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ABSTRACT

Mitochondrial DNA (mtDNA) alterations including cgpnumber variations and sequence
variations are suspected to be associated withincmenesis. We established a multiplex
guantitativereal-time PCR to examine the quantities of mtDNAI amuclear DNA (nDNA) for
analysing relative mtDNA content in blood and tssamples of patients with breast cancer. We
also developed a novel matrix-assisted laser dgsofipnization time-of-flight mass
spectrometry (MALDI-TOF MS) based MicroARRAY mullgx assay to identify mtDNA
sequence variants at 22 nucleotide positions (mp)dingle reaction.

For the quantitative analysis, mtDNA content wagnsicant decreased in cancerous breast
tissues (51 cases) compared with the paired nobredst tissuesp(= 0.000). The down-
regulation of mtDNA was observed in 82% of the @anas samples. The similar down-
regulation has been also found in whole blood alagrpa samples from patients with breast
cancer. Using the MALDI-TOF MS, we analysed the BDNA mutations related to breast
cancer in the 51 paired breast tissues (canceramua@mal). 154 mtDNA mutations were found
in total, 49.35% in cancerous tissues and in 50.65%aired normal samples. Forty one tissue
samples contain more than 2 mutations each. Adleglsequence variants were distributed at 5 np
in a hotspot region around the displacement loogo(p). We investigated the relationship
between the quantitative and qualitative mtDNA raliens in breast tissues, as well as the
correlation between the alterations of mtDNA anohelinical/pathological parameters, such as
patient age, tumour type, tumour size, lymph nadeolvement, extent of metastasis, stage,
histological grading, and ER, PR, and HER-2/newepemrs in breast cancer. No associations
were found between the quantitative and qualitatiianges, as well as between the mtDNA
changes and clinical/pathological parameters.

Our data suggest that mtDNA alterations are indeedlved in breast cancer. Investigating

MtDNA alterations in cancer might be helpful forvd®ping biomarkers in the management of
cancer patients. The methods used in this studtheomvestigation can be introduced as simple,
accurate and cost-efficient tools.
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Part | Background of mtDNA



1. General information of mtDNA

1.1 Mitochondrial structure and function

Mitochondria (singular mitochondrion, Fig 1) are miwane-bound organelles like the nucleus
have a double membrane found in the cytoplasm et mkaryotic cells. These organelles show
the incredible diversity on both the size (0.5 tph®in diameter) and the copy number (1 to over
1000) per cell. They are about the sizé&sgherichia coli with different shapes according to the
cell types. However, the structures of mitochondnia pretty similar regardless of their size,
number per cell, plant or animal origin. Generadlymitochondrion has an inner membrane and
an outer membrane as well. There is a space betitheenner and outer membranes called the
intermembrane space. The outer membrane is famgogh, whereas the inner membrane is
greatly convoluted, forming folds or invaginatiotedled cristae. The cristae largely expand the
inner membrane surface area. The space enclost#tebgner membrane is so called matrix. It
contains a highly-concentrated mixture of hundm&dsnzymes, mitochondrial ribosomes, tRNA,

and several copies of the mitochondrial genomed®et al. 2002).

Mitochondria are involved in a series of cellulaogesses including cellular differentiation and
proliferation, cell signaling, programmed cell deahe control of the cell cycle and cell growth
(McBride et al. 2006). Besides these, mitochondnia so called cellular power plants for
generating the most of the cellular chemical eneeglenosine triphosphate (ATP) for cell use
(Campel et al. 2006). Mitochondria play the dominaole in oxidative phosphorylation

(OXPHOS), combining the electron-transferring resjoiry chain complexes -1V and the ATP

synthase (complex V).
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Figure 1. The strcture of mitochondrion (right patectron micrograph).

In the catabolism of carbohydrates, glucose is émo#own into pyruvate from glycolysis in
cytoplasm, and then pyruvate was transported frioenclytoplasm into the mitochondria. The
process of converting one molecule of glucose tmio molecules of pyruvate generates 2 net
nicotinamide adenine dinucleotides (NADH) finallg. mitochondrion one molecule of pyruvate
undergoes the subsequent oxidation and decarbmylat 2 molecule of acetyl coenzyme A by
a cluster of three major protein complexes of pgtavdehydrogenase, which is located in
mitochondrial matrix. During the oxidative decargtation of pyruvate, one molecule of NADH

is formed per pyruvate oxidized. Acetyl coenzymes Adxidized through a cycle involving eight
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catalytic steps, which is called citric acid cycdmd also known as the tricarboxylic acid cycle

(TCA cycle), or the Krebs cycle.

Pyruvate Fatty acids

Citric |

.\ \ ] acid | / }

Outer membrane
Inner r111~r11h rare
Figure 2. Metabolism in the matrix of mitochondAgruvate and fatty acids are imported from
the cytosol and converted to acetyl CoA in the ohitsndrial matrix. Acetyl CoA is then oxidized

to CQ, via the citric acid cycle, the central pathwaygidative metabolism (Cooper et al, 2000).

Each round of the TCA cycle results in the produtf two molecules of CO2, 3 molecules of
NADH one molecule of reduced flavin adenine dinatide (FADH2), and one molecule of GTP
(the energetic equivalent as ATP). In the nextestafjthe aerobic metabolism of oxidative
phosphorylation, the respiratory substrates of NA&# FADH2 generated through the TCA
cycle are oxidized in a process coupled to ATPIssis. Substrate oxidation involved in a series
of respiratory enzyme complex is located within thikochondrial membrane and the ability to
accept any free electrons in a particular sequdrase=d on the relative redox potential and
substrate specificity. Complex | (NADH coenzymeég@uctase) accepts electrons from the TCA
cycle electron carrier NADH, and passes them tozpme Q (ubiquinone; CoQ), which also

receives electrons from complex Il (succinate -quisione reductase). Complex Il consists of
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four protein subunits; one is the FADH2-linked T@xcle enzyme succinate dehydrogenase,
transferring NADH from succinate to CoQ. CoQ passestrons to complex Ill (Cytochrome ¢
reductase/Cytochrome b complex), an 11 - subuiitespiratory enzyme complex involved in
the transfer of electron from membrane-bound GoQxidised cytochrome C (Cyt C)within the
outer surface of the mitochondrial membrane. CyiaSses electrons to Complex IV. Complex
IV (cytochrome C oxidase, COX) is the terminal ntel@lectron acceptor composed of 13 kinds
of different protein subunits, which uses the etats to reduce molecular oxygen to water. Three
of the electron carriers (complexes I, Ill and Bfe proton pumps and function as the reception
sites for the translocation of protons from the nraside to the external side of the inner
mitochondrial membrane. The resulting transmembpaioton gradient is used to make ATP via
ATP synthase (complex V). Thus, each molecule oDNAeads to 3 molecule of ATP and each
molecule of FADH leads to 2 molecules of ATP. Thereby each molectilgyruvate enters the

TCA cycle generatingl2 molecules of ATP. Totallyon

The ATP produced in the mitochondrion which is ntlized by mitochondrion need to exit to
the cytosol via the enzyme adenine nucleotide kwaase (ANT) for an exchange of cytosolic
ADP. This exchange is the principal control for tiage of oxidative phosphorylation, which is
the major supply of the cellular energy under aerabnditions and is required to sustain cell

viability and normal cell functions.

Fatty acid oxidation is another important sourcemérgy for many organisms, which metabolic
catabolism also occurs in mitochondria. Fatty aicatalyzed and transported from cytoplasm to
inner mitochondrial space into fatty-CoA ready bmta oxidation machineryp-oxidation splits

the long chain fatty acid into acetyl CoAs, whi@ncenter the TCA cycle to generate NADH and

FADHo,. p-oxidation enzymes are separated to two functignalips, the inner membrane-bound
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complex responsible for long-chain fatty acid oxiola and the soluble matrix responsible for the
degradation of medium- and short-chain fatty a¢idsng et al. 2001), which carry on the 4-step
repeat cycle. In each round of the cycle one mddeoti acetyl CoA is decarboxylated to one
acetyl-CoA and one acyl-CoA molecule with two cartadoms shorten, which can re-enter the
-oxidation cycle until completely degraded to at€gA. The resulting acetyl-CoA molecules
enter the TCA cycle for further oxidation. Howevender some certain physiological conditions
for instance the long-term fasting and hungrinessinder some pathological conditions such as
diabetes, the oxidation of fatty acids results ketone bodies - hydroxybutyrate, acetoacetate
and acetone, which is called ketogenesis catalyzgdthe enzymes also located in the
mitochondrial matrix. In these cases, the ketordidsare used as an alternative energy source of

energy in the skeletal muscles, heart and brair{(¥bal, 2006; McBride et al. 2006).

In addition to oxidative metabolism, mitochondria also involved in other metabolic tasks, for
example, some enzymes functioning in gluconeogengSobll. 1995) and the urea cycle
(Nakagawa et al. 2009) and are located in mitochahdnatrix. Mitochondria of the cells

involved in regeneration of NAD, and steady-statethe cells of the inorganic ions such as

calcium Calcium signaling (Hajnoczky et al, 2008§groid synthesis (Rossier 2006).

1.2 Mitochondrial Genome

In addition to nuclear genomes, eukaryote cell® dlave cytoplasmic genomes which are
compartmentalized in the mitochondria. Human mitwahrial DNA is extremely small molecule
only about 16,569 base pairs (bp) in length locatidin the mitochondrial matrix and present in

thousands of copies per cell., like most bactaiad prokaryote DNA, organized in a closed

14



circle like a donut, unlike human nuclear DNA, whiis about 3.0 billion bp in length and is
arranged in a long spiraled and coiled thread sikecture and present only one pair of copy per
cell. Unlike human nuclear DNA has 46 chromoson23spairs) and about 30000 genes, human
mitochondrial DNA genome only encodes 37 genes I€rdh. According to the nucleotide
content, mitochondrial genome is differentiatedoimdvo strands. The guanine rich strand is
referred to as the heavy strand and the cytosatestrand is referred to as the light strand. The
heavy strand encodes 28 genes, and the light séracwhles 9 genes for a total of 37 genes. The
heavy strand encodes 12 of the 13 polypeptide-éngogenes, 14 of the 22 tRNA-encoding
genes and both rRNA-encoding genes. Of the 37 gdifesre essential polypeptides of the
OXPHOS system; 22 are for transfer RNA (tRNA) awo tare for the small subunit and large
subunit of ribosomal RNA (rRNA), which constructetmecessary RNA machinery for their
translation within the organelle (Fig. 3). The rémrag protein subunits that make up the
respiratory-chain complexes, together with thospiired for mtDNA maintenance, are nuclear-
encoded, synthesized on cytoplasmic ribosomesaemdpecifically targeted and sorted to their
correct location within the organelle. Thereforeaohondria are under the dual genetic control

of both nuclear DNA and the mitochondrial genomay®r et al. 2005).

Human mtDNA has no introns but extremely high prtipa of contiguous coding sequences
(Anderson et al. 1981, Wallace et al. 1992, Zev@ral. 1998). The only non-coding segment of
MtDNA is the displacement loop (D-loop), a regioh1d21 bp that contains the origin of

replication of the H-strand (¢ and the promoters for L and H-strand transcriptibhe mtDNA

is replicated from two origins. DNA replicationirgtiated at @, using an RNA primer generated

from the L-strand transcript. H-strand synthesiscpeds two-thirds of the way around the

MtDNA, displacing the parental H-strand until inches the L-strand origin (i) situated in a
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cluster of five tRNA genes. Once exposed on thelated H-strand, Ofolds a stem-loop
structure and L-strand synthesis is initiated anocgeds back along the H-strand template.
Consequently, mtDNA replication is bidirectionaltbasynchronous (Clayton 1982). MtDNA
transcription is initiated from two promoters iretD-loop, P and R. Transcription from both
promoters creates a polycistronic precursor RNA thahen processed to produce individual
tRNA and mRNA molecules (Clayton et al. 1991, Ogtlal. 1981). To initiate transcription, the
dedicated mitochondrial RNA polymerase (POLRMT)uiegs mitochondrial transcription factor
A (TFAM,) and either mitochondrial transcriptionctar B1 (TFB1M) or B2 (TFB2M)
(Falkenberg et al. 2002, Fernandez et al. 2003}eiReevidence shows that TFAM induces a
structural change of the light-strand promoter thakequired for POLRMT-dependent promoter
recognition (Gaspari et al. 2004). The importan€éemitochondrial transcription to cellular
dysfunction as a result of pathogenic mtDNA mutaics a neglected area of research that might

give important insights into some of the tissueedpeor mutation-specific effects.

Furthermore, the genetic code in human mitochonas come to differ from that used in the
nucleus, and thus mtDNA genes are no longer igtblé to the nucleocytosolic system (Wallace
1982). UGA is read as tryptophan rather than ‘st@ggGA and AGG as ‘stop’ rather than

arginine, AUA as methionine rather than isoleucenad AUA or AUU is sometimes used as an

initiation codon instead of AUG (Anderson et al819Montoya et al. 1981).
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Figure 3. The human mitochondrial genome encodesub8nits of respiratory chain complexes:
seven subunits (ND 1-6 and 4L) of complex I, cytoate b (Cyt b) of complex Ill, the COX |-
[l subunits of cytochrome oxidase or complex IYidahe ATPase 6 and 8 subunits gFFATP
synthase. MtDNA also encodes 12S and 16S rRNA genéd22 tRNA genes. The abbreviated
amino acid names indicate the corresponding angitbtRNA genes. The outer strand is heavy-
chain DNA and the inner one light-chain DNA,@nd Q are the replication origins of the light

and heavy chain, respectively, whilg &d R indicate the transcription sites.

(Modified fromhttp://ipvgen.unipv.it/docs/projects/torroni_enguiix
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nucleotide

Product Category Symbo Gene Type position
12S RNA MT-RNR1 rRNA 648..1601
16S RNA MT-RNRZ2 rRNA 1671..3229

. COX1 | protein codin 5904..7445
Cytogchorg]rglz XCI\C/))X'dase COX2_| protein coding__7586..8269
COX3 | protein codin 9207..9990
ATP synthase ATP8 | protein codin 8366..8572
(complex V) ATP6 | protein coding 8527..9207
ND1 protein coding  3307..4262
ND2 protein coding  4470..5511
ND4L | protein coding 10470..10766
NAD?CS;Z¥2;°|?e”ase ND5 | protein coding 12337..14148
ND4 protein coding 10760..12137
ND6 protein coding 14149..14673
ND3 protein coding 10059..10404
Coenzyme Q - cytochrome c reductase
/Cytochrome b CYTB | protein coding 14747..15887
(complex )
. 16024..16569;
No D-loop Non-coding 1 576
Phenylalanine MT-TF tRNA 577..647
Valine MT-TV tRNA 1602..1670
Leucine MT-TL1 tRNA 3230..3304
Isoleucine MT-TL2 tRNA 12266..12336
MT-TI tRNA 4263..4331
Glutamine MT-TQ tRNA 4329..4400
Methionine MT-TM tRNA 4402..4469
Tryptophan MT-TW tRNA 5512..5579
Alanine MT-TA tRNA 5587..5655
Asparagine MT-TN tRNA 5657..5729
Cysteine MT-TC tRNA 5761..5826
Tyrosine MT-TY tRNA 5826..5891
Serine MT-TS1 tRNA 7446..7514
MT-TS2 tRNA 12207..12265
Aspartic acid MT-TD tRNA 7518..7585
Lysine MT-TK tRNA 8295..8364
Glycine MT-TG tRNA 9991..10058
Arginine MT-TR tRNA 10405..10469
Histidine MT-TH tRNA 12138..12206
Glutamic acid MT-TE tRNA 14674..14742
Threonine MT-TT tRNA 15888..15953
Proline MT-TP tRNA 15956..16023

18
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Characteristic

Nuclear genome

Mitochondrial genome

Size

~3.3x 16 bp

16,569 bp

Number of DNA molecules
per cell

23 in haploid cells; 46 in
diploid cells

Several thousand copies per
cell (polyploidy)

Number of genes encoded

~20,000-30,000

37 (13 polypeptides, 22
tRNAs and 2 rRNAS)

Gene density ~1 per 40,000 bp 1 per 450 bp
Introns Frequently found in most Absent

genes

~3% ~93%

Percentage of coding DNA

Codon usage

The universal genetic code

AUA codes for methionine;
TGA codes for tryptophan;

AGA and AGG specify stop
codons

Associated proteins

Nucleosome-associated
histone proteins and non-
histone proteins

No histones; but associated
with several proteins(for
example, TFAM) that form
nucleoids

Mode of inheritance

Mendelian inheritance for
autosomes and the X
chromosome; paternal
inheritance for the Y
chromosome

Exclusively maternal

Replication

Strand-coupled mechanism
that uses DNA polymerases
andd

Strand-coupled and strand-
displacement models; only
uses DNA polymerase

Transcription

Most genes are transcribed
individually

All genes on both strands arg
transcribed as large
polycistrons

A

Recombination

Each pair of homologues
recombines during the
prophase of meiosis

There is evidence that
recombination occurs at a
cellular level but little
evidence that it occurs at a

population level

Table 2. Comparision between the human nucleamitathondrial genomesTable modified

from (Taylor et al, 2005). TFAM, mitochondrial tiscription factor A; rRNA, ribosomal RNA.
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Except the difference at the codon usage, the capwybers, mechanism of replication, the
control of replication, mitochondrial genetics isadifferent from Mendelian genetics on its
uniparental inheritance (Taylor et al, 2005) (Talh)e Human mtDNA is normally inherited
exclusively from the mother, known as maternal fitaece. The mammalian egg contains
100,000 to 1,000,000 mtDNA molecules, whereas ansm®ntains only 100 to 1000 mtDNA
molecules (Chen et al. 1995b, Manfredi et al. 19%h)en the sperm fertilizes the egg, the sperm
detaches the tail and except the nucleus of thenspe used to fertilise, all the paternal
mitochondria including mtDNA are lost early in embgenesis, soon after fertilization, between
the two-cell and four-cell stages. This could be dither to destruction of sperm mitochondria or
to impaired replication of sperm mtDNA in the ce(lganfredi et al. 1997). However, this
inheritance could be altered by cloned embryos wbssquent rejection of the paternal
mitochondria. The paternal mtDNA was reported pméeg at the blastocyst stage in some
abnormal (polyploidy) human embryos produced byitro fertilization and intracytoplasmic
sperm injection techniques (St John et al. 2000¢age study showed 2-bp pathogenic deletion
in the mtDNA NADH dehydrogenase subunit-2 (ND2) gan the muscle of a patient with
mitochondrial myopathy was paterrial origin and accounted for 90 percent of the pde
musclemtDNA (Schwartz et al. 2002). Although no any evide of paternal transmission have
been shown on the other patients with the samesksm the subsequent studies (Taylor et al.

2003, Filosto et al. 2003, Schwarz 2004).

Mitochondria are descendantsoeproteobacteria that formed an endosymbiotic retestip with

ancestral eukaryotic organisms. In 1963 it wasadisted that DNA was contained within the
mitochondrion, and not only could they translateN®Rnto protein, but also that the very genes
for these proteins are present in the organellaginD its evolution into the present-day

‘powerhouse’ of the eukaryotic cell the mitochowodritransferred many of its genes to the
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nucleus. Whilst the mitochondrion is largely depamdon nuclear-encoded factors some
functional independence remains. By definition,acitondria in all organisms are able to carry
out two functions: the expression of an integratayee and the generation of ATP coupled to

electron transport (Futuyma 2005).

In mitochondria, the cellular energy (ATP or theiealent GTP) is produced through a process
so called oxidative phosphorylation (OXPHOS), inathhydrogen is oxidized to generate water
and ATP. MtDNA is located in the mitochondrial nmatclose to the internal mitochondrial
membrane. Due to the close proximity to ATP produrctsite, mtDNA is highly exposed to
strongly mutagenic reactive oxygen species (ROS)egged as by-products of OXPHOS.
Moreover mitochondria seem to lack protective pratesuch as histones and lack an efficient
DNA repair system (Richter et al. 1988, Bogenhagtnal. 1999). Therefore mtDNA is
vulnerable to oxidative damage and accumulate seguenutations. Furthermore, it seems
deviant mitochondrial metabolism might accelerate ate of mMtDNA mutation (Lightowlers et
al. 1997). These unique features probably causentitation rate of mtDNA is 10 times higher

than that in nuclear DNA (Cavalli et al. 1998).

Sometimes mutations arising in mtDNA generate &radellular mixture with both mutant and
normal mtDNAS, which is termed as heteroplasmynlfy the wild-type or all mutant mtDNA is
found in cells, which condition is described as bplasmy. During the cell division, the
mitochondria and their genomes undergo a processaled replicative segregation, in which
mitochondrial genomes random replicatel partition into daughter cells. Hence only alkma
number of mMtDNA molecules in the mother are passetb the next generation, which results to

the mitochondrial genetic bottleneck. It could a¢sglain that although a high copy number of
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MtDNA present in mature oocytes versus a relatigatgll number of cell divisions in the female

germline, mtDNA sequences could variate remarkbbtyween generations (Poulton et al. 1998).

2 MtDNA and human cancer

2.1 MtDNA changes

To date, various types of mtDNA alterations inchglpoint mutations, instability of mono- or

dinucleotide repeats, mono- or dinucleotide insedj deletions, or quantitative alterations have
been identified virtually in solid tumors, such @don, stomach, live, kidney, bladder, prostate,
skin and lung cancer (Chatterjee et al, 2006; Bvaret al. 2006), and hematologic malignancies,

such as leukaemia and lymphoma (Fontenay et a6)200

In a study, by the entire mitochondrial genome seging analysis of human colorectal cancer
cell lines, 70% (7/10) were found to carry mutasidn protein coding genes or rRNA genes,
which also revealed that most of the mtDNA mutatiarere homoplasmic (Polyak et al. 1998). It
has been reported that 64% (9/14) of bladder candéfs (6/13) of head and neck cancers, and
43% (6/14) of lung cancers harboring point mutatiof mtDNA. It was as well addressed that
the majority of these somatic mutations of mtDNAreveomoplasmic (Fliss et al. 2000). Other
than point mutations, a 40 bp insertion within @@X | gene has been reported to be associated
with renal cell oncocytoma (Welter et al. 1989),ilelit has been found a deletion happened to
NADH dehydrogenase subunit Ill, which lead to tbesl of mtDNA, is specifically linked to
renal carcinoma (Selvanayagam et al. 1996). Twedy frame-shift mutationsf 3571 3572

ins C and 11038 del A hawaso been detected in thyroid oncocytomas as wlinarenal

oncocytomatissues (Mayr et al. 2008). It has been reported the frequency of missense
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mutations on COX | in prostate cancer patients sigaificantly higher compared to the non-

cancer controls in a population based study (Petrat 2005).

In addition to mutations in the coding region ofiWA, a high frequency of somatic mutation
was located in the non-coding displacement loopo@p) region of mtDNA. The D-loop region
has been described as the most frequent host NAMutations in variety of human cancers.
Several studies of somatic mutation in the D-loegion of mtDNA has revealed that insertions
or deletions at nucleotide position (np) 303-30Pph/cytidine stretch (C-tract) termed D310, are
the most common mutations of mtDNA in human cang®kiding colorectal cancer (Lievre et
al. 2005), gastric cancer (Wu et al. 2005), hemdlolar carcinoma (Tamori et al. 2004),
melanoma (Takeuchi et al. 2004), ovarian canceu @ti al. 2001), uterine serous carcinoma
(Pejovic et al. 2004). The D-loop is a triple sttad non-coding region with regulatory elements
required for replication and transcription of theDNA. Hence mtDNA mutations in this region
might responsible for the changes on copy numbdr gane expression of the mitochondrial

genome.

Based on the published data, Carew and his cok=aguldressed four common features of
MtDNA mutations in all tumor types including thaetbase substitutions are the most common
mutations; mutations occur in all protein codindaohondrial genes; the D-loop region is the hot
spot of somatic mutations among most of tumor typesd the presence of homoplasmic mutant
MtDNA in tumors suggests that they may play an irgmd role in the development of tumors

(Carew et al.2002).

Large-scale deletions of mtDNA have been deteatedarious types of cancers (Carew et al.

2002). For example, it was reported that a 4,97 @dlption was largely accumulated in sun-
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exposed skin tissues, the squamous cell carcin@amdsprecancerous skin tissues (Pang et al.
1994). The 4,977 bp deletion of mtDNA was lateredetd in oral cancers and paired non-
malignant oral tissues of patients with betel qzhdwing history (Lee et al. 2001). Moreover, an
increase of mtDNA large-scale deletions was reploite radiation-associated thyroid tumors
(Rogounovitch et al. 2002). However, even the 483 deletion of MtDNA has been frequently
detected in various types of cancers; the incidemteamount of the 4,977 bp-deleted mtDNA
are significantly lower in the malignant tissuescaspared with the paired normal tissues of
cancer patients. It has been suggested that doaimger progression the mtDNA with a deletion
is decreased (diluted) as a result of clonal expanef cell lineages that contain less or no
MtDNA deletion. The study with micro-dissected tuntissues further confirmed the lower

incidence of 4977 bp mtDNA deletion in most tum@sni et al. 2004).

Alterations in the copy number have also been fomnbduman cancers. The copy number of
mtDNA was found to be increased in papillary thgir@iarcinomas (Mambo et al 2005) and
during endometrial cancer development (Wang e2@05). While the elevated mtDNA content
has been detected in saliva from patients with @nyninead and neck squamous cell carcinoma,
which was significantly higher than that of congrahnd it was found that the increase of mtDNA
content was associated with advanced tumor stagey(ét al. 2005). In addition, it was observed
in head and neck cancers that mtDNA content wae#&sed with histopathologic grade from
normal, moderate, dysplasia, severe dysplasiaviasine tumors, which demonstrated tising
incidence with histopathologic grade (Kim et al.02D The increase in mtDNA content was

thought to be a feedback mechanism that compenfeatasiecline in respiratory function.

In contrast, it has been reported that the copybmusmof mtDNA were frequently reduced in

hepatocellular carcinomas (HCCs). And, this reduciof mtDNA copy number of was more
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frequently observed in female patients with HCCx@aspared with male patients with HCCs.
This finding suggests that the differential altemas in the mtDNA copy number of cancer
tissues of male and female patients may contributihe differences in clinical manifestation,
progression, and mortality rate between male anthlie HCC patients (Yin et al. 2004). It has
also been reported that mtDNA content was reducddiGCs compared with the corresponding
non-cancerous liver tissues, and that low mtDNAteonhof HCCs was significantly correlated
with large tumor size and liver cirrhosis (Yamadale 2006). In gastric cancers, the association
between the clinicopathological features and thBM#At content has been addressed and it was
found that a decrease of mtDNA content is signifigaassociated with ulcerated and infiltrating
type (Borrmann’s type lll) and diffusely thick tygBorrmann’s type V) of gastric carcinomas
(Wu et al. 2004). These findings suggest that aedse in the mtDNA content is associated with

the progression of ovarian cancer.

However, both increases and decreases in mtDNAenbim contrast to non-malignant controls
were observed in each cancer type in a comprelrensiestigating on mtDNA copy number in
study with 54 hepatocellular carcinomas (HCCs)gastric, 31 lung, and 25 colorectal cancers
(Lee et al. 2005). The mtDNA content in ovariancaamas was found to be significantly higher
than that in normal ovaries (Wang et al. 2006). Was, it was shown that the mtDNA content in
the pathologically high-grade (poorly differentidteovarian cancer was lower than that of the
low-grade (well differentiated) ovarian cancer (\Waet al. 2006). Recently, a study of 153
colorectal cancer patients revealed that mtDNA @oih colorectal cancers was higher than that
in the corresponding non-cancerous colon tissuesveder, the mtDNA content was decreased

in colorectal cancers with higher TNM stages anareodifferentiation (Lin et al. 2008).

25



These findings suggest that a change in the cootfemttDNA might not be associated with a
certain type of cancers, and the actual copy nurabertDNA in certain cancers might depend
upon the specific sites of mtDNA mutations attactethat cancer. On one hand, it was suggest
that somatic mutations in the D-loop of mtDNA antpairment in mitochondrial biogenesis may
contribute to the decrease of mtDNA copy numbenuman cancers (Lee et al. 2005). On the
other hand, mtDNA mutations located within genesoeing oxidative phosphorylation proteins
might be expected to result in an increase in mtbDigAy number. It has been hypothesized that
this might occur as a compensatory response tddbknein respiratory chain function (Kim et

al. 2004).

2.2 MtDNA and Carcinogenesis

Uncontrolled cell growth and altered energy metelolare two essential properties of tumour.
Mitochondria play a fundamental important role mersgy metabolism, and programmed cell
death, suggesting mitochondria might serve as #yeskvitch for carcinogenesis (Cavalli et al.
1998). In 1920s Otto Warburg observed in tumousdbe most cellular energy was produced by
glycolysis even under aerobic condition, which asrted as aerobic glycolysis. Since aerobic
glycolysis is in contrast to 'Pasteur effect' imrmal cells, Warburg hypothesized cancer was
caused by the irrversible injury to the mitochoatrespiratory machinery (Warburg et al . 1924,

Warburg 1956).

Warburg’s observation extremely inspired investmgaion mitochondrial function in tumors. In
1998 it was reported by Vogelstein and colleaghas mtDNA mutations were present in 7 out
of 10 colorectal cancer cell lines in their landknatudy (Polyak et al. 1998). This is the first

paper to describe the presence of somatic mtDNAatiauis in solid human tumours, in this case
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colon cancer. In many cases, the mtDNA mutatiomsdeumulated to homoplasmic levels and
were not evident in the matched normal tissue ftbe same patient. A causal relationship
between mtDNA mutations and tumorigenesis is y&et@stablished. Since then, the presence of
somatic mtDNA mutations has been reported in bolid sumours and leukaemias (Robert et al.
2005). It was suggested that the high rates of ndtDhtations observed in cancer cells may
lead to mitochondrial dysfunction and reduce th8ulze ability to generate ATP through
OXPHOS (Carew et al. 2002; Singh 2004; Brandonle2@06). Moreover, malfunction of
mitochondrial respiratory chain could also enhaeleetron leakage, leading to increased ROS
production. This speculation led Carew and collesgto use primary human leukemia cells
isolated from patients to examine mtDNA mutatiomsl dheir correlation with alteration in
cellular ROS and mitochondrial mass. It was fourat tntDNA mutations in leukemia cells were

closely associated with increased ROS (Carew 2084).

ROS are well known for its damage effect and tak®la in decreasing mitochondrial ATP
production, as well as in both the initiation amdrpotion of tomor (Shigenaga et al. 1994; Gille
et. al 1992; Zhang et al. 1990). It has been shideiA cells with DNA-depleted mitochondria
generate high levels of ROS, in part due to eleckeakage generated by the presence of nuclear
DNA-encoded Complex Il system and ubiquinone (Miaret al. 1999). A research group
reported that mutants completely devoid of mtDNAyeast show 3 to 6 fold increases in
spontaneous nuclear mutation rates (Flury et ai6l9Model systems expressing altered levels
of adenine nucleotide translocators, Mn-superoxiiEmutase, ubiquinone or nitric oxide
synthase could be used to study the predicted iasieocbetween mitochondrial ROS production
and nuclear mutation frequency. Recent data inglitht Mn-SOD knockout mice show

increased oxidative DNA damage (Melov et al. 1999)idative damage induced by ROS is
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probably a major source of mitochondrial genomgtability leading to respiratory dysfunction

resulting in cancer growth.

Fragments of mtDNA are sometimes found in nuclesreg, for example, sequences representing
subunits ND4 (Complex 1) and subunits cytochromexidases I, 1l and Il (Complex IV) are
present in the nuclear DNA of various tissues (&laet al. 1989). And the insertion of mtDNA in
nuclear genes has been suggested as a mechanghichyoncogenes are activated (Corral et al.

1989; Reid et al. 1983).

Recently some studies suggest the functional sigmée of mtDNA mutations and depletions in
tumorigenesis and/or tumor progression. It has1lveported some somatic mtDNA mutations
and mtDNA depletion in gastric cancer might be imed in carcinogenesis of breast and gastric
carcinoma (Boddapati et al. 2005), while it hasnb&igown mtDNA mutations also appear to play
a role in development digestive tract cancer (Kesal. 2005). Shidara and colleagues have
shown that specific point mutations in mtDNA accated tumor growth and reduced apoptosis
(Shidara et al. 2005). These point mutations arthenmitochondrial ATP synthase subunit 6
gene (MTATPG6) and are associated with maternaligiited Leigh syndrome but have also been
detected in a variety of tumors (Maximo et al. 2002h et al. 2000, Tan et al. 2002). These data
support the notion that point mutations occurringumors within mtDNA can have functional
advantages as they promote tumor growth. In anatbeiprehensively study of 25 colorectal
cancers, 31 gastric cancers, 54 hepatocellulaincanas and 31 lung cancers , it has been
reported the incidence of somatic D-loop mutatisnBigher in later stage cancers than that of
early stage cancers (Lee et al. 2005). These fysdsnggest that instability in the D-loop region

of mtDNA may be involved in carcinogenesis of hunsancers.
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In prostate cancer both germline and somatic mtDB{AI missense and nonsense mutations
have been found to be associated with prostateecaoreover, when the mtDNAs of a prostate
cancer cell (PC3) were substitution with a pattDNA harboring the pathogenic np T8993G
ATP6 mutation the resulting PC3 (mtDNA T8993G) datles generated much more rapidly
growing tumors in nude mice than did the PC3 ptestancer cell lines in which the resident
MtDNA was replaced with a mtDNA from the same hgdasmic patient but harboring the
normal base, PC3 (mtDNA T8993T). This increased onigenicity was associated with
increased ROS production, indicating that mtDNA ations that increase ROS production may

bean important factor in tumorigenicity (Petrosiet 2005).

It has also been suggested by the trans-mitochadntalybrid (cybrid) studies that mtDNA plays
an important role in establishing and/or maintagniime tumorigenic phenotype. For example, the
evidence of increased tumorigenic phenotype had Iskewn in a rhoO derivative of human
osteosarcoma cells, which showed increased anaharagpendent growth compared to the
parental cells. In turn, the parental phenotype matored by transfer of wild type mitochondrial
DNA to rhoO cells displaying reduced anchorage peselent growth (Singh et al. 2005). These
studies suggest that inter-genomic cross talk baEwmitochondria and the nucleus plays an
important role in tumorigenesis and that retrogrsid@aling from mitochondria to nucleus may
be an important factor in restoration of the nomauigenic phenotype. In the further studies by
Singh’s group it is found that retrograde mitochaardo-nucleus signaling has important role in
regulation of NADPH oxidase (Nox1), and that ovepiession of Nox1 in most of breast and
ovarian tumors (Desouki et al. 2005). The clusfeNox enzymes consist of seven structurally
related homologues, Nox 1-5 and dual oxidase 12aDBesouki et al. 2005; Lambeth et al).

2004), and Nox 1 encoded by nuclear DNA is a mag@rce of endogenous ROS in the cell
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(Desouki et al. 2005). With the same techniqueftinetional significance of mtDNA mutations
is demonstrated in another studys. Cybrids harbotive ATP6 T8993G mtDNA mutation in
prostate cancer (PC3) cells were found to genénaters that were 7 times larger than wild type
cybrids, which barely grew in mice (Petros et &8l0%). In addition, cybrids constructed using a
common Hela nucleus and mitochondria containingiatpnutation at nucleotide positi@993

or 9176 in ATPsynthase subunit 6 were present wthgradvantage in early tumor stages after
transplantation into nude mice. This growth advgatanight possibly occwia prevention of
apoptosis (Shidara et al. 2005). These studiesatelithat mtDNA mutations might directly

promote tumor growtim vivo.

Moreover, it is also reported that mitochondriakfiymction leads to chromosomal instability
(CIN), a hallmark of cancer cells, present in aetstrof primary human tumors, which suggests
mitochondria-led nuclear mutations may be a cawusdtictor in tumorigenesis. In addition, the
redox factor 1 (Refl, also known as Apel and Haydg found to plays a key role in genomic
instability. Refl expression was altered in a ugrigf tumors. Together, these studies suggest
that mitochondria-to-nucleus retrograde redox ragouh due to mitochondrial dysfunction may

also contribute to tumorigenesis (Singh et al. 2005

2.3 MtDNA and cancer diagnosis

In the last twenty years various approaches haea keveloped and investigated on detecting
specific molecular markers in clinical samplesrtgpiove the outcomes of conventional cancer
screening (Sidransky, 2002). Though the changeasuolear genetic and epigenetic have been
regarded as the cornerstone of such studies, noitalctal cellular content and mutations are also

emerging as new molecular markers for clinical ejagion. The feature of sheer abundance and
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homoplasmic tendency make mtDNA an attractive bibwerafor cancer (Sing et al. 1998 and
1999, Polyak et al. 1998). In patients with lung@s, bronchoalveolar lavage samples were
found to harbour almost 200-fold more mitochondmaltations than nuclear TP53 (Fliss et al.
2000). In addition to bronchoalveolvage samples in lung cancer, mtDNA mutations have
been readily detected in urine and blood from pégievith bladder and head and neck cancers
(Fliss et al. 2000); serum of hepatocellular camsia patients (Okochi et al. 2002); nipple
aspirate fluid from patients with breast canceru2hal. 2005). Mitochondrial DNA can serve as
a reliable and sensitive biomarker of cumulative tadiation exposure in skin (Harbottle et al.
2006). MtDNA mutations within the D-loop controlgien have been used as clonal markers in
hepatocellular carcinoma (Nomoto et al. 2002) amé&t cancer (Parrella et al. 2001). Moreover,
MtDNA sequence variants have been detected withpal rand high throughput sequencing

method in patient tumor tissue and blood samplasufciak et al. 2005).

However, the mitochondrial genome is highly vargabhd the ease of whole-genome sequencing
does not resolve some diagnostic dilemmas bechasaterpretation of a novel sequence change
can be difficult in relation to potential pathogaty (McFarland et al. 2004). It has been also
mentioned that direct sequencing of tumor mtDNAmomn performed in many studies, is a
poor screening technique, since it misses levelfiatéroplasmy below approximately 20%;
whereas a better method is denaturing high-perfocediquid chromatography followed by
confirmatory polymerase chain reaction/restrictistagment length polymorphism analysis

(Zanssen et al, 2005).

In despite of extensive study reports on the idieation of mitochondrial DNA mutations in a

wide range of human cancers, the exact role of andgodrial DNA mutations in tumor
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development and progression has not been estathli¥hes, new technologies need to be further
investigated to detect mitochondrial genetic andnaec alterations so as to provide an
opportunity for large-scale analysis of mitochoatimutations in human cancers. Therefore the
link of functional mMtDNA alteration to cancers cdube applied on routine clinical diagnosis

including screening.

The alterations of mtDNA including mutations, insams, deletions and instability are emerging
as new biomarkers for detecting many cancers gsuéissamples and body fluids which can be
probably implemented in population screening tr{glerma et al, 2007). By using MitoChip for
rapid sequencing of the entire mitochondrial genosoenatic mtDNA alterations were observed
in preneoplastic lesions of the gastrointestinattir even in the absence of histopathological
evidence of dysplasia (Sui et al. 2006). Undoulytesithgle clinical application with MitoChip
could be to augment diagnosis, but by the validatxd mtDNA detection in body fluids
harbouring shed tumor derivatives this applicatcmuld be significantly advanced (Folkman
2001). The development of the high-throughput mtDié8equencing microarray is a milestone
in mutation and polymorphism detection techniqu&kjch is applicable to improve cancer
diagnosis. These findings support the rationale efqgploring the mitochondrial genome as a

biomarker for the early diagnosis of cancer.

2.4 MtDNA and cancer treatment

MtDNA not only represents a signature of persomintity, but also serves as a log book
accumulating mutations unique to each person. Tthesmitochondrial genomic information has
already impacted genetic counselling procedurespaadided insights into novel avenues for

treatment (Jakupciak et. 2006). Since mitochongtéy a critical role of in apoptosis, it is
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conceivable that mutations in mtDNA in cancer catald significantly affect the cellular

apoptotic response to anticancer agents. Experinveittt rhd cells without mtDNA evaluate the

role of respiration in drug sensitivity resulting various results, which might reflect complex
interactions between rfAi@ells and anticancer agents with disparate funati@thanisms. To

evaluate the changes in drug sensitivity in cacedis bearing mtDNA mutations could be even
more complicated, since different types of mtDNAtations are likely to have diverse effects on
the apoptotic response. Nevertheless, the clotedtgmn/expansion hypothesis could predict that
the mutations recovered from cancer cells whickiigarchemotherapy are likely to be associated
with resistance to the particular anticancer driogmg used in previous therapy. Furthermore,
some particular mtDNA mutants in cancer cells akely to arouse the respiratory chain
dysfunctions and increase ROS generation. Thishkimécal change offers a unique opportunity
to selectively kill this population of cancer cellyy using agents that inhibit free radical
elimination and cause further ROS accumulationditeato lethal damage in the cancer cells
(Huang et al. 2000). Taken together, it is eviddat mtDNA mutations are clinically relevant

and have potential therapeutic implications.

The cancer cells with defective mitochondria an@®NA mutants also produce larger amounts
of ROS and are thus exposed to higher oxidativessiThe mitochondria with higher oxidative
stress might utilize the retrograde signaling patyswto modulate the expression of nuclear genes
involved in glycolysis and mitochondrial respiratiand OXPHOS. This phenomenon, so called
Warburg effect, might explain the observed incremsglucose utilization and higher lactate
production in the formation and progression of easqLee et al). The distinct differences in
MtDNA structure and function between cancer catid aormal cells provide the potential for

clinical use of mitochondria and mtDNA as targeis riovel and site-specific anticancer agents
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(Weissig et al. 2001, Modica-Napolitano et al. 200herefore, development of drugs that target

to mitochondria or mtDNA may improve treatment ofree types of human cancers in the future.

One chemotherapeutic strategy it to employ delpedlilipophilic cations (DLCs) which
selectively accumulate in carcinoma cells in respoto elevated mitochondrial membrane
potential. Several of these compounds have exUdilsiteane degree of efficacy in carcinoma cell
killing invitro andin vivo (Sun et al. 1994, Koya et al. 1996, Weisberg e1296). Efforts have
also been made to enhance the selective tumokitiglh of DLCs by combination with other
anti-cancer agents, including AZT (Modica-Napoldaet al. 2004). Some DLCs have been
applied in photochemotherapy (PCT), an investigaiocancer treatment involving light
activation of a photoreactive drug, or photosempsitithat is selectively taken up or retained by
malignant cells (Modica-Napolitano et al. 2003, kb al. 2005). It has been considerably
interested in PCT as a form of treatment for nepkof the brain, breast, bladder, lung, skin or
any other tissue accessible to light transmittékeeithrough the body surface or internalig
fiber optic endoscopes. Cationic photosensitizees articularly promising as potential PCT
agents. Similar as other DLCs, these compounds@mngerged by cells into mitochondria in
response to transmembrane potentials, and arg#rtisularly accumulated in the mitochondria
of carcinoma cells. The photosensitizer can be edad to a more reactive and highly toxic
species in response to localized photoirradiatemm,as to strengthen the selective toxicity to
carcinoma cells and offer a means of highly sped¢ifmor cell killing without injury to normal

cells (Chatterjee et al. 2008).

One alternative strategy is to employ mitochondnambrane protein-import machinery to
deliver macromolecules into mitochondria. Using $hmilar machinery, a mitochondrial signal

sequence has been used to direct green fluorgse#ain to mitochondria, which promises the
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visualization of mitochondria within living cellR(be et al. 2004). Some peptides containing
two functional domains, one homing motif for taiggtparticular cell types and the other pro-
apoptotic sequence, readily infiltrate via the mitondrial membrane and turn into toxic when
internalized into the targeted cells by disrupinigoehondrial membranes (Modica-Napolitano et
al. 2009. Another chemotherapeutic strategy is to targetifipemitochondrial membrane
proteins to alter membrane permeabilization anichalely induce apoptosis (Cullen et al. 2007).
Attempts have been made also to develop mitochoimdpic drug and mtDNA delivery systems.
One study demonstrates that conventional liposaaede conferedd mitochondria-specific by

attaching to the known mitochondriotropic residteethe liposomal surface (Liguori et al. 2008)

Furthermore, DQAsomes made from derivatives ofsiléassembling mitochondriotropic bola-
amphiphile dequalinium chloride, have been exhibitte capacity to bind and transport
oligonucleotides as well as plasmid DNA conjugdi®é mitochondrial leader sequence (MLS)
to mitochondria in living mammalian cells and raleaDNA on contact with mitochondrial

membranes (Dsouza et al. 2005). The long-term pleertec goal of this type of research is to
produce mitochondria-specific vehicles which coeiffictively deliver drugs or mtDNA into the

organelle to destroy malfunctioned mitochondriaestore mitochondria with healthy copies of

the genome.

Due to the important role of mitochondria in ATPtad®lism, in generation of free radicals, and
in regulation of apoptosis, it has been indicatd®A mutations are likely to affect cellular
energy capacities, increase oxidative stress, da@®mediated damage to DNA, and alter the
cellular response to apoptosis induction by anteamgents (Penta et al. 2001, Copeland et al.

2001). However, apoptosis was found to occur lesguently in the mutant cybrids in cultures as
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compared with wild-type cybrids, which suggestd tih@ pathogenic mtDNA mutations might
promote the growth of tumors by preventing apogt¢Shidara et al. 2005). The mutant mtDNA
in cybrids also exhibited resistance to cisplatideiced apoptosis (Shidara et al. 2005). These
results suggest that pathogenic mtDNA mutationshinégntribute to the progression of cancers
and tolerance against anticancer drugs. The preseihsomatic D-loop mutations might be a
factor of resistance to fluorouracil based adjuad@motherapy in stage Il cancers (Lievre et al.
2005). It has been also found that mtDNA mutationgeukemia cells were closely associated
with altered sensitivity to drug treatment (Caremak 2003). Moreover, mtDNA has also been
shown to determine the hormone dependence in bcaaser cell lines. Naito and colleagues
stablished hydroxytamoxifen-resistant breast cane##s by growing human breast cancer cells
MCF-7 in the presence of hydroxytamoxifen. They nduthat the mtDNA content was
significantly reduced in the hydroxytamoxifen-résit breast cancer cells. They further
demonstrated that depletion of mtDNA induced bynimme therapy or other independent insults
could trigger a shift to acquired resistance tontumre therapy in breast cancers (Naito et al.

2008).

2.5 MtDNA and cancer prognosis

Numerous biomarkers have been evaluated to prewhebidity and mortality in patients with
cancer, although few have proved entirely usefulh kmall scale study with 19 cases of cervical
cancer, mtDNA D-loop mutations are found to be pag¢saused by HPV infection, and are not
associated with the histopathological grade andtustaging(Sharma et al. 2005). Similarly a
rarely mtDNA D-loop 16519 somatic mutations foumd gancreatic cancer, which cannot be
considered causative events for this tumor type @othably are epiphenomena, but probably

worsens pancreatic cancer prognosis (Navaglia .eRQ06). In a mutation analysis of eight
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sample pairs of papillary thyroid carcinomas andddifollicular thyroid carcinomas tissue with
the corresponding normal thyroid tissue, it hashesn found mtDNA mutations to be correlated
with statistically validated clinical prognosticeddfor recurrence or survival (Witte et al. 2007).
A study of 109 patients with head and neck cancevgaled that the presence of D-loop
mutations of mtDNA was not associated with the posys or the response of patients to
neoadjuvant chemotherapy (Liévre et al. 2006). Meee, no significant association was found
between somatic mtDNA mutations and clinicopathiglalgcharacteristics in esophageal cancer
(Hibi et al. 2001), gastric cancer(Wu et al. 2003)g cancer (Jin et al. 2007), and ovarian cancer

(Bragoszewski et al. 2008) respectively.

However, in other studies mtDNA exhibits the ponio be a molecular biomarker to monitor
cancer prognosis. In a 10 years retrospective stad§1l patients with invasive carcinoma of the
uterine cervix, the results suggest that multipt®RA mutations are an independent marker of
poor prognosis (Allalunis-Turner et al. 2006). &shbeen suggested by a study with analysis on
somatic mutations in the D-loop region, the comm@v7-bp deletion, and the copy number of
MtDNA in breast cancer and paired nontumorous bressies from 60 patients that somatic
MtDNA mutations in D-loop region could be used aadecular prognostic biomarker in breast
cancer (Tseng et al. 2006). It has been also repatstudy with 59 cases of invasive breast
tumors and paired non-tumorous tissues indicatedptients with reduced mtDNA content had
significantly poorer disease-free survival and allesurvival rate, which suggested that reduced
copy number of mtDNA may be involved in breast rastic transformation or progression and

MtDNA content might be potentially used as a togbttedict prognosis (Man et al, 2007).
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Moreover, it has also been found in 202 patientd won-small cell lung cancer, the average
mutation rate in the D-loop of mtDNA of patients saage IIIB or stage IV was significantly
higher than that of patients at lower clinical ssgAnd the stage IIIB or stage IV cancer patients
carrying point mutations in the D-loop of mtDNA elited poorer prognosis compared with
those free of the mtDNA mutations (Matsuyama e2@03).

Additionally, a population-based study on 365 pasewith colorectal cancer recorded with 3
years follow-up, the presence of tumor D-loop nmiatatppears to be a factor of poor prognosis
in colorectal patients (Lievre et al. 2005). Anotletudy of 153 colorectal cancer patients
revealed that mtDNA content in colorectal canceas wigher than that in the corresponding non-
cancerous colon tissues. Whereas the mtDNA cordenteased in colorectal cancers was
associated with higher TNM stages and poorer diffeation. The decrease in mtDNA content
was correlated with a lower expression level ofogtfiiondrial transcription factor A (mtTFA) or

B subunit of the mitochondrial ATP synthageHi-ATPase). It was suggested that mitochondrial
dysfunction is associated with poor prognosis dbmaxtal cancer (Lin et al. 2008). It has been
reported that patients with lower mtDNA contenH@Cs tended to show poorer 5-year survival
compared with the patients with higher mtDNA contenHCCs, which suggest that decrease in
the mtDNA content may be associated with malignao€yHCCs (Yamada et al. 2006).
Similarly, most patients with types Il and IV gastcancers, respectively, were found to have
poor prognosis and lower 5-year survival rate afi@stric resection. These results suggest that
the reduction in the content of mtDNA may contridub the malignancy and progression of

gastric cancers (Wu et al. 2004).

The correlations between clinicopathological paranse and somatic mtDNA alterations in

certain cancers indicate mtDNA alterations mighteptally be used as a molecular prognostic
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indicator of cancers. Their correlations with psopgognosis suggest that somatic mtDNA
alterations in cancers may contribute to tumor merice and drug resistance in the process of
cancer progression. In contrast, these correlaBoasabsent in other cancers such as esophageal
cancer, head and neck cancer, which suggest tltidorof mtDNA alteration might be site or

tissue specific.

3. MtDNA in breast cancer

3.1 Alterations of mtDNA in breast cancer

Several studies have examined the presence of mtiMt&tions in breast cancer. In one of the
most comprehensive studies 19 sets of paired noandhltumor tissues from the same patients
with breast cancer has been analyzed by using &ioation of temporal temperature gel
electrophoresis and direct DNA sequencing of themglete mitochondrial genome. Somatic
mutations were identified in 74% of patients. Thakbof the mutations (81.5%) were restricted
to the D-loop region, while other mutations weréedeed in the 18rRNA, ND2, and ATPase 6
genes. Of these mutations, five (42%) were delstmminsertions in a homopolymeric C-stretch
between nucleotides 303-315 (D310) within the Dplobhe remaining seven mutations (58%)
were single-base substitutions in the coding orcmaing regions (D-loop) of the mitochondrial

genome (Tan et al., 2002).

In another study, somatic mutations were deteate@1P6 (11/18) of the fine needle aspirates
from primary breast tumors harbored mtDNA mutatidhat were not detected in matched

lymphocytes from the same patient or in age-matah@uinal breast tissue and most of the
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mutations identified were in the D-loop region. V/éh42% of the mutations were present in the
homopolymeric C stretch D310 region encompassekimthe control region (D-loop). In 39%
(7 of 18) somatic mutations in ND and cytochromgebes were present. Again, these mutations
were all homoplasmic suggesting a high clonal stgl{Parrella et al. 2001). Zhu and colleagues
could detect mutations in as much as 93% (14 obiH®)e examined breast tumor cells. Many of
these tumors had multiple mtDNA mutations and thlative mutation frequency in D-Loop

mutations was seven fold higher compared to thgeire coding areas (Zhu et al. 2005).

As observed in the aforementioned study, it has lieend in a study with paired tumorous and
nontumorous breast tissues from 60 patients 30%sbincers displayed somatic mutations in
mMtDNA D-loop region. The occurrence of D-loop migas was associated with an older onset
age &50 years old), and tumors that lacked expressibrestoogen receptor and progesterone
receptor and significantly poorer disease-free igah(Tseng et al. 2006). It was indicated a D-
loop mutation is a significant marker independdndtber clinical variables. A study on somatic

mutation in the D-loop region of mtDNA has reveathdt insertions or deletions at nucleotide
position (np) 303-309, a polycytidine stretch (@et) termed D310, are the most common
mutations of mtDNA in human cancers including bteascer (Tan et al. 2002). In addition, it

has been also reported that breast cancers hamgaurtations in D-loop region, particularly at

the polycytidine stretch or close to the replicatarigins of the heavy-strand, had a significantly

lower copy number of mtDNA than the ones withouloDp alterations (Man et al. 2007).

Although the most common mtDNA mutations detectetireast cancer have been largely single
base substitutions or insertions, a large deletbrd977 bp has been detected in both the

malignant and paired normal breast tissues of miEtizvith breast cancer (Sharp et al. 1992,
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Bianchi et al. 1995). The incidence of the 4,97 7dbfetion in nontumorous breast tissues (47%)

was much higher than that in breast cancers (5%gn@ et al. 2006).

All together, these observations suggest that Somaitation in the D-loop of mtDNA can be
considered as a new prognostic marker for somestgpeancers, and that mtDNA mutations

may play a role in cancer progression and in respom anticancer drug treatment.

In addition to alterations on the sequence of rhibodrial genome, a decrease in mtDNA copy
number was found to associate with an older orgetta50 years old) and a higher histological
grade of breast cancer. In addition, patients vattuced mtDNA content had significantly poorer
disease-free survival and overall survival rate @fwal. 2007). In breast cancer it was reported
that mtDNA content is reduced in 80% cases relativaormal controls (Mambo et al 2005).
These results suggest that reduction in the cordemitDNA may be involved in neoplastic
transformation or progression of breast cancersveder, no similar association was found in

other studies of breast cancer patients (Tsenlg 20@6, Mambo et al. 2005).

3.2MtDNA as a potential biomarker for breast cancer

Earlier diagnosis and treatment of breast cancgy ph important role in reducing mortalities
(Pantel et al. 2003). Many researchers attemptedediablish molecular biologicahnd
immunological methods for detection of individuaktastatic breast cancer cells in peripheral
blood and bone marrow (Zhong et al. 1999a, Dial.€e2000). However, a human eukaryotic cell
containing only one or two copies of each genetédhithe sensitivity of using genomic

alterations as markers on the nuclear DNA leveldenmtify single tumour cells in circulation.
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Lack of cancer specific markers limited the spetii of using mRNA and proteins for gene
expression analysis to distinguish normal and malig cells (Zhong et al 1999b). Therefore,
there is no reliable screening test for early dusgs of breast cancer which measures less than

2mm, and there are no well-established measursséen for micrometastases.

It has been shown that early diagnosis and accidatgification of haematogenic metastasic
tumor cells in breast cancer can improve the sscoEgeatment and patients' survival time. The
ideal tumor biomarkers in the peripheral circulatioould provide a better solution on the
management of cancer. The ideal biomarkers foreracan be sensitive detection markers for
screening and earlier diagnosis, classification kerar for treatment selection, and clinical

response markers and risk assessment markers fatomog and follow up of cancer patients

(Fig 3).

1. Scregning

7. Monitoring . Biopsy & diagnosis

6. Therapy
selection

5. Prognosis 4. Surgical Margins

Figure 4. Biomarkers as potential tools for clihi@pplications.
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More biomarkers are still needed to apply to theichl implementation of cancer. Estrogen
receptor and HER-2/neu status in breast tumourscamently routinely used as a guide for
adjuvant therapy. As more new anticancer agentdaieg developed, more new biomarkers
need to be found to aid in the detection of micr@siasis and to guide treatment using the new
agents. However, there are still many obstacleet@loping clinically useful biomarker tests for
routine clinical practice. A lack of tumour markgpecificity and lack of sensitivity of testing

systems limit their clinical use.

The instabilities and alterations of mtDNA in tung@nesis may serve as earlier markers for
cancer development and may have the potentialrémking tumour progression and tumour
metastasis. A human eukaryotic cell contains huwliie thousands of mitochondria and each
mitochondrion contains 1-10 copies of mtDNA. In iidd, three facilities of mtDNA make it
have an application value for. The first, the hagpy number in comparison with the nuclear
DNA enables detection of rare target cells, evelowtlevels. The second, mutant mtDNA has
been reported to be 10-200 times more abundant rinztated nuclear DNA in cancer cells
(Jackson et al. 2002; Hood et al. 2003; Petrosl.e2Q05), suggesting that they may be of
promising clinicalutility. The third, it has been showed that eledat@&DNA level is present in
plasma of prostate cancer patients with a poorigirvAmplification of mitochondrial nucleic
acids shows increased sensitivity and specificiigrgenomic DNA as diagnostic and prognostic
marker in prostate cancer patients (Mehra et arRQ8ltogether, the properties of mtDNA, such
as high copy numbers, high prevalence of mutat@masquantitative and qualitative alterations in

cancer, encourage us to investigate the clinidevamce of mtDNA alterations in cancers. In
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addition, the simple structure and short lengtmt®DNA makes the genome-wide screening of

MtDNA in life science easier and more cost-effextivan using nuclear DNA.

In the last decades, a number of studies have ¢aeird out on the investigation of mtDNA as a
potential biomarker for cancer. Furthermore, thghHrequency of mtDNA alterations in cancer
and their presence in the early stages of diseasle possibly be exploited as clinical markers

for early cancer detection (Modica-Napolitano e28i02).

To measure the plasma mtDNA, or cell-free nucleid,ahas been entertained as a prognostic
marker. Plasma mtDNA could be defined as fragmehtsitDNA that were detectable in the
extracellular fluid. Recent studies demonstratedt tiirculating mtDNA mutations can be
detected in melanoma, prostate cancer, colon camepatocarcinoma, and pancreatic carcinoma.
To assess whether such mtDNA mutations could becteet mutations in women with breast
cancer, and the possibility to aid in the diagnadibreast cancer, a study has been performed
with 27 paired samples (14 patients with breasteaand 13 healthy controls) of white blood
cells and serum. The mtDNA D-loop region was anedlifand sequenced. Polymorphisms were
detected in all specimens, but no mtDNA mutatioreyenfound in any of the study groups
(Losanoff et al. 2008). It has been suggested tti@mtmethod used in this study are extremely
sensitive in polymorphism detection, but could detect mtDNA mutations in the blood of

women with breast cancer.

Indeed, tumor-derived circulating nucleic acidghe plasma and serum of cancer patients have
been sought as a noninvasive tool for cancer deteover one decade. Though the test criteria,
sensitivity and specificity, compare favorably wibnventional diagnostic measures, to date the

methodical tediousness of circulating nucleic aeidalysis prevented it from becoming a clinical
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routine application. But, with speeding developmefrgtate-to-art technology towards automated
high-throughput platforms, it would not be surpdise the nearby future to see analyses of
circulating nucleic acids in plasma and serum becgmouting methods for diagnosis and
follow-up monitoring of cancer patients. The dremnthat the application of circulating nucleic
acids in plasma and serum as a cancer biomarkepatedtial profiling tool will finally translate

into a longer survival and better quality of lifer fcancer patients.

However, the role of mtDNA mutations in cancer depenent, genetic instability and disease
progression, and the development of drug resistaeo®ins ambiguous, which warrants a
comprehensive investigation in blood and tissuepbasnof patients with breast cancer as well as

in healthy people.
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1. Study aim and experimental design

Aim
In order to establish a test system for facilitgtine early detection and monitoring of breast
cancer and its metastasis, we will investigate:
i.  Whether any quantitative and qualitative alteratiohmitochondrial DNA
(mtDNA) exist in breast cancer.
ii.  Whether tumour cell or/and tumour-derived mtDNAddieg from tumour tissues
into peripheral blood could serve as sersigind specific markers for clinical

application in screening, monitoring anddattup of breast cancer.

Experimental design

We first intend to investigate quantitative alteyatand qualitative alteration of mtDNA in breast
cancer tissue. Tumour-specific mtDNA alterationd Wwe used as markers to identify tumour-
derived cell free and cellular DNA in the blood §d@s of patients with breast cancer. The
relative proportion of tumour derived and non-tumalerived mtDNA will be detected by
MALDI-TOF mass spectrometry assay. The levels dffcee tumour derived and non-tumour
derived mtDNA in three study groups, namely, breastcer, breast benign lesion and healthy
control, will be compared. The association betwéevels of tumour-derived mtDNA in
peripheral blood and traditional clinical paramstesuch as tumour size, lymph node
involvement, and extent of metastasis, histologiratle, receptor status and HER’s-2/neu status

will be analyzed.
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2. Summary of background

2.1 Instability of mitochondrial genome

Eukaryotic cells have a nuclear genome and additiorytoplasmic genomes that are
compartmentalized in the mitochondria. The humatochondrial genome is a circular double
stranded DNA of 16.6 kb, including the coding regidor 13 respiratory chain protein subunits
and the hypervariable non-coding D-loop regionsdémson et al 1981; Fernandez-Silva et al.
2003). The mitochondria produce energy to suppattlar activities and also generate reactive

oxygen species (ROS).

In comparison to nuclear genomic DNA,

MtDNA molecules are markedly exposed to R®®E enhanced aggression)
* Due to the lack of protective histone proteins, M&Dis highly sensitive to oxidative
DNA damage by ROSh{gh sensitivity to damage)
» The replication and repair of mtDNA depend on nackgenesdeficient repair of
damage.
* The limited DNA repair mechanism allows mtDNA miat to accumulateh{gh rate
of mutations).
Thus, the properties of mtDNA suggest their potrithportance in aging, apoptosis and

especially carcinogenesis (Augenlicht et al 200drtidk et al. 2001, Bianchi et al. 2001).
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2.2 MtDNA and human cancers

MtDNA aberrations, which include point mutationsstiability of mono- or dinucleotide repeats,
mono- or dinucleotide insertions, deletions or ditative alterations, have been found in
« solid tumours, such as colon, stomach, liver, &idribladder, prostate, skin and lung
cancer (Chatterjee et al, 2006; Branda 2006),
* hematologic malignancies, such as leukaemidyanphoma (Fontenay M et al. 2006).
The instability of mtDNA may play an important roie tumor development. A high rate of
mutation, the presence of most of the mutationscading sequences, their subsequent
accumulation because of limited repair mechanismd,insertion of mutations into nuclear DNA
have all been noted in mtDNA.
For instance:
 MtDNA mutations in coding sequences have been faundre-malignant histological
benign-appearing glands of the prostate, implyimat the mtDNA alterations might be
involved in theearly eventsof prostate cancer development (Jeronimo et alR00
* A high prevalence of mtDNA mutations in coloreatahcer tissues, with lower numbers
in the pre-cancerous lesions and no mutationsarstinrounding normal tissues have been
observed, suggesting that, while the histology appéere-malignant, the genotype is
movingtowards the tumour state(Akhionbare et al. 2004).
» Ultraviolet radiation in sunlight is an importaractor in the development of skin cancer
and has been shown to induce mtDNA damage in huskam which couldnot be

repaired in mitochondrial genomes (Pascucci et al. 1998t¢€awu et al. 1997).
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2.3 MtDNA and breast cancer

Breast cancer is the most common malignant diseas®men of Western industrial countries.

There have been a variety of mtDNA alterations tbimbreast tumour tissues:

* Tan et al. (2002) performed an analysis of all knamtDNA genome mutations. They
could identify 27 mtDNA mutations in 74% of patientith breast cancer. The
mutations were located in coding regions, and mostlthe hypervariable D-loop
regions.

e Zhu et al. (2005) founanutated mtDNA in 93% of breast cancer tissues, with the
frequency of mutations higher in the coding regiansg D-loop regions than in other
loci tested.

» Breast cancer-specifiteletionsof mtDNA have been observed in 77% of breast gance
tissues by Zhu et al. (2004) and in 46% of breaster tissues by Dani et al. (2004).

* In the fine-needle aspirates of patients with dreascer, Parrella et al. (2001) found
mtDNA mutations in 61%, deletions oinsertions in 42% and single base

substitutions in 58%, which were localized in the coding andddgd regions.
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3 Quantitative analysis of mtDNA in breast cancer

3.1 Method setup for quantitative analysis

Eukaryotic cells have nuclear DNA (nDNA) and aduhtl cytoplasmic mitochondrial DNA
(mtDNA). It has been demonstrated that cell-freeleia acidsj.e., cell-free (ccf) nuclear DNA
(cf-nDNA) and ccf mtDNA exist in circulation (Sozet al., 2003). Quantification of circulating
nucleic acids in plasma and serum could be usednas-invasive diagnostic tool for monitoring
a wide variety of diseases and conditions. We daeschere a rapid, simple and accurate
multiplex real-time PCR method for direct synchead analysis of circulating cell-free (ccf)
mitochondrial (mtDNA) and nuclear (nDNA) DNA in glaa and serum samples. The method is
based on one-step multiplex real-time PCR usingAM-J¥abeled MGB probe and primers to
amplify the mtDNA sequence of the ATP 8 gene, andGlabeled MGB probe and primers to
amplify the nDNA sequence of the glycerinaldehydeh®sphate-dehydrogenase (GAPDH)
gene, in plasma and serum samples simultaneoustyefficiencies of the multiplex assays were
measured in serial dilutions. Based on the sinwtatif the PCR reaction kinetics, the relative
guantities of ccf mtDNA were calculated using ayv&mple equation. Using our optimised real-
time PCR conditions, close to 100% efficiency whtamed from the two assays. The two assays
performed in the dilution series showed very goad eeproducible correlation to each other.
This optimised multiplex real-time PCR protocol cée widely used for synchronized

guantification of mMtDNA and nDNA in different sanagl with a very high rate of efficiency.
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Figure 5.Simulation of real-time PCR kinetics for amplifyimgtDNA and nDNA on a serials of
dilutions. The figure shows reproducible standahatidn curves for identification of the mtDNA
and nDNA. The upper lines are nDNA standard dilutioirves and the lower lines are mtDNA
standard dilution curves. The numbers on the y eepisesent the values of cycle threshold (Ct)

and numbers on the x axis represent the dilutiontpo
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Figure 6. MtDNA content in paired adjacent norntad @ancerous breast tissue. The content of
MtDNA in cancerous tissues is significantly lowlean that in normal tissues (Mann—Whitrigy

testP < 0.001)
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3.3MtDNA quantification in cancer tissues of patientswith breast cacner

Human cells contain a nuclear genome and additiangbplasmic genomes that are
compartmentalised in the mitochondria. In contrastnuclear DNA, mitochondrial DNA
(mtDNA) reveals high mutation rates caused by @iséxposure to mutagenic oxygen radicals
and lacks the protective mechanisms of DNA repkiese properties of mtDNA suggest their
potential importance in ageing, apoptosis and eslhecarcinogenesis (Zhang and Qi 2008;
Zhang et al. 2008). Quantitative aberrations of NADhave been observed in various sample
types from patients with cancers (Mambo et al. 20@file increased mtDNA content has been
found in prostate (Mizumachi et al. 2008a), head aeck (Kim et al. 2004), endometrial
adenocarcinoma (Wang et al. 2005), etc., reducéalNitcontent in renal (Meierhofer et al.
2004) and liver cancers (Yin et al. 2004) has heported. Because of these mutations and the
guantitative aberrations involved in the developtmeh human cancers, mtDNA may have
promising clinical applications for cancers (Jiaegal. 2005; Jain et al. 2007). Using the
established multiplexed assay, we found down-reégdlantDNA in breast cancerous tissues
compared to the paired breast normal tissues frbpafients with breast cancer. The amounts of
NDNA and mtDNA in 102 tissue samples were quartifilor both glyceraldehype-3-
phosphodehydrogenase (GAPDH) gene and mtDNA encadd&thse (MTATP) 8 gene. The
average threshold cycle (Ct) number values of thélA and mtDNA were used to calculate
relative mtDNA contenin breast tissues. The median delta 8Cf) and the median mtDNA
content for normal and cancerous breast tissues /@B and 2.54, as well as 106.50 and 3280 (
= 0.000 respectively). MtDNA content was decreaged32% of cancerous breast tissues

compared with the normal ones. The changes weoeiassd with hormone receptor statOsir

53



finding suggests that decreased mtDNA content madtr cancer may have diagnostic and

prognostic value for the disease.

3.3 MtDNA quantification in whole blood of patientswith breast cancer

Alterations of mtDNA have been implicated in caogenesis. MtDNA alterations were also
detected in bodily fluids, suggesting that mtDNAaobes might serve as sensitive early
biomarker for non-invasive detection of severaletymf solid cancer including breast cancer
(Fliss et al. 2000). We sought to investigate waethtDNA content in the peripheral blood of
breast cancer patients is associated with clirdodl pathological parameters. Using an accurate
multiplex quantitative real-time PCR for synchradzdetermination of mtDNA and nuclear
DNA, we found down-regulated mtDNA in the whole t@bsamples from in stage | breast
cancer patients, compared to normal controls amvdraeed breast cancer patients (P = 0.023).
Reduced mtDNA was found often in post menopausateragroup (P = 0.024). No difference in
mtDNA content, in regards to age (p =0.564), lynmude involvement (p = 0.673), ER (p =
0.877), PR (p = 0.763), and Her-2/neu expressionB35), was observed. In the present study,
decreased mtDNA content in the peripheral blooghatients with breast cancer was strongly
associated with stage I. The use of mtDNA may healee for earlier diagnosis of breast cancer.
Due to the unclear mechanism of compensated mtDMNantfies in advanced stage breast
cancer, further studies are required to clarify ti@ogy of the phenomena (Xia et al 2009,

revision submitted).
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Figure 7.Box plot analysis illustrating levels of mtDNA ireppheral blood of normal group and
breast cancer groups according the stage of canaisoThe quantitative mtDNA content (as
described in the text) is shown on the Y axis. MBNA content in peripheral blood of stage |
breast cancers is significant lower than in theepttages as well as in normal control group
according the One-way ANOVA on the ranks (*P = @Q0IHorizontal lines: group medians;

boxes: boxes: 25-75% quartiles; boxes: 25-75% itpgrntange, peak and minimum.
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3.4 MtDNA quantification in plasma of patients with breast cancer

The discovery of circulating cell-free (ccf) DNA airculation has opened up the possibilities of
non-invasive diagnosis and monitoring of a wideiatgrof malignant diseases. With the aim to
simplify cancer management, cancer research ldiedycated itself more and more to discover
and develop non-invasive biomarkers. In this cotiaegcirculating cell-free (ccf) DNA seems
to be a promising candidate. Altered levels ofraaflear DNA (nDNA) and mitochondrial DNA
(mtDNA) have been found in several cancer types might have a diagnostic value. Using
multiplex real-time PCR we investigated the levaiscf nDNA and mtDNA in plasma samples
from patients with malignant and benign breast ttgnand from healthy controls. While the
levels of ccf nDNA in the malignant disease growgravsignificantly higher in comparison with
the benign group and the healthy control group,elolevel of ccf mtDNA was found to be
elevated in the two tumour-groups. A cut-off valselected by ROC curve could allow
distinguishing between the breast cancer casesttandealthy controls using ccf nDNA as
marker and between the breast tumour group anchéladthy controls using ccf mtDNA as
marker. Our data suggest that both species mighg Agotential as biomarkers in breast tumor
management. However, ccf nDNA seems to be the ggropiomarker regarding sensitivity and

specificity (Kohler et al. 2009, submitted).
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Figure 8. ROC curves using ccf nDNA and mtDNA fiiscriminating between the study-
groups. A) ROC curve of ccf nDNA for discriminatibgtween the cancer group and the healthy
control group (sensitivity = 81 %; specificity = 6®). B) ROC curve of ccf mtDNA for

distinguishing between the tumor group and thdtimeacontrol group (sensitivity = 53 %;

specificity = 87 %).

4. Qualitative analysis of mtDNA in breast cancer

4.1 Method setup for qualitative analysis

MtDNA is a circular cytoplasmic double stranded DHRA16.6 kb, including the coding regions
and the hypervariable non-coding D-loop region (&msdn et al. 1981, Fernandez-Silva et al.
2003). The features of mtDNA, such as matrilin@dleritance, high copy numbers per cell and

lack of recombination make it a powerful tool ifeliscienceSingle nucleotide polymorphisms
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(SNPs) of mitochondrial DNA (mtDNA) are involved iphysiological and pathological
conditions. Because of the importance of mtDNA ShPie science, a rapid, accurate, highly
sensitive and high-throughput approach with lowt dosidentify physiologic and pathogenic
MtDNA variants is needed for the analysis of lasgale samples, multiple SNPs or rare mtDNA.
Hence we developed uniplex and multiplex assaysnti@NA SNP detections by using matrix-
assisted laser desorption/ionization time-of-flightss spectrometry (MALDI-TOF MS). The
detection limit achieved with the assagsrresponded to the identification of five-genome
equivalence of mtDNA per reaction after first rouR€R amplification. The testing system
enabled the discrimination of as little as 5% oDMA polymorphism in the predominating
background of mtDNA not containing the SNP. No égt®sitive and false negative results were
obtained using the uniplex and multiplex MALDI-TQWS assays for the analysis of the 18
SNPs compared with those obtained by sequencinlyssmgFan et al. 2007). Based on the
successful uniplex assay, we developed a multipgsay allowing analysis of 22 mtDNA SNPs
in a single reaction, which as well demonstrateq \agh efficiency as expected (Fan et al, MS
in preparation)This novel application enables the rapid, sensitingd accurate identification of
single or multiple mtDNA SNP variants in a singéaction, which could serve apawerful and
sensitive tool for the studies including forensieditine, tracing of matrilineage, transplantation
immunology, transfusion medicine, the diagnosisntDNA mutation related disorders, and the
research regarding aging, apoptosis and carcimsgerased on physiologic and pathogenic

alterations of mtDNA for the analysis of large-gcahmples, multiple SNPs or rare mtDNA.
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Figure 9. Comparison of MALDI-TOF and sequencinglgsis for the sensitivity test. MtDNA
sample containing the SNP of “T” at the positioh 462 was mixed into the mtDNA sample
containing a “C” at the same position. Panel (#)ows the results by MALDI-TOF MS and

sequencing analysis for the mixture of 50%-50%.ePéB) shows the results by MALDI-TOF

MS and sequencing analysis for the mixture of 5%495
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Figure 10. Mass spectra of mtDNA 22plex assay.desaks of unextended extension primers

and different alleles were labelled in differentocos.

4.2 Method validation with HPA study by sequencing

Genotyping of single nucleotide polymorphisms (SNPgsing matrix-assisted laser
desorption/ionization time-of-flight mass spectrame(MALDI-TOF MS) is an emerging
technique, where finally tools for end users hagedme available to design primers and analyze
SNPs of their own interest. This study investigatiee potential of this technique in platelet
(PLT) genotyping and developed a validated metltwwdgénotyping of clinical relevant human
PLT antigens (HPAs). A multiplex assay using MALDBF MS to analyze six HPA loci (HPA-

1, HPA-2, HPA-3, HPA-4, HPA-5, and HPA-15) simukausly in a single reaction was applied
for the genotyping of 100 DNA samples from a cotadrplateletpheresis donors and a patient

population (n = 20) enriched for rare alleles. Tdenotyping results using MALDI-TOF MS
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were validated by the comparison with the resutimiftyping by polymerase chain reaction with
sequence-specific primers and conventional DNA eequmg. Both homozygous and
heterozygous genotypes of HPA-1 to -5 and -15 efitP0 individuals were easily identified by a
six-plexed assay on MALDI-TOF MS. The three apphmscachieved a 100 percent concordance
for the genotyping results of the six HPA loci.Cargd to conventional methods, the MALDI-
TOF MS showed several advantages, such as a higbityethe ability to perform multiplexed
assays in a single reaction, and automated highugjimput analysis of samples. This enables

cost-efficient large-scale PLT genotyping for atali applications.
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Figure 11. By using MALDI-TOF MS based MicroARRAYutti-plex assay, 100% concordance
has been achieved for the genotyping of the 6 HRAthe comparison with the results from
typing by polymerase chain reaction with sequempasific primers and conventional DNA

sequencing.
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4.3 MtDNA mutations in breast cancer

Mutations and up-/down-regulations of mitochondB&lA (mtDNA) have been found in various
cancers (Singh et al. 2007). The mtDNA alterati@me suspected to be associated with
carcinogenesis. However, the clinical relevanctheffinding remains unknown and multiplexed
assays forsimultaneously detecting multiple mutations of m#®Nh a single reaction are
currentlynot available. By using the microarray chip basedtipiex assay using matrix-assisted
laser desorption/ionization time of flight mass @pametry (MALDI-TOF MS), we detected 22
MtDNA single nucleotide variants simultaneously6irbreast cancer cell lines and in the 102
cancerous and adjacent breast tissue samples ftopatients with breast cancer. Totally, 164
mutations were identified in 66.67% of breast carcadl lines and in 49.12% patients’ tissue
samples, in both the cancerous and adjacent péots. of the detected mtDNA variants in breast
cancer samples were distributed in the regions 4ddp, 12S ribosomal RNA, 16S ribosomal
RNA and tRNA. We also investigated the relationdbgween the quantitative and qualitative
alterations of mtDNA in breast cancer. No correlativas found between the down-regulation
and the mutations of mtDNA in breast cancer tiss@&@wilarly there was no association was
found between the mutations and clinic-pathologpaiameters including tumour type, tumour
size, lymph node involvement, extent of metastadage, histological grading, and ER, PR, and
HER-2/neu receptors. Our study suggests that degulation and mutations of mtDNA in
breast cancer tissues may be resulted by differe@thanism. Both the qualitative and
guantitative alterations of mtDNA in breast canoeay serve as biomarkers independent of
clinic-pathological parameters for breast cancer eamly screening, diagnosis, monitoring

treatment effects, prognosis, and follow up. MALDDF MS based MicroARRAY multiplex
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assay is a high-throughput, and cost-efficient toml large scale allelotyping of mtDNA

mutations in life science.

Csoir:tﬁ)rl]z Sample ID characteristics Nucleotétrj](;)posmon Adjacent ~ Cancer (Cell line)
1 MDA-MB 231 709 A
2 MCF-7 2706 A
3 BT 549 2706 A
4 SKBR 3 2706 A
1 802 IDC 709 A A
2 803 IDC 2706 A A
3 804 ILC 16145 A A
4 807 IDC 16145 AG A
5 812 IDC 16145 AG

812 IDC 709 A
6 815 AMC 2706 A A
7 817 IDC 16145 A A
8 819 IDC 709 A A
9 821 IDC 16145 A A
10 822 IDC 311-315 Cins/- Cins/-
11 823 IDC 709 A A

823 IDC 2706 A A
12 824 ILC 709 A
13 825 IDC 16145 A A
14 827 IDC 15924 G G
15 828 IDC 16145 AG A
16 829 IDC 709 A
17 830 IDC 15924 G
18 838 IDC 15924 G G
19 840 IDC 709 A A
20 841 IDC 311-315 Cins/- Cins/-
21 843 IDC 2706 A A
22 844 IDC 16145 AG

844 IDC 15924 G
23 846 IDC 16145 A
24 851 IDC 15924 G G
25 853 IDC 709 A A

Table 4. mtDNA sequence variants were found isugssamples. *Besides 822n/p and 841n/p
paired samples only have one of C ins/- heteroptasnutations, each of the rest samples and
cell lines have one mutation of C ins. (IDC = iswv& ductal carcinoma, ILC=invasive lobular

carcinoma, AMC=atypical medullary carcinoma).
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5. Correlation Studies

5.1 Correlation study between quantitative and qualitatve changes of mtDNA in tissues

Mitochondrial DNA alterations were long suspected associate with carcinogenesis. Both
alterations of mtDNA content and the mtDNA sequehege been detected in breast cancer,
while it is clear yet whether the two alteratiome aorrelated to each other. Using the MALDI-
TOF MS based and multiplex MicroARRAY assay, 22 aton mtDNA mutations were
simultaneously detected in a single reaction. Seast cancer cell lines and 102 cancerous and
adjacent breast tissue samples from 51 patients bvitast cancer were studied. Most of the
detected mtDNA variants in breast cancer samplee distributed in the regions of D-loop, 12S
ribosomal RNA, 16S ribosomal RNA and tRNA. In oureyious study, we found down-
regulation of mtDNA in the breast cancerous tissc@spared to the adjacent tissues. In this
study, we investigated the relationship between dhantitative and qualitative alterations of
MtDNA in breast cancer. No correlation was foundwleen the down-regulation and the
mutations of MDNA in breast cancer tissues. Alsgré was no association was found between
the mutations and clinic-pathological parametectuiing tumour type, tumour size, lymph node
involvement, extent of metastasis, stage, histoldggrading, and ER, PR, and HER-2/neu

receptors.
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Group Case (percentage) mtDNA content P value
709- 89 (87.25) 15.35 (1.17-69272.73) 0.098*
709+ 13 (12.75) 56.69 (1.56-2730.60)
- *
2706- 94 (92.16) 15.19 (1.17-69272.73) 0.700
2706+ 8 (7.84) 39.98 (1.49-2730.60)
- *
15924- 94 (92.16) 15.19 (1.17-69272.73) 0.429
15924+ 8 (7.84) 63.60 (2.17-13587.57)
16145-
86 (84.31) 21.05 (1.17-69272.73) 0.800*
16145+ 16 (14.71) 13.27 (1.35-749.61)
Var - 60 (58.82) 9.73 (1.17-69272.73) 0.039*
Vart 42 (41.18) 37.42 (1.35-13587.57)
. . * . . *
IN & Var - 28 (27.45) 60.38 (3.05-9877.98) 1vs2: 0.130% 3vs4: 0.070
_ . % - . *
2N & Var+ 23 (22.55) 216.02 (1.35-3888.51) 1vs3: 0.000*; 2vs4: 0.013
- *%
3C & Var - 32 (31.37) 3.89 (1.17-69272.73) 0.421
“C & Var+ 19 (18.63) 15.03 (1.49-13587.57)

Table 5. Sample profile of mtDNA content and varigmoups éxcluding 311-315). N: normal; C:

cancerous; Var: Sequence Variant; “-”: without; *with. * Mann-Whitney U test in normal

tissue; **Chi-square test was applied to analyseabsociation between tissue type and mutation.

5.2 Correlation study between mtDNA content in paired bood and in tissue samples

Using multiplex quantitative Real-Time PCR, we igtigated the levels of N DNA and mtDNA in

10 paired plasma and tissue samples from patieititsbreast carcinomas. The median delta Ct

(ACt) and median mtDNA content for plasma and cancetissues were 5.79 and 5.03, as well

as 374280.44 and 13918579.99 £ 0.005). While the mtDNA contents in the tissue a

correlated with those in plasma (Spearman's ramelation coefficienp = 0.648, P = 0.043)

65



25'000'000

20'000'000—

15'000'000

mtDMNA content in tissue

10000000+

O R Sg Linear = 0.605

5000000 I I - - - r
0 500'000 1'000'000 1'500'000 2000000 2500000

mtDNA content in plasma

Figure 12. MtDNA contents in tissue are correlatgith those in plasmg€0.648, P=0.043).

5.3 Correlation study between mtDNA content in paied blood and in tissue samples

Most mtDNA polymorphisms have been identified ire thisplacement loop (D-loop) region
harbouring the major promoters responsible foricapibn and transcription. Likewise in one
previous study we found mtDNA polymorphisms at tegion around D-loop in paired breast
cancer tissue samples. It is not know yet whetlfégrdnt mtDNA variants found in the breast
cancer tissue can also be found in the correspomdasma. This study is to be targeted on the

identification of mitochondrial DNA (mtDNA) polymehisms in three hyperviable region in

66



breast cancer patients and the investigation orrdleeof mtDNA mutation in tumorigenesis.
Paired plasma and tissue samples from 10 unretatiéehts with breast cancer were analyzed for
MtDNA nucleotide variations in three hyper variatdgions of mtDNA, by the polymerase chain
reaction-single strand conformation polymorphis/@RPSSCP) method using 4 pairs of primers
followed by direct DNA sequencing. 221 homoplaswéciants but no any heteroplasmic ones
were detected at 65 nucleotide positions (np) inpaided samples. Each of these 20 samples
displayed at least 6 mtDNA allelic variants. Of dik variants, 70 variants were detected in
plasma samples but not in paired tissue samplegerBay, 49 variants were identified in tissues

samples but not in paired plasma samples (Table 6).

It has been proposed the plasma mtDNA, or cellHin@NA, could be use in tracking the tumor
derived mtDNA shedding from tumour tissues intoigdesral blood. The divergence between
MtDNA mutations present in plasma and those iruéissould be caused by tumor, and might
serve as a specific biomarker for tumor diagngsisgnosis and follow-up. All the mutations

detected in this study are homoplasmic, and nohetgroplasmic was present, which indicated
no tumor metastasis occurred. The heteroplasmiditon was not detected in plasma might be
due to the mutant allele present in a very low derggy compared to the wild type allele. Our
method is not sensitive enough to detect lower #%amutant DNA from wild type background.

The development of novel techniques, for exampdgaliPCR and BEAMing-up method, might

conquer this difficulty, but it is either too exave, or too complicated, or both to expand it to

routine application.
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Table 6. MtDNA mutations found in 10 paired plasamal tissue samples.

70




6. Prospect

For the future plan regarding the research intevasmtDNA, the following issues need to be

clarified:

7
0.0

The path-physiology and biology of mtDNA changescancer through detecting more
clinical cases, investigating cell lines and/oabBshing animal models

Whether the mtDNA changes in blood can be usediéweloping blood based test in
clinical application in the aim of screening, earldiagnosis, monitoring of patients with
cancer

Whether the mtDNA changes in tissues can be usedlassification markers for
treatment selection

Whether the mtDNA changes in both blood and tissasbe used as clinical response
markers and predictive markers for monitoring avitbfving up of cancer patients.

The predictive and prognostic value of tumour deaimtDNA in peripheral blood should
be evaluated. The dynamic process of the tumouvetemolecules in circulation need to

be investigated before, during and after clinio#&iventions such as chemotherapy.
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Abstract

Quantification of circulating nucleic acids in plasma and serum could be used as a non-invasive diagnostic tool for
monitoring a wide varisty of diseases and conditions. We describe here a rapid, simple and accurate muftiplex
real-time PCR method for direct synchronized analysis of circulating cell-free (ccf) mitochondrial (miDNA) and nu-
clear (NnDNA) DNA in plasma and serum samples. The method is based on one-step multiplex real-time PCR using a
FAM-labeled MGB probe and primers to amplify the mtDNA sequence of the ATP 8 gene, and a VIC-labeled MGB
probe and primers to amplify the nDNA sequence of the glycerinaldehyde-3-phosphate-dehydrogenase (GAPDH)
gene, in plasma and serum samples simultaneously. The efficiencies of the multiplex assays were measured In se-
rial dilutions. Based on the simulation of the PCR reaction kinetics, the relative quantities of cof mtDNA were calcu-
lated using a very simple equation. Using our optimised real-time PCR conditions, close to 100% efficiency was
obtained from the two assays. The two assays performed in the dilution series showed very good and reproducible
correlation to each other. This optimised multiplex real-time PCR protocol can be widely used for synchronized quan-

tification of mtDNA and nDNA in different samples, with a very high rate of efficiency.
Key words: creulating cell-free DNA, mitochondrial DNA, nuclear DNA, real-ime PCR, quantitative PCR.
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Introduction

Eukaryotic cells have nuclear DNA (nDNA) and addi-
tional cytoplasmic mitochondrial DNA (mtDNA). It has
been demonstrated that cell-free mucleic acids, i.e., cell-free
(ccf) nuclear DNA (cf-nDNA) and cef mtDNA exist in cir-
culation (Sozzi er al., 2003). Quantification of cef nDNA and
ccf mtDNA concentrations in plasma and serum has raised
great interest as a tool for non-invasive diagnosis and moni-
toring of a wide variety of diseases and conditions, such as
cancers (Zhong et al., 2007c), pathological pregnancies
(Zhong et al, 2001), inflammatory disease (Zhong et al,
2007d) and trauma (Lam et al., 2003). It has been reported
that both circulating plasma nDNA and mtDNA were in-
creased after trauma (Lam et al., 2003; Lam ef al., 2004).
Many studies observed elevated levels of ccf nDNA in
plasma or serum of various cancers (Allen et al, 2004;
Gommally et al., 2004; Soza et al., 2003; Taback et al.,

Send comrespondence to Xiao Yan Zhong. Laboratory for Prenatal
Medicine and Gynaecological Oncology, Women's Hospital, De-
partment of Biomedicine, University of Basel, Hebelstrasse 20, CH
4031 Basel, Switzerfand. E-mail: xzhong @ uhbs.ch.

2004). Elevated levels of mtDNA were detected in plasma of
prostate cancer patients using quantitative real-time PCR
amplification (Mehra et al., 2007). Recently, Ellinger e al.
(2008 ) observed that mtDNA in serum of patients with pros-
tate cancer has a predictive value of biochemical recurrence
after prostatectomy. The observations suggested that cof
DNA might be a potentially valuable prognostic marker for
these patients. The similar increase of ccf mtDNA and cef
nDNA in cancers, and in patients after trauma, implies that
baoth the nDNA and mtDNA might be released from the
same tissues of origin and by similar mechanisms. Since the
total amount of mtDNA per cell is unknown, determining
both species in a single reaction would be the most effective
and accurate method to compare relative mtDNA quantities
with nDNA genome equivalents. Furthermore, the multi-
plexed assay for simultaneous testing of two parameters can
reduce the time consumed by the diagnostic procedures.

In our study, we developed a rapid, simple and accu-
rate multiplex real-time PCR method for direct synchro-
nized analysis of mtDNA and nDNA in paired plasma and
serum samples. This method is based on a single-step
real-time PCR, using a FAM- and a VIC-labelled probe for
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determining selected mtDNA and nDNA regions of inter-
est. We optimised the multiplex assays for amplifying
nDNA and mtDNA simultaneously and efficiently. Since
most methods for DNA extraction are established for ex-
tracting and purifying nDNA, in our study we also com-
pared the mtDNA and nDNA quantities by using three
commercial kits for ccf DNA extraction.

Materials and Methods

Sample collection

Paired plasma and serum samples were obtained from
235 healthy blood donors, with informed consent. The study
was approved by the local institutional review board.

Processing of blood samples

The 10 mL of peripheral blood samples for coagulant
serum and 10 mL of peripheral blood samples for EDTA
plasma were taken from blood donors. The blood samples
were processed immediately by centrifugation at 1600 g for
10 min. The plasma and serum layers were transferred to
new Eppendorf tubes and centrifuged again at maximum
speed (16000 g) for 10 min. Plasma and serum samples
were divided into aliquots of 400 pL each and stored at
-B0°C.

DNA extraction

Since there are no commercial kits forcef mtDNA ex-
traction from serum and plasma, we firstly compared three
different DNA extraction methods for co-extracting nDNA
and mtDNA using plasma and serum samples from five in-
dividuals. DNA extraction from the five paired serum and
plasma samples was performed using the QlAamp DNA
mini kit (QIAGEN) for a first aliquot. For a second aliquot,
we used the High pure PCR template preparation kit
(Roche Applied Science), and for a third aliquot the auto-
mated method with the MagNA Pure LC DNA Isolation Kit
— large Volume (Roche Applied Science) and the MagNA
Pure LC Instrument. Visually, the automated method with
MagNA Pure LC DNA Isolation Kit seemed to yield larger
amounts of mtDNA and nDN A, however no significant dif-
ferences were observed in the quantities using the different
commercial kits (Kruskal-Wallis-Test: p=10.32 fornDNA;
and p = 0.194 for mtDNA, respectively). Using the auto-
mated method, cof DNA was extracted from each 400 pL
plasma and serum sample, and the DNA preparations were
eluted in 100 pL elution buffer according to the MagNA
Pure LC software.

Quantitative analysis of ccf DNA in plasma and
serum samples

Five uL of DNA elution were used as template for the
real-time PCR analysis. For testing nDNA, the GAPDH
housekeeping gene was used with forward 5'-CCCCAC

ACACATGCACTTACC-3" and reverse 5’-CCTAGTCCC
AGGGCTTTGATT-3" primers and 5°-MGB-TAGGAAG
GACAGGCAAC — VIC-3" as the probe. For determining
mtDNA, a sequence of the MTATP 8 gene starting at locus
8446 was amplified, with forward primer 5"-AATATTAA
ACACAAACTACCACCTACC-3', reverse primer 5'-
TGGTTCTCAGGGTTTGTTATAA-3" and a 5'-6-FAM-
CCTCACCAAAGCCCATA-MGB-3" probe (Walker er
al., 2005). PCR was performed using an ABI PRISM 7000
Sequence Detection System (Applied Biosystems, ABI)in
a total reaction volume of 25 pL, containing 5 pl of DNA,
12.5 pL of TagMan® Universal PCR Master Mix, 4 prim-
ers and 2 probes, using a 2 min incubation at 50 °C, fol-
lowed by an initial denaturation step at 95 °C for 10 min
and 40 cycles of | minat 60 °C and 15 5 at 95 °C. For the si-
multaneous multiplex TagMan amplification of the two
species, we optimised the concentration of primers and
probes, which were: 0.6 pM for each primer and 0.4 uM for
each probe.

Efficiency Measurements of the multiplex assays

The efficiency of the multiplex assay for amplifying
both nDNA and miDNA was measured with standard
curves generated by dilution series. Two kinds of dilution
series were used for the measurements: 1) HPLC-purified
single-stranded synthetic DNA oligonucleotides (Micro-
synth) specifying a 79-bp mtDNA amplicon and a 97
GAPDH amplicon with 6 concentration points ranging
from 5x 10 copiesto 5 x 10° copies: 2) aknown concentra-
tion of human genomic DNA with six points ranging from
3.125x 10* to 10 pg/uL (including 31250, 6250, 1250, 250,
50 and 10 pg/uL). The latter dilution series showed higher
reproducible standard dilution curves than the former, and
was therefore used for the further experiments.

Quantitative assessment of ccf miDNA and nDNA

The concentrations of ccf nDNA were estimated ac-
cording to the standard curves, using the known concentra-
tion of human genomic DNA, and were expressed as ge-
nome-equivalents (GE) per mL of plasma or serum. A
conversion factor of 6.6 pg of DNA percell was used to cal-
culate the GE (Garcia Moreira et al., 2006}, as shown in our
previous studies on ccf nDNA (Zhong ef al., 2007a; Zhong
et al, 2007b; Zhong et al., 2007c). Fold change of ccf
mtDNA could be calculated using two methods (Liu &
Saint, 2002):

l) 2.& CT= ‘—Emw\ — CemiDNA

(1+ B g Fe

(1+ Emnm )cmnn.x

2) R‘&nﬂ]ﬂn ==
R

OnlTHA

Relative quantities of cef mtDNA could be estimated
using an equation of GE.pxs x fold-change,ons and ex-
pressed also as GE per mL of plasma or serum.
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Statistical analysis

Data were analysed using the SPSS sotftware (Statisti-
cal Software Package for Windows v, 15.0). Quantities of
ccf mtDNA and ccf nDNA are expressed as median, range
and fold change. The Spearman Rank Test was applied to
analyse the relationship between mtDNA and nDNA am-
plifications. Mann-Whitney and Krurkal-Wallis tests were
used to determine the statistical significance of the differ-
ences between the measured concentrations of nDNA and
mtDNA,

Results

Optimised experimental design and conditions for
the multiplex assays

Ccf DNA extracted by two different mamial methods
and one automated method was amplified and compared
for differences in the quantification of nDNA and mtDNA.
Using the three different kits, it was possible to co-extract
nDNA and mtDNA from plasma and serum samples. The
automated method showed greater advantages, as it proved
less time- and labour-consuming, and minimized the risk of
contamination, and was therefore used for further experi-
ments.

The primers and probes for amplifying GAPDH have
been successfully used in our many previous studies, and
the specificity of the assay has been confirmed (Lapaire et
al., 2007; Zanetti-Dallenbach et al., 2007). To assess the
specificity of the assay for amplifying mtDNA, the p0 cell
line without mtDNA was tested. There was no false-posi-
tive amplification for mtDNA in the p0 cells observed
(Xiu-Cheng Fan et al., 2008).

Amplification efficiencies of the multiplex assays
We analysed 10 standard curves, using a known con-

centration of human genomic DNA containing six concen-
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tration points for both mtDNA and nDNA. The standard
curves with average slopes at approximately -3.3 (~100%
efficiency) were obtained using our optimised TagMan
PCR conditions. The two assays on the dilution series were
very similar and showed very good correlation to each
other and reproducibility. The average correlation coeffi-
cient of the 10 standard curves using the Spearman Rank
Test was (.99 (range: 0.989-0.999, p =< 0.001) Figure 1
shows two examples of the standard curves with a correla-
tion coefficient of 0.994 and 0.997, respectively.

Quantitative assessment of ccf nDNA and ccf
miDNA in serum and plasma

TheccfnDNA equivalents were calculated according
to the standardised method, using very reproducible stan-
dard dilution curves, which have been described in our pre-
vious studies (Lapaire et al., 2007; Zanetti-Dallenbach et
al., 2007; Zhong et al., 2007a). Based on the comparative
amplifications of nDNA and mtDNA with an efficiency
close to 100%, the fold changes of cef mtDNA were calcu-
lated using the equation of 2OmDNA-OmmDNA (o onit /| Rinmna
= (1 + Epna)™™ / (1 + Eppea)™™™ = (1 4
Eppga) 0 DA 31 B oned = Eonias (1 + Egpa) ™00
COmDNA 5 CuDNA-CUnDNA 36 F close to 100%).

The relative equivalents of cef mtDNA were esti-
mated, and both the quantities of cef nDNA and cof mtDNA
in the 20 paired plasma and serum samples are shown in Ta-
ble 1.

Cef mtDNA and nDNA were determined by multi-
plex real-time PCR, with a mean concentration of 208,184
GE/mL and 6,106 GE/mL in the plasma samples, respec-
tively, and 02,491,364 GE/mL and 273,337 GE/mL in the
serum samples, respectively. The ccf nDNA and ccf
mtDNA levels in the serum samples were significantly
higher than those of the plasma samples (12-45 fold). This
may be a result of the release of cellular DNA artefacts dur-
ing blood clotting procedures. The cef mtDNA levels in the
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Figure 1 - Simulation of real-time PCR kinetics for amplifying mtDNA and nDNA on serial dilutions, The figure shows reproducible standard dilution
curves for ientification of the mtDNA and nDNA. The upper lines are nDNA standard dilution curves and the lower lines are mtDNA standard dilution
curves. The numbers on the v axis represent the values of cycle threshold (Ct) and numbers on the x axis represent the dilution points.
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Table 1 - Cof mtDNA and nDNA represented in genome equivalent { GE ¥mL in serum and plasma

miDNA nDMNA mtDNA/MDNA p- value
Serum 2491364 (33TRT-11720904 ) 273337 (14845-1426T767) 9 fold < 0.001
Plasma 208184 (BO27-2618508) 6106 (463-61722) 34 fold < (0,001
Serum/plasma 12 fold 45 told
p-value < 0.001 < 0,001

plasma and serum samples were significantly higher than
those of cct nDNA (9-34 fold).

Discussion

In this study, we described the multiplex assays used
to analyse cctf nDNA and ccf mtDNA simultaneously.
Using the optimised PCR protocol, the amplification of
nDNA and mtDNA in a single reaction tube was very simi-
lar and showed a simulation of real-time PCR kinetics.
With the comparative efficiencies of two assays in a single
tube, we could use the nDNA level as a reference to assess
the relative quantities of mtDNA. The method is simple and
does not require generating standard curves, which often
result in errors due to dilution inaccuracy. Using the multi-
plex assays, we could rapidly and accurately determine the
levels of ccf nDNA and cef mtDNA in serum and plasma
samples. The levels of cefmtDN A in circulation are signifi-
cantly higher than those of cctf nDNA, due to the fact that
the number of mitochondrial genomes in a cell ranges from
several hundreds to more than 10,000 copies, and each
mitochondrion contains between two and 10 mtDNA mole-
cules (Higuchi, 2007). The serum samples showed a signif-
icantly higher concentration of ccf DNA because ofcellular
DNA release during the blood clotting procedures (Za-
netti-Dallenbach, 2008; Zhong et af., 2007a).

Quantitative alterations of ccf nDNA and mtDNA
have been observed in many conditions, especially in ag-
ing, apoptosis and carcinogenesis (Goebel ef al., 2005; Liu
et al., 2003; Mehra et al., 2007; Takeuchi et al., 2004). So
far, the exact content of human mtDNA in different cells
and tissues remains unclear. Two studies developed multi-
plex assays to analyse nDNA and mtDNA simultaneously
for forensic medicine (Alonso er al, 2004; Walker er al.,
2005). In our study, we were able to use the GAPDH gene
as a housekeeping gene to analyse the quantities of
mtDNA. The aim of this study was to develop a rapid, sim-
ple and accurate multiplex real-time PCR for the direct syn-
chronized analysis of cef mtDNA and cef nDNA, which
may provide a platform for further investigations leading to
a better understanding of the biology of cef mtDNA and ccf
nDNA on large-scale sample sizes.

It is known that ancient mtDNA sequences, also
termed as nuclear pseudogenes, are present in the human
nuclear genome as multiple copies. Woischnik and Moraes
(2002) found up to 612 nuclear integrations. Their homo-
logy with the current mtDNA wasup to 99%. Anaccidental

co-amplification of these nuclear copies of mitochondrial
genes might bias the results {Wallace et al,, 1997). We
tested the specificity by using the mitochondria-negative
cell line p0, and no mtDNA signals were detected in this
cell line by real-time multiplex PCR.

Based on the importance of quantification of both
mtDNA and nDNA in life science, we developed a rapid,
accurate, simple and low-cost approach that enables the si-
multaneous identification of physiological and pathogenic
mtDNA and nDNA variants. Since there are no commercial
kits for ccf mtDN A extraction from serum and plasma sam-
ples, we, for the first time, compared three different DNA
extraction methods for co-extracting nDNA and mtDNA
from plasma and serum. We were also the first ones to ex-
amine the efficiencies of'the two assaysin a single tube. Af-
ter calculating the comparative efficiencies we could use
the nDNA level as a reference to assess the relative quanti-
ties of mtDNA, which can simplify the calculation of
mtDNA content. The method is simple and does not require
generating standard curves, which often result in errors due
to dilution inaccuracy. This method can be considered a
standard approach for widely quantifying both mtDNA and
nDNA in different kinds of samples.
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Abstract

Background: Single nucleotide polymorphisms
(SNPs} of mitochondrial DNA (mtDNA) are involved
in physiological and pathological conditions. We
developed a rapid, accurate, highly sensitive and
high-throughput approach with low cost to identify
mtDMNA SNPs.

Methods: Matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF MS)
was used to detect 18 SNPs of mtDNA by uniplex and
multiplex assays. The sensitivity and specificity of the
MALDI-TOF MS were evaluated. The accuracy of the
approach was validated by the comparison of using
the robust sequencing analysis.

Results: The detection limit achieved with the assays
corresponded to the identification of five-genome
equivalence of mtDNA per reaction after first round
PCR amplification. The testing system enabled the
discrimination of as little as 5% of mtDNA polymor-
phism in the predominating background of mtDNA
not containing the SNP. Mo false positive and false
negative results were obtained using the uniplex and
multiplex MALDI-TOF MS assays for the analysis of
the 18 SNPs compared with those obtained by
sequencing analysis.

Conclusions: Possible fields which could benefit from
this powerful and sensitive tool include forensic med-
icine, tracing of matrilineage, transplantation immu-
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nology, transfusion medicine, the diagnosis of
mtDNA mutation related disorders, and the research
regarding aging, apoptosis and carcinogenesis based
on physiologic and pathogenic alterations of mtDNA
for the analysis of large-scale samples, multiple SNPs
or rare mtDNA.

Clin Chem Lab Med 2008;46:299-305.

Keyweords: high-throughput analysis; matrix-assisted
laser desorption/ionization time-of-flight mass spec-
trometry (MALDI-TOF MS); mitochondrial DNA
(mtDNA); multiplex assay; single nucleotide poly-
morphisms (SNPs); uniplex assay.

Introduction

Mitochondrial DNA (mtDMNA) is a circular cytoplasmic
double stranded DNA of 16.6 kb, including the coding
regions and the hypervariable non-coding D-loop
region (1, 2). The features of mtDNA, such as matri-
lineal inheritance, high copy numbers per cell and
lack of recombination make it a powerful tool in life
science.

Physiologically, mtDNA typing has been applied
routinely in forensic medicine (3). Maternal inheri-
tance of mtDNA enables the tracing of matrilineage
far back in time (4). Single nucleotide polymorphisms
(SNPs) can also be used as markers in transfusion and
transplantation medicine (5).

Pathologically, the properties of mtDNA, such as
reactive oxygen species enhanced aggression, high
sensitivity to damage, deficient repair of damage and
high rate of mutations suggest their potential impor-
tance in mtDNA related disorders, aging, apoptosis
and carcinogenesis (6-8). Somatic mutations in
mtDMNA have been identified in various human can-
cers and in a large spectrum of clinically important
disorders (9, 10).

Based on the importance of mtDNA SNPs in life sci-
ence, a rapid, accurate, highly sensitive and high-
throughput approach with low cost to identify
physiologic and pathogenic mtDNA variants is need-
ed for the analysis of large-scale samples, multiple
SNPs or rare mitDNA.

Matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI-TOF MS) proved to
be a superior, high-throughput technology for the
robust detection of single nucleotide variations with
low cost on nuclear DNA (nDNA). It could permit the
reliable detection of SNPs (11) from a very rare target,
including fetal point mutations from cell-free fetal
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DMA in maternal plasma and donor derived cell-free
DMA in organ transplant recipients urine, which can-
not be reliably detected by more conventional PCR-
based approaches (12, 13).

In this study, we developed a MALDI-TOF MS-based
method to detect 18 SNPs in mtDNA on mtDNA
hypervariable regions in platelet-apheresis products
by uniplex and multiplex assays. This novel applica-
tion enables the rapid, sensitive and accurate identi-
fication of single or multiple mtDMNA SNP variants in
a single reaction on mtDMNA hypervariable regions.

Materials and methods

DNA extraction

Platelet-apheresis products containing mtDNA from three
blood donors with informative mtDMNA SMPs were provided
by the Institute for Clinical Transfusion Medicine, Staed-
tisches Klinikum Braunschweig gGmbH, Germany. This
study was approved by the Local Ethics Committee "Ethik-
kommission beider Basel”. Written informed consent was
obtained from all three individuals. A total of 18 mtDNA
SNPs on three hypervariable regions (HVR1, HVR2Z and
HVR3) within the displacement loop (D-loop) region of the
mtDNA were identified using a traditional sequencing
approach by the Institute (5).

For our study, mtDNA was isolated from 800 pL of plate-
letapheresis products using the MagNA LC Isolation Kit-
Large Volume protocol with the MagNA Pure LC Instrument
(Roche Applied Science, Basel, Switzerland) according to the
manufacturer's introduction. The DMA preparations were
eluted in 200 pL elution buffer according to this protocol.

Quantification of mtDNA and contamination of
nDNA in the samples

The amounts of nDNA and mtDMA were quantified by
multiplex TagMan real-time PCR for both glyceraldehype-3-
phosphodehydrogenase (GAPDH) gene and mtDNA
sequence.

The GAPDH and mtDNA primer and probe sequences are
shown as follows: GAPDH (14): forward, 5'-CCCCACACACA-
TGCACTTACG-3, reverse, 5-CCTAGTCCCAGGGCTTTGATT-
3, probe, 5-IMGB) GTGAACGTGGATGAAGTTGG (VIC)-3;
mtDNA (15): forward, 5-AATATTAAACACAAACTACCACC-
TACC-3', reverse, 5-TGGTTCTCAGGGTTTGTTATA-3', probe,
5-(MGB) CCTCACCAAAGCCCATA (FAM)-3'.

The PCR was performed using the ABI PRISM 7000
Sequence Detection System (Applied Biosystems, ABI, Rot-
kreuz, Switzerland). DNA (5 |LL) was used as template for the
PCR analysis. The TagMan assays were carried out in 25 L
of total reaction volume using 2 min incubation at 50°C, fol-
lowed by an initial denaturation step at 95°C for 10 min, and
40 cycles of 15 5 at 95°C and 1 min at 60°C.

To determine the guantification of mtDNA and nDNA pres-
ent in platelet-apheresis product samples, standard dilution
curves using HPLC-purified single-stranded synthetic DNA
oligonuclectides (Microsynth, Balgach, Switzerland) speci-
fying a 79-bp mtDNA amplicon and a 97-GAPDH amplicon
with concentration ranging from 53 107 copies to 5< 10° cop-
ies were used. Absolute concentrations of mtDNA and
GAPDH were expressed as genome equivalence (GE/mL) of
platelet-apheresis products.
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Detection of mtDNA polymorphisms on
hypervariable regions using MALDI-TOF MS

The PCR and extension primers used to analyze the mtDNA
SNPs were designed using MassArray Assay Design v.3.1
{Sequenom, San Diego, CA, USA) and are listed in Table 1.

The uniplex and multiplex PCR reactions were carried out
in 50 wlL PCR cocktail mixes containing 5 pL DNA,
1.626 mM MgCl;, 500 M dNTP mix, 0.5 U Hot-star Tag Gold
polymerase and primer pairs. The amplification was per-
formed under the following conditions: incubation at 94°C
for 15 min, followed by 50 cycles of 94°C for 20 s, 56°C for
30 s, 72°C for 1 min and final extension at 72°C for 5 min.

To remove the non-incorporated dMNTPs, a shrimp alkaling
phosphatase treatment was performed after the PCR reac-
tion under the following conditions: 37°C for 20 min, 85°C for
5 min and cooling to 4°C.

The iPLEX reaction was performed using the iPLEX cock-
tail mix (Sequenom, San Diego, CA, USA), which contains
buffer, termination mix, enzyme and extension primers,
under the following conditions: 94°C for 30 s, followed by 40
cycles of 94°C for 5 s, 52°C for 55, 80°C for 5 s, final extension
at 72°C for 5 min, then cooling to 4°C.

The iPLEX reaction products were desalted using clean
resin to optimize mass spectrometric analysis and dispensed
onto a 384-format SpectroCHIP bioarray using a nanodispen-
ser for MALDI-TOF MS analysis. MassARRAY Workstation
version 3.4 software (Sequenom) was used to process and
analyze iPLEX SpectroCHIP bicarrays. The call rate, exten-
sion rate and peak area for all allele-specific analyses in any
given assay were calculated using the software provided by
the manufacturer. Positive and negative control samples
were run at each step and on each chip.

The specificity of the assay for mtDNA was assessed
through the use of a mitochondria negative cell line, which
was obtained by subculturing that cell line in the presence
of low concentration of ethidium bromide until the cellswere
devoid of any mitochondria. The sensitivity of the assay for
detecting mtDNA polymorphisms was assessed through the
five-fold dilution of mtDNA samples containing informative
polymorphisms with concentrations as low as 1 GE/pL, as
well as through mixing known mtDNA SNPs into a predom-
inant background of mtDNA molecules not containing those
polymorphisms.

Results

Co-extraction of mtDNA and nDNA from
platelet-apheresis

mtDNA and nDNA were co-extracted from the plate-
let-apheresis products (Table 2). The GAPDH level,
representing cell-free total nDNA, ranged from 1073
to 4039 GE/mL of platelet-apheresis concentrate in the
platelet-apheresis samples, and the mitDNA level
ranged from 869,667 to 3,492,084 GE/'mL of platelet-
apheresis products. The levels of mtDNA were found
to be at least 774- up to 2713-fold higher than nDNA
levels.

Specificity of MALDI-TOF MS for detecting mtDNA
polymorphisms

The specificity of the MALDI-TOF MS for detecting the
18 mtDNA polymorphisms was assessed through the
use of a mitochondria negative cell line {143b rho0).



Xiu-Cheng Fan et al.: A rapid and accurate approach to identify SNPs of mtDNA using MALDI-TOF MS 301

Table 1 SNPs in the study cases and sequences of primers.

Sequencing PCR primers

1 263 A-G Forward primer: ACGTTGGATGTTAAGTGCTGTGGCCAGAAG
Reverse primer: ACGTTGGATGATAACAATTGAATGTCTGC
Extension primer: TGAATGTCTGCACAGCC

309 C-CC Reverse primer: ACGTTGGATGCCACTTTCCACACAGACATC
Forward primer: ACGTTGGATGTTAAGTGCTGTGGCCAGAAG
Extension primer: TTTCCACCAAACCCCCCC

315 C-CC Forward primer: ACGTTGGATGGCTGGTGTTAGGGTTCTTITG
Reverse primer: ACGTTGGATGAAATTTCCACCAAACCCCCC
Extension primer: CAAACCCCCCCTCCCCC

2 16189 T-C Forward primer: ACGTTGGATGGGGTTGATTGCTGTACTTGC
Reverse primer: ACGTTGGATGCTTGACCACCTGTAGTACAT
Extension primer: CAATCCACATCAAAACCCCC

152 T-C Forward primer: ACGTTGGATGGTTCGCCTGTAATATTGAACG
Reverse primer: ACGTTGGATGCCTATGTCGCAGTATCTGTC
Extension primer: TGATTCCTGCCTCATCC

263 A-G Forward primer: ACGTTGGATGTTAAGTGCTGTGGCCAGAAG
Reverse primer: ACGTTGGATGATAACAATTGAATGTCTGC
Extension primer: TGAATGTCTGCACAGCC

3 16069 C-T Forward primer: ACGTTGGATGGTGGCTGGCAGTAATGTACG
Reverse primer: ACGTTGGATGGAAGCAGATTTGGGTACCAC
Extension primer: CCACCCAAGTATTGACT

16324 T-C Forward primer: ACGTTGGATGTCATCCATGGGGACGAGAAG
Reverse primer: ACGTTGGATGAACCTACCCACCCTTAACAG
Extension primer: ATTTACCGTACATAGCACAT

16366 C-T Forward primer: ACGTTGGATGGCGGGATATTGATTTCACGG
Reverse primer: ACGTTGGATGGCACATTACAGTCAAATCCC
Extension primer: AAMATCCCTTCTCGTCCC

16390 G-A Forward primer: ACGTTGGATGAGTCAAATCCCTTCTCGTCC
Reverse primer: ACGTTGGATGGCGGGATATTGATTTCACGG
Extension primer: GATGGTGGTCAAGGGAC

73 A-G Forward primer: ACGTTGGATGTATTAACCACTCACGGGAGC
Reverse primer: ACGTTGGATGAGCGTCTCGCAATGCTATCG
Extension primer: TCGCAATGCTATCGCGTGCA

185 G-A Forward primer: ACGTTGGATGGTGCAGACATTCAATTGTTA
Reverse primer: ACGTTGGATGTATCGCACCTACGTTCAATA
Extension primer: CACCTACGTTCAATATTACAG

188 A-G Forward primer: ACGTTGGATGCGCACCTACGTTCAATATTA
Reverse primer: ACGTTGGATGGCTGTGCAGACATTCAATTGT
Extension primer: TTAACACACTTTAGTAAGTATGT

228 G-A Forward primer: ACGTTGGATGAAGTGGCTGTGCAGACATTC
Reverse primer: ACGTTGGATGGGCGAACATACTTACTAAAG
Extension primer: TGTGTTAATTAATTAATGCTTGTAG

263 A-G Forward primer: ACGTTGGATGTTAAGTGCTGTGGCCAGAAG
Reverse primer: ACGTTGGATGATAACAATTGAATGTCTGC
Extension primer: TGAATGTCTGCACAGCC

295 C-T Forward primer: ACGTTGGATGTTAAGTGCTGTGGCCAGAAG
Reverse primer: ACGTTGGATGCCACTTTCCACACAGACATC
Extension primer: ACAGACATCATAACAAAAMATTT

315 C-CC Forward primer: ACGTTGGATGGCTGGTGTTAGGGTTCTTITG
Reverse primer: ACGTTGGATGAAATTTCCACCAAACCCCCC
Extension primer: CAAACCCCCCCTCCCCC

462 C-T Forward primer: ACGTTGGATGTGTGTGTGCTGGGTAGGATG
Reverse primer: ACGTTGGATGTTTAACAGTCACCCCCCAAC
Extension primer: AACACATTATTTTCCCCTC

489 T-C Forward primer: ACGTTGGATGTTAGCAGCGGTGTGTGTGTG
Reverse primer: ACGTTGGATGTTATTTTCCCCTCCCACTCC
Extension primer: CCCATACTACTAATCTCATCAA

522 C-del Forward primer: ACGTTGGATGTCTCATCAATACAACCCCCG
Reverse primer: ACGTTGGATGTTTGGTTGGTTCGGGGTATG
Extension primer: TATGGGGTTAGCAGCGGT

523 A-del Forward primer: ACGTTGGATGTTTGGTTGGTTICGGGGTATG
Reverse primer: ACGTTGGATGTCTCATCAATACAACCCCCG
Extension primer: CTACCCAGCACACACAC
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Table 2 Quantities of mtDNA and nDNA in the samples of
platelet-apheresis products.

Case mtDNA quantities, GAPDH, Ratio
GE/mL GE/mL mtDNA/nDNA
1 2,911,332 1073 27113
2 869,667 1123 T74
3 3,492 084 4039 865

Mo positive amplifications were obtained from the cell
line using the 18 primer pairs listed in Table 1.

Sensitivity of MALDI-TOF MS for detecting mtDNA
poelymorphisms

To determine the sensitivity of MALDI-TOF MS for
analyzing mtDNA SNPs, we designed experiments by
diluting known amounts of miDNA five-fold with
informative polymorphisms in a series from
5x10* GE to 5 GE (1 GE/uL) per PCR reaction. Anal-
ysis for informative polymorphisms was performed
using MALDI-TOF MS. The assay enabled the reliable
identification of the polymorphisms using as little as
5 GE per PCR reactions. In our other study, where we
used MALDI-TOF MS to identify point mutations on
single cell level, close to 70% of the successful anal-
ysis was achieved (data not shown).

A dilution series (2.5 10% 5x 10% 10 10, 25x 10%,
50 10* GE) of mtDNA with an informative polymor-
phism was mixed with mtDNA molecules (1 10% GE)
not carrying the same polymorphism, to give a ratio
ranging from 2.5%, 5%, 10%, 25% and to 50% of
mitDNA molecules with the polymorphism to those
without the polymorphism. MALDI-TOF MS could dis-
criminate down to the level of 5% of polymorphism-
containing MtDNA in a 95% background of mtDNA
lacking the polymorphism (Figure 1). We compared
the sensitivity using MALDI-TOF with those using
sequencing analysis (Figure 2).

Detection of mtDNA polymorphisms in three
individuals using uniplex and multiplex assays

From three individuals, 18 mtDNA polymorphisms
were identified by sequencing analysis. The positions
and nature of the polymorphisms in the three individ-
uals are listed in Table 1.

A total of 18 uniplex assays for each polymorphism
and 3-12 multiplexed assays using MALDI-TOF MS
were developed. The results were compared with
those obtained by sequencing analysis. No false pos-
itive and false negative results were obtained using
the MALDI-TOF MS assays. The uniplex assays and
the multiplex assays showed good concordance
regarding the determination of the polymorphisms.

Discussion

Rapid and accurate identification of physiologic and
pathogenic mtDNA variants is an important issue in
life science. In this study, we evaluated the sensitivity

99

and specificity of MALDI-TOF MS for the detection of
SNPs mtDNA on hypervariable regions.

To evaluate the specificity of MALDI-TOF MS for
detection of miDNA SNPs, the assays for 18 mtDNA
SNPs in this study were tested by using a mitochon-
dria negative cell line. No mtDNA was detectable
from the cell line by both MALDI-TOF MS and
sequencing. In our study, we co-extracted miDNA
with nDNA using commercial kits. The contaminated
co-extraction of nDNA did not alter our results regard-
ing the detection of mtDNA SNPs.

The detection limit achieved with the assay corre-
sponded to the identification of 5 GE of mtDNA per
reaction after first round PCR amplification. As a
human eukaryotic cell contains hundreds or
thousands of mtDNA (16), the sensitive MALDI-TOF
MS established in our study could enable the analysis
of mtDNA SNPs from less than one cell.

In our study, MALDI-TOF MS enabled the discrimi-
nation of as little as 5% of the mtDNA polymorphism
in the predominating background of mtDNA not con-
taining the SNP. Several studies using MALDI-TOF
MS for genetic analysis support our results regarding
the sensitivity of this assay for mtDNA detection. In
our group, Li et al. could detect very rare fetal genetic
materials in maternal blood (12). The concentration of
fetal DNA in maternal circulation is considerably low,
comprising 3.7% of total DNA as quantified by real-
time quantitative analysis (17). A previous study from
our laboratory also showed that donor-derived genet-
ic materials could be sensitively detected in the urine
of kidney transplant recipients using MALDI-TOF MS
(13).

In our group, Li et al. compared the MALDI-TOF MS
assay with a well-established TagMan real-time PCR
assay for the detection of rare fetal genetic material
in the maternal circulation. The MALDI-TOF MS assay
and the TagMan real-time PCR assay had similar
detection rates in terms of non-invasive prenatal iden-
tification of fetal gender (18). However, identification
of multiple SNPs by individual allele-specific TagMan
real-time PCR is a time-consuming and laborious
process. Furthermore, SNPs, which only differ mini-
mally from the wild-type DNA of interest, make the
design of allele-specific PCR especially challenging
(19).

The iPLEX Assay developed by Sequenom,
Inc. enables up to 36-40 multiplex PCR and primer
extension reactions per assay, so that 36-40 muta-
tions can be detected simultaneously in a single reac-
tion. The multiplexed genotyping assays rely on the
natural molecular weight differences of DNA bases.
In our study, we analyzed the 18 SNPs using uniplex
and multiplex assays in parallel. The precision and
accuracy of the mass determination by multiplex i-
PLEX assay at 3-12 levels were comparable with
those by uniplex assay. There were no false positive
or false negative signals from the MALDI-TOF MS
method, as compared to the results obtained by
sequencing. The method demonstrated a high con-
cordance of results and 100% accuracy when com-
pared with capillary sequencing, suggesting that
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Figure 1 MALDI-TOF MS discriminates rare SNP-containing mtDNA in the background of mtDMA lacking the polymorphism.
mtDMNA sample containing the SNP of an “A-deletion” at the position of 523 was mixed into the mtDMNA sample without an
“A-deletion” at the same position. Panels (A} and (B} show the reproducible detections of as little as 5% of the “A-deletion’-
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mass spectrometric analysis of SNPs is a robust and
reproducible technigue for the detection of miDNA
mutations. Multiplex assays enable the rapid detec-
tion of polymorphisms and reduce the amount of
DNA input required and the costs for multiple geno-
typing. The possibility of analyzing up to 384 samples

on a single chip enables high-throughput detections
in large-scale studies.

Possible fields which could benefit from this power-
ful and sensitive tool include forensic medicine and
transplantation immunology, particularly when the
target mtDNA input is limited (20). This approach can
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also be used for the tracing of matrilineage with large-
scale multiple genotyping. Further potential applica-
tions may be possible in the field of transfusion
medicine, in the diagnosis of mtDNA mutation related
disorders, and in research regarding aging, apoptosis
and carcinogenesis based on physiologic and patho-
genic alterations of mtDNA.
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Matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry for genotyping of human platelet-specific antigens
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Hartmut Kroll, Wolfgang Holzgreve, and Xiao Yan Zhong

BACKGROUND: Genotyping of single-nucleotide
polymorphisms (SNPs) using matrix-assisted laser
desorptionfionization time-of-flight mass spectrometry
(MALDI-TOF MS) is an emerging technique, where
finally tools for end users have become available fo
design primers and analyze SNPs of their own interest.
This study investigated the potential of this technique in
platelet (PLT) genotyping and developed a validated
method for genotyping of clinical relevant human PLT
antigens (HPAs).

STUDY DESIGN AND METHODS: A multiplex assay
using MALDI-TOF MS to analyze six HPA loci (HPA-1,
HPA-2, HPA-3, HPA-4, HPA-5, and HPA-15) simulia-
necusly in a single reaction was applied for the
genotyping of 100 DMA samples from a cohort of
plateletpheresis donors and a patient population
(n=20) enriched for rare alleles. The genotyping
results using MALDI-TOF MS were validated by the
comparison with the results from typing by polymerase
chain reaction with sequence-specific primers and con-
ventional DNA sequencing.

RESULTS: Both homozygous and heterozygous geno-
types of HPA-1 to -5 and -15 of the 120 individuals
were easily identified by a six-plexed assay on MALDI-
TOF MS. The three approaches achieved a 100
percent concordance for the genotyping results of the
six HPA loci.

CONCLUSION: Compared to conventional methods,
the MALDI-TOF MS showed several advantages, such
as a high velocity, the ability to perform multiplexed
assays in a single reaction, and automated high-
throughput analysis of samples. This enables cost-
efficient large-scale PLT genotyping for clinical
applications.
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llelic variants of immunogenic glycoproteins

on human platelets (PLTs) have been defined

by serology. To facilitate the research on these

serologically defined alloantigens on PILTs, a
consensus nomenclature was introduced: human PLT
antigens (HPAs). HPAs are a group of biallelic PLT specific
antigens. To date 24 HPAs have been defined by serology,
of which 12 are grouped in six biallelic systems (HPA-1,
-2, -3, -4, -5, and -15) followed by either an “a” for the
major allele or a “b” for the minor allele.!* The molecular
basis of 22 of the 24 serologically defined antigens has
been resolved.! In most cases, the difference of HPA
alleles in a certain locus is defined by a single-amino-acid
substitution owing to a single-nucleotide polymorphism

ABBREVIATIONS: HPA(s) = human platelet antigen(s); MALDI-
TOF MS = matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry; NAITP = neonatal alloimmune
thrombocytopenia; PCR-SSP = polymerase chain reaction

with sequence-specific primers; SNP(s) = single-nucleotide
polymorphism(s).
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(SNP) in the gene encoding the relevant membrane
glycoprotein.®

The clinical relevance of these polymorphisms
is demonstrated by several Immune-mediated PLT
disorders.*® In prenatal medicine, the most well-known
alloimmune thrombocytopenic syndrome is the neonatal
alloimmune thrombocytopenia (NAITP), which is caused
by passively transmitted maternal antibodies specific
against paternal inherited fetal HPAs.® In transfusion
medicine, mismatches between donor and recipient for
HPAs can cause refractoriness to PLT transfusions and
posttransfusion purpura.” Matching of HPAs can im-
prove the success of PLT transfusion and stem cell
transplantation.®!°

Several technical approaches have been postulated
and published for typing the relevant PLT antigens either
by serology, for example, the monoclonal antibody-
specific immobilization of PLT antigens, or by genotyping
the relevant SNPs from the HPA system.!''® Several
molecular methods, such as high-resolution amplicon
melting, closed-tube fluorescent assay, or polymerase
chain reaction with sequence-specific primers (PCR-S5P),
are available for HPA genotyping.'*'* However, those
methods are time- and cost-consuming. Therefore, it is
necessary to develop robust, cost-effective diagnostic
techniques for HPA typing.

Recently, matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF MS)
offers a solution for high-throughput qualitative and
quantitative analysis of up to 36 to 40 multiple SNPs ina
single reaction. MALDI-TOF MS is a relatively new tech-
nique. It has been adapted for creating ionized gas-phase
DNA molecules, which are accelerated in an electric
field, followed by a flight through a vacuum chamber to a
detector. This detection method is based on the time
taken by each particle to fly to a detector (“time of
flight”). The time of flight is proportional to the mass to
charge ratio (m/z) of a particle and inversely related to its
velocity. The time of flight is a specific characteristic of
each DNA fragment and depends mainly on its base
composition. This situation allows us to discriminate
DNA fragments that differ in only one base (SNPs) and by
specific design of the size of the DNA fragments to test
multiple SNPs in one reaction. In our group, MALDI-TOF
MS has been used successfully for genotyping fetal SNPs
in maternal blood for noninvasive prenatal diagnosis of
genetic diseases.”® MALDI-TOF MS can differentiate
between two alleles differing by as little as one base with
high automation.

In this study, we developed a multiplex assay by using
MALDI-TOF MS for typing the six HPAs (HPA-1 to -5 and
-15) simultaneously in a single reaction. We validated the
genotyping results using MALDI-TOF MS by comparison
with the results from genotyping by PCR-SSP and conven-
tlonal DNA sequencing.
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MATERIALS AND METHODS

Donors

Five-milliliter ethylenediaminetetraacetate-blood sam-
ples were obtained from 100 unrelated plateletpheresis
donors from the Institute for Clinical Transfusion Medi-
cine at the Staedtisches Klinikum Braunschweig in Braun-
schwelg, Germany. To overcome the relative low frequency
of rare HPA alleles in our samples, we added 20 DNA
samples from patients.

DNA extractlon

DNA was extracted from 150 pL of peripheral blood by
using a magnetic bead-based system (Invitek, Berlin,
Germany) according to the instructions supplied by the
manufacturer. The concentration of DNA in each sample
was measured using a spectrophotometer (NanoDrop-
1000 spectrophotometer, NanoDrop Technologies, Wilm-
ington, DE).

HPA genotyping using PCR-SSP

PCR-SSP was performed using a commercially available
PCR-SSP kit (HPA-Type, BAG Systems, Lich, Germany).
PCR preparation was performed according to the recom-
mendations of the manufacturer. Briefly a master mix was
prepared consisting of 10 PCR buffer, DNA solution, Tag
polymerase (Q-blogene, MP-Biomedicals, Heidelberg,
Germany) and aqua dest.

The isolated DNA was of excellent purity, as judged by
the Assa/Azy value of approximately 1.8. We therefore
reduced the recommended amount of DNA (50-100 ng
per reaction) to 10 ng per reaction. The PCR conditions
were as follows: 5 minutes at 96°C followed by 5 cycles of
10 seconds at 96°C (denaturation), 60 seconds at 70°C
(annealing + extension); 10 cycles of 10 seconds at 96°C
(denaturation), 50 seconds at 65°C (annealing), and 45
seconds and 72°C (extenslon); 15 cycles of 10 seconds at
96°C (denaturation), 50 seconds at 61°C (annealing), and
45 seconds at 72°C (extension); and a final extension step
for 5 minutes at 72°C.

PCR amplification products were visualized by ultra-
violet {llumination in 2 percent agarose gel stained with
ethidium bromide. The gels were then analyzed by com-
paring the bands of control samples, donor samples, and
size markers.

DNA sequencing

In a small number of cases,” we checked the results of
PCR-SSP and MALDI-TOF MS by DNA sequencing. For
sample preparation, a PCR purification kit (MinElute,
Qiagen, Hilden, Germany) was used. Purified PCR
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disorders.*” In prenatal medicine, the most well-known
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multiple SNPs in one reaction. In our group, MALDI-TOF
MS has been used successfully for genotyping fetal SNPs
in maternal blood for noninvasive prenatal diagnosis of
genetic diseases."” MALDI-TOF MS can differentiate
between two alleles differing by as little as one base with
high automation.

In this study, we developed a multiplex assay by using
MALDI-TOF MS for typing the six HPAs (HPA-1 to -5 and
-15) simultaneously in a single reaction. We validated the
genotyping results using MALDI-TOF MS by comparison
with the results from genotyping by PCR-SSP and conven-
tional DNA sequencing.

MALDI-TOF MS FOR PLT GENOTYPING

MATERIALS AND METHODS

Donors

Five-milliliter ethylenediaminetetraacetate-blood sam-
ples were obtained from 100 unrelated plateletpheresis
donaors from the Institute for Clinical Transfusion Medi-
cine at the Staedtisches Klinikum Braunschweig in Braun-
schweig, Germany. To overcome the relative low frequency
of rare HPA alleles in our samples, we added 20 DNA
samples from patients.

DNA exiractlon

DNA was extracted from 150 pL of peripheral blood by
using a magnetic bead-based system (Invitek, Berlin,
Germany) according to the instructions supplied by the
manufacturer. The concentration of DNA in each sample
was measured using a spectrophotometer (NanoDrop-
1000 spectrophotometer, NanoDrop Technologies, Wilm-
ington, DE).

HPA genotyping using PCR-SSP

PCR-SSP was performed using a commercially available
PCR-SSP kit (HPA-Type, BAG Systems, Lich, Germany).
PCR preparation was performed according to the recom-
mendations of the manufacturer. Briefly a master mix was
prepared consisting of 10x PCR buffer, DNA solution, Tag
polymerase (Q-blogene, MP-Biomedicals, Heidelberg,
Germany) and aqua dest.

The isolated DNA was of excellent purity, as judged by
the Auso/Asgy value of approxdmately 1.8. We therefore
reduced the recommended amount of DNA (50-100 ng
per reaction) to 10 ng per reaction. The PCR conditions
were as follows: 5 minutes at 96°C followed by 5 cycles of
10 seconds at 96°C (denaturation), 60 seconds at 70°C
(annealing + extension); 10 cycles of 10 seconds at 96°C
(denaturation), 50 seconds at 65°C (annealing), and 45
seconds and 72°C (extension); 15 cycles of 10 seconds at
96°C (denaturation), 50 seconds at 61°C (annealing), and
45 seconds at 72°C (extension); and a final extension step
for 5 minutes at 72°C.

PCR amplification products were visualized by ultra-
violet illumination in 2 percent agarose gel stained with
ethidium bromide. The gels were then analyzed by com-
paring the bands of control samples, donor samples, and
size markers.

DMNA sequenclng

In a small number of cases,” we checked the results of
PCR-SSP and MALDI-TOF MS by DNA sequencing. For
sample preparation, a PCR purification kit (MinElute,
Qiagen, Hilden, Germany) was used. Purified PCR
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products were applied to the fluorescent dye terminator
cycle sequencing reaction with a cycle sequencing kit
(Blg Dye Terminator, Applied Blosystems, Darmstadt,
Germany). Thereafter, the sequencing products were puri-
fied with a spin kit (DyeEx, Qlagen) and analyzed on a
sequencer (ABI 3130, Applied Biosystems). Nucleotide
sequence alignment was performed with computer
software (DNA Star, DNASTAR, Inc., Madison, WI). All
sequencing reactions were performed in both directions
and tested for concordance.

HPA genotyping using MALDI-TOF MS

Primer design

The MALDI-TOF MS assay Is based on an allele-specific
primer extension reaction, which enables the differentia-
tion of homozygous and heterozygous samples. The posi-
tions and natures of the HPA polymorphisms are shown
in Table 1. According to the polymorphisms, the PCR
primers and extension primers for use in determining
HPA-1a, HPA-1b, HPA-2a, HPA-2b, HPA-3a, HPA-3b, HPA-
4a, HPA-4b, HPA-5a, HPA-5b, HPA-15a, and HPA-15b in a
single multiplex reaction were designed using computer
software (MassArray Assay Design v.3.4, Sequenom, Inc.,
San Diego, CA). The primer sequences

MALDI-TOF MS assay

TABLE 1. Sequences of PCR primers and extension primers for the

are listed in Table 1 and were synthe-
sized and purified by high-performance

Position of HPA

liguid chromatography by Microsynth

2621 T (a)-G (b)

HPA-4
506 G (a)-A (b)

HPA-5
1600 G (b)-A (a)

HPA-15
2108 C (a)-A (b)

polymorphisms Primer sequences

HPA-1 Forward: ACGTTGGATGTTGCTGGACTTICTCTTTGGG

176 T (a)-C (b) Reverse: ACGTTGGATGCAGATTCTCCTTCAGGTCAC
Extension primer: CTTACAGGCCCTGCCTC

HPA-2 Forward: ACGTTGGATGACCTGAAAGGCAATGAGCTG

482 C (a)-T (b) Reverse: ACGTTGGATGTTAGCCAGACTGAGCTTCTC
Extension primer: CTGCCCCCAGGGCTCCTGA

HPA-3 Forward: ACGTTGGATGTGGGCCTGACCACTCCTTTG

Reverse: ACGTTGGATGTGCGATCCCGCTTGTGATG
Extension primer: GTGGACTGGGGGCTGCCCA
Forward: ACGTTGGATGATCTGTGGAGCATCCAGAAC
Reverse: ACGTTGGATGGAAGCCAATCCGCAGGTTAC
Extension primer: GGTTACTGGTGAGCTTT

Forward: ACGTTGGATGAGGAAGGAAGAGTCTACCTG
Reverse: ACGTTGGATGGCAAGTTAAATTACCAGTAC
Extension primer: AGTCTACCTGTTTACTATCAAA
Forward: ACGTTGGATGCAAAATGTATCAGTTCTTGG
Reverse: ACGTTGGATGGAATCAGGTACAGTTACTTC
Extension primer: TTCAAATTCTTGGTAAATCCTG

(Balgach, Switzerland).

PCR amplification

The multiplex PCR reactions for
amplifying the six HPAs in a single tube
were carried out in 10-uL PCR cocktail
mixes containing 5 to 10 ng of DNA,
1.626 mmol per L. MgCl., 500 pmol per L
dNTP mix, 0.5U of Hot-star Tag Gold
polymerase, and six primer pairs. The
amplification was incubated at 94°C for
15 minutes, followed by 45 cycles of
94°C for 20 seconds, 56°C for 30
seconds, and 72°C for 1 minute. A final
extension at 72°C for 5 minutes was per-
formed.

TABLE 2. Genotype distribution in 100 German plateletpheresis donors as determined by PCR-SSP/sequencing

and MALDI-TOF MS

ala ab b/b
HPA S5Pfsequencing MALDI-TOF SE5P/sequencing MALDI-TOF S5P/sequencing MALDI-TOF
1 [5t] B89 30 30 1 1
2 B85 85 14 14 1 1
3 36 36 45 45 19 19
4 100 100 0 0 0 0
5 82 82 18 18 0 0
15 28 28 51 ] H 21

TABLE 3. Allele frequencies (%) In 100 German
plateletpheresis donors as determined by
SSP-PCR/sequencing and MALDI-TOF MS

HPA a b
1 T 23
2 87 13
3 56 44
4 100 0
5 85 15

15 52 48

TABLE 4. Genotype distribution in 20 patients
enriched for rare HPA alleles as determined by
SSP-PCR/sequencing and MALDI-TOF MS

b
HPA SSP/sequencing MALDI-TOF
1 16 16
2 1 1
3 4 4
4 2 2
5 1 1
15 ] g9
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conditions: 37°C for 20 minutes, 85°C for
5 minutes, and cooling to 4°C.
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Primer extension reaction
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The IPLEX Gold reactions were per-
formed using the IPLEX gold cocktail
mix {Sequenom, Inc.), which contains
buffer, termination mix, enzyme, and
extension primers. The following condi-
tions were used: 94°C for 30 seconds,
followed by 45 cycles of 94°C for 5
seconds, 52°C for 5 seconds, 80°C for
5 seconds, final extension at 72°C for 5
minutes, and then cooling to 4°C.
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The [PLEX Gold reactlon products
were desalted by adding additional 32 uL.
of distilled H.O and 6 mg of resin (Spec-
troCLEAN, Sequenom, Inc.} to optimize
mass-spectrometric analysis according
to the protocol developed by Sequenom.
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MALDI-TOF MS analysis
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MALDI-TOF MS analysis was performed
using a mass array compact system
(Bruker Daltonics, Inc., Billerica, MA).
Fifteen to twenty-five nanoliters of
the desalted IPLEX Gold reaction prod-
ucts were dispensed onto a 384-format
bioarray (SpectroCHIE, Sequenom, Inc.)
using a nanodispenser (MassARRAY,
Samsung, Daegu, S. Korea) for MALDI-
| TOF MS analysis. Software (MassARRAY

1
6000
Mass

|
5000 5500

Fig. 1. (A-D) Four example data of six-plexed MALDI-TOF MS analysis of HPA-1 to -5
and -15. The genotypes of HPA-1 to -5 and -15 from the example cases are displayed
separately on the graphs A to D. The peaks corresponding to the HPA alleles are indl-
cated with different letters (HPA-1 C/T, HPA-2 C/T, HPA-2 G/T, HPA-4 G/A, HPA-5 A/G
and HPA-15 A/C). The A, T, G, or C represents the allele, where the polymorphic site
has an A, T, G, or C residue, respectively. The HPA genotypes of Case A are HPA-1ab,
-2bb, -3bb, -4aa, -5aa, and -15ab; the HPA genotypes of Case B are HPA-1aa, HPA-
2ab, HPA-3aa, HPA-4aa, HPA-5aa, and HPA-15ab; the HPA genotypes of Case C

are HPA-laa, HPA-2aa, HPA-3bb, HPA-4aa, HPA-5aa, and HPA-15ab; and the HPA
genotypes of Case D are HPA-1ab, HPA-2aa, HPA-3ab, HPA-4aa, HPA-5aa, and

HPA-15ab.

Shrimp alkaline phosphatase treatment

To remove the non-incorporated dNTPs, shrimp alkaline
phosphatase treatment was performed after the PCR pro-
cedure. Four microliters of shrimp alkaline phosphatase
solution (Sequenom, Inc.) was added into the 10 pL of PCR
product. The mixture was Incubated under the following

1
6500

Workstation, Version 3.4, Sequenom,
Inc.) was used to process and analyze
the IPLEX SpectroCHIP biloarrays.

To perform MALDI-TOF MS analy-
sis, the system is equipped with an N,
laser with 337-nm wavelength (pulse
max energy of 100 uJ and 0.5-ns pulse
widih) for use with matrix components
absorbing light of this wavelength. For
our analysis the laser power was turned
to 41 percent.

Internal and external calibration
was performed using a 3-oligo cali-
brant (Sequenom, Inc.) and H.O. The
mass accuracy Is higher than 95
percent. Peaks were considered signifi-
cant if they were 50 percent higher than
surrounding salt peaks.

The call rate, extension rate, and peak area for all
allele-specific analytes In any given assay were calculated
using the software provided by the manufacturer. The
data were recorded and interpreted by software (Mass-
ARRAY TYPER, Sequenom, Inc.).

|
7000
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primer sets into a single reaction using a
multiplex assay. We could detect alleles
of the six HPAs in all samples of the 100
donors. The individuals have at least
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6 alleles and a maximum of 10 alleles.
Figure 1 shows example records of HPA
genotypes from four donors, which are
interpreted by the MassARRAY TYPER
software. At 176, 482, 2621, 506, 1600,
l and 2108, the possible nucleotides are
| listed in Table 1. Each peak displayed on
i the graphs represents an HPA allele
V (HPA-1 to -5 and -15, a and/or b alleles).
Homozygous samples (a or b) show
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single peaks whereas heterozygous
samples {a and b) contain both peaks.
The “a” allele was identified in 79 to 100
percent of the donors, representing the
major allele, and the “b" allele was
identified in 0-75 percent of the cases,
almost representing the minor allele.
Zero to fifty-two percent of the individu-
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als are heterozygous for HPA-1 to -5
and -15 and 48 to 100 percent of the
donors are homozygous for those HPAs
(Tables 2 and 3).

Valldation studles

We validated our genotyping results by
comparison with the results from PCR-
SSP and DNA sequencing analysis. No
discrepant results were observed for the

5500 GUUU

Mass

Fig. 1. Continued.

RESULTS

HPA genotyping using PCR-SSP and

DNA sequencing

The results of the HPA genotyping are presented In
Tables 2 through 4. In total we analyzed 720 SNPs. In
three cases we performed DNA sequencing to check the
PCR-S5P results. Tables 2 and 3 show the HPA genotype
distribution and the HPA allele frequencies that are
expected In this donor population. In Table 4 we present
the results of the patient population (n= 20) enriched for
rare alleles.

HPA genotyping using MALDI-TOF MS

After designing and testing the primer sets for specific
HPA SNPs presented {n Table 1, we combined those six

256 TRANSFUSION Volume 49, February 2009
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HPA -1, -2, -3, -4, -5, and -15, showing
a 100 percent concordance between
the novel MALDI-TOF MS and the
conventional methods. In three cases
(1x HPA-3, 1x HPA-5, 1x HPA-15) we
repeated the MALDI-TOF MS analysis
because of poor quality of MS data. After repeating the
three cases, a 100 percent concordance (720/720 SNPs)
for the genotyping of HPA-1 to -5 and -15 between
the MALDI-TOF MS assay and sequencing analysis was
achieved. In the case of HPA-15, where a homozygous type
was found by conventional methods (HPA-15aa), the
MALDI-TOF MS analysis initially showed a potential het-
erozygous pattern. However the second peak was small
and was shown not to be in the exact position for the
second SNP (HPA-15b). The helght of the peak did not
fulfill our criteria for a positive peak. We therefore
concluded that the second peak did not derive from a
HPA-15b allele (Fig. 2). The 100 percent concordancy of
MALDI-TOF MS results and conventional methods was
also shown for the 20 samples enriched for rare alleles
{Table 3).
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Fig. 2. HPA-15 retesting: the figure shows a very small peak around allele b position
but it Is not the exact position and It Is even smaller than the other two salt peaks
around it. We therefore reported the sample as HPA-15a homozygous.

DISCUSSION

We developed a multiplexed assay for genotyping of
HPA-1 to -5 and -15 using high-throughput MALDI-TOF
MS. Blood samples from 100 donors and 20 patients were
analyzed by the assay.

Our data show that most donors are positive for the
presence of HPA-1a (99%), HPA-2a (99%), HPA-4a (100%),
and HPA-5a (100%). Most individuals are homozygous for
these alleles and, as expected, the “b” alleles show a much
lower frequency in the donor population. Each donor
carrles atleast 6 alleles and a maximum 10 alleles. In trans-
fusion medicine, PLT genotyping has evolved to an Impor-
tant diagnostic tool to aid In diagnosis and therapy of
relevant PLT disorders. Transfusions with HPA-1a-negative
PITs are important therapeutic options.”” In prenatal
medicine, it was reported that the NATTP is caused in the
majority of cases by fetomaternal mismatches of HPA-1 or
HPA-5 in Caucasians and HPA-3 or HPA-4 mismatches are
frequently in Asians.®'%2° Therefore, HPA genotyping for
HPA-1 incompatibility alone is not sufficient to fully evalu-
ate NAITP cases. In our study, the multiplexed assay using
MALDI-TOF MS enabled simultaneous genotyping of six
HPAs and 12 alleles in a single reaction. Comparison of the
genotypes of the 100 donors and 20 patients by the multi-
plexed assay using MALDI-TOF MS with those derived
from single assays using PCR-SSP and the conventional
sequencing method showed a 100 percent concordance of
results.

The MALDI-TOF MS assay 1s sensltive in the discrimi-
nation of homozygous and heterozygous bases in SNP
positions. In our group, using the approach, Li and col-
leagues' could successfully determinate rare fetal-derived
and paternal inherited mutations in the maternal circula-
tion, suggesting that this method can be applied in the

) f
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risk-free noninvasive prenatal diagnosis
of NAITP before delivery based on cell-
free fetal DNA. In prenatal medicine, the
amount of material for analysis is mostly
a limiting factor. The technique pro-
posed here uses nanoliter amounts for
analysis. In fact, one of the rare samples
(HPA-4bb) was available only In 1-uL
volume. We did not have any problem

performing a complete six-antigen
l|'|

: analysis with this limited amount of
/ \1. J\  sample.
i T The MS approach is completely
automated and suitable for high-
7000 7050 throughput analysis of as much as 384

samples running on one chip. The sta-
bility of this automated method makes
it suitable as a routine testing tool for
PLT genotyping. Detection of multiple
HPAs in a single reaction enhances
velocity and reduction of reaction
volume will lead to a cost reduction In clinical laborato-
ries. Although the initial purchase of mass-spectrometric
equipment is at this moment rather costly, the running
costs for assays like the one we present here can be very
low (as low as 3.5 cents per genotype). Our data demon-
strated that it is possible to perform genotyping of six dif-
ferent HPA locl (12 alleles) In a single tube, eliminating the
need of the time- and cost-consuming gel electrophoresis
or fluorescent labeling. The data suggest that this tech-
nique could be a serlous competitor in the market for SNP
analysis In transfusion medicine.
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Abstract

With the aim to simplify cancer management, camesearch lately dedicated itself more and
more to discover and develop non-invasive biomatker this connection, circulating cell-free
(ccf) DNA seems to be a promising candidate. Attdevels of ccf nuclear DNA (nDNA) and
mitochondrial DNA (mtDNA) have been found in sevarancer types, suggesting that these two
species might have a diagnostic value.

Using multiplex real-time PCR we investigated theels of ccf nDNA and mtDNA in plasma
samples from patients with malignant and benigrasiréumors, and from healthy controls. To
evaluate the applicability of plasma ccf nDNA antDIMA as a biomarker for distinguishing
between the three study-groups we performed ROCeg[Rer Operating Characteristic) curve
analysis. We also compared the levels of both spedn the cancer group with
clinicopathological parameters.

While the level of ccf nDNA in the cancer group wesignificantly higher in comparison with
the benign tumour group and the healthy controligrehe level of ccf mtDNA was found to be
significantly lower in the two tumour-groups. Thevél of ccf nDNA was also associated with
tumor-size. Using ROC curve analysis, we were abldistinguish between the breast cancer
cases and the healthy controls using ccf nDNA akenand between the tumour group and the
healthy controls using ccf mtDNA as marker.

Our data suggest that both species might have enfat as biomarkers in breast tumour
management. However, ccf nDNA seems to be the ggropiomarker regarding sensitivity and

specificity.

Key words: Circulating cell-free DNA, mitochondri@NA, breast cancer, real-time PCR
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Introduction

In several branches of biomedical research thetdoesnew disease-related biomarkers has
become one of the main objectives [1-3]. When itnes to discover and develop new
biomarkers, oncology seems to be the most ambifielss During the last few years a lot of
research has been done finding new cancer bionsankéh the aim to identify high risk
individuals, detect cancer at an early stage, ptemlitcome, monitor and screen for disease
recurrence [4]. In this respect the focus is novinfgalirected towards the identification of non-
invasive cancer biomarkers [5, 6].

In the case of breast cancer, there are a few masive biomarkers for screening, predicting
prognosis and monitoring that have come to routiitecal application [7]. Current established
methods for routine breast cancer screening encesnpathe first place non-invasive methods
including clinical breast examination and imagingchniques like, mammography and
ultrasonography [8]. However, in case of suspiabtreast cancer all these techniques have to
be followed by histopathological analysis for whicivasive procedures, such as biopsies, are
needed.

Lately, the discovery of circulating cell-free DN&cf-DNA) has sparked the interest of cancer
scientists as it opens up a new possibility for-momsive analysis of tumor derived genetic
materials. Both, ccf nuclear DNA (nDNA) and mitodidoial DNA (mtDNA) have become a
matter of research and qualitative as well as qgiadine alterations in these species have been
implicated with cancer [9]. Changes in the levelcof nDNA and mtDNA have been found in
plasma and serum of patients with various canqeesty10, 11]. In breast cancer patients it has
been shown that the ccf nDNA level is elevatedlasima as well as in serum when compared to
healthy controls [12, 13]. On the other hand thBNA level was mostly found to be decreased

in breast cancer patients in comparison with hgaltmtrols [14, 15].
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To investigate the potential of ccf nuclear andogtiondrial DNA as a marker for clinical
application we examined the level of both speaiehe malignant and benign tumour groups and

healthy controls.

Material and Methods

The study was performed at the Laboratory for RedndMedicine and Gynaecological
Oncology/Department of Biomedicine, Women’s HodpBasel and approved by the local
institutional review board (Ethic commission bei@asel). Written consent forms were collected

from all patients who were involved in this study.

Study cohort and sampling procedure

The blood samples used in this study were colleictedtime period from 2005 to 2007 in either

the Women'’s Hospital of the University of Baselloe Women’s Hospital of Liestal. In total 148

women were included in the study. Most of the womeste European Caucasians. All blood
samples were taken before any surgical intervestmntherapeutic treatments. Patients’ data
(age, tumour size, lympmph node involvement, ext&idmetastasis, estrogen receptor,
progesterone receptor and Her2neu - status) wessneld from the pathological reports. The

blood samples were processed according to a stéinddr protocol which was described

previously elsewhere [16].

The study cohort (n=148) was divided into 3 groups:malignant disease group (n=52); 2)

benign disease group (n=26) and 3) healthy comgroup (n=70). For groups 1 and 2 the
diagnoses were all biopsy-confirmed. The healthytrod group used in the study did neither

have a history of cancer nor suffered from any oseeere disease.

115



Real-time PCR

For the simultaneous quantification of ccf nDNA antDNA from plasma a multiplex real-time
PCR was performed using the Glyceraldehyd-3-phdsgéiaydrogenaseSAPDH) gene and the
MtDNA encoded ATPase GMTATP 8) gene. The sequences of primers and probes for the
GAPDH and theMTATP 8 gene are shown as follownGAPDH (forward): 5 CCC CAC ACA
CAT GCA CTT ACC3’; (reverse): 5CCT AGT CCC AGG GCIITG ATT 3’; probe5’ (MGB)
TAG GAA GGA CAG GCA AC (VIC) 3.MTATP 8 (forward): 5" AAT ATT AAA CAC AAA
CTA CCA CCT ACC 3’; (reverse): 5 TGG TTC TCA GGGIT GTT ATA 3’; probe: 5’
(MGB) CCT CAC CAA AGC CCA TA (FAM) 3.

The real-time RT-PCR was carried out in 25 pl dalteseaction volume containing 7 ph®,
12.5 pl TagMan® Universal PCR Master Mix, 0.75 fieach of the above mentioned primers, 1
pl of the FAM-labeledMTATP 8-probe and 0.5 ul of the VIC-label&APDH-probe. For each
reaction 1 pl of DNA was added resulting in a totaction volume of 25 pl. The PCR was
performed using the ABI PRISM 7000 Sequence DeatrcBystem (Applied Biosystems) under
the following conditions: an initiation step for @inutes at 50°C is followed by a first
denaturation for 10 minutes at 95°C and a furthep sonsisting of 40 cycles of 15 seconds at
95°C and 1 minute at 60°C.

For calibration a standard calibrator curve wittown genomic DNA concentrations ranging
from 3.125 x 16to 10 pg/uL with a dilution factor of 5 (includirgll250, 6250, 1250, 250, 50

and 10 pg/pL) was used.

Statistical Analysis
All statistical analyses were performed using SRS (SPSS Inc., Chicago, USA). The

normality distribution of the data was determinethyg the Shapiro-Wilk-Test. The data were not
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normally distributed. For the comparison of cff nBNind mtDNA levels between the three
groups (malignant disease group, benign diseasgpgand healthy control group) the Mann-
Whitney-U-Test was performed. For the comparisorthef ccf nDNA and mtDNA levels with

other established prognostic factors the Mann-Vyid-Test and the Kruskal-Wallis-Test were

used.P-values< 0, 05 were considered statistically significant.

Results

Comparison of plasma ccf nDNA and mtDNA levels beteen the three study-groups

We compared the levels of plasma ccf nDNA and mtDAalyzed by multiplex real-time PCR,
between the malignant disease group, the benigrasiksgroup and the healthy control group.
The level of ccf nDNA in the malignant disease grauas significantly higher in comparison
with the benign disease group (4678 vs. 1359, Mafmitney: P<0.001) and the healthy control
group (4678 vs.1298, Mann-Whitney<0.001). No significant difference could be founcthe
level of NnDNA between the benign disease groupthachealthy controls (1359 vs. 1298 Mann-
Whitney: P=0.830).

In contrast to the ccf nDNA determination, a deseehlevel of ccf mtDNA was found in the
malignant disease group when compared with thettheabntrol group (205013 vs. 522115,
Mann-Whitney; P=0.022) and the benign disease group (205013 \877;3Mann-Whitney:
P<0.001). However, the level of ccf mtDNA in the gndisease group is even significantly
lower than that in the malignant disease group 173%. 205013; Mann-Whitney=0.001).
Median and range of plasma ccf nDNA and mtDNA &@s in Table 1. The comparison of the

ccf nDNA and mtDNA levels between the study groigpdepicted in Fig.1.
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Correlation between the level of plasma ccf nDNA ah mtDNA with clinicopathological
parameters

For the malignant disease group, the associatiawee® the level of ccf DNA and other
established clinical parameters, including tumaresilymph node involvement, extend of
metastasis and the receptor status of estrogemptoecéER), progesterone receptor (PR) and

Her2/neu were analyzed.

Association between plasma ccf DNA level and tumor size in the malignant disease group

The level of ccf nDNA was significantly lower indlpatients with breast cancer with a tumour
size of less than two centimetres (<2 cm; n=21) thahose with a tumour size between 2 and 5
centimetres (>2cm<5cm; n=25) (2250 vs. 6658; Marmmtheéy-U-Test:P = 0.034). Only four
patients with a tumour size of more than five aaetres (>5 cm) were recruited. There was no
significant difference in the level of ccf nDNA begen patients with a tumour size of more than
five centimetres (>5 cm) and a tumour size frono 3 ttentimetres (2 cm-5 cm). No association
between the levels of ccf mtDNA and the tumor sizeld be found. The association between the

ccf NDNA level and the tumor size is depicted ig.Ei

Association between plasma ccf DNA level and lymph node involvement, extend of metastasis,

receptor status of ER, PR and Her2/neu amplification in the malignant disease group

In the malignant disease group no statistical figance in the level of neither ccf nDNA nor
MtDNA between node negative and node positive piatiextend of metastasis, receptor status

of ER, PR and Her2/neu amplification could be fibhun
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The applicability of plasma ccf nhDNA and mtDNA as narker for the discrimination
between the three study groups

To evaluate the applicability of ccf plasma nDNAdamtDNA as a marker for distinguishing
between the malignant, the benign disease grouppghenhealthy control group, we performed
ROC (Receiver Operating Characteristic) curve aiglyror the identification of the optimal cut-
off point we used the Youden index (J). J is theximum vertical distance between the ROC-
curve and the diagonal reference line and is défage] = maximum (sensitivity) + (specificity) —
1. The Youden index allows the selection of anmogticut-off point under the assumption that

sensitivity and specificity are equally weighted]}1

ROC curve analysis using ccf nDNA for the discrimination between the malignant disease group
and the control group

Level of ccf nDNA in the malignant disease groupsvgggnificantly higher in comparison with
the the healthy control group, but no significaiitedence was found in the level of ccf nDNA
between the benign disease group and the healthirot® For discriminating between the
malignant disease group and the healthy contralgran optimal cut-off point was indicated at
1866 GE/ml for plasma ccf nDNA with a sensitivity 81 % and a specificity of 69 %
(AUC=0.80,P<0.001, 95% confidence interval=0.732-0.885). Ti@&CRcurve for discrimination
between the malignant disease group and the headtiityol group using ccf nDNA is shown in

Fig.3.

ROC curve analysis using ccf mtDNA for the discrimination between the breast tumour group

and the healthy control group
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Decreased levels of ccf mtDNA was found in botle Bienign disease group and the malignant
disease group, when compared to the healthy cogtmlp. For discriminating between the
breast tumour group (malignant and benign) andhemdthy control group an optimal cut-off
point was indicated at 463282 GE/ml for ccf nDNAtlwa sensitivity 53 % and a specificity of
87 % (AUC=0.68, P<0.001, 95% confidence intervaé#80-0.768). The ROC-curve for
discrimination between the breast tumour group taedhealthy control group using ccf mtDNA

is shown in Fig.3.

Discussion

In our study, according to our knowledge, for tivstftime we found increased levels of ccf
NDNA and simultaneously decreased levels of ccfADN plasma samples from patients with
breast tumour compared to normal controls. The éorshows a probable diagnostic value in
discriminating between breast cancer and normakraisnwith a sensitivity of 81 % and
specificity of 69 % , the latter reveals possibdevance in distinguishing between breast
tumours (malignant and benign) and normal contritls a sensitivity of 53 % and specificity of
87 %.

For ccf nDNA, in our previous work, we observedttiva comparison with other potential
circulating biomarkers involved in malignancy, sashnucleosomes, vascular endothelial growth
factor (VEGF) and its soluble receptor (sVEGFRhE tcf DNA showed more sensitivity and
specificity in discriminating between breast caraed normal controls [18 , 19]. Recently, Diehl
et al, explored the possibility of using ccf tuma@rived DNA for the management of colorectal
cancer [20]. Patients with detectable ccf tumourADdiffered from a relapse, whereas subjects
without circulating tumour DNA did not experienagntour recurrence. The ccf tumour DNA
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detection seems to be more reliable for predictngelapse than the standard biomarker,
carcinoembryonic antigen (CEA), used for the manaage of colorectal cancer [21]. It was also
reported that the levels of ccf DNA could be chahgter therapy in breast cancer [22, 23]. The
observations suggest that determination of ccf DiNAcancer may be an useful tool in the
management of the condition.

In this study, we found high levels of ccf plasmidMrelated to tumour size. The finding can be
supported by the investigations in the field ofratal medicine. Placenta has been regarded as a
“pseudomalignant”. Placental derived ccf fetal DMAmaternal circulation can be used for risk-
free prenatal diagnosis [24-27]. The concentratibplacental derived ccf fetal DNA in maternal
blood increases with the progress in gestationakae@egarding placental size [28]. Using fetal
specific DNA sequences, ccf fetal DNA could be detd from the 5th gestational week, and the
results were reliable by the 8th gestational weeth van accuracy of 100% in fetal DNA
determination [29, 30]. The results imply that gstomour specific genetic alteration as marker,
tumour derived ccf DNA may be detectable in eatlge with small tumour size for early
diagnosis.

For mtDNA, either down-or up-regulation in canceatignts has been shown before, and many
attempts to explain both events have been madeleWip-regulation of mtDNA in cancer
patients was only shown in a few cases [31], madugtias including this one found decreased
MtDNA levels in cancer patients [32-34]. One explaon for lower mtDNA copy numbers in
cancer patients might be ascribed to mutations edetions occurring as a consequence of
exposure of mtDNA to reactive oxygen species (R®rh are a by-product of respiration and
oxidative phosphorylation. Especially in the D-Looggion which controls replication and
transcription of mtDNA, such mutations and delesionay lead to changes in transcription and

replication rate and finally result in a decreasentDNA levels in cancer patients [35]. In this
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study we found lower levels of mtDNA in the benigroup when compared with the cancer
group. In benign tumors depletion of mtDNA could d@enechanism of tumour cells to escape
apoptosis and to finally promote cancer progresg36ih On the other hand the relative increase
of mtDNA levels in the cancer group compared to bemign disease group might be a
compensatory mechanism of the cells, to respotigetaecline in respiratory function [37].

In this study we showed that higher levels of cONA where significantly elevated in breast
cancer patients in comparison with a benign disggeap and a healthy control group while
lower levels of ccf mtDNA were significantly eleealin the breast tumour group (malignant and
benign) when compared to the healthy control grdRggarding ccf nDNA levels, our results
confirmed the findings of other studies which alsand altered levels of ccf nDNA in cancer
patients. For ccf mtDNA the fact that down- as wasl up- regulation of ccf mtDNA levels in
cancer patients has been found in other studiegsakecessary to further investigate mtDNA
content in different cancer and tumor types, to ifestDNA content might be cancer type or
tumor specific. However, both ccf nDNA and mtDNAudi be used to discriminate between the
different study groups. While ccf nDNA could be dder discriminating between patients with
breast cancer and healthy controls, ccf mtDNA cdddised for distinguishing between patients
with breast tumors (malignant and benign) and hgalontrols. Altogether this suggests that ccf
NDNA might be used as a cancer specific biomamkbereas ccf mtDNA might be rather used as

a tumour biomarker.
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Group Ccf nDNA (GE/mL) Ccf mtDNA (GE/mL)

Malignant disease Median 4678 205013
group Range 758- 23263 6508 - 6603330
Benign disease Median 1359 73977
group Range 88 - 483209 7887 - 541739
Median 1298 522115

Control group
Range 95 - 30437 3427 - 28327810

Table 1: Concentrations (GE/mL) of plasma ccf nDat ccf mtDNA in the 3 study-groups;

expressed as median and range.
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Abstract

Introduction  We develop a multiplex guantitative real-
time PCR for synchronized analysis of mitochondrial DNA
(mtDNA) and nuclear DNA (nDNA) to investigate relative
miDNA abundance in paired normal and cancerous breast
tissues.

Maierials and metheds The amounts of nDNA and
miDNA in 102 tissue samples were quantified for both
glyceraldehype-3-phosphodehydrogenase (GAPDH) gene
and mtDNA encoded ATPase (MTATP) 8 gene. The aver-
age threshold cycle (Ct) number values of the nDNA and
mtDNA were used to calculate relative mtDNA content in
breast tissues.

Results  The median delta Ct (ACt) and the median
miDNA content for normal and cancerous breast tissues
were 6.73 and 2.54, as well as 106.50 and 5.80 (P = 0.000,
respectively). The mtDNA content was decreased in 82%
of cancerous breast tissues compared with the normal ones.
The changes were associated with hormone receptor status.
Conclusion Qur finding suggests that decreased mtDNA
content in breast cancer may have diagnostic and prognos-
tic value for the disease.
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Introduction

Human cells have a nuclear genome and additional cyto-
plasmic genomes that are compartmentalised in the mito-
chondria. In comparison to nuclear genomic DNA.
mitochondrial DNA (mtDNA) reveals high mutation rates
caused by constant exposure to mutagenic oxygen radicals
and lacks the protective mechanisms of DNA repair. These
properties of mIDNA suggest their potential importance in
ageing, apoptosis and especially carcinogenesis (Zhang and
Qi 2008; Zhang et al. 2008).

Qualitative aberrations of mtDNA, such as mutations,
have been found in solid tumours. such as colon, stomach,
liver, kidney, bladder, prostate. skin and lung cancer (Copeland
et al. 2002; Penta et al. 2001), and in haematological malig-
nancies, such as leukaemia and lymphoma (Fontenay et al.
2006). Quantitative aberrations of mtDNA have been
observed in various sample types from patients with
cancers (Mambo etal. 2005). While increased mtDNA
content has been found in prostate (Mizumachi et al.
2008a). head and neck (Kim etal. 2004), endometrial
adenocarcinoma (Wang et al. 2005). etc.. reduced mtDNA
content in renal (Meierhofer et al. 2004) and liver cancers
{Yin et al. 2004) has been reporied.

Because of these mutations and the quantitative aberra-
tions involved in the development of human cancers.
miDNA may have promising clinical applications for can-
cers (Jiang et al. 2005; Jain 2007). Decreased mitochondrial
DNA copy number is correlated with tumour progression
and prognosis in Chinese breast cancer patients (Yu et al.
2007). Increased mtDNA content in saliva is associated
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with head and neck cancer (Mizumachi et al. 2008b). High
levels of cell free circulating mtDNA in prostate cancer
patients with poor prognosis could be a valuable predictor
of prognosis (Ellinger et al. 2008; Mehra et al. 2007). Fur-
thermore. mtDNA aberrations play important roles in
response to cancer therapy. for example, causing resistance
to therapeutic agents (Mizumachi et al. 2008b: Chen et al.
2007).

In the present study, we developed a simple and accurate
multiplex real-time PCR method for synchronised quantifica-
tion of nuclear DNA (nDNA) and mtDNA in paired adjacent
normal and cancerous breast tissue samples from 51 patients
with breast cancer. The content of MTATPS gene on miDNA
in the cancerous tissues was compared with that in normal
tissues [rom the same patients. We analysed the correlation
between the content of mtDNA in tissues and the traditional
pathological parameters and clinical predictive markers.

Materials and methods
Samples

The study was approved by the local institutional review
board. Paraffin-embedded sections from adjacent normal
and cancerous breast tissue samples were examined by two
experienced pathologists. Breast cancer characteristics, the
histological grading; hormone receptor status and biomark-
ers from the breast cancer patients are listed in Table 1.
DNA was extracted from three to five sections of each
10 um thick paraffin-embedded sample (around 0.01—
0.02 g of tissue) using a High Pure PCR Template Prepara-
tion Kit (Roche Diagnostics. Germany) and eluted into
150 pl of elution buffer. The eluted DNA was stored at
—20°C until further use.

Real-time PCR

The amounts of nDNA and mtDNA were quantified by mul-
tiplex TagMan real-time PCR for both GAPDH gene of
nDNA and MTATP 8 gene of mtDNA starting at locus 8446.
The GAPDH and MTATP 8 primer and probe sequences are
shown as follows: GAPDH (forward):5" CCC CAC ACA
CAT GCA CTT ACC3'; (reverse): 5'CCT AGT CCC AGG
GCT TTG ATT 3': probe 5' (MGB) TAG GAA GGA CAG
GCA AC (VIC) 3'. MTATP 8 (forward): 5" AAT ATT AAA
CAC AAA CTA CCA CCT ACC 3'; (reverse): 5" TGGTTC
TCA GGG TTT GTT ATA 3'; probe: 3" (MGB) CCT CAC
CAA AGC CCATA (FAM) 3.

The PCR was performed using the ABI PRISM 7000
Sequence Detection System (Applied Biosystems, ABI). A
total of 2.5 pl of DNA were used as template for the PCR
analysis. The real-time PCR were carried out in 25 pl of

@ Springer

fotal reaction volume using a 2 min incubation at 50°C, fol-
lowed by an initial denaturation step at 95°C for 10 min and
40 cycles of 1 min at 60°C and 15 s at 95°C.

To determine the quantities of mtDNA and nDNA pres-
ent in tissue samples. standard dilution curves using HPLC-
purified single-stranded synthetic DNA oligonucleotides
(Microsynth) specifying a 79-bp MTATP B gene amplicon
and a 97-bp GAPDH amplicon with concentration ranging
from 5 107 copies to 5 x 107 copies, were used. We
examined the amplification efficiency for both GAPDH and
MTATP 8 on experimental serial dilutions. The amplifica-
tions of mtDNA and nDNA on serial dilutions showed a
good correlation with comparable efficiencies. A threshold
cycle (Ct) reflects the cycle number at which a fluorescence
signal within a reaction crosses a threshold. In our study.
the average threshold cycle number (Ct) values of the
nDNA and mtDNA were obtained from each case. The
content of miIDNA was calculated using the delta Ct (ACU)
of average Ct of miIDNA and nDNA (ACt = CinDNA —
CtmtDNA) in the same well as an exponent of 2 (24,

Statistical analysis

The data were analvsed using SPSS software (Statistical
Software Package for Windows v, 15.0). Content of
mtDNA is given as the median. the range and the fold
difference. Wilcoxon signed ranks test was used to compare
the differences between ranks of each paired samples. The
Mann—Whitney U test and Kruskal-Wallis test was used to
compare the content of mIDNA in normal adjacent normal
tissues and cancerous tissues. The Spearman rank test was
applied to analyse the relationship of miDNA content
between normal tissues and cancerous tissues.

Results

Co-gxtraction of miDNA and nDNA from the paired breast
tissue samples

Nuclear DNA and miDNA were co-extracted from the par-
affin-embedded sections. The average Ct values for
GAPDH sequence. representing total nDNA, ranged from
2442 to 37.08 in cancerous tissues and from 25.19 to 38.38
in normal tissues, respectively. The average Ct values for
MTATP 8 gene sequence, representing total mtDNA,
ranged from 18.48 to 32.54 in cancerous tissues and from
19.28 to 33.42 in normal tissues. respectively. The average
Ct values of mtDNA were less than those of nDNA in all
cases, represented higher amounts of mtDNA than those of
nDNA in the breast tissues. While the average Ct values of
GAPDH amplification in the normal tissues are correlated
with those of MTATPS gene amplification (Spearman rank
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Table 1 Patients data as well as

selationsbips hreweon dicreased Variables Group (cases) mtDNA content P value
poslent ob eI inceana <50(32) 195.36 (6.70-2.460.95) 0.596*
tissues and clinical factors
=50 (19) 2348 (6,43-284.05)
Histological type Ductal (41) 5382 (1L.35-9.877.98) 0.337*
Lobular (10} 201.39 (7.31-823.14)
Primary tumour TI (23) [49.00 (6.43-749.61) 0.824#%#
T2 (15) 23.48 (6.70-B61.08)
T3(9) 2382.54 (2.304.12-2.460.95)
Lymph node involvement Positive (41) 149,09 (6.43-2,460.95) 0.201*
Negative (9) 57.82 (9.48-106.15)
Distant metastasis MO (40} 137,44 (6.70-2.460.95) 0.585%
MI (10) 53.82 (6.43-584.07)
Stage I(5) 57.82(9.48-106.15) 0.140%*
27 13744 (6.70-861.08)
I {6) 238254 (2,304,122 460.95)
IV (9) 53.82 (6.43-584.07)
Histological grading G1(8) 307.97 (9.48-2.460.93) D.696%%
G2 (1% 195.36 (6.43-861.08)
G3(15) 3422 (7.31-225.97)
Nuclear grading 1{3) 57.82 (9.48-106.15) D.418%#
2(14) 195.36 (9.99-2.304.12)
3(16) 13744 (6.43-2.460.93)
ER Positive (14) 12.46 (1.18-69,272.73) 0.613%
Negative (18) 657 (1.18-8.451.55)
PR Positive (18) 20.83 (1.18-69.272.73) 0.037%
Negative (14) 377 (1.18-394.81)
Her2 Positive (15) 53,82 (6.70-2.460.95)
Negative (17) 210,67 (6.43-2.304.12)
P53 Positive (3) 1205.14 (106.15-2.304.12) 0.153%
Negative (29) 125.80 (6.43-2.460.95)
Ps2 Positive (11) 106,15 (6.43-2.304.12) 0.699%
ER Oestrogen receptor. Negative (20) 13744 (6.70-2,460.95)
PR progesterone receptor Ki62 Pasitive (0)

* Mann—Whitney [ test,
#% Kruskal-Wallis test

Negative (31) 125.80 (6.43-2,460.95)

test P < 0.001, r=0.63) (Fig. 1a), no similar phenomenon
was observed in cancerous tissues (P>0.05, r=0. 261)
(Fig. 1b), suggesting an alteration of the relationship
between nDNA and mtDNA in cancerous tissues.

Content of miDNA in paired normal and cancerous breast
tissues

The ACt values between GAPDH amplification and
MTATP 8§ gene amplification show a 6.73 cycle difference
in normal tissues and 2.54 cycle difference in cancerous tis-
sues. The ACt values between normal and cancerous tissues
shows a 4.2 cycle difference (AACt) (Mann—Whitney U test
P <0.001) (Table 2). We calculated the content of mtDNA
in the tissues using a formula of 2% The content of

mtDNA in cancerous tissues is significantly lower than that
in normal tissues (Mann-Whitney U test P <0.001)
(Fig. 2). Out of 51 paired samples, 42 pairs show mtDNA
in normal tissues > mtDNA in cancerous tissues {Wilcoxon
signed ranks test P < 0.001).

Relationship between decreased content of mtDNA
and other established prognostic factors

In this study, associations between the content of miDNA
in breast tissues and traditional clinical parameters, such as
age, tumour type, tumour size, lymph node involvement,
extent of metastasis, stage, histological prading, receptor
status and pathological biomarkers (HER-2/neu and PS2).
were analysed (Table 1).
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Fig. 1 a miDNA amplifications are correlated with nDNA amplifica-
tions in normal tissues (P = 0.000, r = 0.63); b mDNA amplifications
are not correlated with nDNA amplifications in cancerous tissues
(P=0.065 r=0.261)

Decreased content of mtDNA in breast cancer was not
associated with age (=50 vs. <50), tumour type (ductal vs.
lobular), tumour size (T1, T2, T3). lymph node involve-
ment (NO and N1). extent of metastasis (M0 vs. M1), stage,

mtDNA in cancerous lissues 3.77 vs. 20.83, P=0.037
(Fig. 3b).

Discussion

In this study, we found that mtDNA content of MTATP &
gene for encoding ATP synthase was decreased in 42 of 51
(82%) cancerous breast tissues compared to their normal
breast tissues collected from same individuals (Table 2)

Table 2 Comparison of mtDNA content in normal and cancerous breast tissues

Normal (N) 51 Cancerous (C) 51 Fold Significances/
correlation (P value)

ACT = Ct gy — CtmtDNA 6.73 254 AACT: 0.000%

0.43-13.27 0.23-16.08 6.73-254=42
Content = 22T 106.20 5.80 Fold 0.000%

1.30-9877.90 1.20-69272.70 106.20/5.80 = 18.3 0.242%% (C:N)
N>=CorC>N 42 9 0.000%*#
Correlation (Ctyp s Cloyynma) P = 0,000 P = (.065

r=10.63 r=10.26

* Mann—Whitney L/ test; ¥ Spearman Rank test: *¥* Wilcoxon Signed Ranks test
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Using different primers and methods to amplify different
regions on mtDNA, Yu etal. (2007) (on D-loop), Mambo
et al. (2005) (on Co 1 region) and Tseng et al. (2006) (on
NDI1 gene) found the similar phenomenon. This suggests
that. as it has been reported for other cancer types. quantita-
tive alterations of mtDNA may be a potential biomarker for
breast cancer. Both decrease and increase of miDNA con-
tent in cancers have been shown in many studies, varving
with tissue type or origin of tumours, because of different
patterns of mitochondrial transcripts coding for proteins
involved in oxidative phosphorylation (Lebrecht et al.
2005; Masuyama et al. 2005).

Decrease of mtDNA has been observed in renal cancer
(Meierhofer et al. 2004) and hepatocellular carcinoma (Yin
etal. 2004), However, the pathogenesis of miDNA
decrease in cancers remains unclear. It was hypothesised
that mitochondrial respiratory dysfunction and damage of

miDNA, such as mutation. deletion or depletion, in carci-
nogenesis may course the quantitative alterations (Ye et al.
2008). Those alterations of miDNA could correlate with
increased risk (Mosquera-Miguel et al. 2008; Bai et al.
2007) and increased invasiveness of cancer (Simonnet et al.
2002), Decreased mtDNA content can cause decreased oxi-
dative phosphorylation capacity that could increase cancer
cell growth under hypoxic conditions during cancer devel-
opment and cancer progression (Rossignol etal. 2004).
Depletion of mtDNA can also lead to cells resistant to a
certain apoptosis pathway during cancer development (Hig-
uchi 2007).

In our study. mtDNA content was significantly decreased
in cancerous breast tissues. However, high copy numbers of
miDNA per cell compared to those of nDNA (from 22 o
267 is from 5.8- to 106.2-fold higher in our study) may still
increase the sensitivity of testing mtDNA alterations, thus
having more promising clinical applications in cancers.

Using QuantiTest SYBR Green PCR, Yu etal. (2007)
found that. on a 59 case study, mtDNA copy number alter-
ation is correlated with tumour progression and prognosis
in Chinese breast cancer patients. They showed that the
reduced copy number in mtDNA was associated with an
older onset age (=30 years old) and a higher histological
grade. We compared the decrease in mIDNA content with
other traditional clinical parameters, such as age, tumour
size, lvmph node involvement, extent of metastasis, and
predictive markers, such as histological grades, HER-2/neu
amplification and PS2 detection. No relationship was found
between the decrease and those parameters. It was likewise
shown by Mambo etal. (2005) that changes in miDNA
content in breast cancer did not correlate with tumour grade
and metastasis, suggesting that these alterations may occur
in the early stages of tumorigenesis.

However. in our study, we did find associations between
miDNA content and hormone receptor status. MIDNA con-
tent is significantly higher in ER positive normal breast tis-
sues than that in ER negatives, suggesting that ER status in
normal breast tissue may play a part in mtDNA function.
Chen et al. (2004) observed that ER is present in mitochon-
dria of human MCF7 cells, implying that oestrogens can
have an effect on mitochondrial via ER in regulation of
mitochondrial respiratory chain structure and function
(Chen et al. 2005: Yager and Chen 2007). A similar phe-
nomenon was not shown in the cancerous tissues. We pre-
sume that mtDNA dependent ER action may be altered
during cancer development in vivo.

In our study, we also observed that changes in miDNA
content are associated with PR in both normal and cancer-
ous tissues (mtDNA in PR positive > that in PR negative).
We assume that the changes may be tissue specific rather
than tumour specific. Several studies showed that mito-
chondria respiration varies during the menstrual cycle and
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is associated with pregnancy (Buffenstein et al. 1995: Webb
1986). Mitochondria respiration increases during the pro-
geslerone-dominant lucteal phase.

In conclusion, our data suggest that using a robust Tag-
man real-time PCR. the content of mtDNA in breast tissues
can be easily quantified. MIDNA content in breast cancer
tissues decreased dramatically, and the changes are not
associated with most traditional prognostic parameters.
Many studies in vitro, using animal models and cell culture
maodels, showed that reduced miDNA content could lead to
cells resistant to apoptosis, favour cancer cell growth,
increase invasiveness and contribute to progression and
metastasis of cancer cells. Therefore, decrease of miDNA
content in breast cancer may have diagnostic and prognos-
tic value. In this study. we also found hormone receptor
related changes in mtDNA content, which may assist us in
understanding the biology of mtDNA in gender and age
manner.
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Abstract

Mutations and up-/down-regulations of mitochondB&lA (mtDNA) have been found in various
cancers. The mtDNA alterations are suspected sbeciated with carcinogenesis. In this study,
we developed microarray chip based multiplex assaging matrix-assisted laser
desorption/ionization time of flight mass spectroimgMALDI-TOF MS) for simultaneously
detecting 22 mtDNA single nucleotide variants irbi@ast cancer cell lines and in the 102
cancerous and adjacent breast tissue samples ftopatients with breast cancer. Totally, 164
mutations were identified in 66.67% of breast carcadl lines and in 49.12% patients’ tissue
samples, in both the cancerous and adjacent péots. of the detected mtDNA variants in breast
cancer samples were distributed in the regions -tddp, 12S ribosomal RNA, 16S ribosomal
RNA and tRNA. In our previous study, we found dowegulation of mtDNA in the breast
cancerous tissues compared to the adjacent tidsuss study, we investigated the relationship
between the quantitative and qualitative alteratioh mtDNA in breast cancer. No correlation
was found between the down-regulation and the moatstof mtDNA in breast cancer tissues.
Also there was no association was found between nigations and clinic-pathological
parameters including tumour type, tumour size, lgmmpde involvement, extent of metastasis,
stage, histological grading, and ER, PR, and HERR/receptors. Our study suggests that
down-regulation and mutations of mtDNA in breastasx tissues may be resulted by different
mechanism. Both the qualitative and quantitativerations of mtDNA in breast cancer may
serve as biomarkers independent of clinic-pathoklgparameters for breast cancer on early
screening, diagnosis, monitoring treatment effgategnosis, and follow up. MALDI-TOF MS
based MicroARRAY multiplex assay is a high-throughmand cost-efficient tool for large scale

allelotyping of mtDNA informative mutations or sieghucleotide mutation in life science.
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Introduction

Mitochondria as cellular power sources play fundataleroles in energy metabolism, generation
of oxygen species (ROS), aging and initiation od@psis. These cellular organelles have their
own independent genome -mitochondrial DNA (mtDN@)ich is a double stranded circular
DNA of 16.6 kb encoding 13 respiratory chain pnotaubunits, 22 tRNAs, and 2 rRNAs
(Anderson et al, 1981). Due to the close proxinotyeactive oxygen species (ROS), lack of the
protective histone proteins and less efficient Di¢fair mechanisms, compared to nuclear DNA
(nDNA), mtDNA is more vulnerable to oxidative injuand has a higher level of mutation rate
(Croteau et al. 1997; Jackson et al.1998; Zienalddi al. 2000), implying their importance in
pathogenesis of disorders. It was hypothesized daater might be caused by the irreversible
injury to the mitochondrial respiratory machineWdrburg et al.1924, 1956). Many studies have
shown that quantitative and qualitative mitochoaldaberrations are seen in various cancers of
the bladder, breast, head and neck, thyroid, kidinesr, lung, esophagean, stomach, colorectual,
overian (Ebner et al. 1991; Horton et al.1996; Mareb al. 2005; Tseng et al. 2006; Yu et al.
2007; Simonne et al. 2002; Capuano et al. 199&)dBiaet al. 1995; Parrella et al. 2001; Zhu et
al. 2005; Fliss et al. 2000; Kumimoto et al. 200dmura et al. 1999; Polyak et al.1998; Liu et al.

2001).

Using temporal temperature gradient gel electroggier(TTGE) and 32 pairs of overlapping
primers, followed by direct DNA sequencing, Tarak{2002) screened the entire mitochondrial

genome for somatic mutations of mtDNA in breastceanMulti (27 mutations) somatic mtDNA
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mutations were identified in most of breast carttssue samples. Using 9 overlapping primer
sets, Zhu et al (2005) sequencedehtre mitochondrial genome in breast cancer sanflee
generated fragments in the study were 1886—-207& bais in length for the sequencing. Again,
multi (45 mutations) somatic mutations were diseeden breast cancer tissues in the study. The
two studies showed the feasibility of screeningeh@re mitochondriafjenome in breast cancer
tissue; however, the clinical relevance of the ifigdremains unknown and multiplexed assays
for simultaneously detecting multiple mutations of m#®hh a single reaction are currentipt

available.

In the present study, we used a novel approach ioimgbof MicroARRAY chip based MALDI-
TOF MS and multiplex assay based iPLEX protocoleflgyed by Sequenom (Sequenom, San
Diego, USA) for simultaneous detection of up tor@@tations of mtDNA in a single reaction.
The 22 single nucleotide variants found in breasicer are distributed on D-loop, 12S ribosomal
RNA, 16S ribosomal RNA, tRNA, NADH dehydrogenasgbunits, ATPase subunit 8,
Cytochrome C oxidase subunite Ill, and cytochrontredions (Zhu et al, 2005). The technique
meets the requirements high-throughput assays as a highly automatedgs® and enables
high-resolution analysex single nucleotide changes at higlltiplex levels. The feasibility of
22-plex assay for detection of 22 mtDNA variantsidianeously was explored by testing 51
breast cancerous tissues and 51 correspondingeadjigsue samples from the same patients, as
well as by examining 6 of breast cancer cell lin€kse relationship between mutations and
guantitative changes of mtDNA in breast canceruéss as well as the correlation between

mutations of mtDNA and clinic-pathological paranmeteas analysed.
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Method and Materials

Tissue samples

The local ethical committee approved the use ofattohived tissues samples. Fifty-one paired
cancerous and adjacent, formalin-fixed, paraffirsedded breast tissue samples from patients
with breast cancer were examined by two experiepeatiiblogists. DNA was extracted from five
sections of each 10 um thick paraffin-embedded &atfgound 20 mg of tissue) using a High
Pure PCR Template Preparation Kit (Roche DiagneshMannheim, Germany) according to the
manufacturer’s protocol and eluted into 150 pllatien buffer. The eluted DNA was stored at -

20°C until further use.

Cell culture

MDA-MB-231, MCF-7, and HS578T cells were grown imlbecco’s modified Eagle medium
(DMEM) (4.59/l glucose L-glutamine); BT549 and T4#@lls were grown in RPMI 1640 (L-
glutamine); SKBR3 cells were grown in McCoy's 5A dnen. All media purchased from
Gibco/Invitrogen (Carlsbad CA, USA) were suppleneentl0% FCS and 1% penicillin-
streptomycin. The cells were maintained in a hwadifncubator at 37°C 5% CO2, and harvested
at 80% confluency. Before DNA extraction the cellsre washed 1xPBS. DNA was extracted
from 1 X 10 cells by using the High Pure PCR Template Prejoaratit (Roche Diagnostics,

Mannheim, Germany) and eluted in 100 pl of elubaffer and stored at -20°C until further use.

Quantitative analysis of mtDNA using real-time PCR
The amounts of nDNA and mtDNA were quantified byltplex TagMan real-time PCR for
both glyceraldehyde 3-phosphate dehydrogenase (GAREne of nDNA and mitochondrial
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ATPase subunit 8 (MtATP 8) gene of mtDNA startindogus 8446. The GAPDH and MtATP 8
primer and probe sequences are shown as follow®0FA(forward):5° CCC CAC ACA CAT
GCA CTT ACC3; (reverse): 5’CCT AGT CCC AGG GCT TTAIT 3; probe5’ (MGB) TAG
GAA GGA CAG GCA AC (VIC) 3. MtATP 8 (forward): 5AAT ATT AAA CAC AAA CTA
CCA CCT ACC 3’; (reverse): 5" TGG TTC TCA GGG TTTTG ATA 3’; probe: 5 (MGB)
CCT CAC CAA AGC CCA TA (FAM) 3.The PCR was perfoed using the ABI PRISM 7000
Sequence Detection System (Applied Biosystems, ABH ul DNA were used as template for
the PCR analysis. The real-time PCR was carriedrob ul of total reaction volume using a 2
minute incubation at 50°C, followed by an initi@rdhturation step at 95°C for 10 minutes and 40

cycles of one minute at 60°C and 15 seconds at.95°C

The theory, practice and the amplification effiagmof PCR for both GAPDH and MtATP 8 has
been demonstrated in our previous study (Xia et2809). According to the comparable
amplification efficiency of two assays, in our sgudhe average threshold cycle number (Ct)
values of the nDNA and mtDNA were obtained fromheaase for quantitative assessments. The
content of mtDNA was calculated by using the délta(ACt) of average Ct of mtDNA and

nDNA (ACt = CtnDNA-CtmtDNA) in the same well as an expanefi2 (2*").

Detection of mtDNA mutations using microarray chipbased MALDI-TOF MS

The PCR and extension primers used to analyze tidNA mutations were designed using
MassARRAY Assay Design v.3.1 software (Sequenom, Biago, USA). Based on Cambridge
Reference Sequence (CRS) of human mitochondriabrgenand the publication of Zhu et al
(2005), we summarized total 45 mutations at 35eutile positions to 37 types of mutant input

format for the assay desigbue to the compromise of mutation capture ampliemgth, extend
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primer length and the mass range, and to avoid ves#dnd dimmer potential, false priming
potential, and extend self-dimmer potential, 2yl nucleotide variants (Table 1) were selected
by the software randomly available for the analygis multiple level in a single reaction. Of
these 22 somatic mutations, 3 are located in Ps;ldoin 12S ribosomal RNA, 1 in 16S
ribosomal RNA, 2 in tRNA, 11 in NADH dehydrogenaséunits, 1 in ATPase subunit 8, 1 in
Cytochrome C oxidase subunite Ill, and 1 in cytoome b region. Fifteen mutations lead to
codon changes, and 8 lead to amino acids changése(T, Figure 1). For this study, two primers
for amplifying each variant (capture primers) amgk anore primer for extending each mutation
(extension primer) were designed using the softwhe 66 primers for the examination of 22
single nucleotide variants in total are listed mble 2 (Table 2). A 10-mer tag of 5'-
ACGTTGGATG-3' to the 5’end of the each primer fo€ER amplification was used to avoid

chaos in mass spectrum and to improve PCR suftigiancording to the manufacture’s protocol.

The capture PCR reactions for amplifying 22 fragte@ontaining the 22 sequence variants in a
single well were carried out in 10 pl PCR cocktaiixes comprising 1ul DNA, 1.626mM
MgClI2, 500uM dNTP mix, 0.5U HotStarTaq DNA polymsea and primer pairs. The
amplification was performed under the following ddions: incubation at 94°C for 15 minutes,
followed by 45 cycles of 94°C for 20 seconds, 56330 seconds, 72°C for 1 minute and final
extension at 72°C for 5 min. To remove the non-4ipocated dNTPs, a shrimp alkaline
phosphatase (SAP) treatment was performed afterP@® reaction under the following
conditions: 37°C for 20 minutes, 85°C for 5 minugesl cooling to 4°C. The iIPLEX extension
reaction was performed using the IPLEX gold codkmaix (Sequeonom, San Diego, USA),
which contains buffer, termination mix, enzyme agdension primers, under the following
conditions: 94° C for 30 seconds, followed by 40leg of 94°C for 5 seconds, plus 5 sub-cycles

of 52°C for 5 seconds and 80°C for 5 seconds; gt ©f final extension at 72°C for 5 min,
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then cooling to 4°C. The IPLEX reaction productgevdesalted using clean resin to optimise
mass spectrometric analysis and dispensed ontd-&|8&ent SpectroCHIP bioarray by using a
nanodispenser (Sequeonom, San Diego, USA) for MALOF MS analysis. The MassARRAY
Typer 4.0 software (Sequeonom, San Diego, USA) wsexl to process and analyze iPLEX
SpectroCHIP bioarrays. The call rate, extensioa aaid peak area for all allele-specific analyses
in any given assay were calculated using the softwByper 4.0, provided by the manufacturer.
DNA from a mitochondria negative cell line, whiclasvobtained by sub-culturing that cell line
in the presence of low concentration of ethidiuronbide until the cells were devoid any of
mitochondria, was used as negative control. Thetheg control was run at each step and on

each chip.

Statistical Analysis

The data were analyzed using SPSS software (StatiSoftware Package for Windows v. 15.0).
Content of mtDNA is given as the median, the raage the fold difference. The Shapiro-Wilk
test was used for the analysis of the distributibdata. The Mann—Whitney U test and Kruskal—
Wallis test was applied to compare the mtDNA conbetween study groups. Pearson chi-square
test was applied to analyze the association betwetdNA variants and clinicopathological

parameters.

Results

Quantitative analysis of mtDNA in 6 cell lines andhe tissues samples

Nuclear DNA and mtDNA were co-extracted from thé a@ltured cells from each cell line. The
average Ct values for the GAPDH sequence, repiiagetatal nDNA, were 26.65, 26.92, 27.01,
27.40, 24.21, and 17.83 for BT549, HS578T, T47DBBR, MCF-7, and MDA-DB231 cells
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respectively, while the average Ct values for thEAWIP 8 gene sequence, representing total
mtDNA, were 16.12, 17.26, 15.3, 15.83, 14.38, aBa Yespectively. The average Ct values of
MtDNA were less than those of nDNA, and in all sasepresented higher amounts of mtDNA
than those of nDNA in these cell lines. TRET values between GAPDH gene amplification and
MTATP 8 gene amplification show 10.53, 9.66, 11.71,57, 9.83 and 1.53 cycles difference
respectively. The mtDNA content was calculated hwy formula of 2°7. After normalization to
GAPDH, mtDNA contents were 1478.58, 809.00, 33503[B!0.30, 910.18, and 2.89-fold high
in BT549, HS578T, T47D, SKBR3, MCF-7, and MDA-DB28&4lls, respectively. The content of
the mtDNA in both cancerous and normal breast caticgues from the 51 patients with breast

cancer has been shown in our previous study (Fah 2009).

22plex MALDI-TOF MS Based MicroARRAY assay for somdic mtDNA mutations

The advantage of having as high plex level as plesgibr well is to make the screening of
somatic mitochondrial DNA mutations more effectivihe efficiency of 22-plex assay was
assessed by call-rate and call-possibility softwagger 4.0 (Sequenom Inc, San Diego,
Germany) automatically, and revaluated by visuahaxation of each mass spectrum. Excluding
the mtDNA negative cells, each of these 22 variantdd be identified successfully with a call-
rate range of 89.04% to 100% in 108 samples (16adbrtissue samples and 6 cell lines) (Table

1). The average of call possibilities is 95.03%.

Using the 22-plex assay, we analysed the 22 mtDhaxnts in 51 cancerous and paired normal
tissue samples, as well as in 6 cell lines. Inltd&4 mutations were found in our examined
samples. The distribution of the mtDNA variantsntiiged in this study is listed in the table 3.

MtDNA mutations 7096>A and 270%>G were found in the 4 (MDA-MB 231, MCF-7, BT 549
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and SKBR 3) out of the 6 cell lines (66.67%), artiDMA mutations 7095>A on 12S ribosomal
RNA (Figure 3) , 270&>G on 16S ribosomal RNA (Figure 4), 15924G on tRNA (Figure 5)
and 16145A>G on D-loop (Figure 6 and Figure 7) were identified25 out of 51 patients
samples (49.12%). Twenty-two out of 25 patients@{8%) showed one mutation in their tissue
samples, while 3 patients had 2. The mutations @estebuted in 22 out of 51 cancerous tissues
(43.14%) and in 24 out of 51 adjacent tissues @¥b)Orespectively. The mutation prevalence
between breast cancer cell lines and breast caisseres, as well as between the cancerous
tissues and adjacent tissues were comparable (@038 @nd 1.000 respectively). Most of the
paired cancerous and adjacent tissues (22/25 =)&hetved the identical mutations (Table 3).
While the cases 807 and 828 showed a completel¢5L64G mutation in cancerous tissues, a
mixture of a wild-type form G and a mutant form Aasvfound in the adjacent tissue. For the
cases 824, 829 and 846, we found mutationsGZ@9r 16145A>G in adjacent tissues, but not in
cancerous tissues. In all of the samples, a 311k85tion C was found, in which 49 out of 51
cases showed a homoplasmic form (Figure 8) and d¢ases (822 and 841) revealed a
heteroplasmic alteration (Figure 9). We assume that 311-315 insertion C might be a

polymorphism in the study cohort and is not listethe table 3.

In the cancerous tissues, we found 164 mutatioBsnaicleotide positions in all 6 cell lines and
51 paired tissue samples. Ten out of these mutati@mne only present in 6 cell lines and 154 out
of those were found in tissue samples. Of 56.86%5@) cancerous tissue samples, 50.98 %
(26/51) normal tissue samples and 33.33% (2/6) ek, each had one mutation detected. In
41.18 % (21/51) cancerous samples, 47.06 (24/5halcsamples and 66.67% (4/6) cell lines, 2
mutations were identified in each sample, whil®eme paired samples 3 sequence variants were
found in both normal and cancerous samples (Tapld# sequence variants at np 311-315

were found in all the samples. One C insertionmBh1-315 (Figure 3) was the most frequent
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sequence variant identified in 49 pairs of tissamgles and 6 cell lines. 709A and 2706 A were
also identified in both tissue samples and ce#difFigure 5, 6). 15924 G, 16145 A and 16145
AG were found only in tissue samples (Figure 7)8,n paired tissue samples, 8 (5.2%) of the
sequence variant were heteroplasmic, and 146 (9488 homoplasmic. 4 heteroplasmic C
ins/- at np311-315 (Figure 4) were found both ipaed cancerous and normal samples, while
the other 4 heteroplasmic AG at np 16145 (Figurev8)e found in 4 different normal tissue
samples. 13equence variants found in either cancerous or @aissue samples were different
from the paired corresponding samples. All the dete sequence variants were distributed at 5
np in a hotspot region around the D-loop; two werB-loop, one in 12S RNA, one in 16S RNA,

and one in tRNA- threonine.

Due to the extremely high frequency of sequenceartiat np 311-315, a single-plex MALDI-

TOF MS based MassARRAY assay was performed to wonthe detection, and the coherent
results were identified by single-plex assay in panson with the results by 22 plex assay. The
sequence variant at np 311-315 present in all sssnphs regarded as a physiological variation

and excluded from the further analysis in this gtud

In this study we investigated the relationship lestw reduced mtDNA content and mtDNA
mutations in breast cancer. For the 6 breast camiidines, it doesn’'t seem the mtDNA content

associates with mtDNA mutations conditions.

For the analysis of the 51 paired tissue samplesdivided the cases into different subgroups

according to sequence variants on mtDNA and saryples. In both of cancerous and normal
tissue samples the samples containing mtDNA segu&adants showed significant reduced

MtDNA contents (P=0.039) compared to the samplethowt detectable mtDNA variants.
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However, the quantitative alteration of mtDNA inetlissues were not found having any
association with any single certain variation atleatide positions of 709, 2706, 15924, and
16145 mutations respectively (Table 4). Likewise, significant difference was found in the
comparison of mtDNA content between the groups \aitid without sequence variants within
either normal or cancerous tissue groups, therafarst likely in this Iran cohort the difference
of mtDNA content between with and without variambgps was caused only by the different

tissue types (Table 4).

Furthermore we analyzed the relationship betweanatio mtDNA mutation status and the
traditional clinicopathological factors in breasincer patients. In this study we did not find
somatic mtDNA mutations was associated with ageotur type, tumour size, lymph node
involvement, extent of metastasis, stage, histoklggrading, and ER, PR, and HER-2/neu
receptors (Table 5). As well in breast cancer p&ievith mtDNA variants we did not find any

association between tissue types and clinicopaticdbparameters (Table 6).

Discussions

Many mtDNA mutations have been observed in mang&a) however, there were no common
mutations could be found in a certain cancer typestibsequent investigations, suggesting that a
high-throughput assay for individually detectingltplle mutations simultaneously is requested.
In our study, we developed a MALDI-TOF MS based MARRAY multiplex assay to detect 22
MtDNA sequence variants in a single reaction. WeadbmtDNA sequence variants in all 6 cell
lines, cancerous and normal tissue samples. Exbepsequence variant at 311-315 np, the

frequency of a sequence variant at each nuclepbdéion was identified in tissue samples at a
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variant range from 7.41% to 14.71 %. In the stugyhu et al (Zhu et al. 2005) the parentages
of mutation at each np were ranged from 3.33% t®4dl0f 15 paired breast cancerous tissue
samples. In the other two studies on breast cahcerate is from 2.63 to 10.53% in 19 paired
tissue samples (Tan et al. 2002) and from 0.83%0&b in 60 paired tissue samples (Yu et al.

2007) respectively.

In this study the sequence variants were deted¢tBchp in D-loop and the neighbourhood tRNA
threonine, 12S and16S RNA genes, none in any cagigign. The similar regions have been
reported as hot spots for high mutation frequerfay@ mitochondrial genome (Fliss et al. 2000;
Liu et al. 2001; Tan et al. 2002; and Tseng e2@06). It has also been reported that somatic
mitochondrial mutations in the D-loop, the replioat control region, are associated with a

reduction of mtDNA content (Lee et al. 2004; Tsengl. 2005).

In breast cancer, besides the alterations in tleteatide sequence, the alterations in mtDNA
content (Mambo et al 2005; Tseng et al 2006; Yal.e2007) had also been reported. It has been
suspected that both mtDNA content alteration an®N# mutations were involved in the
development and progression of malignant neopl&may et al. 1987). In our previous study we
found mtDNA content decreased in cancerous breastie samples compared with the
corresponding normal tissue samples (Fan et al9)204 this study we identify the mtDNA
sequence variants happened at np 311-315 identifiedl the samples, which is most likely a
physiological polymorphism. Even firstly it has beeeported a simple repeat of five cytosine
residues at np 311-315 as rare polymorphic allgleSRS, whereas it was also stated in the
reanalysis and revision by the investigators tleeesix residues at the same np in most other
human mtDNAs (Richard et al. 1999). Similarly adioated in Global human mtDNA

phylogenetic tree - Build 3 (1 Mar 2009) analysie highly recurrent sequence variation 315.
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1C were not regarded as phylogenetic reconstructisimsequently excluding from mtDNA
phylogenetic tree (van Oven et al. 2009). Therefoeedo exclude 1C insertion at 315 from the

further association analysis.

The method we used for this study has been shogood sensitivity to detect as a low amount
as 5% variant mtDNA submerged in a wild type baokgd (Fan et al. 2008), and compared
with sequencing an accuracy of more than 99.86%amdiance could be achieved (Garritsen et
al. 2008). However, it could be undetectable if atation potential was lower than 5%, when
some rare variants alleles were submerged amortgpvadominance of normal sequences. In
addition, the mutations outside of this combinatadr22 np can not be detected by this assay,

which need to be further investigated.

To the best of our knowledge, this is the firstoef highest multiplex assays for simultaneous
detecting mutations of mtDNA. Compared to the comiomal methods, the MALDI-TOF MS
based MicroARRAY multiplex assay is a high-throughmnd cost-efficient method, which
could be a sufficient tool for large scale somatiDNA mutation analysis, and might have far-

reaching potential on routine clinical application.
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Nucleotide Reference Nucleotide Gene Codon Amino acid Success of

position (np) sequence change change change Assay (%)
207 G G>A D-Loop NCL 95.18
311-315 Ccccc Cins D-Loop NCL 100
709 G G>A 12Ss NCL 99.12
2706 A A>G 16S NCL 97.81
3849 G G>A ND1 TTG-TTA NO 99.12
4323 T T™>C tRNA-I NCL 97.37
4499 C C>T ND2 TAC-TAT NO 99.12
4665 G G>A ND2 GCA-ACA A60T 99.12
5240 A A>T ND2 CTA-CTT NO 98.24
8498 A A>G ATP8 AAA-GAA K45E 92.98
9885 T T>A Ccoxili TTT-ATT F2271 100
11768 A A>G ND4 ACT-GCT T337A 97.37
12642 A A>G ND5 GAG-GAA NO 98.68
12852 C C>T ND5 ATC-ATT NO 96.93
13263 A G>A ND5 CAG-CAA NO 89.04
13398 A A>T ND5 CAA-CAT Q354H 96.93
13674 T T>G ND5 AAT-AAG N446K 96.93
15700 C C>T ND5 CGC-CGT NO 99.12
15783 C C>T CYTB CTT-CCT L346P 99.12
15824 A A>G CYTB ACA-GCA T360A 99.56
15924 A A>G tRNA-T NCL 97.37
16145 G G>A D-Loop NCL 97.81

Table 1. mtDNA sequence variants in breast caneee welected for 22plex MS-ARRAY assay.
NCL, no coding locus; 12S, 12S ribosomal RNA; 188S ribosomal RNA; ND 1, 2, 4, 5,
NADH dehydrogenase subunit 1, 2, 4, 5; tRNA-I, tRId8leucine; ATP8, ATP synthase subunit

8; COXIIl, cytochrome c oxidase subunit I1l; tRNA-IRNA threonine; ins, insertion.
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Mutation

Mutation capture Primer

Extension primer

Mt311-315

mt4499

mt4665

mt709

mt15783

mt15700

mt3849

mt13398

mt9885

mt5240

mt2706

mt11768

mt4323

mt12642

mt15824

mt12852

mt15924

mt16145

mt13674

mt13263

mt8498

mt207

ACGTTGGATGAAATTTCCACCAAACCCCCC
ACGTTGGATGGCTGGTGTTAGGGTTCTTTG
ACGTTGGATGTGTTGGTTATACCCTTCCCG
ACGTTGGATGTGATGAGTGTGCCTGCAAAG
ACGTTGGATGCATCAAGTATTTCCTCACGC
ACGTTGGATGATGGTTCATTGTCCGGAGAG
ACGTTGGATGAGGTTTGGTCCTAGCCTTTC
ACGTTGGATGTCGTGGTGATTTAGAGGGTG
ACGTTGGATGGCAGACCTCCTCATTCTAAC
ACGTTGGATGCGGATGCTACTTGTCCAATG
ACGTTGGATGTCCCCATCCTCCATATATCC
ACGTTGGATGGCGGCTAGGAGTCAATAAAG
ACGTTGGATGACACCTCTGATTACTCCTGC
ACGTTGGATGTCGGTTGGTCTCTGCTAGTG
ACGTTGGATGCTATTTATGTGCTCCGGGTC
ACGTTGGATGGGTTGAAGTGAGAGGTATGG
ACGTTGGATGTATCTGCTTCATCCGCCAAC
ACGTTGGATGAAAATGCCAGTATCAGGCGG
ACGTTGGATGCTTAATTCCATCCACCCTCC
ACGTTGGATGCTTCGATAATGGCCCATTTG
ACGTTGGATGAGGGTTCAGCTGTCTCTTAC
ACGTTGGATGCATAGGGTCTTCTCGTCTTG
ACGTTGGATGCGGGCTTACATCCTCATTAC
ACGTTGGATGTGAGAGAGGATTATGATGCG
ACGTTGGATGCCCTCAAACCTAAGAAATATG
ACGTTGGATGGGTTCGATTCTCATAGTCCT
ACGTTGGATGCATCCCTGTAGCATTGTTCG
ACGTTGGATGGATTAATGTTTGGGTCTGAG
ACGTTGGATGCATTGGACAAGTAGCATCCG
ACGTTGGATGGGGAGATAGTTGGTATTAGG
ACGTTGGATGATCAGTTGATGATACGCCCG
ACGTTGGATGGAAACCGATATCGCCGATAC
ACGTTGGATGAAATGGGCCTGTCCTTGTAG
ACGTTGGATGTTTCTCTGATTTGTCCTTGG
ACGTTGGATGGCCAGCCACCATGAATATTG
ACGTTGGATGGGGTTTTGATGTGGATTGGG
ACGTTGGATGGCTTCCCCACCCTTACTAAC
ACGTTGGATGAATCCTGCGAATAGGCTTCC
ACGTTGGATGATCGTAGCCTTCTCCACTTC
ACGTTGGATGAGGAATGCTAGGTGTGGTTG
ACGTTGGATGCACAAACTACCACCTACCTC
ACGTTGGATGCGTTCATTTTGGTTCTCAGG
ACGTTGGATGTTACAGGCGAACATACTTAC
ACGTTGGATGAAGTGGCTGTGCAGACATTC

CAAACCCCCCCcTCCCCC
GCCCAACCCGTCATCTA
TCCTCACGCAAGCAACC
GGGTGAACTCACTGGAA
GACAACCAGTAAGCTACC
gAGTGATTGGCTTAGTGG
TCCTGCCATCATGACCCTT
ACAACCTTAACAATGAACA
TCCGCCAACTAATATTTCAC
gATTTGGGCAAAAAGCCGGT
gttaTTCTCGTCTTGCTGTGT
gggcACTCAAACTACGAACGC
ccccATAGGAGCTTAAACCCCC
gaGTTACATGGTCCATCATAGA
CCtcAGCATCCGTACTATACTTC
ttct CAGCAGCCATTCAAGCAAT
acACTAATACACCAGTCTTGTAA
TATTGTACGGTACCATAAATACTT
CccCCCTTACTAACATTAACGAAAA
ttATTGTAACTATTATGAGTCCTAG
GGTTCTCAGGGTTTGTTATAATTTT

tacatGCGAACATACTTACTAAAGTGT

Table 2. Sequences of 22plex mtDNA variants cagnceextension primers.
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Sample ID characteristics

Sample Nucleotide position Adjacent  Cancer (Cell line)
counting (np)

1 MDA-MB 231 709 A
2 MCF-7 2706 A
3 BT 549 2706 A
4 SKBR 3 2706 A
1 802 IDC 709 A A
2 803 2706 A A
3 804 16145 A A
4 807 16145 AG A
5 812 16145 AG

812 709 A
6 815 2706 A A
7 817 16145 A A
8 819 709 A A
9 821 16145 A A
10 822 311-315 Cins/- Cins/-
11 823 709 A A

823 2706 A A
12 824 709 A
13 825 16145 A A
14 827 15924 G G
15 828 16145 AG A
16 829 709 A
17 830 15924 G
18 838 15924 G G
19 840 709 A A
20 841 311-315 Cins/- Cins/-
21 843 2706 A A
22 844 16145 AG

844 15924 G
23 846 16145 A
24 851 15924 G G
25 853 709 A A

Table 3. mtDNA sequence variants were found sugssamples. *Besides 822n/p and 841n/p
paired samples only have one of C ins/- heteroptasmtations, each of the rest samples and

cell lines have one mutation of C ins. (IDC = isiv& ductal carcinoma)
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Group

Case (percentage) mtDNA content P value
709-
89 (87.25) 15.35 (1.17-69272.73) 0.098*
709+
13 (12.75) 56.69 (1.56-2730.60)
2706- 94 (92.16) 15.19 (1.17-69272.73) 0.700*
2706+
8 (7.84) 39.98 (1.49-2730.60)
15924-
94 (92.16) 15.19 (1.17-69272.73) 0.420
+
15924 8 (7.84) 63.60 (2.17-13587.57)
16145-
86 (84.31) 21.05 (1.17-69272.73) 0.800
16145+
16 (14.71) 13.27 (1.35-749.61)
Var —
60 (58.82) 9.73 (1.17-69272.73) 0.039*
Var+
42 (41.18) 37.42 (1.35-13587.57)
1
N & Var — 28 (27.45) 60.38 (3.05-9877.98) 1vs2: 0.130%; 3vs4: 0.070*
2
N & Var+ 23 (22.55) 216.02 (1.35-3888.51) 1vs3: 0.000%; 2vs4: 0.013*
3
C&Var— 32 (31.37) 3.89 (1.17-69272.73) 0.421%
4
C&Var+ 19 (18.63) 15.03 (1.49-13587.57)

Table 4. Sample profile of MtDNA content and varigroups éxcluding 311-315). N: normal; C:
cancerous; Var: Sequence Variant; “-": without; #ith. * Mann-Whitney U test in normal
tissue; ** Chi-square test was applied to analye &ssociation between tissue type and

mutation.
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Group

mtDNA content

Variables (percentage of Without variant With variant P value
mutation: %) Median (range) Median (range)
cases cases
Age <50 (35.48) 89.33 (3.05-9877.98) 216.02 (1.35-2460.95) 0.500
N=20 N=11
=50 (26.32) 51.58 (4.21-3888.51) 346.09 (3.42-2730.60)
N=14 N=5
Histological type Ductal (31.71) 45.35 (3.05-9877.98) 346.09 (1.35-2730.60) 0.618
N=28 N=13
Lobular (40.00) 352.46 (15.35-823.14) 201.39 (7.31-584.07)
N=6 N=4
Primary tumor T1 (43.48) 106.15 (4.21-982.29) 201.39 (1.35-749.61) 0.328
N=13 N=10
T2 (20.00) 34.94 (3.05-3888.51) 554.48 (30.91-2730.60)
N=12 N=3
T3 (30.00) 37.67 (5.31-2304.12) 346.09 (22.86-2460.95)
N=6 N=3
Lymph node involment  Negative(22.22) 72.50 (3.50-9877.98) 108.68 (1.35-216.02) 0.410°,
N=7 N=2
Positive (36.59) 60.38 (4.21-3888.51) 346.09 (3.42-2730.60)
N=26 N=15
Metastasis MO (30.00) 89.33 (3.05-9877.98) 201.39 (1.35-2730.60) 0.410°,
N=28 N=12
M1 (50.00) 49.35 (6.43-560.28) 420.22 (3.42-584.07)
N=5 N=5
Stage I (40.00) 9.48 (3.05-106.15) 108.68 (1.35-216.02) 0.232%,
N=3 N=2
Il (25.93) 69.73 (4.21-3888.51) 186.75 (7.31-2730.60)
N=20 N=7
Il (50.00) 823.14 (25.99-2304.12) 346.09 (22.86-2460.95)
N=3 N=3
v (44.44) 49.35 (6.43-560.28) 487.35 (7.31-584.07)
N=5 N=4
Histological grading Gl (37.50) 9.48 (3.05-2304.12) 689.78 (30.91-2460.95) 0.957%,
N=5 N=3
G2 (31.58) 72.50 (5.31-982.29) 450.29 (22.86-749.61)
N=13 N=6
G3 (30.00) 33.67 (4.21-3888.51) 149.09 (7.31-2730.60)
N=10 N=5
Nuclear grading 1 (0.00) 9.48 (5.13-106.15) 0.249%,
N=3 N=0
2 (35.71) 41.36 (3.05-2304.12) 346.09 (30.91-689.78)
N=9 N=5
3 (50.00) 70.21(4.21-861.08) 85.97 (3.42-2460.95)
N=8 N=8
ER Negative(38.89) 49.35(6.70-560.28) 186.75 (3.42-749.61) 0.854%,
N=11 N=7
Positive (35.71) 823.14 (6.43-3888.51) 689.78 (7.31-2730.60)
N=9 N=5
PR Negative(42.86) 36.67 (6.43-982.29) 78.20 (3.42-554.48) 0.5817%,
N=8 N=6
Positive (30.00) 160.58 (9.48-3888.51) 719.70 (30.91-2730.60)
N=12 N=6
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Her2 Negative(30.00)
Positive (41.18)
P53 Negative(57.89)
Positive (30.00)
PS2 Negative(40.00)
Positive (27.27)
Ki62 Negative(35.48)
Positive

210.67 (6.43-3888.51)
N=10
51.58 (6.70-982.29)
N= 10
89.81(6.43-3888.51)
N=18
1205.14 (106.15-2304.12)
N=2
89.81 (6.70-3888.51)
N=12
195.10 (6.43-2304.12)
N=8
115.98 (6.43-3888.51)
N=20

N=0

584.07 (30.91-2730.60)
N=5
149.09 (3.42-2460.95)
N=7
186.75 (3.42-2460.95)
N=11
2730.60 (2730.6-2730.60)
N=1
370.62 (7.31-2460.95)
N=8
689.78 (7.31-2730.60)
N=3
554.48 (7.31-2730.60)
N=11

N=0

0.647%,

0.876%,

0.479%

Table 5. Pearson chi-square test was used to anasgociation between mtDNA variants and

clinicopathological parameters in 51 breast capegéients.
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Normal Cancerous

Variable Group P-value
Mut + Mut +
Age <50 14 (56.00) 11 (44.00) 0.743
>50 8 (61.54) 5 (38.46) '
Histological type Ductal 18 (58.06) 13 (41.94) 0.893
Lobular 5 (55.56) 4 (44.44) '
Primary tumor Tl 10 (50.00) 10 (50.00)
T2 6 (60.00) 3 (30.00) 0.657
T3 5 (62.50) 3 (37.50)
!_ymph node Negative 2 (13.33) 13 (86.67) 1.796
involment Positive 20 (83.33) 4 (16.67) '
Metastasis MO 17 (58.62) 12 (41.38) 0.635
M1 5 (50.00) 5 (50.00) '
Stage I 2 (50.00) 2 (50.00)
1 10 (58.82 7 (41.18
1l 5 (%2.50)) 3 237-503 0:948
v 4 (50.00) 4 (50.00)
Histological type G1 4 (57.14) 3 (42.86)
G2 8 (57.14) 6 (42.86) 0.998
G3 7 (58.33) 5 (41.67)
Nuclear grading 1 0 0
2 9 (64.29) 5 (35.71) 0.340*
3 7 (46.67) 8 (53.33)
ER Negative 9 (56.25) 7 (43.75) 0.774
Positive 8 (61.54) 5 (38.46) '
PR Negative 7 (53.85) 6 (46.15) 0.638
Positive 10 (62.50) 6 (37.50) '
Her2 Negative 9 (64.29) 5(35.71) 0.550
Positive 8 (53.33) 7 (46.67) '
P53 Negative 15 (57.69) 11 (42.31) 0.765
Positive 2 (66.67) 1 (33.33) '
PS2 Negative 11 (57.89) 8 (42.11) 0.824
Positive 5 (62.50) 3 (37.50) '
Ki62 Negative 16 (59.26) 11 (41.74)
Positive 0 0

Table 6. Pearson chi-square test was applied tarthlyze association between tissue types and
clinicopathological parameters in breast cancaeept with mtDNA variants. *P-value from 2x2

contingencytable.
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16145 D-Loop

15924 207
D-loop 315
15824 709
15783 - tRNA-F
tRNA-P = SR I, e 125 RNA
15700 g IRNA-V
tRNA-T & 165 RNA
cYrB———————4 2706
tRNA-E Misc
NDE& tRNA-L1
13674 ND1
13398 3849
13262 tRNA-I
12642 4323
ND5 miDHA sequence b tRNA-Q
tRNA-L2 = 16569 bp e tRNA-M
tRNA-S2 ) ND2
tRNA-H 4409
11768 4665
ND4 5240
tRNA-R tRNA-W
ND4L tRNA-A
ND3 tRNA-N
tRM?E-EC; IRNA-C
cox3 e Y
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ATPE
RNA-K tRNA-51
AT tRNA-D
ki e COoxX2

Figurel. mtDNA encodes 37 genes including 22 tRM#&ré labelled in yellow) and 2 rRNA

(were labelled in red) genes and 13 polypeptidegéND1, 2, 3, 4L, 4, 5, and 6 were labelled in
green, COX1, 2, and 3 were labelled in blue, AT&h@ 8 were labelled in light blue, and D-loop
were labelled in black) being written in bigger datalic letter. 22 mitochondrial variants were

labelled black bar and nucleotide positions werigen in smaller regular numbers.
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Figure 5. 15924 G was found in 8 tissue samples.
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