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Abstract: The inherent complex and pleiotropic phenotype of mitochondrial diseases poses a significant diagnostic
challenge for clinicians as well as an analytical barrier for scientists. To overcome these obstacles we compiled a novel
database, www.mitodb.com, containing the clinical features of primary mitochondrial diseases. Based on this we
developed a number of qualitative and quantitative measures, enabling us to determine whether a disorder can be
characterized as mitochondrial. These included a clustering algorithm, a disease network, a mitochondrial barcode and two
scoring algorithms. Using these tools we detected mitochondrial involvement in a number of diseases not previously
recorded as mitochondrial. As a proof of principle Cockayne syndrome, ataxia with oculomotor apraxia 1 (AOA1l),
spinocerebellar ataxia with axonal neuropathy 1 (SCAN1) and ataxia-telangiectasia have recently been shown to have
mitochondrial dysfunction and those diseases showed strong association with mitochondrial disorders. We next evaluated
mitochondrial involvement in aging and detected two distinct categories of accelerated aging disorders, one of them being
associated with mitochondrial dysfunction. Normal aging seemed to associate stronger with the mitochondrial diseases
than the non-mitochondrial partially supporting a mitochondrial theory of aging.

INTRODUCTION Besides their cardinal role in ATP metabolism

mitochondria are the main producers of endogenous
Bona fide mitochondrial diseases represent a oxidative radicals. These highly volatile species react
heterogeneous group of genetic syndromes with a with lipids, proteins and nucleic acids in their vicinity.
combined incidence of around 1:5000 [1] The clinical The mitochondrial theory of aging states that an
diversity represents a considerable diagnostic challenge accumulation of damage to these macromolecules
for pediatricians often leading to a delay in diagnosis throughout the lifetime of an organism leads to cellular
[1]. Because of the early onset and rapid progression of decay, loss of tissue homeostasis, and finally to death
many of these diseases an early diagnosis will become [3]. Multiple lines of evidence have corroborated this
increasingly ~ important ~ with  the  accelerating theory and suggested that mitochondrial maintenance
development of mitochondrial therapeutic strategies. may be important in promoting longevity and healthy
Although the complete pathogenesis remains unknown, aging [4-9]. Indeed, mitochondria have been implicated
energy deficiency in affected tissues is believed to be in most age related diseases such as neurodegeneration
the causative agent in most of these disorders [2]. [10], cardiovascular disease [11] and diabetes [12]. If

www.impactaging.com 192 AGING, March 2013, Vol.5 No.3



mitochondrial dysfunction is causative in aging, we
would expect the accelerated aging disorders [13] to
exhibit features of mitochondrial disease.

To investigate this, we compiled a database of the
clinical parameters seen in mitochondrial diseases,
www.mitodb.com. Based on this database we developed
extensive bioinformatics tools to dissect whether a
disease could be characterized as mitochondrial or not.
These tools include three qualitative and two
quantitative measures. Using these tools we identified a
number of diseases as mitochondrially associated that
had not previously been considered as mitochondrial.
Recently a number of diseases, such as ataxia-
telangiectasia, Cockayne syndrome, ataxia with
oculomotor apraxia 1 (AOA1l) and spinocerebellar
ataxia with axonal neuropathy 1 (SCANI) have been
suggested to have mitochondrial dysfunction and these
disorders were also identified by our tools [14-17]. With
the validation of the tools we went on to investigate the
mitochondrial involvement in a number of monogenic
diseases. Interestingly, Parkinson’s disease,
Huntington’s disease and amyotrophic lateral sclerosis
all showed a substantial mitochondrial involvement.
Further, when adding the accelerated aging disorders to
the database two groups of progeria appeared; one
group associated with chromosomal instability and
another group clustered with mitochondrial diseases.
Normal aging seemed to associate closer with the
mitochondrial group in the clustering algorithm but
showed mixed mitochondrial and non-mitochondrial
values in the support vector machine and mitoscore.
Taken together these findings indicate at least two
separate causes of aging, one of them possibly being
mitochondrial.

RESULTS

www.mitodb.com

Using various sources such as the United Mitochondrial
Disease Foundation webpage (http://www.umdf.org),
Pubmed (http://www.ncbi.nlm.nih.gov/pubmed) and the
Online Mendelian Inheritance in Man database
(http://www.omim.org) we identified 31 monogenic
diseases that all have been characterized as
mitochondrial describing a total of 1,265 patients
(Supplementary table 1). To get as broad a spectrum of
mitochondrial phenotypes as possible we added
respiratory chain defects, fatty acid oxidation defects
and other primary mitochondrial diseases. 25 non-
mitochondrial monogenic diseases, used as controls,
describing a total of 21,032 patients, were selected
based on well established pathogenesis with no or very
minimal involvement of mitochondria. A database,

www.mitodb.com, was constructed by writing ~8,000
lines of code in the languages html and php and using
the aforementioned data sources, referenced signs,
symptoms, laboratory and paraclinical findings
(collectively referred to as clinical parameters or
parameters) were recorded for each disease by clinically
experienced physicians. The prevalence of each
parameter was listed based on what was reported in the
most authoritative literature we could identify. The
publication date was as current as possible
(Supplementary figure 1). For any particular disease we
used the largest cohorts we could identify. Case reports
were excluded. If we used data from two or more
studies the prevalence was the average of the combined
number of patients. All the references including their
abstracts, publication date, periodical and links to
Pubmed can be found online at www.mitodb.com. Each
disease was thus characterized by a number of clinical
parameters with a prevalence from 0-100 percent. See
supplementary figure 2 or www.mitodb.com for visual
examples of how the diseases are represented in the
database. We will present a number of figures that can
be generated online at www.mitodb.com. We also
recommend reading our tutorial on the following URL:
www.mitodb.com/tutorial.html.

Mitochondrial diseases form a distinct clinical group

Based on the data we could now analyze the clinical
parameters in the mitochondrial group by averaging the
occurrence of a parameter across all the diseases in each
group. This allowed us to investigate whether any
particular parameter would be more prevalent among
the mitochondrial diseases than among the non-
mitochondrial diseases. Figure 1A shows the top 20
most prevalent parameters and supplementary figure 3
and 4 shows all the parameters in the mitochondrial
group and the non-mitochondrial group, respectively.
Our analysis shows that, out of 117 clinical parameters
seen in mitochondrial diseases, lactate accumulation,
hypotonia, muscle weakness, developmental delay and
seizures are among the most common. Since it has been
suggested that the clinical parameters of mitochondrial
diseases depend upon the age of onset of the disease we
investigated whether this was the case for our dataset.
We identified the mean age of onset and standard
deviation for each disease in the database (See
supplementary table 1). Using this data we could then
model the age of onset of each clinical parameter letting
us identify the most common symptoms for diseases
with onset before age 20 and most common symptoms
for diseases with onset after age 20 (Figure 1B and C)
and their evolution over time (Supplementary figure 5).
Lactate accumulation, hypotonia, developmental delay,
muscle weakness and seizures were the most prevalent
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Figure 1. Mitochondrial diseases have a defined clinical spectrum. (A) The top-20 clinical parameters seen in
all mitochondrial diseases. (B) The top-20 clinical parameters seen in mitochondrial diseases with a mean age of onset
before 20. (C) The top-20 clinical parameters seen in mitochondrial diseases with a mean age of onset after 20.

parameters in the early onset diseases while hearing
loss, muscle weakness, ophthalmoplegia, seizures and
lactate accumulation were the most prevalent in the late
onset diseases. Some differences in clinical parameters
were thus found when comparing early onset to late
onset disease. However, quantifying these differences as
a Pearson coefficient resulted in a value of 0.5
indicating an overall similar phenotype in early and late
onset diseases. In addition, there was no published data
for the individual parameter onsets for every disease
preventing us from using age of onset for further
analysis. We therefore decided to continue our analysis
without including age of onset.

By overlaying the prevalences of all the mitochondrial
and non-mitochondrial parameters it became evident
that some mitochondrial clinical parameters occurred at
a high frequency indicating a high degree of similarity
between the diseases in the mitochondrial group while
there was much more heterogeneity amongst the clinical
features in the non-mitochondrial disease group
(Supplementary figure 6A). Based on this resemblance
among the mitochondrial diseases, we investigated how
these diseases would associate with each other when
clustering them using the software cluster 3.0 [18].
Supplementary figure 6B shows an example of how
some mitochondrial and some mnon-mitochondrial
diseases cluster with each other based on clinical
parameters. The clustering of the diseases is shown in
the top, while the clinical parameters are shown on the
right with the clustering of the parameters on the left.
The tint of each square in the center of the cluster map
reflects the prevalence of a parameter in the disease
based on published literature. Interestingly, there
seemed to be excellent separation between the
mitochondrial and  non-mitochondrial  diseases.
Supplementary figure 6C shows an overview of the
cluster while a detailed look can be seen online at

www.mitodb.com. In summary, we were able to use
cluster analysis to compare the diseases in the database.

The qualitative determination of a mitochondrial
phenotype using mitodb.com

With this established database we proceeded to develop
tools to test diseases for potential mitochondrial
involvement. We started by implementing hierarchical
clustering algorithms using the coding languages html,
javascript and php. The phenotype of a disease is entered
under the “Test-disease” tab on mitodb.com by adding
the prevalence of all the observed parameters. After the
analysis has been completed a circular graphic illustrating
(dendrogram) how the diseases cluster with each other
will be generated. The connecting lines (branches of the
tree) illustrate how similar two diseases are. As can be
seen in figure 2A there is substantial separation of
mitochondrial (red) and non-mitochondrial (green)
diseases using this approach. To further visualize how
the clinical parameters are interconnected we generated a
disease network tool (Figure 2B) showing the association
between diseases. Each dot represents a disease and each
line represents a shared parameter, with the distance
between the dots and the thickness of the line
representing the degree of similarity (See supplementary
equations). Interestingly, a central tightly associated hub
of mitochondrial diseases formed with the non-
mitochondrial diseases loosely associated in the
periphery (Figure 2B). This is caused by the lack of
overlapping parameters seen in the non-mitochondrial
group compared with the highly overlapping parameters
seen in the mitochondrial. Due to the substantial
complexity we recommend investigat-ing this network
online on www.mitodb.com, where different thresholds
can be applied to selectively visualize the most common
connections. To better depict the correlation between
diseases we developed a mitochondrial barcode-
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algorithm that shows which parameters are found in other
diseases in the database (Figure 2C). Each vertical
colored bar represents a disease that shares a clinical
parameter with the disease being tested. The tint is given
by the prevalence of the parameter in the disease tested,
multiplied by the prevalence in the disease in the
database that shares the parameter. Thus, the barcode
appears more red with increasing mitochondrial features
and more green or blue with fewer or no mitochondrial
features. The list of shared clinical parameters for a tested
disease can be found online underneath the barcode.

The quantitative determination of a mitochondrial
phenotype using mitodb.com

To get more quantitative results we developed a tool
assigning a mito-score to a disease from 0-100 with a
score above 50 indicating a larger overlap with
mitochondrial diseases than non-mitochondrial diseases
(See supplementary equations). This method gave
consistent results with mitochondrial diseases scoring
high and non-mitochondrial scoring low (Figure 2D).

We next developed a machine learning algorithm to
separate diseases based on clinical parameters and to get
a quantitative score. Briefly, we chose a model of
supervised learning, a support vector machine (SVM),
that is ideal for investigating complicated datasets. This
type of machine learning has been used to analyze
various datasets including domain mapping of amino
acid sequences in proteins and facial recognition in
pictures on the web. In this method, the clinical pattern
of the mitochondrial diseases and the pattern of the non-
mitochondrial diseases are fed to a computer that will
learn from these training examples and subsequently
predict whether a tested disease may show
mitochondrial involvement. A negative score reflects a
likely non-mitochondrial disease while a positive score
indicates a mitochondrial disease (See methods). We
implemented several variations of the SVM, one
unfiltered taking all parameters in the database into
account and various filtered ones using only parameters
displaying a cumulative prevalence of 25%, 50%, 75%,
100% or 200%. A cumulative prevalence of 25% is
defined as one disease with a 25% prevalence of a
parameter or five diseases with a 5% prevalence each.
Thus, with increasing percentages progressively more
common clinical parameters will be the only ones
considered by the SVM. Overall, the performance of the
various classifiers was excellent with 100% separation
and a correlation coefficient (measured by cross-
validation) around 0.85, with the 75% filtered version
yielding a marginally better correlation coefficient of
0.87 (See supplementary equations). The great
performance of all the SVM's show that the method is
robust, and that the prevalence of the clinical

parameters can be used to indicate whether a disease
show mitochondrial involvement. To keep the data as
unbiased as possible we chose the unfiltered version as
our standard SVM algorithm (Figure 2E, and
supplementary equations).

The bioinformatics tools reveal mitochondrial
dysfunction in ataxia-telangiectasia, Cockayne
syndrome and others

Recent studies that have shown mitochondrial
dysfunction in ataxia-telangiectasia [17] , AOA1 [16],
SCAN1 [15] and Cockayne syndrome [14,20].
Interestingly, these diseases clustered tightly with the
mitochondrial diseases, grouped with mitochondrial
disease in the disease network and displayed a relatively
high SVM and mito-score (Figure 2A-E). This
indicated that our tools could be used to investigate
mitochondrial dysfunction in diseases of unknown
pathogenesis simply by comparing the clinical
parameters with the parameters in our database.

Aging and some progerias display mitochondrial
dysfunction

Many diseases with unknown pathogenesis were
strongly associated with mitochondrial pathology
(Figure 3A and supplementary table 2). Because a close
correlation  between aging and mitochondrial
dysfunction has been proposed, we next tested whether
diseases characterized by accelerated aging shared
clinical parameters with the mitochondrial diseases in
the database. Of all the segmental progerias tested,
Cockayne syndrome and ataxia-telangiectasia correlated
tightly with mitochondrial pathology in the dendrogram,
while Werner syndrome, Bloom syndrome, Rothmund-
Thomson syndrome, trichothiodystrophy, dyskeratosis
congenita, Fanconi anemia, Nijmegen breakage
syndrome and Hutchinson-Gilford progeria formed an
independent cluster (Figure 3A). This was corroborated
by the finding in the disease network that Cockayne
syndrome and ataxia-telangiectasia appeared to lie
deeper in the mitochondrial hub compared to the other
progerias (Figure 3B). When looking at the barcode for
Cockayne syndrome and ataxia-telangiectasia, these
diseases also showed a predominantly red impression
while the other progerias where less red (Figure 2C and
Figure 3C). The SVM and mito-score supported all
these results (Figure 2D and E and figure 3D and E).
The association between the mitochondrially associated
progerias, Cockayne syndrome and ataxia-telangiectasia,
was related to the high degree of neurological
involvement in these diseases, since removing the
neuronal parameters led these diseases to cluster with the
other progerias (Supplementary figure 7).
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Figure 2. Putative mitochondrial diseases are identified using www.mitodb.com. (A) The clustering of several diseases
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We finally investigated if normal human aging was
associated with mitochondrial pathology. A number of
important papers were found to describe the phenotype
of normal human aging as accurately as possible (Figure
4) [21-30]. By entering the parameters of aging an
interesting picture emerged. Normal aging seemed to
cluster with the mitochondrial diseases where the
mitochondrial segmental progerias also clustered
indicating a potential mitochondrial phenotype (Figure
3A-C). Reflecting this, the barcode showed a mitochon-
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Figure 4. The phenotype of normal human aging based on published
studies. Values represent the prevalence (%) of a given parameter.

DISCUSSION

The use of bioinformatics in medical pattern recognition
is a powerful tool ideally suited to support clinicians and
scientists ~ when  investigating large  datasets.
Mitochondrial diseases represent a bioinformatically
ideal group of pathologies because they are etiologically
well defined while presenting a complex clinical picture.
Here we introduce a novel mitochondrial database and a
unique array of useful tools to investigate potential
mitochondrial involvement in diseases of unknown
pathogenesis. We have placed the database online to
ensure the highest usability and a continuous evolution
based on the addition of new diseases and revisions of
clinical parameters. Mitochondrial diseases are highly
complex involving multiple organ systems with a large
variability in age of onset and clinical severity. It is
therefore not surprising that there is a very substantial lag
phase in disease onset and time of diagnosis in many of
these diseases. We believe that the tools we have
presented here can be helpful in the diagnosis of these
diseases potentially allowing earlier treatments for this
group of severe disorders.

The neuropathology observed in some of the
accelerated aging disorders seems to drive the
association with mitochondrial diseases in the database.
This is not unexpected since mitochondrial dysfunction
has been implicated in many age related neurological
disorders such as Parkinson’s and Huntington’s disease.
In recent years increasing evidence of mitochondrial
involvement has emerged in these diseases. For
Parkinson’s disease mutations in PINKI1 and parkin
have implicated the degradation of damaged
mitochondria through autophagy as part of the
pathogenesis [31]. Interestingly, this pathway has also
been suggested to be defective in Huntington’s disease
perhaps indicating a common pathogenesis [32]. In
support of a mitochondrial dysfunction in these
neurodegenerative disorders the basal ganglia are often
affected in mitochondrial diseases such as Leigh
syndrome and Neuropathy, Ataxia and Retinitis
Pigementosum (NARP syndrome) [33,34]. Indeed,
Parkinson’s disease receives a mito-score of 100 while
Huntington’s disease receives a mito-score of 99 and
both have a positive SVM score.
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In addition to the clinical uses the tools presented herein
could be valuable for scientists investigating the cause
of diseases of unknown pathogenesis. Indeed, using the
tools, we corroborate the findings recently published for
ataxia-telangiectasia and Cockayne syndrome [14,17].
We further show tight associations between
mitochondrial pathology and AOA1 and SCANI, two
diseases recently shown to have mitochondrial defects
[15,16]. In this context, it is important to point out that
these tools do not specify whether a disease is primarily
mitochondrial or if the exposed dysfunction stems from
a secondary unknown mechanism.

According to our hypothesis premature aging disorders
as well as normal aging should share features with
mitochondrial disease. This seems to be partially true.
Based on the hierarchical clustering it appears that two
distinct types of accelerated aging disorders exist. One
type consisting of Werner syndrome, Bloom syndrome,
Rothmund-Thomson syndrome, trichothiodystrophy,
dyskeratosis congenita, Fanconi anemia, Nijmegen
breakage syndrome and Hutchinson-Gilford progeria
form a separate cluster. For these disorders the common
molecular denominator involves chromosome instability
in relation to DNA replication, repair of double stranded
DNA breaks and telomere maintenance [35-37]. The
second group of accelerated aging disorders consists of
Cockayne syndrome and ataxia-telangiectasia. These
two disorders are characterized by a substantial
neurological phenotype that drives the clustering with
the mitochondrial diseases. Interestingly, normal aging
itself, seems to associate closer with the mitochondrial
diseases that the non-mitochondrial diseases perhaps
corroborating the mitochondrial theory of aging.

Noticeably, during the development of the database we
encountered a number of syndromes of unknown
pathology  displaying strong  correlation  with
mitochondrial diseases (Supplementary table 2). Several
of these diseases exhibit severe neuropathology
supporting the idea that the central nervous system is
particularly prone to mitochondrial dysfunction [10,38].
Disorders of this nature would thus be prime targets for
further investigation and potentially for treatment with
drugs known to augment mitochondrial function.

METHODS

Hierarchical clustering. Hierarchical clustering was
implemented using common similarity measures and
linkage methods (See supplementary equations) [18,39].
For each clustering the cophenetic correlation is
calculated as a measure of how well the clustering was
achieved revealing uncentered similarity and average
linkage producing the best result (see supplementary

figure 9 and supplementary equations). Other similarity
metrics and linkage methods can be chosen online by
clicking “advanced” under the “test-disease” tab on
www.mitodb.com.

Support vector machine (SVM). The support vector
classifier was created by exporting the symptom-vectors
of the known mitochondrial and non-mitochondrial
diseases. The symptom-vectors were processed with the
statistical program “R” using the “el071” package
(http://cran.r-project.org/web/packages/e1071/index.html),
which is based on the library “libSVM” to train the
SVMs. The SVMs were trained using a “linear kernel”
and “eps-regression”, and displays (using 11-fold cross-
correlation) a total mean squared error of 0.32, a 0.84
correlation coefficient, and 100% separation. The
parameters of the SVMs were then exported from R and
the classifier functions for the web-page was created
(with php) using these parameters.

Further methods can be found in the supporting
materials.
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SUPPORTING INFORMATION

Supplementary Figure 1. The publication dates of
the references used in the database.
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Supplementary Figure 2. Visual represen-
tation of some diseases and their clinical
parameters as seen in the database. See
supplementary table 1 for abbreviations.

www.impactaging.com

201

AGING, March 2013, Vol.5 No.3



Lactate accumulation
Hypotonia

Muscle weakness
Developmental delay -
Seizures

Hearing loss
Neuropathy -

Ataxia

Areflexia

Myopathy

Hypogly

Failure to thrive
C

Vomiting
blood CK
H

t
Mental
Optic atrophy 4
Cerebellar atrophy -4
Basal ganglia pathology -
Cerebral atrophy -
Retinitis pigmentosa
Short stature -
Nystagmus -
Feeding difficulties —J
Hyperammonemia -
Headache -
Bercise intolerance
Babinski's sign
Steatosis -
Gastrointestinal dysmotility =
Cataract
Low plasma carnitine -
Liver failure =}
Diarrhea -}
Coma -
Myoclonus =4
3-hydroxydicarboxylic aciduria =
Anemia -
Dysarthria
Weight loss -}
Leukodystrophy -3
Lethargy -
Ethyimalonic aciduria —
Dysphagia -}
Dystonia -
Tremor -
Increased blood transaminase -
Coagulopathy -
Jaundice
Myalgia —}
Gait disturbances -
Death in the first months of life =
Cystathioninuria
Athetosis
Hypothermia -
Tubulopathy -
Hyperactive reflexes -
Apnea -]
Abdominal pain -
Methyisuccinic aciduria -}
Early death —
Psychiatric symptom =
Facial weakness -
Scoliosis -
Pallor
Methylmalonic aciduria =
Asphyxa |
Cholestasis -]
Parkinsonism -}
Diabetes mellitus type 1 -}
Diabetes mellitus type 2 -}
Dysmetria =}
Dementia -}
Nephropathy —

Stroke

Contracture
3-methyiglutaconic aciduria
Encephalopathy
Respiratory failure
Spasticity
Gliosis
Cardiac conduction defect
Cox-negative muscle fibers
Psychosis
Cardiac arrest
Pancreatic insufficiency
Cancer
Multiple lipomas
Microcephaly
Cerebral edema*0
Hepatic failure
Hypertelorism
Fatty heart
Cardiac arrhythmia
Chorea
Hypertension
Macrocephaly
Gastric ulcers
Heterotopia
Sudden death
Kyphosis
Hypowentilation
Micrognathia
High arched palate
Autism
Myoglobinuria
Congestive heart failure
Diabetic retinopathy

Myopia
Multiple sclerosis

0 10 20 30 40 50
Prevalence (%)

Supplementary Figure 3 Mitochondrial diseases in the database have a defined clinical
spectrum. The average prevalence of clinical parameters across all the non-mitochondrial diseases in
the database. Inset: Close-up of the top-20 clinical parameters seen in non-mitochondrial diseases.
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Supplementary table 1 A list of the diseases currently in the database and their mean age of onset.

Mitochondrial

Autosomal dominant optic atrophy

Medium-Chain Acyl-CoA Dehydrongenase Deficiency
Short Chain Deficiency of ACYL-CoA Dehydrogenase
Very Long Chain Deficiency of ACYL-CoA Dehydrogenase
Alpers-Huttenlocher Syndrome

Sengers syndrome

Friedreich ataxia

3-Hydroxyacyl-CoA Dehydrogenase Deficiency

Multiple Acyl-CoA Dehydrogenase Deficiency
Encephalomyopathy with methylmalonic aciduria

Deoxyguanosine kinase deficiency

Leigh Syndrome

Mitochondrial DNA depletion syndrome 6

Infantile onset spinocerebellar ataxia ,MTDPS7

Maternally transmitted diabetes and deafness syndrome

Leber optic atrophy

Mitochondrial myopathy, encephalopathy, lactic acidosis, and stroke-like episodes
Myoclonic Epilepsy associated with Ragged Red Fibers
Neuropathy Ataxia and Retinitis Pigmentosa

Pearson syndrome

Mitochondrial neurogastrointestinal encephalopathy

Coenzyme Q10 deficiency

Sensory ataxic neuropathy, dysarthria and ophthalmoparesis
Pyruvate Dehydrogenase Deficiency

Long-chain 3-hydroxyacyl-coenzyme A dehydrogenase deficiency

Progressive external ophthalmoplegia, autosomal dominant, 3

Thymidine kinase 2 deficiency
Encephalomyopathy with methylmalonic aciduria
Encephalomyopathy with renal tubulopathy

Myopathy, mitochondrial progressive, with congenital cataract, hearing loss, and developmental delay

Myopathy, Lactic acidosis, and Sideroblastic Anemia 2

Non mitochondrial
Achondroplasia

Apert syndrome

Crouzon syndrome
Ehlers-Danlos syndrome
Familial hypercholesterolemia
Marfan syndrome
Neurofibromatosis, type 1
Polycystic kidney disease 1
Peutz-Jeghers syndrome
Congenital protein C deficiency
von Hippel-Lindau syndrome
Alkaptonuria

Cystic fibrosis, CF

Primary ciliary dyskinesia
Familial Mediterranean fever
Pseudoxanthoma elasticum

von Willebrand disease, type 3
Opitz GBBB syndrome, X-linked
Severe combined immunodeficiency, X-linked
Glucose-6-phosphate dehydrogenase deficiency
Hemophilia A

Sickle cell anemia

Protein S deficiency
Antithrombin 11l Deficiency
Alpha-1-antitrypsin deficiency

Unknown pathogenesis

Aging

Amyotrophic lateral sclerosis
Dyskeratosis congenita

Huntington disease

Parkinson disease
Hutchinson-Gilford progeria
Abetalipoproteinemia
Ataxia-telangiectasia

Ataxia with oculomotor apraxia type 1
Bloom syndrome

Zellweger syndrome

Cockayne syndrome

Wolfram syndrome

Fanconi anemia

Nijmegen breakage syndrome
Phenylketonuria

Refsum disease

Rothmund-Thomson syndrome
Charlevoix-Saguenay

Canavan disease

Multiple sulfatase deficiency

Ataxia with selective vitamin E deficiency
Werner syndrome

Danon disease

Fragile X syndrome

Rett syndrome

Trichothiodystrophy

Ataxia with oculomotor apraxia type 2
Spinocerebellar Ataxia with Axonal Neuropathy

Abbreviation
ADOA
ACADM
ACADSD
ACADVL
MTDPS4A

HADHSC

MADD
MTDPS9

DGUOK deficiency

MTDPS6
I0SCA
MIDD

MELAS
MERFF
NARP

MNGIE

SANDO

PDH deficiency

LCHAD

PEO, autosomal dominant, 3

TK2 deficiency

MTDPS5

MTDPS8AB

Combined complex deficiency
MLASA2

PKD1

VHL

SCID, X-linked
G6PDD
HEMA

ALS
DC

HGPS

AT
AOA1
BS

cs

FA
NBS

RTS
ARSACS

MSD
AVED
WS

TTD
AOA2
SCAN1

*Some diseases are represented with the abbreviated titles in the main figures.

OMIM
165500
201450
201470
201475
203700
212350
229300
231530

231680
245400

251880
256000
256810
271245
520000
535000
540000
545000
551500
557000
603041
607426
607459
608782
609016

609286

609560
612073
612075

613076
613561

100800
101200
123500
130000
143890
154700
162200
173900
175200
176860
193300
203500
219700
244400
249100
264800
277480
300000
300400
305900
306700
603903
612336
613118
613490

0
105400
127550
143100
168600
176670
200100
208900
208920
210900
214100
216400
222300
227650
251260
261600
266500
268400
270550
271900
272200
277460
277700
300257
300624
312750
601675
606002
607250

Age of onset
7.21
1.83
1.65
0.14
0.11
0.28
15.50
0.22

15.94
0.00

0.11
0.94
0.57
1.20
34.60
24.34
20.33
34.67
14.25
0.55
17.58
2.99
14.33
2.47
0.67

40.94

0.61
0.12
0.04

0.00
1.10

0.00
0.00
0.00
12.67
29.00
11.40
14.90
54.00
19.00
24.10
26.25
55.38
3.70
21.04
5.50
30.50
3.00
0.00
2.38
1.79
0.50
218
23.88
31.67
4273

54.62
29.10
42.30
62.20
est: 2.00
14.67
232
553
est: 0.00
0.00
3.29
414
6.34
0.69
3.76
19.73
1.64
5.50
0.81
1.00
13.26
34.71
12.43
3.10
4.70
275
14.60
13.67

sD
3.57
0.72
223
0.15
0.23
0.35
8.00
0.29

13.52
0.00

0.12
1.04
0.36
0.27
13.90
13.98
14.53
15.06
14.01
0.71
11.03
3.96
6.19
3.06
0.73

15.14

0.55
0.15
0.05

0.00
1.65

0.00
0.00
0.00
2.08
18.00
3.95
12.90
19.00
9.45
11.90
12.53
60.52
7.20
13.59
3.40
16.50
6.71
0.00
1.70
278
0.50
1.19
5.84
14.03
16.79

10.90
20.23
14.90
10.60
2.00
5.65
1.20
1.30
0.00
0.00
2.54
1.95
3.97
0.05
7.32
9.65
1.99
1.60
218
0.82
8.25
8.00
3.82
218
3.70
0.35
3.40
1.15

PMID
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20417570
6646897
18054510
7769092
20142534
16736096
8815938
10347277

20370797
17668387

16908739
8602753
16909392
8133312
11329229
7735876
11708999
21303704
20953793
7581370
21933806
17442627
15824347
1327585
9003853

20479361

18819985
17301081
17486094

19409522
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Supplementary Figure 8. Uncentered similarity
metrics and average linkage vyields the best
clustering. The cophenetic correlation coefficient (see
supplementary equations) plotted using different weighting
of uncentered and centered similarity and average and
centroid linkage and clustering of all the diseases or only
mitochondrial and non-mitochondrial diseases.

Supplementary table 2 Some diseases of unknown pathogenesis display a mitochondrial phenotype.

Mito

Percent uncentered, %

Percent centered, %
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Centroid - mito/non-mito diseases
Average - mito/non-mito
Centroid - all diseases
Average - all diseases

100

Disease OMIM ID
ALS 105400
Huntington’s disease 143100
Parkinson‘s disease 168600
Abetalipoproteinemia 200100
Zellweger syndrome 214100
Wolfram syndrome 222300
Phenylketonuria 261600
Refsum disease 266500
Charlevoix-Saguenay 270550
Canavan disease 271900
Multiple sulfatase deficiency 272200
AVED 277460
Danon disease 300257
Fragile X syndrome 300624
Rett syndrome 312750
AOA2 606002

The last column represents our interpretation of how strong the mitochondrial features are based on the tests
we have done. Each disease receives a +/- sign for clustering with mitochondrial diseases, scoring more than
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No
No
No
No
Yes
Yes
Yes
Yes
Yes
No
Yes
Yes
Yes
Yes
Yes
Yes

50 in the mito-score or receiving a positive SVM-score.
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