =80% of the mtDNA damage has been repaired in
parental MCF-7 cells compared with only around 30% in the "ON" cells. Also shown in Fig. 6A
are the results of control QPCER. experiments with undamaged mtDNA [minus (-) menadione;
100%% and 30% input] templates used to verify that the PCR reactions were in the required linear
range of amplification (106). Fig. 6B graphically depicts these results as the percentage repair
and clearly shows the dramatic difference observed between "ON’ (open boxes) and parental

MCEF-7 control cells (closed boxes) during the first two hours following menadione treatment.
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Hydrogen peroxide (H;03) 1s frequently used as an alternative/complementary oxidative
damaging agent to menadione in studies of mitochondrial DNA damage and repair in
mammalian cells (23,51 86). Optimization experiments in which ‘'ON" and “OFF’ cells were
exposed to varying concentrations of HyO; (30 uM-1 mM) for different lengths of time (15-60
min) demonstrated that an exposure of 730 ulM H20; for 30 min induced, on average.
approximately 1 oxidative lesion/kb of mtDINA 1n these cells (data not shown). The results of
time-course of mtDNA repair experiments following exposure of ‘ON’ and "OFF" cells to this
dosage of H2O; are shown in Figs. TA & 7D, respectively. From these figures it apparent that
immediately following H2O; treatment (i.e., at 0 hr before any repair has occurred) the amount of
amplified 16.2 kb product 1s significantly reduced (=73%) in both the *ON" and *OFF" cells
compared to the amount of amplified product in the undamaged mtDNA controls. Following
H>O; treatment (1.2, at 1, 2 and 4 hrs) the amount of amplified 16.2 kb product increases with
time in both the "ON" and "OFF" cells indicating that oxidative lesions are being progressively
removed from the damaged mtDNA by in vive repair processes. Importantly, however, it 1s
obvious that at 1 hr post-damage much less mtDNA repair has occurred in the "ON’ cells (Fig.
7A) than 1 the "OFF" cells (Fig. 7D). Quantitative assessments of these QPCR results in terms
of both the relative number of lesions/kb removed and the percentage repair that occurs with
time are shown, respectively, in Figs. 7B & 7C for "ON cells and Figs. 7E & 7F for “OFF’
cells. From these graphs it is seen that by 1 hr post-damage “OFF " cells have repaired greater
than 60% of the oxidative lesions in mtDNA whereas only around 15% of the lesions have been
repatred 1 the *ON” cells. The lower panels in Figs. 7A and 7D also show the results of
important QPCE. control amplification reactions for both the *ON" and "OFF" cells. Namely, that

at each pomt during the repair ime-course repair experiment approximately equal amounts of a
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135 bp sub-mtDNA fragment are amplified from the cells demonstrating that the observed
variations in the intensity of amplified 16.2 kb product are due to variations in the amount of
repair that has occurred and not the result of differences in the amount of mtDNA present in the
reactions themselves (103).

Having established that the greatest observed difference in mtDNA repair between the ‘ON’
and "OFF" cells occurs at 1 hr following HyO; treatment, an HMGA]1 “Turn OFF™ time-course
experiment was conducted to determine whether HMGA 1 proteins levels directly influence the
efficiency of mitochondrial BER. In these experiments tetracyeline was added to the medium of
‘ON cells to inhibit HMGA 1 protein production and on subsequent days aliquots of cells were
exposed to H20; allowed to recover for 1 hr, and the amount of mtDNA repair that has occurred
during this recovery period quantitatively assessed by long-range QPCE.  Figure 8 shows the
results of these experiments and clearly demonstrate that as the levels of HMGAI protein
decrease 1n cells following transgene “Tum-OFF the efficiency of repair of oxidative damage 1n
mtDINA increases as a function of time. Thus, analogous to the situation for both mtMASS and
mtDINA | over-expression of HMGAL in "ON cells decreases the efficiency of base excision
repair of oxidatively damaged mtDNA and this inhibition 1s relieved once the intracellular levels
of the protein drop. This, to our knowledge, is the first reported evidence demonstrating that
over-expresssion of HMGA proteins influences the efficiency of BER. in either mtDNA or
muclear DINA,

DISCUSSION
Previous studies have demonstrated that, in contrast to "OFF " cells, the “ON" cells used in
this study acquire the ability for anchorage-independent growth in soft agarose and to form both

primary and metastatic tumors when injected into nude mice (100). Immunochistochemical
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analvses of these metastatic tumors indicate that the "“ON" cells have undergone an epithelial-
mesenchymal transition in vive, demonstrating that HMGA 1 over-expression promotes both
neoplastic transformation and malignant metastatic progression. Furthermore, and of
considerable importance for the present study, these cancerous phenotypic changes have also
been shown to be reversible following "Turn OFF" of HMGAL transgene expression(100).
Additionally, stable transfection of non-transgenic human cancer cells that have naturally
elevated levels of HMGAL protein (e.g., Hs378T and Hela cells) with either antisense or
dominant-negative HMGA] constructs has been demonstrated to inhibit both their rate of
proliferation and their ability to grow in soft agar (100). The reversible nature of many of the
cancerous phenotypic changes induced in cells by HMGA over-expression has been confirmed
by numerous laboratories (33.37.61.127 128) and serves as the basis for suppression of HMGA
gene expression as a promising new therapeutic approach for the treatment of cancer
(12.93.107.117).

A comprehensive picture of the complex and varied molecular mechanisms by which over-
expression of HMGA genes 1s induced m cells, as well as how this aberrant expression promotes
cancer, i now beginning to emerge (reviewed in: (29,41 46,48 99.127)). Among the most
significant biological changes induce by HMGA1 over-expression are alterations in specific
signal transduction pathways (28, 100,120,128} that. in turn. lead to anomalous transcriptional
activation/repression of a subset of cancer-related “target genes” as a result of HMGAL protein
binding to regulatory regions in their promoters (3.27 40 58.62.116.119).

Against this background information, the present demonstration that several mitochondrial
characteristics frequently altered in naturally occurring cancers (e g . mtMASS, mtDNA and

ROS levels: Fig. 5) reversibly change in response to controlled alterations in the cellular

122



]

|

10

11

13

14

16

17

18

19

concentrations of the HMGA1 (Figs. 1-4) strongly implies that these proteins are causally
involved 1n mediating such phenotypic changes. The fact that not all mitochondrial parameters
(e.g.. membrane potential; data not shown) exhibit such a clear reciprocal pattern also
emphasizes the bioclogical importance of the affects of HMGA] proteins on those organellar
properties that do.

Additional experimental support for such a causal relationship, especially for the observed
reductions of mtDNA and mtMASS in both “ON” cells (Figs. 2 & 3) and naturally occurring
Hs578T cells (Fig. 5), comes from a number of sources. For example, we have previously
demonstrated by chromatin immunoprecipitation (ChIP) analysis that in *ON’ cells HMGAT1
protein binds to regions of the mitochondrial D-loop referred to as conserved sequence blocks
(CS5Bs) (32), regulatory units involved in controlling replication of the vast majority of mtDINA
(18.110). Given such localized and specific D-loop binding we have speculated that HMGAL
proteins in over-expressing cells likely inhibit mitochondrial replication processes in vive (32)
and the findings from the present studies are entirely consistent with this suggestion. One
possible mechanistic explanation for how this inhibition might occur 1s that HMGA 1s acting at
the level of transcript cleavage during the formation of ENA primers from the light strand
promoter (Pr), primers (32). These short RNA primers are required for the transition from RINA
to DNA synthesis and for the initiation of mtDNA replication at the heavy strand origin (OH) by
mitochondrial DNA polymerase (pol v) (78). During asymmetric mtDNA replication transcripts
from the P are cleaved in the vicinity of CSB sites, the first of which (CSB I) has a very high
A/T content {20.21) and 1s a specific binding site for HMGAT1 both in vive (32) and in vifro (data
not shown). Since HMGA] binding induces bends and other structural distortions in A/T-rich

DNA substrates (99). any alterations to the CSB region resulting from HMGA 1 binding could
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potentially hinder the transition process and thus interfere with initiation of replication and result
in the observed decreased amounts of mtDNA and mtMASS in over-expressing "ON" cells.
Another line of evidence strongly supportive of a causal relationship between HMGATL over-
expression and reduced levels of mtDNA and mtMASS derives from the fact that the processes
of transcription and replication in mitochondria are so intimately coupled (18,110) that any
protein involved in regulating transcription will also likely influence mtDNA replication, as has
been so elegantly shown for mitochondrial transcription factor A (TFAM). TFAM 1s a DNA-
binding protein that interacts with mitochondrial DNA pol v and another transcription factor
{etther TFBIM or TFB2M) and stimulates mtDNA transcription through binding to specific D-
loop sequences called upstream enhancers (3.47.69). In addition to sequence-specific promoter
recognition, however, TFAM also binds nonspecifically to DNA and, due to its high abundance,
plays an architectural role i the stabilization and maintenance of mtDINA and 1ts compaction
into a nucleoid structure (4.66.68). Substantial evidence indicates that TEAM 1s required for
mtDINA replication (reviewed in: (69)) including the fact that TEAM levels are elevated in
naturally occurring ragged-red muscle fibers which have high levels of mtDNA and the levels
are decreased in the cells of infants that are naturally depleted of mtDNA. The most
compelling evidence, however, 1s the experimental demonstration that the amount of mtDNA
closely parallels (both upward and downward) changes in cellular TFAM levels (67). TFAM 1s
an “HMG box-containing” protein that, like HMGAL, can bend and unwind DNA- properties
linked to the biological functions of both proteins. We have previously reported (37) that
HMGALI has the ability to “out-compete” HMG-box contamning proteins for binding to distorted
DINA structures similar those thought to exist in the mtDNA D-loop (57.110). More recently, in

vitre binding competition studies (Wertzler ef al., manuscript in preparation) demonstrated that
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HMGAI can displace recombinant TEAM protein from both B-form D-loop DNA as well as
from synthetic cruciform junctions designed to mimic the presumed structure of this DINA i
vivo (90). Therefore a second likely mechanistic explanation for the decreased levels of mtDNA
and mtMASS found i "ON" cells 1s that HMGA1 binding to D-loop DNA prevents or displaces
TFAM binding, thus interfering with mtDNA replication.

Although available evidence suggests two alternative, but not mutually exclusive, reasonable
explanations for how HMGA] over-expression leads to decreased levels of mtDNA and
mtMASS 1 cells. a plausible mechanistic explanation that accounts for increases i ROS levels
in over-expressing cells (Figs. 4 & 5) is not as easily discernable. One reason for this 1s that,
based on gene expression microarray analyses (118), HMGA] over-expression has been shown
to modulate the transcription of a number of nuclear genes that code for mitochondrial proteins
whose altered expression could contribute to the observed increases in ROS levels. Another
caveat 1s that real-time PCR analyses have demonstrated that in "ON" cells the HMGAT protein
directly influences transcription of both the heavy and light strands of mtDINA (31), alterations
that could likewise mfluence ROS levels. Further investigations are, therefore, required in order
to determine whether any of these induced nuclear and mitochondrial transcriptional changes are
causally responsible for the elevated ROS levels in over-expressing cells.

Mitochondrial DNA is demonstrably more susceptible to mutation than genomic DNA and
numerous somatic mutations have been observed in the mtDINA of several types of cancers (22).
Although some of these mtDNA mutations may eventually turn out to be experimental artifacts,
a considerable number are likely to be authentic and have a direct relationship with cancer
development (63,104). The present work suggests that HMGA] over-expression may contribute

to increased mutation rates in the mtDINA of cancer cells in at least two ways: first. by inducing
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increased levels of reactive oxvgen species (Figs. 4 & 5) and. second. by decreasing the
efficiency of base excision repair of oxadative lesions (Figs. 6-8). The mechanism(s) by which
HMGAI over-expression inhibits BER in mitochondria are unknown but, by analogy with the
way these proteins inhibit NER of lesions in nuclear DINA (2.3). are likely to be a combination
of* (1) binding to lesions m mtDINA and preventing access of repair enzymes; and (11) repression
of transcription of nuclear encoded BER genes that are essential for repair to occur. Although
the first possibility hasn’t vet been explored there 15 experimental evidence supporting the latter
in that gene expression array analyses have shown that transcription of the nuclear gene coding
for DNA ligase III 15 significantly down-regulated 1n HMGA over-expressing cells (98). DNA
ligase III. in complex with XRCC1, 1s the main nick sealing enzyme involved in nuclear short-
patch BER (43 59). The human DNA ligase III gene encodes a transcript containing two 1mn-
frame AT translation mitiation start sites, one used to produce an 1soform of the protein with an
amino-terminal mitochondrial targeting sequence and the other a shorter form of the protein
involved in BER 1n the nucleus (72). Inside the mitochondria DINA ligase III functions
independently of XRCC1 (73) and forms a complex with DNA pol v (30) that 1s involved 1n both
BER of oxidative lesions (13) and the maintenance of mtDNA integrity and stabality (74).
Furthermore, given that cells deficient in DNA ligase III are also defective in nuclear base
excision repair (73}, it 1s not surprising_ as demonstrated here (Figs. 6-8), that the efficiency of
repair of oxidative lesions in mtDNA is reduced in "ON" cells. [t 1s therefore reasonable to
suspect that repression of DNA ligase III transcription in HMGA1 over-expressing contributes to
the increased levels of somatic mutations observed in the mtDINA of cancer cells.

Fesults from this study also suggest a novel and unexpected biological role for the HMGAL

protein in nuclear-mitochondrial communication in normal. non-cancerous cells. In normal cells
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a sub-population of HMGA] proteins reversibly migrates between the nucleus and mitochondna
in a cell cycle dependent manner and, while within the mitochondria. transiently binds to the
regulatory D-loop (32). The direct affects of the HMGA1 protein on both mtDNA and mtMASS
levels demonstrated here strongly mmply that the tightly controlled shuttling of this protein
between the nuclens and mitochondria in normal cells likely functions as a ‘messenger” to

coordinate the metabolic and replication activities of these two sub-cellular compartments.
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FIGURE LEGENDS
Fig. 1. Time-course “Turn OFF” and “Turn ON” experiments demaonstrate that the
concentration of HMGAI protein in transgenic cells can he reversibly controlled by the
addition/removal of tetracycline to the culture medium. (A) Western blot analyses of the
relative levels of HMGAT] protein present in "‘ON’ cells as a function of time (days) following
addition of tetracycline to the medium to inhibit transgene expression (upper panel) and in
“OFF" cells following removal of the drug from the medium to activate transgene expression
(lower panel). (B): Quantitative assessment of the results of “Turn OFF” experiment shown in
‘A’ (upper panel). (C) Quantitative assessment of the results the “Turn ON" experiment shown
in ‘A’ (lower panel). All results shown are the average of three or more mndependent
experiments. (D) Upper panel: Coomassie stained SDS-PAGE gel of total protemns from
mitachondria (=93% pure) 1solated from “ON cells (lane 1) and ‘OFF" cells (lane 2). Lane 3
contains trace amounts of recombinant HMGAT1 protein as a reference standard and lane 4

contains molecular weight marker proteins with the 23 kd protein labeled. Lower panel: Western
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blot analysis of a portion of the gel shown in upper panel demonstrating that mitochondria
isolated from "ON’ cells contain readily detectable HMGA1 protein (lane 1) whereas those
isolated from "OFF" cells (lane ?) do not. The absence of detectable HMGA1 protein in the
mitachondria “OFF” cells 1s consistent with the fact that in logarithmically growing populations
of these cells the protein 1s only found in the organelle during a short, restricted phase of the cell
cvcle (32). Lane 3 1s recombinant HMGAT included as a positive marker. Wo other anti-HMGAT1

antibody cross-reacting proteins were observed on the western blot.

Fig. 2. FACS analysis of mitochondrial mass (mtMASS) found in cells during “Turn OFF®
and ‘Turn ON’ experiments as a function of time (days) following addition/removal of
tetracvcline from the culture medium. (A) Overlay of mtMASS histograms of cells on various
days (0. 4. 7. 18) following dmg addition to the medium in “Turn OFF" experiments. The
intensity of nonylacridine orange (NAQ) stained mitochondria (a measure of mtMASS) 1s shown
on the logarithmic X axis and cell counts on the ¥ axis. Key to the color-coded scan lines 1s
shown m figure. Insert: Kolmogorov-Smimov (K-5) test statistical analysis of FACS results
confirms that the mtMASS 1 “ON cells 1s significantly increased up to levels follow in control
‘OFF " cells following tetracycline treatment. (B) Quantitative plot of the results of mthMASS
FACS data such as that shown in (A) as a function of time (up to 70 days) following addition of
drug to the growth medium. (C) Quantitative plot of the results of “Turmn ON™ experiments in
which mtMASS i1s measured as a function of time (up to 46 days) following removal of
tetracycline from the medium. Differences between time points were calculated using mean peak
mtMASS values as reported by Cell Quest Pro FACS analysis software (Becton-Dickenson

Corp.). All results shown are the average of three or more independent experiments.
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Fig. 3. Semi-quantitative PCR analyses of the levels of mtDNA found in cells during “Turn
OFF’ and “Turn ON’ experiments as a function of time (days) following addition/removal of
tetracvcline from the culture medium. {A) Graph showing that the relative levels of mtDINA
increase 1n cells as a function of time during “Turn OFF™ expermments. (B) Graph showing that
the relative levels of mtDNA decrease in cells as a function of time during “Turn ON™

experments.

Fig. 4. Reactive oxygen species (ROS) levels in cells decline as HMGAI protein levels drop
in “Turn OFF” experiments. FACS analyses of ROS levels in cells as a function of time

(days) during “Turn OFF” experiments.

Fig. 5. Naturally occurring human hreast carcinoma cells (Hs378T) over-express HMGAL
protein (panel A), have reduced levels of both mtMASS (panel B) and mtDNA (panel C)
and increased ROS levels compared to normal breast epithelial cells (Hs578 Bst). (A)
Western blot with anti-HMGA]1 antibody. (B) FACS analysis of mtMASS levels in He378Bst
and Hs378T cells. (C) Semi-quantitative analysis of mtDNA in Hs5378Bst and Hs578T cells.. The
insert in the upper part of the figure shows the ethidium bromide-stained QPCR products
amplified from Hs578T and Hs378T cells. (D) FACS analysis of ROS levels i Hs578Bst and

Hs578T cells.

Figure 6. Time-course of repair of oxidative damage in mtDNA following treatment of
HMGAI over-expressing “ON’ and parental MCF-7 control cells with menadione (40 ul,

l1hr, 37°C: average of 3 independet experiments). Pamnel (A): Bar graph of the percentage of
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adjusted volume of quantified QPCR bands of mtDNA from “ON" cells (white bars) and parental
MCEFE-7 control cells (black bars) following drug treatment. Panel (B): Results of panel A
plotted as percentage repair in “ON’ (open boxes) and parental MCF-7 control (black boxes)

cells following dmg treatment.

Fig. 7. Time-course of mtDNA repair experiments following exposure of “ON’ and *OFF*
cells to 750 uM H;O: for 30 min to induced, on average, approximately 1 oxidative
lesion/kb of mtDNA. The results of long-range QPCR analyses emploved to follow the repair
mtDNA 1n both "ON cells (A; upper panel) and "OFF " cells (D; upper panel) as a function of
time (hours) post-H2O; treatment. The lower panels in (A) and (D) show the results QPCE
control amplification reactions for a 155 bp sub-mtDNA fragment and demonstrate equal input
loading 1n all of the samples. Quantitative assessments of the QPCER results shown i (A) and
(D) in terms of both the relative number of lesions/&b remaining in mtDNA _ and the percentage

repair that has occurred. as a function of time are shown, respectively, i panels (B) and (C) for

‘ON’ cells and panels (E) and (F) for "“OFF" cells.

Fig. 8. “Turn OFF” time-course experiments in which the efficiency of repair of mtDNA
damage (at 1 hour post-H:0; treatment) is measured as a function of time (days) following

addition tetracycline addition to the medium of “ON’ cells.
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Fig. 8.

mtDNA Repair at 1 Hour Post-H,0, Treatment in “Turn OFF” Time Course Experiment
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