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Abstract: Mitochondrial diseases (MDs) are a clinically heterogeneous group of disorders
caused by a dysfunction of the mitochondrial respiratory chain. They can be related to mutation
of genes encoded using either nuclear DNA or mitochondrial DNA. The advent of next gen-
eration sequencing and whole exome sequencing in studying the molecular bases of MDs will
bring about a revolution in the field of mitochondrial medicine, also opening the possibility of
better defining pathogenic mechanisms and developing novel therapeutic approaches for these
devastating disorders. The canonical rules of mitochondrial medicine remain milestones, but
novel issues have been raised following the use of advanced diagnostic technologies. Rigorous
validation of the novel mutations detected using deep sequencing in patients with suspected
MD, and a clear definition of the natural history, outcome measures, and biomarkers that could
be usefully adopted in clinical trials, are mandatory goals for the scientific community. Today,
therapy is often inadequate and mostly palliative. However, important advances have been made
in treating some clinical entities, eg, mitochondrial neuro-gastrointestinal encephalomyopathy,
for which approaches using allogeneic hematopoietic stem cell transplantation, orthotopic liver
transplantation, and carrier erythrocyte entrapped thymidine phosphorylase enzyme therapy have
recently been developed. Promising new treatment methods are being identified so that research-
ers, clinicians, and patients can join forces to change the history of these untreatable disorders.
Keywords: mitochondrial diseases, therapy, MNGIE

Introduction

Mitochondrial diseases (MDs) encompass a broad group of disorders that may affect
children and adults and are among the most common inherited neuromuscular disorders
with a minimum prevalence of around 1:5,000 live births.! They may be manifested
in a tissue-specific or a multisystem manner.> Even though tissues with high energy
demand, such as brain, muscle, and eye, are more frequently involved, patients’ pheno-
type could be extremely variegated and heterogeneous, largely but not solely depending
on the classical “rules” of mitochondrial medicine: dual genetic control (nuclear DNA
[nDNA] and mitochondrial DNA [mtDNA]), level of heteroplasmy (percentage of
mutated DNA in single cells and tissues), tissue energy demand, maternal inheritance,
and mitotic segregation.?

MDs are usually strictly considered diseases caused by a biochemical defect of
the respiratory chain (RC).? This definition has been progressively expanded during
recent years in parallel with the growth of knowledge on the role of mitochondrial- and
nuclear-derived proteins in mitochondrial functions and the role of nuclear genes in
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regulating mitochondrial homeostasis and functioning, now
also including defects in the lipid milieu, in mitochondrial
translation, and in mitochondrial fission and fusion.?*

Last but not least, mitochondrial impairment plays an
important role in the pathogenesis of many neurodegen-
erative diseases, including Alzheimer’s disease, Parkinson’s
disease, Huntington’s disease, and amyotrophic lateral scle-
rosis, and a growing number of studies are being developed
in this field.> Next generation sequencing/whole exome
sequencing (NGS/WES) approaches will provide valuable
information on the genes implicated in these disorders and
could better define the impact of mitochondrial dysfunction
on their pathogenesis.

A deeper knowledge of the mechanisms regulating mito-
chondrial function and interactions between mtDNA and
nDNA in single cellular systems and different cell subtypes
is very important for revealing the role of mitochondria in
neurodegenerative processes, also with the aim of identifying
novel and more specific therapies.

Diagnosing mitochondrial diseases
The mitochondrial genome remains of crucial importance
in the pathogenesis of many MD, and it should be ana-
lyzed in every suspected MD in which there is no clear
clinical and biochemical evidence of a nuclear origin of
the disease.®

Due to the specific “rules” of mitochondrial medicine,
if pathogenic mtDNA variants are suspected, the tissue in
which mtDNA is studied is decisive in achieving a correct
diagnosis.? Although slightly invasive, muscle biopsy is the
gold standard for the diagnostic workup in both children
and adults because it enables us to obtain valuable mor-
phological, biochemical, and molecular data.> Moreover,
muscle is sometimes the only tissue in which the molecular
defect is present, especially in adult patients with a pure
myopathic phenotype.” On the one hand, muscle tissue
could reveal the presence of single mtDNA deletions,
classically found in sporadic cases of chronic progressive
external ophthalmoplegia, or point mutation in transfer
RNAs or in gene-encoding structural subunits of the RC
complexes; on the other hand, a Southern blot analysis of
mtDNA extracted from muscle tissue could show multiple
deletions and/or depletion of mtDNA, referring to a muta-
tion of the nDNA.

As alternatives to muscle, more available tissues
for molecular analysis are urinary epithelium and skin
fibroblasts that could also be easily used for experimental
studies.?

Diagnostic and therapeutic

advances

There is currently a large availability of powerful diagnostic
technologies, especially in the field of genetics. Studying
thousands of patients’ genomes through NGS and WES
approaches is going to revolutionize the diagnostic process
in mitochondrial medicine, allowing us to obtain molecular
diagnosis in a growing number of previously unresolved
cases and revealing novel molecular changes and previously
unknown genetic and pathogenic mechanisms.’ For instance,
mutations with variable penetrance, large-scale DNA rear-
rangements, and mutations in known genes with previously
unreported “mitochondrial” phenotypes (ie, genes universally
known to cause neurodegenerative disorders as SPG7 muta-
tions, usually related to spastic paraplegia, can cause chronic
external ophthalmoplegia) have been identified, as well as
variants in genes encoding proteins the role of which in the
mitochondrial function has been unknown for a long time
(ie, MPV17, which has only recently been demonstrated to
serve as a nonselective channel with a pore diameter of 1.8
nm that contributes to mitochondrial homeostasis under dif-
ferent conditions).'!2

On the other hand, patients with RC enzyme deficiency
suggesting MD may harbor pathogenic mutations in genes
apparently not related to mitochondrial function, and there-
fore they ultimately could be affected by other types of
disorder in which RC abnormalities may be secondary to
various cellular processes, including neuromuscular trans-
mission, calcium metabolism, and abnormal messenger RNA
degradation.!

Therapies for MD are still limited, and in most cases
only targeted at symptoms. Traditionally, patients have been
treated with different vitamins, cofactors, and nutritional
supplements.'* However, these “mitochondrial cocktails” do
not have a major therapeutic impact on most MD."

The large advances made in recent years, through the
development of molecular genetic techniques for understand-
ing the molecular bases and pathophysiological processes
underlying MDs, have given a new momentum to research
on effective treatments, and a big effort in developing new
therapeutic approaches is offering patients hope for changing
the natural history of these devastating disorders.

Although extremely promising, therapies directed toward
mtDNA-related disorders are very much at the preclinical
stage, and they require the adoption of rigorous clinical trials
in the clinical setting.'s

A promising therapeutic strategy is to force a shift in het-
eroplasmy, thereby reducing the ratio of mutant to wild-type
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genomes (heteroplasmic shifting), which can be obtained by
selectively inhibiting the replication of mutant genomes. '
Several research groups worldwide are particularly interested
in techniques aimed at preventing the transmission of mater-
nally inherited MD. Reproductive technologies designed to
uncouple the inheritance of mtDNA from nDNA may enable
affected women to have a genetically related child with a
greatly reduced risk of mtDNA-related disease, although
they do not guarantee prevention.'’

From a clinical perspective, therapies for nuclear gene-
related enzyme defects are at a more advanced stage. In
some cases, etiological therapies are focused on restoring or
bypassing specific enzyme or cofactor defects.

MD caused by defects in Coenzyme Q10 biosynthesis
could be effectively treated with oral coenzyme supplemen-
tation, and riboflavin supplementation has been found to be
beneficial in adults with riboflavin transporter disorders.'®!

Stem cell therapy is being used in specific contexts,
and gene therapy trials have been successfully evaluated in
mouse models.'*%

To date, the most important advances have been made in
treating mitochondrial neuro-gastrointestinal encephalomy-
opathy (MNGIE), one of the rarest MDs that may benefit from
available therapies, potentially improving life expectancy in
the affected patients.

Certainly, MNGIE can be considered a prototype of how
it may be possible to treat a MD related to a specific enzyme
deficiency.

This is a devastating mitochondrial disorder caused by
deficiency of the thymidine phosphorylase (TP) enzyme with
consequent accumulation of nucleosides and an imbalance
in the mitochondrial nucleotides pool.?! The clinical picture
includes progressive gastrointestinal dysmotility, cachexia,
ptosis and ophthalmoparesis, peripheral neuropathy, and
diffuse leukoencephalopathy, which usually lead to death in
early adulthood.?'*?

Excesses of nucleosides should be cleared from MNGIE
patients through a method that continuously removes or
catabolizes the nucleosides, as they are also continuously pro-
duced. Attempts of this treatment strategy include: 1) enzyme
replacement, through infusion of a stabilized and active form
of TP protein; 2) cell replacement, either hematopoietic stem
cells from adult donors and cord blood or organ transplanta-
tion; and 3) gene therapy.?

Carrier erythrocyte entrapped TP enzyme therapy has
been associated with a marked reduction of plasma and urine
thymidine and deoxyuridine, with the advantage that encap-
sulation prevents the formation of neutralizing antibodies

and maintains enzyme activity for the erythrocyte life span.?*
Although periodical infusions are needed, it should be consid-
ered a rescue or maintenance therapy for MNGIE patients.?

Allogeneic hematopoietic stem cell transplantation is
a well-defined treatment option for this condition.?>"?” A
consensus conference has proposed a common approach to
allogeneic hematopoietic stem cell transplantation in MNGIE
based on standardization of the transplant protocol and the
clinical and biochemical assessments useful in evaluating
its safety and efficacy.’” This approach, however, has seri-
ous limitations including the difficulty in obtaining suitable
donors, the toxicity of the conditioning regimen, and the
risk of graft failure and graft-vs-host disease. In addition,
MNGIE patients are generally in poor medical condition at
the time of the diagnosis.?® As a consequence, this treatment
is associated with high morbidity and mortality rates in this
particular disorder.?5?

The use of autologous hematopoietic stem cells, geneti-
cally engineered to produce normal TYMP, would eliminate
those risks, and also has the intrinsic advantage of inducing
immune tolerance to the recombinant therapeutic transgene
product.” Third generation lentiviral vectors were developed
to express a codon-optimized 7YMP transgene using the
phosphoglycerate kinase promoter to provide high 7YMP
levels in cell lines, and proof-of-principle has been obtained
in the MNGIE mouse model.?

More recently, it has been reported that AAV2/8-mediated
transfer of the human TYMP coding sequence under the
control of a liver-specific promoter prevents the biochemical
imbalances in a murine model of MNGIE, demonstrating that
the use of AAV to direct TYMP expression in liver is feasible
as a potentially safe gene therapy strategy for MNGIE.*

Organ transplantation may represent a suitable alternative
option for treating patients with MNGIE. Since the liver is
the main organ for protein biosynthesis and transplantation
success is estimated at 90% of cases, it has been proposed as
a good source of TP, and MNGIE patients may likely benefit
from orthotopic liver transplantation.®!-*2

MNGIE belongs to a subgroup of mtDNA depletion
syndromes characterized by a reduction in the mtDNA copy
number and consequent mitochondrial dysfunction in the
affected tissues. These diseases are caused by mutations in
specific genes that disrupt deoxy ribonucleotide metabolism,
which ultimately leads to limited availability of one or more
deoxy ribonucleoside triphosphates, and subsequent mtDNA
depletion.’®* Experience and results in treating MNGIE
patients could be extended to other diseases affecting similar
pathways, in particular mtDNA depletion syndromes caused
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by defective nucleotide metabolism in which supplementation
of appropriate precursors and/or administration of substances
that inhibit their catabolism are good candidates for treat-
ment strategies.*

Current issues

Although our knowledge about mitochondrial medicine has
greatly increased, many questions still remain that have no
definite answers, and several difficulties in diagnostic and
pathogenic interpretation are experienced daily by mitochon-
driologists all over the world, for both the mtDNA-related
and nDNA-related diseases.

It is generally accepted that heteroplasmy is one of the
markers of pathogenicity of an mtDNA mutation. However,
homoplasmic mtDNA mutations may have been inappro-
priately considered as benign polymorphisms in the past,
whereas it has been clearly demonstrated that they could
cause both tissue-specific (ie, Leber’s inherited optic neu-
ropathy) and multisystem disorders.**

The widespread availability of complete mtDNA sequenc-
ing has revealed that mtDNA mutations are much more com-
mon in the general population than was previously thought
and are found in between 0.5% and 1% of the population at
>1% heteroplasmy levels.*

These findings raised the question of the pathogenic
threshold of heteroplasmy and stress the need to further
elucidate the other possible factors that contribute to the
pathogenesis of the disease.

Classification of MD remains difficult. Although genetic
classification by nDNA and mtDNA mutations is obviously
the most reliable way to classify these disorders, this approach
raises several issues including the large number of cases in
which the pathogenic variants remain to be identified, and
the locus and allelic heterogeneity for which mutations in
different gene loci may have the same phenotypic effect and,
conversely, the same pathogenic variant may cause many
different clinical phenotypes (ie, the classical m.3243A>G
single nucleotide variant).?

Nowadays, modern NGS and WES technologies permit
researchers to extensively study nuclear genome, giving
them the possibility to reach the correct diagnosis in many
cases that were previously unsolved.’ Yet, on the other hand,
a massive parallel sequencing of the nDNA unmasks a large
number of variations in different genes, and it could be hard
to assign a pathogenic role to each variation in a specific
context. Multiple in vitro studies on isolated mutant and
wild-type proteins, mutant cell characterization, modeling
in yeast or other in vivo systems, including different animal

species, are necessary to validate novel mutations both in
genes directly linked to mitochondrial function and in genes
encoding proteins not targeted toward mitochondria and
therefore with roles not obviously related to mitochondrial

physiology.’

Conclusion

The field of MD is highly dynamic and new scenarios arise
every day. The improvement and the large availability of
highly sensitive diagnostic technologies are increasing the
number of patients with a confirmed molecular diagnosis,
advancing understanding of the pathogenic mechanisms, and
offering the possibility to design targeted and more specific
treatments for MD.3¢#

International efforts to share data will facilitate this work,
enabling different groups to confirm or refute putative novel
pathogenic mutations as early as possible.

It remains crucially important for clinicians and research-
ers to have a close relationship in order to validate the results
of both diagnostic and therapeutic studies.

The discovery of gene mutations linked to MD is provid-
ing clues as to how target therapies and detailed studies of
genetically homogeneous clinical cohorts are required in
order to best define the natural histories and to identify reli-
able biomarkers and features that change over a long obser-
vation period that could be used as clinical trial endpoints.

MNGIE is a prototypical example of how translational
studies can reveal scientifically rational therapies. Certainly,
overall survival and restoration of TP activity are main indi-
cators of good clinical outcome during therapy. However, it
is still difficult to define whether or not stabilization rather
than an improvement of clinical symptoms is satisfactory.

The future looks brighter as the revolution in the diag-
nostic approach could prelude the revolution in the treatment
options for MD.
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