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Abstract
Context—Primary mitochondrial dysfunction is one of the most common causes of inherited
disorders predominantly involving the neuromuscular system. Advances in the molecular study of
mitochondrial DNA have changed our vision and our approach to primary mitochondrial
disorders. Many of the mitochondrial disorders are caused by mutations in nuclear genes and are
inherited in an autosomal recessive pattern. Among the autosomal inherited mitochondrial
disorders, those related to DNA polymerase γ dysfunction are the most common and the best
studied. Understanding the molecular mechanisms and being familiar with the recent advances in
laboratory diagnosis of this group of mitochondrial disorders are essential for pathologists to
interpret abnormal histopathology and laboratory results and to suggest further studies for a
definitive diagnosis.

Objectives—To help pathologists better understand the common clinical syndromes originating
from mutations in DNA polymerase γ and its associated proteins and use the stepwise approach of
clinical, laboratory, and pathologic diagnosis of these syndromes.

Data Sources—Review of pertinent published literature and relevant Internet databases.

Conclusions—Mitochondrial disorders are now better recognized with the development of
molecular tests for clinical diagnosis. A cooperative effort among primary physicians, diagnostic
pathologists, geneticists, and molecular biologists with expertise in mitochondrial disorders is
required to reach a definitive diagnosis.

Mitochondrial disorders are a group of diseases originating primarily from mitochondrial
dysfunction. The accurate incidence and prevalence of mitochondrial disorders are not
known because of high childhood mortality and evident underdiagnosis; however, they have
traditionally been regarded as rare and obscure. The complete sequencing of the human
mitochondrial genome (mtDNA) and the identification of pathogenic mtDNA mutations
have facilitated recognizing and diagnosing mitochondrial disorders.1,2 Recent
epidemiology studies suggest that mitochondrial disorders are far more common than
generally accepted. A survey of the population of northeast England found that 9.2 in 100
000 people have diseases with primary mutations in the mtDNA, and a further 16.5 in 100
000 are at risk for developing mtDNA-related diseases.3 These estimated data indicate that
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primary mitochondrial dysfunction is one of the common causes of inherited disorders
predominantly involving the neuromuscular system. It is estimated that the minimal lifetime
risk of developing a mitochondrial disorder is 1 in 5000 live births. However, a recent study
revealed that the prevalence could be even greater because pathogenic mtDNA mutations
were detected in more than 1 in 200 live births.3

The mitochondrion is a eukaryotic cell organelle that is involved in multiple cellular
activities, including multiple steps of metabolism, such as the Krebs cycle, energy
conversion through electron transport, the urea cycle, heme synthesis, and the internal
signaling pathway of programmed cell death mediated by the release of cytochrome c. The
mitochondrion’s most important role in the cell is in converting energy harnessed from
oxidative metabolism to adenosine triphosphate, the major universal energy source for most
cell activities. Diseases generally included in mitochondrial disorders are the clinical
syndromes caused primarily by disruption of energy production through oxidative
phosphorylation (OXPHOS). Traditionally, mutations in mtDNA and dysfunction of the
proteins encoded by mtDNA were regarded as classic mechanisms causing mitochondrial
disorders. As the knowledge of genetic defects and molecular mechanisms grows, it has
become obvious that most mitochondrial disease mutations are located in nuclear genes
encoding mitochondrial proteins that are transported into the mitochondria. These disorders
are mostly inherited in an autosomal recessive pattern. Among the autosomal inherited
mitochondrial disorders, those related to DNA polymerase γ (pol γ) dysfunction are the most
common and best studied.4

Mitochondrial disorders usually have a heterogeneous presentation with multiorgan
involvement. Although there is no specific treatment for mitochondrial disorders, correct
diagnosis is important for symptomatic control and avoidance of potential mistakes in
management. Furthermore, prognostic and genetic counseling also requires accurate
understanding of the molecular basis in each case. Pathologists need to know the
characteristic clinical findings of these diseases to correctly interpret histologic changes and
abnormal laboratory results, as well as to suggest further studies for definitive diagnosis.
The purpose of this review is to help pathologists better understand the most common
clinical syndromes originating primarily from mutations of pol γ and associated proteins and
use the stepwise approach of clinical, laboratory, and pathologic diagnosis of these clinical
syndromes. A clear understanding of the mechanism in each clinical case, along with the
molecular studies, is important in determining a definitive final diagnosis.

MITOCHONDRIAL DNA AND INHERITANCE OF MITOCHONDRIAL
DISORDERS

Mitochondria originated from free-living, aerobic bacteria that were engulfed by an
ancestral eukaryotic cell and evolved in symbiosis with the host cell and its progeny.5,6 The
symbiotic partnership further developed by transferring most of the bacterial DNA to the
host chromosome to reduce the workload of mitochondria. As a result, many proteins unique
to the mitochondria are now encoded in eukaryotic nuclear DNA. These proteins are
translated by the cytoplasmic machinery and subsequently transported into the mitochondria.
Human mtDNA is circular and double-stranded, with 16 569 base pairs encoding only 13
polypeptides that are absolutely crucial for the OXPHOS complexes (Figure 1), in addition
to 22 transfer RNAs and 2 ribosomal RNAs.7 Because of this dual genetic origin of
mitochondrial proteins, mitochondrial disorders can have a complicated inheritance.

Mitochondria are dynamic organelles that constantly undergo fission and fusion. In the
process of cell mitosis or meiosis, mtDNA is randomly distributed. Because mtDNA
molecules are not divided evenly, like nuclear DNA, their inheritance is not Mendelian;
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instead, it is a “cytoplasmic inheritance.” In the process of fertilization, spermatozoa
contribute very little, if any, mitochondria to the cytoplasm of a fertilized egg. Human
mtDNA inheritance thus follows a “maternal inheritance” mechanism. However, this
inheritance is complicated by one cell containing multiple copies of the mtDNA, and wild
type mtDNA can coexist with mutant mtDNA; a phenomenon known as heteroplasmy.
During oogenesis, wild type and mutant mtDNA are distributed randomly with mitochondria
into progeny oocytes, which will then contain different proportions of mutant mtDNA.8 In
the process of embryogenesis, mitochondria are randomly or nonrandomly distributed into
somatic cells.9,10 This “mitotic segregation” of mtDNA causes significantly variable levels
of mutant mtDNA in different cells, tissues, and organs. The overall mitochondrial function
will be significantly affected only when the level of mutant mtDNA in a cell reaches a
phenotypic threshold.11 The level of heteroplasmy in different cells and tissues can usually
determine the phenotype of mitochondrial disorders. On the other hand, the energy
dependence of the tissue or cell type also contributes significantly to the phenotype, based
on different levels of tolerance to mitochondrial dysfunction. Furthermore, mitochondria in
specific tissues may express tissue-specific proteins.6 Nuclear DNA background and other
poorly understood factors may add to the complexity of mitochondrial inheritance.6,11 In
clinical presentation, the same mutation can have multiple phenotypes and the same
phenotype may result from different mutations.

POL Γ AND MITOCHONDRIAL DNA REPLICATION
Consistent with the symbiotic origin of the mitochondrion, replication of mtDNA differs
from nuclear DNA replication. The replisome, a complex composed of multiple proteins
needed for DNA replication, is much simpler for mtDNA than for nuclear DNA. In humans,
there is only one mtDNA polymerase, pol γ, which was confirmed in 1976.12 Its role in
human mtDNA replication was confirmed, and the gene of the human pol γ catalytic subunit
was subsequently cloned.13-15 In vitro experiments showed a minimal mtDNA replisome of
a heterotrimeric DNA polymerase, which consists of a catalytic subunit (pol γA) and a
homodimer of the accessory subunit (pol γB), a helicase (Twinkle, encoded by PEO1
[C10ORF2]) and a mitochondrial single-stranded DNA-binding protein (mtSSB).16 Other
accessory proteins are likely to engage in the replication machinery in vivo (reviewed in
detail by Graziewicz et al17). Because pol γ is the only DNA polymerase in human
mitochondria, it is not only responsible for mtDNA replication but also is involved in
mtDNA repair. Understandably, its mutation and dysfunction will result in significant
disruption of healthy mitochondrial function, with marked clinical effects. A detailed study
on the functional domains of both pol γA and pol γB is required to understand the molecular
mechanism of mitochondrial disorders caused by pol γ dysfunction.

Human pol γA is a 140 kDa polypeptide with 1239 amino acids,18 encoded by POLG
(GenBank Accession AF497906.1 [or NG_008218.1]) in band 15q25. It is a family-A DNA
polymerase, with both DNA polymerase activity and exonuclease proofreading activity. The
polymerase domain is at the C-terminal portion, and the 3′ to 5′ exonuclease domain is
located near the N-terminus. Between the polymerase and exonuclease domains is the linker
region, which is known to be involved in binding the accessory subunit.19,20 A
mitochondrial targeting sequence is present at the N-terminus, followed by a polyglutamine
segment that is encoded by a CAG repeat in exon 2 of the POLG gene (Figure 2). The 3′ to
5′ exonuclease activity serves as a proofreading mechanism to excise the mispaired
nucleotide at 3′ termini, ensuring high fidelity in DNA replication. The relationship between
the exonuclease activity and the fidelity of mtDNA replication was confirmed by in vitro
experiments in yeast.21 One critical amino acid mutation in the exonuclease domain that
markedly decreases the mismatch-specific 3′ to 5′ exonuclease activity resulted in a several
100-fold increase in the frequency of spontaneous mutations of the mtDNA.22 Interestingly,
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mice expressing an exonuclease-deficient pol γ develop a mtDNA mutator phenotype and
instead of developing pol γ–type mitochondrial disease, they develop a premature aging
phenotype.23,24 A 5′-deoxyribose phosphate lyase activity was found to be intrinsic to the
human pol γA subunit.25 This activity is involved in base excision repair,17 which is
important for mtDNA maintenance. The efficiency of the lyase activity is also enhanced by
pol γB.26 Pol γ also contains a reverse transcriptase activity with a catalytic rate greater than
that of human immunodeficiency virus 1 (HIV-1) reverse transcriptase18,27; however, the
significance of this activity in vivo is not clear.28 Recently, the crystal structure of the pol γ
holoenzyme was solved.20 This model can be used to predict the functional defects that may
result from the mutations identified in clinical patients.

The 55 kDa accessory subunit pol γB is a 474 amino acid polypeptide encoded by the
POLG2 gene on band 17q23-24 (GenBank Accession AF142992).29 The 3-dimensional
structure of the mouse pol γB was determined to be a crystallized dimer in 2001.30 The
human pol γB structure was subsequently solved by Fan et al.31 These models help to
determine the functionally important domains and critical amino acid residues that may be
important in mtDNA replication, as well as in disease. Several domains of pol γB interact
with pol γA as shown by electron microscopy and the recent pol γ holoenzyme crystal
structure.20,32 Of note, pol γB promotes extension of mismatched termini, thus lowering the
fidelity of DNA replication. The homopolymeric runs in mtDNA that are prone to frame
shift mutation in vivo are most sensitive to this.33

The mtDNA helicase, Twinkle, is encoded by PEO1 (C10ORF2), which is located on band
10q24 (GenBank Accession AF292004 [or NG_013029.1]).34 The full-length protein is 684
amino acids, with a molecular weight of 77 kDa. It is homologous to bacteriophage T7 gene
4 primase/helicase and functions as a 5′ to 3′ DNA helicase. However, Twinkle lacks
primase activity. Recently, it was shown that the Twinkle helicase can form both hexamers
and heptamers in vitro.35

The gene encoding the human mtSSB, SSBP1, is located at band 7q34. As an essential
protein in the mtDNA replisome, it greatly enhances pol γ activity.16,36 An in vitro
mutational study revealed that Drosophila mtSSB defective in DNA binding was not
efficient in stimulating pol γ activity, resulting in mtDNA depletion.37 The mtSSB protein
has been cloned and the crystal structure resolved38; however, there has been no report of
mitochondrial disorders resulting from mtSSB mutation to date.

DISEASE-RELATED MUTATIONS IN PROTEINS INVOLVED IN
MITOCHONDRIAL DNA INTEGRITY

Mutations in pol γA, pol γB, and the Twinkle helicase have been linked to mitochondrial
dysfunction, and account for most mutations in autosomal inherited mitochondrial
disorders.17,39,40 Pol γ with diminished DNA polymerase activity and/or reduced
exonuclease activity with weakened proofreading can lead to a significant decrease in
mtDNA copy number, or multiple deletions in mtDNA, which in turn translates to defects in
essential OXPHOS proteins, the functional consequences of which can be related to clinical
outcome.17,39,40

DNA sequencing has becomes an integral part of clinical diagnoses, and for mitochondrial
disorders, in particular, it has become essential because POLG is a major disease locus. The
Human DNA Polymerase γ Web site (http://tools.niehs.nih.gov/polg/. Accessed November
10, 2010) currently shows more than 180 disease mutations for the POLG gene (Figure 2).
However, only a few of these mutations have been characterized biochemically to determine
their functional defects at the molecular level. These mutations were recently reviewed in
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detail by Chan and Copeland,4 and since then, new mutations have been characterized by
Kasiviswanathan et al.41 The most common POLG mutation is the A467T mutation within
the linker region of pol γ, which is found in more than one-third of all individuals who have
a pol γ–associated mitochondrial disorder.4 The 2 next mostcommon disease mutations,
W748S39 and G848S,41 in addition to A467T, comprise the mutations in most affected
individuals. A467T impairs the interaction between the 2 subunits of pol γ and reduces
polymerase activity.19 Additionally, biochemical analysis of a point mutation in POLG2
(G451E) revealed that this mutation impaired subunit interaction with pol γA, reducing the
functional capacity of the holoenzyme because the mutant pol γB failed to enhance DNA
binding and processivity of the holoenzyme. The G451E mutation was found in a patient
with autosomal dominant progressive external ophthalmoplegia (PEO) (PEOA4).42 Mixing
studies using both wild type and the G451E pol γB did not reveal a dominant negative
effect, and the authors42 suggested that the disease phenotype may arise through haplotype
insufficiency or through heterodimerization of the wild type and the G451E pol γB proteins.
This may cause stalling at the DNA replication fork and promote mtDNA deletions. G416A
mutation in POLG2 was found in conjunction with a Y582C OPA1 mutation in a patient
with PEO.43 However, biochemical analysis of the recombinant G416A pol γB did not
reveal any defects, suggesting that the OPA1 mutation may explain the PEO in that
patient. 43 A novel heteroallelic 24–base pair insertion (c.1207_1208ins24) was also found
in POLG2 and may cause dysfunction because of missplicing.44

The PEO1 (C10ORF2) mutations are associated with autosomal dominant progressive
external ophthalmoplegia (PEO) (PEOA3), parkinsonism, as well as infantileonset
spinocerebellar ataxia.40,45,46 Biochemical analyses of purified mutant PEO1 proteins have
been performed, but the results have been mixed.16,47,48 The functional defects of mutant
Twinkle proteins have also been studied in the ortholog in Drosophila.49 Transgenic mice
carrying a point mutation at amino acid residue 360 (A360T), or a short repeat of amino
acids 353 to 365 reproduced histopathology and histochemical changes resulting from
mitochondrial respiratory chain dysfunction. Furthermore, mtDNA depletion and multiple
mtDNA deletions were confirmed in the muscle and brain tissue of the transgenic mice,
which were further linked to respiratory chain dysfunction by single muscle fiber
polymerase chain reaction analysis.50

Several proteins involved in mitochondrial nucleotide transportation and metabolism are
essential for providing building material for mtDNA. Depletion and multiple deletions of
mtDNA caused by mutational change in adenine nucleotide translocator (ANT1 [SLC25A4]),
thymidine phosphorylase (ECGF1 [TYMP]), mitochondrial thymidine kinase (TK2),
deoxyguanosine kinase (DGUOK), succinyl-coenzyme A ligase (adenosine 5′-diphosphate–
forming) subunit β (SUCLA2), succinyl-CoA ligase (GDP-forming) subunit alpha
(SUCLG1), optic atrophy 1 protein (OPA1), p53-inducible ribonucleotide reductase
(RRM2B), and the mitochondrial inner membrane protein MPV17 have been reported in
similar clinical syndromes.4,40,51

CLINICAL SYNDROMES CAUSED BY POL γ MUTATIONS
Progressive External Ophthalmoplegia:(Online Mendelian Inheritance in Man (OMIM)
Database Numbers: Autosomal Dominant PEOA1:157640, PEOA3:609286, and
PEOA4:610131 and Autosomal Recessive PEOB: 9258450)

Progressive external ophthalmoplegia is a descriptive term that refers to a heterogeneous
group of diseases characterized by chronic, progressive, bilateral, and usually symmetric
ocular motility deficit and ptosis. It was recognized as a syndrome in the late 19th century.52

Histology and ultrastructural changes found in muscle biopsies suggested a mitochondrial
defect.53,54 Respiratory chain dysfunction was subsequently identified, confirming the
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primary mitochondrial dysfunction as the cause of the syndrome in these cases.55 In 1989,
deletions of mtDNA isolated from muscle biopsies were demonstrated in Italian families
with the heritable autosomal dominant PEO, linking the original defect further to a nuclear
protein.56 Since then, many chromosomal genetic mutations have been related to PEO, most
of which are inherited in an autosomal recessive pattern.40

The characteristic clinical presentation of bilateral ptosis in PEO typically starts in early
adulthood. Ptosis can also be asymmetric, present as strabismus and diplopia, or diplopia
when fixating at near objects. Some patients may progressively develop pareses of all
extraocular muscles, resulting in an almost complete ophthalmoplegia. Variable severity of
retinal pigmentary changes that may result in visual loss can occur. Optic nerve atrophy, a
typical sign in Leber hereditary optic neuropathy, can occasionally be present in some
patients with PEO.57

Like other mitochondrial disorders, PEO can include multisystem involvement. Muscle
involvement results in proximal muscle weakness, exercise intolerance, wasting, dysarthria,
and dysphagia. Degenerative changes, such as hypogonadism, cataracts, and hearing loss,
are also frequent presentations.58 Other neurologic symptoms can occur,59 and cardiac
abnormalities with arrhythmias, which are sometimes fatal, are significant in the late stage
of some patients.60 The disease of patients with multiple organ involvement is sometimes
given other names, such as “ophthalmoplegia plus syndrome” and “Kearns-Sayre syndrome”
to differentiate the disease from classic PEO.57,58 Because PEO is a descriptive term, the
clinical picture may present in many mitochondrial disorders as well as other neuromuscular
disorders. The most important differential diagnosis in mitochondrial PEO is myasthenia
gravis, which is far more common and is usually present with ophthalmoplegia in the early
stage. No specific therapy for PEO has yet been developed. Surgical correction of ptosis was
sometimes attempted but is usually unhelpful because of the progressive nature of the
disease.61 Some patients with cardiac conduction disorders have benefited from pacemakers.

Infantile Hepatocerebral Syndrome (Alpers Syndrome) (OMIM 203700 and 251880)
Infantile diffuse cerebral degeneration was reported by Bernard Alpers in 193162 and was
further clarified in 1960 as a clinical syndrome,63 which was later referred to as Alpers
syndrome. However, the link between cerebral neuropathy and liver failure was later
recognized by Huttenlocher et al in 197664; therefore, it is sometimes also referred to as
Alpers-Huttenlocher syndrome. The POLG mutations were first identified in Alpers
syndrome in 1999.65 Since then, several mutations have been related to Alpers syndrome,
which is now well established as an autosomal recessive clinical syndrome of primary
mitochondrial dysfunction.66

Alpers syndrome is characterized by psychomotor retardation, intractable epilepsy, and liver
failure in infants and young children.67 Symptoms usually begin between birth and 3 years.
Hypotonia, hemiparesis, and ataxia are frequent presentation; sensory neuropathy is rarely
reported. In older patients, severe developmental delay and cortical blindness are noticed.
Neurophysiologic examination reveals a loss of visual evoked potentials, slow wave activity
with superimposed polyspikes, and frequent numbers and duration of the bursts of
suppression of the cortical electric activity. Hepatic failure may not be obvious in the early
stage but usually advances progressively. In patients with epilepsy, acute liver failure after
exposure to valproic acid or sodium divalproate is a characteristic finding.68-70 Most
patients died within months of the onset.64,71 Alpers syndrome is a rare disease, and the
characteristic presentation with both cerebral degeneration and liver failure is not usually
obvious in the early stage. Therefore, the differential diagnosis is broad. Before molecular
studies on the mtDNA, mitochondrial proteins, and the nuclear proteins involved in mtDNA
replication were available, definitive diagnosis of Alpers syndrome was rarely made without
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autopsy. An early suspicion of Alpers syndrome is important, in order to avoid using
valproic acid and sodium divalproate to control epilepsy, which is an invariable neurology
presentation in the early stages of the disease.72

Ataxia-Neuropathy Syndrome (OMIM 607459)
Patients with sensory ataxic neuropathy, dysarthria, and ophthalmoparesis (SANDO) were
first reported in 1997 for a possible novel mitochondrial disease associated with multiple
mtDNA deletions. Van Goethem73 later reported more cases and considered them a variant
form of autosomal recessive PEO. Although all patients eventually developed PEO,
neuromuscular involvement preceded ptosis in most cases. Reported cases are either
autosomal recessive or sporadic, and the age of onset is between 16 and 30 years. Several
different terms have been used to name this syndrome, for example, mitochondrial recessive
ataxia syndrome (MIRAS) and spinocerebellar ataxia-epilepsy syndrome (SCAE). The most
prominent features are a sensory ataxic neuropathy with loss of kinesthetic and vibratory
sensation, ataxic gait, positive Romberg sign, and areflexia. The presence of
ophthalmoplegia and dysarthria is required for the diagnosis of SANDO. The disease usually
progresses slowly, but severe and early onset myopathy, muscle atrophy, and severe
dysphagia are seen in some patients.

Other Clinical Syndromes
Leigh syndrome (OMIM 256000)74 is the most common childhood-onset clinical syndrome
of the mitochondrial respiratory chain dysfunction.75 However, it is not commonly seen in
patients with pol γ–related mutations. Other clinical syndromes rarely related to mutations in
the pol γ complex are mitochondrial neurogastrointestinal encephalopathy syndrome
(MNGIE, OMIM 603041),76,77 Charcot-Marie-Tooth disease,78-80 male infertility, testicular
cancer, idiopathic parkinsonism, premature ovarian failure and nucleoside reverse
transcriptase inhibitors toxicity in patients infected with human immunodeficiency
virus.4,81,82

DIAGNOSIS OF MITOCHONDRIAL DISORDERS CAUSED BY POL γ–
RELATED MUTATIONS

Although some clinical presentations, such as progressive external ophthalmoplegia sensory
ataxic neuropathy, dysarthria, and ophthalmoparesis; or a combination of cerebral
degeneration and liver failure in Alpers syndrome, may be quite characteristic, most patients
with mitochondrial disorders have variable and nonspecific presentation, especially in the
early stages of disease. Furthermore, there are no specific laboratory or image studies to
reliably screen mitochondrial disorders. Recognition and diagnosis of mitochondrial
disorders are challenging for both clinicians and pathologists. A high alertness on the part of
the primary physician and cooperation between clinicians, pathologists, and medical
geneticists are crucial to reach a definitive diagnosis. The guidelines for initial diagnosis and
in-depth evaluation of mitochondrial disorders have recently been reviewed by Haas et al83

and the Mitochondrial Medicine Society’s Committee on Diagnosis.84 Issues most pertinent
to anatomic and clinical pathologists are discussed here.

Red Flag Clinical Presentations of Mitochondrial Disorders
As described previously, in the “Clinical Syndromes Caused by Pol γ Mutations,”
mitochondrial disorders usually have multiorgan disturbance, with the highly energy-
demanding organs most commonly involved. Familiarity with the clinical presentation of
mitochondrial disorders will help pathologists to correctly interpret histologic changes and
laboratory findings, as well as to suggest further studies for definitive diagnosis. Clinical
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presentations suggestive of mitochondrial disorders usually involve the neurologic, muscular
(including myocardial), ophthalmologic, and gastrointestinal (especially hepatic) systems.
The common, red-flag clinical findings that should raise suspicion for mitochondrial
disorders were reviewed in detail by Haas et al.83 Although none of the clinical
presentations is specific for a mitochondrial disorder, some findings are more commonly
associated with mitochondrial dysfunction. For example, epilepsy, either partial or
myoclonus, is a common neurologic presentation related to mitochondrial dysfunction.
Other neurologic impairment patterns, such as cerebral and basal ganglia neuron injury or
degeneration, are described in the “Clinical Syndromes Caused by Pol γ Mutations.”
Sustained insufficiency of energy supply from mitochondria induces cardiomyopathy with
rhythm or conduction disturbance. Ophthalmoplegia, with paresis and ptosis, is not only the
classic presentation of PEO but also the most common presentation of other mitochondrial
syndromes; it may also be accompanied by visual defects and optic neuropathy. In the
gastrointestinal system, unexplained or valproate-induced liver failure is a frequent first
finding of mitochondrial dysfunction. In the early years of child-hood, well-defined
symptoms or signs may not be obtained, but unexplained nonspecific presentations
associated with metabolic disturbances, such as failure to thrive, lactic acidosis, and
neuromuscular problems disproportionate to activity, are often seen in the early stage of
mitochondrial disorders. When clinical presentation involves 3 or more organs/systems,
pathologic and laboratory evaluations on mitochondrial function are strongly indicated.

Radiology Findings
Magnetic resonance imaging is a useful tool in the diagnosis of mitochondrial disorders,
especially in Leigh syndrome and mitochondrial encephalopathy with lactic acidosis and
strokelike episodes (MELAS).85 However, its diagnostic value in pol γ–related clinical
syndromes is limited. Cerebral atrophy or edema is a frequent finding in Alpers syndrome.
Rarely, signs of leukoencephalopathy and calcifications of the basal ganglia can be present
in magnetic resonance imaging and computed tomography imaging57 of patients with PEO.
However, these are only nonspecific findings. Magnetic resonance spectroscopy is a new
neuroimaging technique that can reveal abnormal changes in some metabolic products
related to respiratory chain dysfunction by shift of chemical peaks.86-88 The metabolic
products most commonly studied using magnetic resonance spectroscopy are lactate, N-
acetyl-L-aspartate, succinate, total creatine, choline, and myoinositol. The change in lactate
level is most helpful for the diagnosis of mitochondrial disorders. Evaluation of brain tissue
lactate level by magnetic resonance spectroscopy can be more sensitive than blood lactate
level in detecting respiratory chain dysfunction, especially when a patient is in the acute
phase of disease.88 Deficient respiratory chain activity can cause a significant increase in
succinate concentration, which can be detected by magnetic resonance spectroscopy.
Obviously, these changes are not specific for any particular cause of mitochondrial
dysfunction.

Anatomic Pathology
As described previously, different tissues have significantly different tolerance levels to
mitochondrial dysfunction. It is crucial to biopsy the most profoundly affected tissue to
identify specific morphology consistent with mitochondrial disorders. Skin fibroblasts and
muscle tissue are most commonly submitted for anatomic pathology study. Liver biopsy
could be very helpful when it is the only available tissue with detectable morphologic
abnormalities, such as in Alpers syndrome. On the other hand, cardiac muscle biopsy itself
is rarely helpful because of the high incidence of mitochondrial changes secondary to
commonly seen cardiomyopathy and chronic heart failure.84,89 Of note, although skin may
not be a good tissue source for morphology diagnosis, cultured fibroblasts from a relatively
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simple skin biopsy procedure could be very useful for further study to identify a specific
enzymatic or molecular defect.

Mitochondria respond to functional deficiency by proliferation. At the early stage of an
OXPHOS disorder, the only morphologic change that might be noted in a muscle biopsy is
accumulation of mitochondria in the subsarcolemmal region. As the disease advances,
accumulated mitochondria build up, giving rise to the well-known ragged-red fibers, clearly
identifiable with Gomori trichrome stain as a characteristic change of mitochondrial
disorders. However, ragged-red fiber is not frequently seen in infants who are not old
enough to accumulate mitochondria as red granular deposits. Furthermore, this finding is not
specific for mitochondrial disorders. Several enzyme histochemical stains, such as
nicotinamide adenine dinucleotide (reduced form) dehydrogenase, succinate dehydrogenase
(complex II), and cytochrome c oxidase (COX, complex IV) stains, are useful for
identifying dysfunction in respiratory chain activity. However, they may also be positive in
other myopathic or degenerative muscular diseases. Therefore, they may be no more specific
than ragged-red fibers. Three of the 13 subunits of COX complex are coded by mtDNA
(Figure 1). A deficiency in COX activity may reflect a low level of wild type mtDNA. In
contrast, all subunits of complex II are coded by nuclear genes. Therefore, sequential or
simultaneous staining of COX and succinate dehydrogenase provides useful information on
the differential diagnoses of mitochondrial disorders originating from different genetic
backgrounds. In the presence of healthy or strong succinate dehydrogenase activity, a low
COX activity together with ragged-red fibers usually points to problems with mtDNA
integrity, resulting in markedly impaired intrinsic mitochondrial protein synthesis.90 As
would be expected, low COX activity in the background of healthy succinate dehydrogenase
activity is a frequent finding in disorders resulting from pol γ–related mutations. In tissues
with heteroplasmic mtDNA, if the mutations in the mtDNA involve the COX complex
proteins, the COX stain will show a mosaic pattern, reflecting different levels of mutant
mtDNA. Respiratory chain enzyme deficiency can also be confirmed with a liver biopsy,
although that is not routinely studied.91

Some characteristic histopathology findings are very helpful in diagnosing Alpers syndrome
at autopsy. Cerebral degeneration, including neuronal loss, is usually identified in the gray
matter and is especially significant in the olivary nuclei, and spongiform degeneration and
associated gliosis may develop from focal to diffuse. The liver shows massive hepatocyte
necrosis with bile duct proliferation and fibrosis that often rapidly progresses to cirrhosis.67

The diagnostic value of electron microscopy is limited and controversial. Although electron
microscopy is well known to recognize quantitative and morphologic changes in
mitochondria, none of the ultrastructural findings are specific for primary mitochondrial
disorders. However, in patients who are suspected of having a primary mitochondrial
disorder, electron microscopy could be more sensitive than histochemical stains in finding
abnormal mitochondria, leading to further diagnostic workup.

Laboratory Diagnosis
Before molecular tests became routine clinical practice, diagnosis of mitochondrial disorders
was heavily dependent on the evaluation of the metabolic product that might increase
because of the dysfunction of oxidative phosphorylation. These tests use blood, urine, or
cerebral spinal fluid and thus require less-invasive sampling. The lactate to pyruvate ratio
indirectly reflects the average cytoplasmic nicotinamide adenine dinucleotide (reduced
form) to nicotinamide adenine dinucleotide+ ratio92 and, therefore, is an easy screening
method for metabolic changes due to mitochondrial dysfunction. Evaluation of several
amino acid levels, such as the alanine level, the alanine to lysine ratio, or the alanine to
phenylalanine and tyrosine ratio, which reflects the relative alanine level, may also reflect

Zhang et al. Page 9

Arch Pathol Lab Med. Author manuscript; available in PMC 2011 August 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



overall mitochondrial function. Elevation of tyrosine in newborn screening is associated
with Alpers syndrome.84 Impaired oxidative phosphorylation also causes accumulation of
intermediates of the tricarboxylic acid cycle, ethylmalonic acid, and 3-methyl glutaconic
acid. Evaluation of these organic acids may also provide evidence to mitochondrial
dysfunction. Defects in fatty acid β-oxidation secondary to OXPHOS disorders may be
reflected by elevations in blood carnitine and acylcarnitine levels. In the early stages or mild
forms of mitochondrial disorders, abnormal levels of metabolites can sometimes be
observed by provocative clinical testing, such as carbohydrate loading, fasting studies, or
exercise testing. Overall, although metabolic tests are convenient and most can be performed
in routine chemistry laboratories using high-performance liquid chromatography and/or
tandem mass spectrometry, these tests are not sensitive enough to detect mild or early stages
of the diseases. The usually localized tissue distribution of dysfunctional mitochondria also
makes it difficult to generate detectable systemic metabolic changes. Furthermore, metabolic
tests are rarely diagnostic of any particular mitochondrial disease.93 Many disease
conditions, such as secondary enzyme deficiencies, metabolic disorders, nutritional
deficiencies, and neurologic disorders, can have positive laboratory results.

A variety of methods have been used to assess the activity of respiratory chain enzymes in
fresh or frozen biopsy tissue.84 Locating the defect at specific enzymes is very helpful in
narrowing down the mechanisms of mitochondrial disorders and selecting appropriate
molecular tests to confirm the diagnosis. Mutations related to pol γ complex result in
multiple enzyme defects in complex I, III, IV, and V, reflecting dysfunction of most or all
proteins encoded by mtDNA. These enzyme activity tests are more sensitive and specific
than metabolic product tests with blood, urine, or cerebral spinal fluid; however, these tests
are not practical for the routine clinical laboratory, and invasive procedures are required to
obtain the tissue sample.

Molecular Studies
The development of genetic and molecular methods for clinical laboratory diagnosis has
changed the approach toward definitive pathologic diagnosis of mitochondrial disorders.
Previously obscure syndromes caused by primary mitochondrial dysfunction can now be
diagnosed at the molecular level, helping clinicians to understand the fundamental disease
mechanism. A syndrome with a full-characteristic clinical presentation, such as
hepatocerebral degeneration (Alpers syndrome), may suggest a specific molecular test
(POLG gene sequencing) for establishing a solid diagnosis, without requiring any invasive
tissue biopsy or histopathology diagnosis.66 However, clinical presentations of many
mitochondrial disorders are not fully developed or straightforward. The dual-genome origin,
a broad range of mutations, and the diversified levels of heteroplasmy with variable tissue
distribution make it impossible to set up a set of molecular tests to diagnose all primary
mitochondrial disorders. A series of laboratory tests are required before a selective set of
molecular studies can be considered. Mitochondrial disorders caused by pol γ dysfunction
usually have a marked depletion of mtDNA or multiple mtDNA deletions and mutations,
which may be considered as a general screening test. The diagnostic value of the test results
depends on the relevance of the tissue from which the mtDNA is extracted, and a definitive
diagnosis depends on finding mutational changes in the nuclear DNA that alter the function
of pol γ and associated proteins, impairing mtDNA synthesis and maintenance (Figure 3).

To detect mtDNA depletion, a traditional method is quantitative Southern blot, based on
densitometry scanning of autoradiograph films. Southern blot is labor intensive and time
consuming compared with recently developed quantitative polymerase chain reaction
methods.94 Furthermore, through mutant primer design, polymerase chain reaction methods
can also be used to quantitate specific mtDNA mutations, serving as a way to evaluate the
heteroplasmic level of mtDNA. Southern blot analysis is still indispensible for identifying
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large-scale deletions and multiple deletions, which frequently occur with pol γ malfunction.
Sanger sequencing is not commonly used for diagnosing heteroplasmic mtDNA mutational
changes because that method does not provide quantitative information, and the level of
mutant mtDNA may be significantly related to the severity of the functional defects.95

Recently developed microarray-based sequencing methods may overcome that
disadvantage.96 Finally, to definitively confirm the pol γ–related mutations, nuclear DNA
sequencing of POLG and related genes encoding associated proteins (eg, POLG2, PEO1
[C10ORF2], MPV17) is needed (Figure 3). Care should be taken when interpreting the
functional relationship of the mutations to their clinical syndromes. Except for rare
syndromes caused by dominant-type mutations (autosomal dominant PEO) or complicated
mutations with other genes involved, most phenotypes require mutations on both
chromosome alleles (trans) or compound mutations on the same allele (cis). Furthermore,
additional mutations in POLG and related genes are continuously being reported (Figure 2);
however, most mutations have not been functionally and biochemically characterized,
although many are assumed to be functionally significant, as predicted from the structural
model and/or the amino acid conservation. Therefore, a solid diagnosis is still heavily
dependent on the clinical judgment and support from relevant laboratory data from
metabolic studies in addition to the nuclear DNA and mtDNA mutations found in molecular
studies.

CONCLUSIONS
Advances in the molecular study of mtDNA have changed our vision and our approach to
primary mitochondrial disorders. We already have detailed knowledge of the pathogenesis
of some of the autosomal inherited mitochondrial disorders caused by pol γ–related
mutational changes, with in vitro biochemistry or in vivo studies confirming the molecular
pathogenesis. However, further studies are needed to establish a clear link between the
mutation and the clinical syndrome. The fundamental pathogenic pathway in this category of
mitochondrial disorders is a defective pol γ causing depletion or deletion of mtDNA. Some
characteristic combination of clinical presentations may point to molecular defects, but most
clinical cases have multiple organ system involvement, and a definitive diagnosis may be
elusive to clinicians and pathologists, especially at the early stages of disease. A cooperative
effort between primary physicians, diagnostic pathologists, geneticists, and molecular
biologists who have expertise in mitochondrial disorders is required to reach a final
definitive diagnosis. Usually, characteristic histopathology, metabolic studies, and
enzymatic analysis of the OXPHOS respiratory chain may point the direction to a specific
set of molecular studies. Quantification and deletion analysis of MtDNA can be used for
suspected mitochondrial disease, in addition to sequence analysis of nuclear genes encoding
proteins involved in the maintenance of the mtDNA (Figure 3). New molecular studies will
reduce the necessity of invasive procedures for diagnostic purposes, as well as lead to more
cases that can be diagnosed without the range of tissue sampling and testing that is
traditionally associated with the autopsy.
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Figure 1.
Protein complexes in the mitochondrial respiratory chain and oxidative phosphorylation
system. Each hexagon represents a polypeptide product of a single gene; solid black
hexagons represent the polypeptides that are encoded in mitochondrial DNA. Adapted from
Schapira AHV,7 Lancet 2006;368(9527):71, with permission.
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Figure 2.
Human DNA polymerase γ catalytic subunit (pol γA) gene (POLG), functional domains,
mutations, and clinical syndromes presumably related to the mutational changes. Exon
numbers are marked in the gene diagram. Amino acids are labeled with one letter code. The
color of the box labeling the mutation is the same with the color of the clinical syndrome
box on the bottom. Abbreviations: MIRAS, mitochondrial recessive ataxia syndrome; NRTI,
nucleoside reverse transcriptase inhibitor; SANDO, sensory ataxic neuropathy, dysarthria,
and ophthalmoparesis; SCAE, spinocerebellar ataxia-epilepsy syndrome. Adapted from
http://tools.niehs.nih.gov/polg, with permission.
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Figure 3.
Mechanism and diagnostic approach of mitochondrial disorders from polymerase γ
dysfunction. The unfilled (white) boxes from left to right depict the mechanism of that group
of mitochondrial disorders from gene mutation to clinical presentation; genes in the gray
boxes are less commonly related to those disorders with the same molecular mechanism.
The black boxes specify applicable diagnostic tests at each step, usually from right to left.
The bottom panel indicates the value of clinical evaluation and diagnostic tests. The
functional protein products of the chromosomal genes are described in the text.
Abbreviations: MRI, magnetic resonance imaging; MRS, magnetic resonance spectroscopy;
mtDNA, mitochondrial DNA; OXPHOS, oxidative phosphorylation; PCR, polymerase chain
reaction.
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