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Abstract

Developing early detection biosensors for disease has been the long-held goal of the Human Genome Project, but
with little success. Conversely, the biological properties of the mitochondrion coupled with the relative simplicity of
the mitochondrial genome give this organelle extraordinary functionality as a biosensor and places the field of
mitochondrial genomics in a position of strategic advantage to launch significant advances in personalized
medicine. Numerous factors make the mitochondrion organelle uniquely suited to be an early detection biosensor
with applications in oncology as well as many other aspects of human health and disease. Early detection of
disease translates into more effective, less expensive treatments for disease and overall better prognoses for those
at greater risk for developing diseases.
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Introduction
Nascentes Morimur—from the moment we are born, we
begin to die. This Latin phrase succinctly expresses the
motivations behind personalized medicine and genomic
research. The goal is to detect the earliest indications of
disease process initiation within the human body and
prevent disease advancement through early treatment.
Ideally, this leads to extended human life spans coupled
with enhanced quality of life. While the genetic root of
many diseases has been known for decades, the ‘-omics’
revolution starting with the Human Genome Project
(HGP) was the flashpoint that began the personalized
medicine movement.
Direct medical advances resulting from the HGP

have been minimal compared to the expectations of
its champions. Most currently available gene-specific
treatments for cancers, novel therapies for inherited
disorders, companion diagnostic genetic markers for
drug responsiveness, and gene-based risk assess-
ments for specific diseases are founded on research
that predates the HGP. Very little HGP research has
made the transition into practical use in the clinical
setting [1].
The greatest hindrance has been the sheer expansive-

ness of the human genome. Consisting of nearly 6 billion
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base pairs (bp), finding specific and actionable connec-
tions with diseases requires filtering through enormous
data sets. Scientists are still developing tools to decipher
this information, and applications in the clinical setting
are not yet a reality, despite the cost of sequencing an
entire genome now at about $1,000.
However, there is a branch of genomic research, spe-

cifically mitochondrial genomics (mtgenomics), that is
poised to begin entering clinical practice, and in some
instances, it already has. Though much emphasis was
initially placed on the HGP as a paradigm shift in mod-
ern medicine, this declaration would more accurately be
made of mtgenomics for a number of reasons that will
be outlined in this article.
Simply stating that a new technology or field of know-

ledge represents a paradigm shift in medicine does not
justify its adoption into mainstream medical practice. Util-
ity must be shown on a number of levels. This paper out-
lines why the mitochondrion organelle is a suitable
biosensor for detecting the early onset of disease; how its
use could decrease the cost of health care or lessen the
impact of disease; and how a mitochondrion biosensor
can be utilized to detect a range of disorders, for which
oncology will be presented as an example throughout this
article.
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Mitochondrial genomics: a paradigm shift in
medicine
The field of mtgenomics, from its inception in 1909 with
the discovery of extranuclear inheritance to the com-
pleted sequencing of the human mitochondrial genome
(mtgenome) in 1981, has been firmly established as a
primary arena for the development of genomic biosen-
sors for early cancer detection. Although mtgenomics
has been overshadowed in the last two decades by the
extraordinary amount of funding and effort directed to-
ward the HGP, it is a more practical backdrop for the
discovery and implementation of diagnostic and early
detection tools for numerous types of cancers. Historic-
ally, cancers such as ovarian, prostate, and colorectal
cancer have been very difficult to detect before a devas-
tating prognosis is the result. Utilizing the entire genome
of the mitochondrion as a biosensor to detect the onset
of these and other diseases is a highly significant medical
advancement that could save lives and also makes sound
economic sense.
The prospect of discovering countless treatments and

possibly even cures for diseases that have a genetic or
heritable origin has always surrounded the HGP. Early
on genomics was hailed as the beginning of a medical
revolution where personalized medicine or health care
and treatments tailored to individual genomic profiles
would become the norm. However, the enormity and
complexity of the human genome, comprised of over 6
billion base pairs, have made this task of developing new
medical therapies more complex than originally antici-
pated by many. What was initially acclaimed as a para-
digm shift in modern medicine has become a long
process and has necessitated additional programs such
as the sequencing of disease specific genomes and
characterization of the proteasome as well. Currently,
risk assessments based on nuclear genomic data can do
little more than provide motivation to encourage diet
and lifestyle changes, and since this can be suitably
addressed through public wellness campaigns, it
becomes hard to justify the expense of offering complete
routine genomic evaluations in medicine.
Paradigm shifts are not sudden rearrangements of the

world order. They are in fact a series of concepts, theor-
ies, and discoveries that gradually build upon one an-
other until enough knowledge accumulates for a larger
picture to emerge. The function of all the constituent
parts must be understood before an understanding of
the overall form can be achieved. When this process of
dissection has been completed, in theory, a map should
exist that delineates links between each of those parts
and their function. How fast these paradigm shifts can
occur is directly related to the complexity of the object
of study. In stark contrast to the nuclear genome, the
human mtgenome is composed of 16,568 base pairs and
37 genes, which by comparison is strikingly simple. If
one were to anticipate a paradigm shift towards persona-
lized medicine, particularly where tools for detecting the
onset of diseases such as cancer are concerned, a logical
place to look would be within the field of mtgenomics.
Mathematically, the odds favor a mtgenomic solution.
This is suggested by the compactness of the mtgenome
and exemplified by mtDNA mutations found in associ-
ation with numerous diseases, including cancer. A
detailed review of these oncologic associations has been
presented by Parr et al. in 2007 [2].
mtGenomics is also favored by time since paradigm

shifts are not sudden events, but rather the culmination
of a series of discoveries and innovations. In 1981, the
entire mtgenome was already sequenced, but it would
not be until 2006, a full quarter of a century later, when
the complete human genome would be sequenced. The
field of mtgenomics has had more time to mature, giving
scientists substantial opportunities to understand the in-
tricacies of this knowledge base. The benefit of lead time
combined with the relative simplicity of the mtgenome
and specific biological properties of the mitochondria
gives mtgenomics a significant advantage over the larger
field of genomics when prospecting for biosensors, espe-
cially since mitochondrion organelles can be utilized col-
lectively as a biosensor. From this standpoint, mtgenomics
may become an organizational model for the larger body
of data that is the HGP.
Table 1 [3-8] provides a brief overview of the most sig-

nificant events in the development of mtgenomics, and
for comparison, it includes some of the more recent
milestones in the field of genomics.

Mitochondrial genomics and biosensor
prospecting
Utilizing mtgenomics as a clinical tool to detect the
onset of disease is part of a larger shift towards preven-
tion in medicine. Western medical systems have trad-
itionally focused on treating disease once symptoms
have become overt and often acute. This is not a func-
tion of intent but a result of the primary diagnostic tools
at hand. Instruments like the microscope and stetho-
scope were the only means of detecting disease available
to physicians prior to about 1895 when X-rays came into
use. X-ray technology made it possible to see into the
body without creating a surgical opening; however, its
utility was limited primarily to visualizing bones and the
outline of dense masses. Until the mid 1950s with the
founding of companies like the Thermo Electron Cor-
poration and the subsequent increased access to mass
spectrometric instruments, even physiologists primarily
conducted nutritional studies by direct physical observa-
tion and measurement. However, from this point on,
various types of instrumentation began to develop that



Table 1 Milestones in mitochondrial genomics

Year Milestone

1909 Correns and Baur independently identify the first cases of
extranuclear inheritance

1934 Goldschmidt suggests that causes for color differences in
gypsy moths may reside in the mitochondria

1940 Winge and Laustsen observe ‘inbreeding degeneration’ in
diploid yeast which they suggest is due to mitochondrial
heredity

1944 Slaughter presents the idea of field cancerization in oral cancer

1949 Ephrussi uses genetic analysis to show that respiration-
deficient baker's yeast is due to mutations in the cytoplasm,
not the nucleus. Soon after, Slonimski and Ephrussi show the
deficiency is due to mitochondrial dysfunction

1953 Slaughter formalizes the concept of field cancerization as
preconditioning of tissues for the onset of an ‘as-yet-unknown
carcinogenic agent’ which later turns out to be mitochondrial
mutation

1963 Nass and Nass use an electron microscope to show that chick
embryo mitochondria contain DNA

1964 Schatz et al. shows biochemically that baker's yeast
mitochondria contains DNA

Late
1970s

Groundwork for the field of mitochondrial genomics is firmly
established

1981 Anderson et al. publishes the sequence and organization of
the human mitochondrial genome as 16,569 base pairs long

1990a The US Department of Energy and the National Institute of
Health present a 5-year plan to Congress for the Human
Genome Project

1999a Chromosome 22 becomes the first human chromosome to be
completely sequenced

2000a Working draft of the human genome is completed

2004a Human gene count estimated at 20,000 to 25,000

2006a Human genome completely sequenced in high resolution and
is about 3 billion base pairs long

aRecent milestones in genomics.
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made numerous types of remote imaging and biochem-
ical analysis possible. This is the era in which mtge-
nomics came of age. Coinciding with the advent of
technology that made it possible to peer into the work-
ings of the human body from many different perspec-
tives, mtgenomics became part of the movement
towards developing preventive medicine as opposed to
being absorbed into acute care medicine.
There are a number of factors that make mitochon-

drion organelles well suited for use as a biosensor:

1. Mitochondria contain multiple copies of their own
genome, and each cell contains multiple
mitochondria, resulting in a 10- to 100-fold copy
advantage over nuclear DNA. This means that
smaller samples can yield reliable results, and body
fluids with low cellularity can be readily evaluated
for their mtgenomic content.
2. Mitochondria have their own unique genome which
is transmitted clonally through the mother and
should remain the same from generation to
generation.

3. Mitochondria do not contain histones and are more
prone to somatic or spontaneous DNA mutations.
The rate of somatic mutation in mtDNA is 10- to
17-fold that of the mutation rate within nuclear
DNA. Hence, molecular changes associated with
malignant transformations may be detectable much
earlier in mtDNA than nuclear DNA.

4. Genomic deletions within mitochondria begin to
happen long before traditional histology can identify
disease. Biochemical signatures can identify genomic
deletions associated with a disease and predict its
onset much earlier than a pathologist can observe a
problem, thus creating a greater window of time for
treatment possibilities.

5. The cancerization field associated with
mitochondrial deletions provides a distinct
molecular signature that mtgenomic assessment can
detect. Though conventional histology of a biopsy
sample might not display evidence of malignancy, if
the tissue comes from an area that is within the
cancerization field, disease onset will be detectable
via this signature. Coupling conventional biopsy
methodology with mtgenomic assessment to detect
this cancerization field provides vital clinical
information.

6. The small size of the mtgenome (16,568 bp) places it
at a cost advantage compared to the nuclear genome
(6,000,000,000 bp) when it comes to analyses. Its
compact nature also makes it possible to analyze the
entire mtgenome rapidly to identify specific
molecular markers with great accuracy.

7. Somatic mutations which affect ATP synthesis by
inhibiting OXPHOS also increase the production of
reactive oxygen species (ROS) and promote tumor
cell proliferation. Detecting these mutations can
serve to identify the onset of cancer [9].

8. The mtgenome often displays heteroplasmy, a
subset of altered/deleted genomes within the
mitochondria. Human tumor tissues that have
undergone somatic mutations often display
heteroplasmy. Differential rates of heteroplasmy in
mitochondria are associated with specific types of
tumors and can be used to identify different types of
cancer [9].

9. Mutations in the mtgenome have been identified in
a wide variety of cancers [2]. Individual as well as
combinations of mtgenome deletions can accurately
detect cancerization field effects [10].

10.Mitochondria mediate multiple metabolic pathways
and are sensitive to physiological changes.
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Within a cell, the mitochondrial and nuclear genomes
function symbiotically, and their resulting interactions
make it possible to detect dysfunction within the cell.
Though mitochondria execute various metabolic func-
tions outside of the nucleus of a cell, including synthe-
sizing 95% of cellular metabolic fuel, 1,200 nuclear genes
drive and participate in mitochondrial function. While
there are 37 genes coded by the mitochondrial genome,
24 of these genes are dedicated to processing 13 genes
within the mtgenome that produce protein subunits es-
sential to electron transport. These 13 genes work in con-
cert with 93 nuclear proteins. Some mutations in
mitochondrial genes alter the biochemical behavior of the
overall mitochondrial/nuclear protein complexes, increas-
ing pools of ROS, which in turn enable tumor growth and
may bestow proliferative advantages to the cell [11]. Des-
pite its miniscule size and the small number of genes that
comprise the mtgenome, somatic alterations that occur in
this molecule directly contribute to tumorigenesis.
There is a deep body of literature describing

mitochondrial-nuclear interactions [e.g. 12-14]. The som-
atic mutations that alter these interactions occur very
early in the process of disease onset, even before histo-
pathological changes to cells and tissues are evident to the
pathologist. mtGenomic technology makes it possible to
exploit these molecular signatures as a biosensor for early
indications of disease—detection that would not otherwise
be possible for many disorders in the current clinical set-
ting [15]. For example, the sampling error of prostate bi-
opsy is reduced to a 3.4-kb mtgenome deletion which is
present in prostate tumor as well as the surrounding
normal-appearing tissue [16,17].
There are already mtgenomic tests available for the de-

tection of disease onset, such as Prostate Core Mitomic
Test™ (PCMT) offered by Mitomics™ (Thunder Bay, On-
tario, Canada). This test, as will other mtgenomic tests,
utilizes the cancerization field effect and mtDNA dele-
tions to anticipate the onset and/or presence of hidden
or occult cancer. Ideally, this test and others like it act
to identify changes in tissue biopsies or other types of
biological samples that are indicative of the onset of
tumorigenesis. Mitochondrion biosensor tests such as
these provide the largest time frame possible to ward off
the onset of disease or prevent it altogether (Figure 1).
mtGenomic and complete genomic evaluations will

eventually become available with standard medical eva-
luations and annual physicals. This will provide physi-
cians with comparative longitudinal genomic records
and enable the earliest possible routine identification of
somatic mutations and the initiation of disease pro-
cesses. It will also ensure that patients have access to the
latest preventative therapies developed in concordance
with the field of genomics. Having access to longitudinal
genomic records and targeted therapies ascertains the
best prognosis for patients. Targeted therapies attack
specific types of tissues and are often more tolerable sys-
temically than older chemotherapies which were
designed to be aggressive for treating diseases such as
cancer identified in acute stages of development.

Lessening personal and economic costs of disease
Though mtgenomics removes technological barriers for
developing early detection biosensor platforms, there are
also other considerations to be made. Specifically, devel-
oping tools for detecting diseases necessitates the need for
early response treatments. This is one of the primary rea-
sons why some of the first mtgenomic tests being devel-
oped are for various types of cancer. A number of cancers
are difficult to detect using standard medical investigative
practices because their symptoms do not become obvious
until they reach a very late stage and have become difficult
to treat. However, numerous chemopreventive treatments
can be used at the earliest stages of these diseases to either
suppress or prevent the initiation of carcinogenesis. These
treatments are suitable for those deemed at greater risk
for developing particular cancers but do not yet have any
indications of disease onset, and for those who have begun
to display signs of disease, these treatments may halt the
progression of precancerous lesions into cancer [18,19].
The National Cancer Institute (NCI) began conducting

research on chemopreventive compounds in the early
1980s. To date, about 400 compounds are being actively
studied as chemopreventive agents, and more than 40
compounds are being evaluated in a clinical trial setting.
Of those agents being studied in a clinical setting, five
classes of agents have shown promise, and the NCI con-
siders these classes of compounds to be priority sub-
stances for study [20]. Table 2 [20,21] briefly summarizes
these priority compounds.
Toxicity studies can also make use of mtgenomic re-

search. A crucial aspect of evaluating new chemical en-
tities (NCE) for their chemopreventive properties is
ensuring that while the compounds disrupt the advance of
the disease process, they do not also result in contraindi-
cations that are more damaging than the disease itself. A
major problem with many new compounds is perturb-
ation of mitochondrial function, resulting in toxic cellular
effects. Integrating mitochondrial function studies during
the early stages of NCE evaluation provides the opportun-
ity to identify toxic effects from these compounds before
they reach later stage development or even human trials.
This can save extraordinary amounts of research dollars
and time [23].
Additionally, mtgenomic research conducted along

with NCE evaluation can stratify the study population
into two groups—those that respond to the compound
and those that do not. This could keep many drugs from
being unnecessarily ejected from the NCE pipeline while



Figure 1 The cancerization field effect and prostate cancer. Real-time PCR can be used to identify underlying molecular alterations in
normal-appearing tissues, thereby detecting the presence of malignant cells via a cancerization field effect. Though prostate needle biopsy cores
may fail to collect a tumor sample, the chemical signature of the tumor cancerization field may be detected in these same samples, optimizing
the biopsy procedure and the outcome for the patient [16,17].
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also resulting in cleaner, more accurate clinical trial
results by removing non-responders from the study
population. This strategy has been used in breast cancer;
5–10% of women are homozygous for low-activity
CYP2D6 alleles, and these women cannot properly
metabolize Tamoxifen. For women with this genotype,
Raloxifene is the chemopreventive therapy of choice.
CYP2D6 protein has been indentified and is metabolic-
ally active in liver cell mitochondria and functional in
Table 2 Priority cancer chemopreventive agents

Class of agent Chemica

Selective estrogen receptor
modulators and other hormonal agents

Tamoxife

Arzoxifen

Acolbifen

Raxoxifen

Finasterid

Nonsteroidal anti-
inflammatory drugs

Celecoxib

Sulindac/

Aspirin

Minerals and micronutrients Calcium c

Glucocorticoids Budesoni

Retinoids All-trans-r
tretinoin/

9-cis-Retin
alitretinoi

13-cis-Ret
isotrenino

4-Hydrox
(4-HPR) fe

Adapted from [21,22].
drug metabolism. Variants of CYP2D6 alter the effi-
ciency of mitochondrial targeting, suggesting individual
responses to drug therapy based on the CYP2D6 protein
and mitochondrial interactions [24]. Kelloff et al. [23]
summarizes this strategy in the following statement:
‘Molecular Targets that are relevant to risk assessment
and patient selection, drug development and outcome
evaluation will streamline chemoprevention research. In
turn, these molecular targets will lead to effective, safe
l/brand name Preventive targets

n Breast

e Breast

e Breast

e/EvistaW Breast

e Prostate

/CelebrexW Colon, breast, prostate, bladder

ClinorilW Esophagus, skin

ompounds Colon

de Lung

etinoic acid
Retin-AW

Cervix, esophagus, larynx, lung,

oic acid
n/PanretinW

Nasopharynx, oral cavity, ovary

inoic acid
in/AccutaneW

yretinamide,
nretinide



Parr and Martin Human Genomics 2012, 6:3 Page 6 of 8
http://www.humgenomics.com/content/6/1/3
and personalized cancer prevention strategies for wide-
spread clinical use.’
Moreover, it is of vital importance that drug discovery

regimes include comprehensive screening for mitochon-
drial toxicity to avoid failure in either industry standard or
regulatory programs. A classic example of this problem is
illustrated by nucleoside reverse transcriptase inhibitors
(NRTIs) used to treat HIV infection. NRTIs constrain
mtDNA replication resulting in a loss of mitochondria over
time, causing liver and muscle toxicity. Other examples in-
clude a statin (cerivastatin) and an antidiabetic agent (tro-
glitazone) that have been found to cause muscle toxicity
and hepatotoxicity, respectively, due to the negative effects
these drugs have on mitochondria [25]. The effect of
pharmacological agents on mitochondria is an ongoing
concern [26] especially where the majority of individuals
benefit while others experience severe contraindications
when taking such medications.
mtGenomics has the potential to make meaningful con-

tributions to the area of pharmacogenomics since patients
receive obvious benefits from this approach, but making
these options available begins with ensuring that the
process of disease onset is clearly understood. Michael B.
Sporn, former Chief of the Laboratory of Chemoprevention
at the NCI and the scientist who coined the term and
developed the concept of chemoprevention in the early
1970s, points out that ‘There is still tremendous resistance
to the idea of telling people they have early changes in their
cells that could someday lead to invasive cancer. The em-
phasis should be on suppressing carcinogenesis, the devel-
opment of cancer, before it becomes evident as invasive or
metastatic cancer. We need a whole educational mission to
get people to think about cancer before they go to the doc-
tor, for example, with a lump in their breast [27].’ For many
cancers, the molecular preamble leading to the discovery of
a physically observable malignant lesion generally occurs
over a 20- to 30-year period. This is a huge window of op-
portunity for detecting the onset of these diseases. Early de-
tection enables minimally invasive and generally well-
tolerated therapies for treatment of these diseases. This
means that the impact on quality of life for the patient is
minimized to the greatest extent possible.
The economic benefits are also clearly visible. The retail

cost for a 30-day supply of Tamoxifen is about $60, and a
5-year supply would cost about $3,700; a 30-day supply of
Raloxifene is about $97 with a 5-year supply cost of about
$5,800 [28]. Given that in 2006, the first year of treatment
for breast cancer in the US cost an average of $30,000 per
patient [29,30], utilizing options that prevent the need for
any kind of treatment beyond chemoprevention strategies,
and monitoring represents a savings to the health care sys-
tem of more than 80% in the first 12 months alone.
More broadly, figures from the American Cancer Society

[19] indicate that the total economic impact of cancer in
2008 was $228.1 billion. Included in this were direct costs
of $93.2 billion, losses in productivity amounting to a cost
of $18.8 billion, and losses in productivity due to premature
death of $116.1 billion. Early screening to detect cancer
would significantly reduce losses due to lost productivity at-
tributable to sudden acute health crises for these patients
and due to premature death.
Substantial motivation exists for investing in the re-

search and development of early screening methodolo-
gies. Multi-billion-dollar screening markets exist for the
top five most prevalent cancers (lung, colon, breast,
prostate, and ovarian), ranging from $24 to $401 billion
dependent upon the final cost of the tests, which typic-
ally range from $100 to $3,500 dollars. Incidentally,
current early detection rates for these five types of can-
cer, though in some instances have improved over what
they were even 20 years ago, are still unacceptably low.

Mitochondrial genomics and human health
While a significant portion of biosensor research has fo-
cused on oncology, mtgenomics is applicable to human
health in general. Because mitochondria are responsible
for converting energy stores into a useable form for our
cells, any disorder that affects mitochondrial function
could be evaluated using mtgenomics. Mitochondrial
function disorders can be caused by mutations or dele-
tions occurring either in the mtgenome or in the nuclear
genome (occurring in genes that code for proteins that
contribute to mitochondrial function). Mutations in nu-
clear genes can be inherited from either parent, while
heritable mutations in the mtgenome will be transmitted
maternally. Heritable mtgenomic mutations can be iden-
tified by the presence of heteroplasmy; however, the de-
gree to which these disorders will affect mitochondrial
function is generally dependent on the degree of hetero-
plasmy. If enough copies of unaffected mtDNA are
present within a cell, these copies of mtDNA will com-
pensate for the dysfunction of the heteroplasmic copies
of mtDNA. Unless individuals with relatively minimal
levels of heteroplasmy undergo some sort of trauma or
extreme physiological stress that makes it impossible for
the unaffected mtDNA to compensate for the hetero-
plasmic DNA, overt indications of these disorders may
never occur. Assessing the degree of heteroplasmy may
help these individuals take preventative measures to en-
sure they minimize the possibility of experiencing such
physiological effects.
mtGenomic function may also be affected suddenly by

physiological traumas such as hemorrhage or a cardiac
event that induces hypoxia and forces mitochondrial
function to occur temporarily in an oxygen-reduced en-
vironment. These events may induce mitochondrial
damage similar to age-related declines in mitochondrial
function that, as free-radical theory-of-aging proponents
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hypothesize, is due to increased and prolonged exposure
to ROS [31]. Other diseases and conditions that increase
exposure to ROS and affect circulatory process, such as
diabetes mellitus, type II diabetes, and obesity, may also
contribute to cumulative disruptions in mitochondrial
function. Because the effects of many of these types of
disorders accumulate over time, associated somatic
mtDNA mutations will also likely accumulate over time.
Depending on the degree of severity of these conditions,
mitochondrial dysfunction and mtgenomic evidence of
dysfunction can occur at any age and ultimately drives
the aging process.
Many noncancerous clinical disorders have been asso-

ciated with mitochondrial dysfunction. Disorders involving
the brain and the heart, organs which are high consumers
of energy and would suffer from a downturn in mitochon-
drial production of energy, are notably present in this list.
Disorders falling into the neurological category include mi-
graine, strokes, epilepsy, dementia, myopathy, peripheral
neuropathy, speech disturbances, and sensorineural deaf-
ness. Cardiac disorders include heart failure, heart block,
and cardiomyopathy. Gastrointestinal conditions include
constipation and irritable bowel syndrome. Respiratory
conditions associated with mitochondrial dysfunction in-
clude respiratory failure, nocturnal hyperventilation, recur-
rent aspiration, and pneumonia. Endocrine disorders
include diabetes, thyroid disease, parathyroid disease, and
ovarian failure. Ophthalmological disorders include optic
atrophy, cataracts, and ophthalmoplegia [32]. While this
listing is not comprehensive, it shows that the effects of
mitochondrial dysfunction are far reaching. While preva-
lence varies in different populations, research suggests that
mtDNA disease is surprisingly high. For example, in a
working-age population (>16 and <60/65 years for female/
male patients, respectively) in the north east of England, 9.2
in 100,000 people were found to have manifest mtDNA dis-
ease [33].
Presently, mtgenomics is better situated than nuclear

genomics for the evaluation of mtDNA disorders due to
the smaller size of the mtgenome and number of constitu-
ent genes. However, evaluating mtDNA disorders is an area
of research where mtgenomics and nuclear genomics could
be applied in conjunction since a considerable number of
mitochondrial disorders are associated with nuclear genetic
inheritance. To exemplify this, the Mitochondria Phenome
Knowledgebase cites 174 genes that are associated with 502
different phenotypic features spanning the following
categories: oncologic, musculoskeletal, gastrointestinal,
respiratory, neurologic, ophthalmologic, genitourinary,
cardiovascular, hematologic, dermatologic, metabolic,
endocrinologic, immunologic, psychiatric, and numer-
ous miscellaneous categories [34].
While second-generation technologies have been use-

ful for mtgenomic and nuclear genomic discovery and
determining the genetic basis of disease, the rapid action
and low cost of genomic sequencing that will become
available with third-generation genomic instrumentation
will make it possible to move those discoveries more
generally into the clinical setting and widespread med-
ical use [35].
It should not be overlooked that mtgenomics requires

careful experimental considerations. Population and
group variations in mtgenome sequences may alter or
preclude the absence or presence of a specific SNP or
deletion(s), leading to incorrect data interpretations for
certain populations. Mitochondrial sequencing data
must be compared to germ plasma on an individual pa-
tient basis if point mutations are to be used as a diag-
nostic reference. Using published mitochondrial genome
standards is inappropriate as these references are not
representative of either the individual or the specific dis-
ease under study. Moreover, mitochondrial pseudogenes
are embedded in the nucleus and often obscure results
or lead to inaccurate data interpretation since pseudo-
gene contamination is often mistaken for nucleotide het-
eroplasmy particularly in sequencing data [36]. This is a
noteworthy concern given the sensitivity of next-
generation sequencing technology as opposed to di-
deoxy chemistry, and extreme care must be taken to
preclude co-amplification of nuclear and mitochondrial
pseudogenes. Finally, caution is warranted when com-
paring malignant lesions and normal tissue from the
same organ and individual. The field effect is often op-
erative in the normal tissue and may have many muta-
tions in common with the tumor site. Use of normal
tissue as a comparative control may preclude reliable
results [10].
Summary and conclusions
Both simplicity of structure and historical timing have
placed mtgenomics ahead of the HGP as a technology
leader for the development of early detection biosensors
for many diseases. Numerous mtgenomic-based tests are
currently in development, and some have already
entered the marketplace, signaling a transformation in
medicine towards prevention as the preferred strategy
for treating disease. Early detection biosensors have pre-
miered in oncology, as many types of cancer can be
associated with mtDNA deletions. Oncology-based che-
mopreventive strategies have been in development since
the 1970s and are now available to be paired with early
detection strategies. Following closely is the develop-
ment of biosensors for other mitochondrial disorders.
Since these disorders are more frequently hereditary
than are many cancers, examining them from the per-
spective of both mtgenomics and nuclear genomics will
provide insight into illness and also serve to develop
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strategies for dealing with the extraordinary amounts of
data generated from the HGP.
Developing mtgenomic-based technologies presents

significant economic benefits for health care manage-
ment and the development of new drugs. Pairing
mtDNA studies with clinical trials stratifies study popu-
lations into responders and non-responders, making the
development and usage of these drugs as efficient and
effective as possible. Coupling this with the pending re-
lease of cheaper and faster third-generation sequencing
technologies creates an opportunity to make mtge-
nomic-based early detection biosensors widely available
in the near future. This stands to revolutionize the con-
ventional medical experience we are all familiar with
into a personalized experience specifically tailored to the
well-being of every individual.

Competing interests
RP and LM are employed by Mitomics, and RP holds shares in the company.

Acknowledgement
Organization, writing, and formatting of the manuscript were completed by
Rebecca Friend-Heath using the information and research provided by Ryan
L. Parr and Luis H. Martin.

Authors’ contributions
RP and LM participated in the design and coordination of this manuscript.
Both authors read and approved the final manuscript.

Received: 28 September 2011 Accepted: 5 July 2012
Published: 5 July 2012

References
1. Varmus H: Ten years on - the human genome and medicine. N Eng J Med

2010, 362:21.
2. Parr RL, Jakupciak JP, Birch-Machin MA, Dakubo GD: The mitochondrial

genome: a biosensor for early cancer detection? Expert Opin Med Diagn
2007, 1(2):169–182.

3. Hagemann R: The foundation of extranuclear inheritance: plastid and
mitochondrial genetics. Mol Genet Genomics 2010, 283:199–209.

4. Slaughter D, Southwick H, Smejkal W: Field cancerization in oral stratified
squamous epithelium: clinical implications of multicentric origin. Cancer
1953, 6:963–968.

5. Nass MMK, Nass S: Intramitochondrial fibers with DNA characteristics.
J Cell Biol 1963, 19(3):593–611.

6. Schatz G, Halsbrunner E, Tuppy H: Deoxyribonucleic acid associated with
yeast mitochondria. Biochem Biophys Res Commun 1964, 15(2):127–132.

7. Anderson S, Bankier AT, Barrell BG, de Bruijn MH, Coulson AR, Drouin J,
Eperon IC, Nierlich DP, Roe BA, Sanger F, Schreier PH, Smith AJ, Staden R,
Young IG: Sequence and organization of the human mitochondrial
genome. Nature 1981, 290(5806):457–465.

8. DoE: Human Genome Project Information., . http://www.ornl.gov/sci/
techresources/Human_Genome/project/timeline.shtml.

9. Brandon M, Baldi P, Wallace DC: Mitochondrial mutations in cancer.
Oncogene 2006, 25(34):4647–4662.

10. Dakubo GD, Jakupciak JP, Birch-Machin MA, Parr RL: Clinical implications
and utility of field cancerization. Cancer Cell International 2007, 7:2.

11. Greaves LC, Reeve AK, Taylor RW, Turnbull DM: Mitochondrial DNA and
disease. J Pathol 2012, 226(2):274–286.

12. Hock MB, Kralli A: Transcriptional control of mitochondrial biogenesis and
function. Annu Rev Physiol 2009, 71:177–203.

13. Cannino G, Di Liegro CM, Rinaldi AM: Nuclear-mitochondrial interaction.
Mitochondrion 2007, 7:359–366.

14. Ryan MT, Hoogenraad NJ: Mitochondrial-nuclear communications. Annu
Rev Biochem 2007, 76:701–722.
15. Ohta S: Contribution of somatic mutations in the mitochondrial genome
to the development of cancer and tolerance against anticancer drugs.
Oncogene 2006, 25(34):4768–4776.

16. Maki J, Robinson K, Reguly B, Alexander J, Wittock R, Aguirre A, Diamandis EP,
Escott N, Skehan A, Prowse O, Thayer RE, Froberg MK, Wilson MJ, Maragh S,
Jakupciak JP, Wagner PD, Srivastava S, Dakubo GD, Parr RL: Mitochondrial
genome deletion aids in the identification of false- and true-negative
prostate needle core biopsy specimens. Am J Clin Pathol 2008, 129(1):57–66.

17. Robinson K, Creed J, Reguly B, Powell C, Wittock R, Klein D, Maggrah A,
Klotz L, Parr RL, Dakubo GD: Accurate prediction of repeat prostate biopsy
outcomes by a mitochondrial DNA deletion assay. Prostate Cancer
Prostatic Dis 2010, 13(2):126–131.

18. William WN Jr, Heymach JV, Kim ES, Lippman SM: Molecular targets for
cancer chemoprevention. Nat Rev Drug Discov 2009, 8(3):213–225.

19. American Cancer Society: Cancer Facts & Figures. Atlanta: American Cancer
Society; 2009.

20. Cancer Information Network: Chemoprevention., . http://www.
cancerlinksusa.com/chemo/chemoprevention.asp.

21. National Cancer Institute: Chemopreventive Agents. Bethesda: NCI - Division
of Cancer Prevention; 2011.

22. Cancer Information Network: Chemoprevention. 2011, http://prevention.
cancer.gov/programs-resources/resources/agents.

23. Kelloff G, O'Shaughnessy J, Gordon G, Hawk E, Sigman C: Counterpoint:
because some surrogate end point biomarkers measure the neoplastic
process they will have high utility in the development of cancer
chemopreventive agents against sporadic cancers. Cancer Epidemiol
Biomarkers Prev 2003, 12(7):593–596.

24. Sangar MC, Hindupur KA, Martin MV, Guengerich FP, Avadhani NG:
Identification of genetic variants of human cytochrome P450 2D6 with
impaired mitochondrial targeting. Mol Genet Metab 2010, 99(1):90–97.

25. Dykens JA, Marroquin LD, Will Y: Strategies to reduce late-stage drug
attrition due to mitochondrial toxicity. Expert Rev Mol Diagn 2007, 7
(2):161–175.

26. Pereira CV, Moreira AC, Pereira SP, Machado NG, Carvalho FS, Sardão VA,
Oliveira PJ: Investigating drug-induced mitochondrial toxicity: a biosensor
to increase drug safety? Curr Drug Saf 2009, 4(1):34–54.

27. American Association for Cancer Research, Michael B: Sporn, M.D., to
receive inaugural cancer prevention award. http://scienceblog.com/
community/older/2002/G/2002019.html.

28. Fabian C: Tamoxifen or taloxifene in postmenopausal women for
prevention of breast cancer: a tale of two choices - counterpoint. Cancer
Epidemiol Biomarkers Prev 2007, 16(11):2210–2212.

29. National Cancer Institute: Surveillance Epidemiology and End Results: SEER
Stat Fact Sheets: Breast. Bethesda: National Cancer Institute; 2010.

30. National Center for Health Statistics: Health, United States, 2009 - With
Special Feature on Medical Technology. Hyattsville: Centers for Disease
Control and Prevention; 2009.

31. Raju R, Jian B, Hubbard W, Chaudry I: The mitoscriptome in aging and
disease. Aging and Disease 2011, 2(2):174–180.

32. Chial H, Craig J: mtDNA and mitochondrial diseases. Nature Education
2008, 1.

33. Schaefer AM, McFarland R, Blakely EL, He L, Whittaker RG, Taylor RW,
Chinnery PF, Turnbull DM: Prevalence of mitochondrial DNA disease in
adults. Ann Neurol 2008, 63(1):35–39.

34. Mitophenome [database on the Internet]: Mitochondria Phenome
Knowledgebase. http://www.mitophenome.org/phenotypes/list.

35. Glaser V: Third-generation sequencing debuts: single-molecule detection
solutions push the techniques to new levels. Genetic Engineering &
Biotechnology News 2010, 30(6).

36. Parr RLM J, Reguly B, Dakubo GD, Aguirre A, Wittock R, Robinson K,
Jakupciak JP, Thayer RE: The pseudo-mitochondrial genome influences
mistakes in heteroplasmy interpretation. BMC Genomics 2006, 7:185.

doi:10.1186/1479-7364-6-3
Cite this article as: Parr and Martin: Mitochondrial and nuclear genomics
and the emergence of personalized medicine. Human Genomics 2012 6:3.

http://www.ornl.gov/sci/techresources/Human_Genome/project/timeline.shtml
http://www.ornl.gov/sci/techresources/Human_Genome/project/timeline.shtml
http://www.cancerlinksusa.com/chemo/chemoprevention.asp
http://www.cancerlinksusa.com/chemo/chemoprevention.asp
http://prevention.cancer.gov/programs-resources/resources/agents
http://prevention.cancer.gov/programs-resources/resources/agents
http://scienceblog.com/community/older/2002/G/2002019.html
http://scienceblog.com/community/older/2002/G/2002019.html
http://www.mitophenome.org/phenotypes/list

	Abstract
	Introduction
	Mitochondrial genomics: a paradigm shift in medicine
	Mitochondrial genomics and biosensor prospecting
	link_Tab1
	Lessening personal and economic costs of disease
	link_Fig1
	link_Tab2
	Mitochondrial genomics and human health
	Summary and conclusions
	Competing interests
	Acknowledgement
	Authors&rsquo; contributions
	References
	link_CR1
	link_CR2
	link_CR3
	link_CR4
	link_CR5
	link_CR6
	link_CR7
	link_CR8
	link_CR9
	link_CR10
	link_CR11
	link_CR12
	link_CR13
	link_CR14
	link_CR15
	link_CR16
	link_CR17
	link_CR18
	link_CR19
	link_CR20
	link_CR21
	link_CR22
	link_CR23
	link_CR24
	link_CR25
	link_CR26
	link_CR27
	link_CR28
	link_CR29
	link_CR30
	link_CR31
	link_CR32
	link_CR33
	link_CR34
	link_CR35
	link_CR36


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


